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ABSTRACT 

 

ULTRASONIC SPRAY DEPOSITION OF METAL OXIDE THIN FILMS  

 

 

 

Tutel, Yusuf 

Doctor of Philosophy, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Hüsnü Emrah Ünalan 

 

 

August 2023, 194 pages 

 

 

Thin films have a long history and have been present in various forms throughout 

human civilization. They play a significant role in shaping the modern technological 

landscape today. They serve as a crucial foundation for numerous advanced 

applications across various fields, including optical devices, environmental 

applications, micro/nanoelectronic devices, and energy storage devices. The key 

factor in determining the effectiveness of thin films in these applications is their 

morphology and environmental stability. The ultrasonic spray deposition method is 

known for its simplicity and cost-effectiveness. It differs from other deposition 

methods in that it does not require high-quality substrates or chemicals and does not 

rely on a vacuum environment during processing. It also enables the deposition of 

homogenous and high-quality thin films over large areas. 

Transition metal oxides are compounds in which oxygen atoms form bonds with 

transition metal elements found within the d block of the periodic table. They 

distinguish themselves from other materials through their valuable properties, 

including variable oxidation states, high melting/boiling points, catalytic activity, 

optical properties, and structural diversity. The nanostructured nature of these 
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transition metal oxide thin films offers several advantages such as tailored optical 

and electronic properties, improved surface area and enhanced energy storage and 

conversion.  

In this thesis study, vanadium pentoxide, nickel oxide, and molybdenum trioxide 

were chosen as functional transition metal oxides because of their exceptional 

electrochromic and sensing properties, as well as their excellent physical and 

chemical stability. First, multi-electrochromic properties of vanadium pentoxide thin 

films deposited via ultrasonic spray deposition method over large areas (15 cm x 15 

cm) were investigated. It was proved that ultrasonic spray deposition method is an 

extremely versatile technique for the reproducible deposition of uniform, high 

quality, multicolored and nanostructured vanadium pentoxide films over large areas 

using vanadium salt as a precursor solution. Moreover, the mass-production 

capability of the ultrasonic spray deposition method was exemplified through the 

fabrication of nickel oxide thin films. Approximately 300 sensor electrodes were 

obtained with a single deposition and this functional thin films were used as high 

performance non-enzymatic glucose and hydrogen peroxide biosensor electrodes. 

High sensitivity, a low detection limit, and a fast response time were obtained from 

nanometer-thick cobalt doped NiO film electrodes. To enhance the electrochemical 

activity of molybdenum trioxide, cobalt-doped molybdenum trioxide thin films, 

generated using the same deposition method, were employed in the fabrication of 

electrochromic smart windows and dual-band electrochromic devices. The specific 

capacitance of the cobalt-doped molybdenum trioxide electrodes showed great cyclic 

stability with a capacitance retention of 92 % over 5000 cycles. The dual-band 

electrochromic device demonstrated remarkable cyclic stability, exhibiting a 

capacitance retention of approximately 99% in a real-life application.  

 

Keywords: Ultrasonic Spray Deposition, Transition Metal Oxides, Thin Films, 

Electrochromism, Glucose Sensor 
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ÖZ 

 

METAL OKSĶT ĶNCE FĶLMLERĶNĶN ULTRASONĶK SPREY KAPLAMA 

ĶLE BĶRĶKTĶRĶLMESĶ 

 

 

 

Tutel, Yusuf 

Doktora, Metalurji ve Malzeme M¿hendisliĵi 

Tez Yöneticisi: Prof. Dr. Hüsnü Emrah Ünalan 

 

 

Aĵustos 2023, 194 sayfa 

 

Ķnce filmler uzun bir tarihe sahiptir ve insanlēk uygarlēĵē boyunca ­eĸitli bi­imlerde 

var olmuĸtur. Ķnce filmler g¿n¿m¿z modern teknolojisinin ĸekillenmesinde ºnemli 

bir rol oynarlar. Optik cihazlar, çevresel uygulamalar, mikro/nanoelektronik cihazlar 

ve enerji depolama cihazlarē dahil olmak ¿zere ­eĸitli alanlarda ­ok sayēda geliĸmiĸ 

uygulama i­in ­ok ºnemli bir temel gºrevi gºr¿rler. Ķnce filmlerin bu uygulamalarda 

etkinliĵini belirleyen anahtar faktºr, morfolojileri ve ortam koĸullarēndaki 

kararlēlēklarēdēr. Ultrasonik sprey biriktirme yºntemi, basitliĵi ve maliyet etkinliĵi 

ile bilinen bir biriktirme tekniĵidir. Y¿ksek kaliteli alt tabakalar veya kimyasallar 

gerektirmemesi ve iĸleme sērasēnda vakum ortamēna ihtiya­ duymamasē nedeniyle 

diĵer biriktirme yºntemlerinden ayrēlēr. Aynē zamanda homojen ve y¿ksek kaliteli 

ince filmlerin geniĸ alanlarda biriktirilmesini saĵlar. 

Ge­iĸ metal oksitleri, oksijen atomlarēnēn periyodik tablonun d bloĵunda yer alan 

ge­iĸ metali elementleriyle baĵlandēĵē bileĸiklerdir. Deĵiĸken oksidasyon durumlarē, 

y¿ksek erime/kaynama noktalarē, katalitik aktivite, optik ºzellikler ve yapēsal 

­eĸitlilik gibi deĵerli ºzelliklerinden dolayē diĵer malzemelerden ayrēlērlar. Bu ge­iĸ 

metali oksit ince filmlerin nanoyapēlē doĵasē, uyarlanmēĸ optik ve elektronik 
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ºzellikler, geliĸmiĸ y¿zey alanē ve geliĸmiĸ enerji depolama ve dºn¿ĸt¿rme gibi 

­eĸitli avantajlar sunar.  

Bu tez ­alēĸmasēnda, muazzam elektrokromik ve algēlama ºzelliklerinin yanē sēra 

m¿kemmel fiziksel ve kimyasal kararlēlēklarē nedeniyle vanadyum pentoksit, nikel 

oksit ve molibden trioksit fonksiyonel ge­iĸ metali oksitler olarak se­ilmiĸtir. Ķlk 

olarak, geniĸ alanlar (15 cm x 15 cm) ¿zerinde ultrasonik sprey biriktirme 

yöntemiyle biriktirilen vanadyum pentoksit ince filmlerin çoklu elektrokromik 

ºzellikleri incelenmiĸtir. Ultrasonik sprey biriktirme yºnteminin, vanadyum tuzunu 

öncü bir çözelti olarak kullanarak geniĸ alanlar ¿zerinde tekrarlanabilir, homojen, 

y¿ksek kaliteli, ­ok renkli ve nanoyapēlē vanadyum pentoksit filmler i­in son derece 

uygun bir teknik olduĵu kanētlanmēĸtēr. Dahasē, ultrasonik sprey biriktirme 

yönteminin seri üretim kapasitesi, nikel oksit ince filmlerin üretimi ile gösterildi. Tek 

bir biriktirme ile yaklaĸēk 300 sensºr elektrot elde edilmiĸ ve bu fonksiyonel ince 

filmler, y¿ksek performanslē enzimatik olmayan glikoz ve hidrojen peroksit 

biyosensºr elektrotlarē olarak kullanēlmēĸtēr. Nanometre kalēnlēĵēnda kobalt katkēlē 

nikel oksit film elektrotlarēndan  y¿ksek hassasiyet, d¿ĸ¿k algēlama limiti ve hēzlē 

tepki süresi elde edildi.  

Molibden trioksitin elektrokimyasal aktivitesini arttērmak i­in aynē biriktirme 

yºntemiyle ¿retilen kobalt katkēlē molibden trioksit ince filmler elektrokromik akēllē 

pencere ve ­ift bantlē elektrokromik cihaz olarak kullanēlmēĸtēr. Kobalt katkēlē 

molibden trioksit elektrodunun ºzg¿l kapasitansē, 5000 dºng¿de %92'lik bir 

kapasitans tutma ile b¿y¿k dºng¿sel kararlēlēk gºsterdi. ¢ift bantlē elektrokromik 

cihaz, ger­ek hayattaki bir uygulama olarak yaklaĸēk % 99'luk bir kapasitif tutma ile 

olaĵan¿st¿ dºng¿sel kararlēlēk sergiledi.  

 

Anahtar Kelimeler: Ultrasonik Sprey Kaplama, Ge­iĸ Metal Oksitleri, Ķnce Filmler, 

Elektrokromizm, Glukoz Sensörü. 
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CHAPTER 1  

1 INTRODUCTION   

Thin films have existed for quite some time in human history and are now 

indispensable in our modern world. Thin films can refer to coating layers with a 

thickness ranging from just one atomic layer to one millimeter. More than 5,000 

years ago, during the middle Bronze Age, the Egyptians were the pioneers in 

intentionally creating inorganic thin films 1. They produced gold layers using a 

chemo-mechanical process specifically for decorative purposes. This marks one of 

the earliest instances of intentionally manufacturing thin films in human history. 

Archaeological findings have revealed the presence of gold films with thicknesses 

less than 3000 Å in ancient catacombs and pyramids, in Saqqara, Egypt 1,2. 

Moreover, metallographic investigations of Moche artifacts, thought to have been 

made in the northern highlands of Peru around 100 BC, revealed the presence of gold 

films with thicknesses ranging from about 2000 ¡ to 1 ɛm. More importantly, it was 

found that these films were heat treated after deposition, possibly to improve film-

substrate adhesion 3. 

A variety of materials may be used to fabricate thin films, including metals, metal 

oxides, semiconductors, polymers, ceramics and composites. They offer several 

advantages over bulk materials. Due to their reduced thickness, they often show 

distinct chemical, physical and optical properties. They are said to have unique 

properties such as promising electric conductivity, resistance to corrosion, optical 

transparency or catalytic activity. Additionally, the ability to combine various 

materials with thin films enables the development of complex multilayer structures 

with special characteristics. 
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Thin films are widely used to improve the chemical and physical characteristics of 

materials in all areas of life. One example is the utilization of copper metallization 

layers in silicon integrated circuits, enabling electronic communication between 

billions of transistors 3. Decorative windows in workplaces are also coated with thin 

films to save energy 4. These glasses are covered with thin films that transmit visible 

light while reflecting ultraviolet and infrared daylight, thus reducing the need for air 

conditioning. Thin films generally find applications in magnetic data storage, solar 

cells, resistors and dielectrics in electronic circuits 3. Thin films have become key in 

a variety of technologies and will continue to evolve, contributing to advances in 

electronics, optics, energy conversion and many other fields of science and 

technology. 

1.1 Thin Film Formation  

With the deposition of atoms from vapors on clean substrate surfaces, different 

microstructures of the films can be formed. Final structures may be single crystal or 

polycrystalline films. All phase transformations involve nucleation and growth 

processes. In the first steps of the film formation, the atoms in the vapor encounter 

the surface of the substrate and they start to form chemical bonds with the atoms in 

the substrate. Then they adhere to the substrate which is called the nucleation stage. 

The ultimate morphology of a thin film can be determined by its nucleation portion. 

Shortly after the substrate is exposed to the vapor, a homogeneous formation of tiny 

and extremely mobile clusters or islands is noticed. At this point, the island density 

reaches saturation in a short time by combining the nuclei and multiplying the atoms 

and clusters that touch each other. The islands then begin to merge and with 

coalescence event the density of islands decreases. Local free spaces on the substrate 

will allow additional nucleation process. The coalescence process continues until a 

linked network with empty voids on the substrate is formed. The unfilled spaces are 

filled and shrunk completely with further deposition; isolated voids are left behind. 
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Finally, the film is said to be uniformly deposited after the voids are completely 

occupied 5. 

Three fundamental growth mechanisms for the formation of the thin films are 

schematically illustrated in Figure 1.1: 

i. Island (Volmer-Weber) Growth 

ii.  Layer (Frank-van der Merwe) Growth 

iii.  Stranski- Krastanov Growth 

Figure 1.1 Growth modes of thin films 5. 

 

The nucleation and growth of the small stable clusters on the surface is called island 

growth, also known as Volmer-Weber growth. Island growth mode generally occurs 
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when atoms or molecules bond to each other more strongly than to the substrate in 

the deposition, hence islands are formed. When the small stable nucleus expands in 

two dimensions, it forms flat layers in which atoms bond to the underlying material 

much more strongly than each other, named layer (Frank-van der Merwe) growth. 

The initial full single layer is then enclosed with a slightly more strongly bonded 

layer. Stranski-Krastanov growth mechanism is a hybrid of layer and island growth 

processes. Here, layer growth does not occur after one or more layers have been 

created and instead, islands begin to form. The process of transition from 2-D growth 

to 3-D growth is not fully understood. However, anything that interrupts the gradual 

decrease in binding energy that usually occurs during layer growth may be 

responsible for this change. The presence of lattice mismatch between film and 

substrate may be a contributing factor. As the growing film accumulates strain 

energy, the release of this energy can lead to the formation of islands at the high-

energy interface between the deposited material and the interlayer 5. 

1.2 Thin Film Deposition Techniques  

Thin films can be fabricated using a wide range of different techniques.  Evaporation 

and sputtering methods are the most known and practiced methods. Various 

derivatives of evaporation process involve ion beam evaporation, laser beam 

evaporation, molecular beam epitaxy, thermal evaporation and electron beam 

induced deposition. On the other hand, the sputtering processes involve radio 

frequency (RF), direct current (DC) and magnetron sputtering. These methods 

usually suffer from low deposition rate, limited deposition area, the requirement for 

complex instrumentation, wastage of precursor material, the need for vacuum 

environment and the high system costs that cannot be ignored even if high-quality 

thin films are produced.  

On the other hand, using a liquid as the precursor solution for deposition causes a 

chemical transformation on the substrate surface, resulting in film formation. It also 

provides easy, relatively cost-effective, and uniform thin film formation. Typical 
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examples of these deposition methods include chemical vapor deposition (CVD), 

electroplating and solution-based methods. There are varieties of chemical vapor 

deposition methods such as metal-organic chemical vapor deposition (MOCVD), 

plasma-enhanced chemical vapor deposition (PECVD) and atomic layer deposition 

(ALD). Solution-based thin film deposition techniques stand out as the most 

straightforward and cost-effective options when compared with alternative 

deposition methods. Different solution-based deposition techniques include sol-gel, 

dip coating, spin coating and spray deposition (ultrasonically or not). The ultrasonic 

spray deposition (USD) method has gained considerable attention in recent years, 

primarily due to its capability for uniform large-area deposition. 

1.2.1 Ultrasonic Spray Deposition Technique  

The ultrasonic spray deposition (USD) is one of the solution-based deposition 

techniques that is used extensively. The USD method stands out as a straightforward 

and cost-effective processing technique that eliminates the need for high-quality 

substrates, expensive chemicals, or vacuum conditions [2]. Precursors for the thin 

film deposition can be easily prepared by dissolving an appropriate salt in a suitable 

solvent, such as water and/or alcohol. Typical salts include chlorides, nitrates, and 

metal-organic salts. The USD method allows high material utilization and low 

material waste. It is possible to deposit functional thin film electrodes at different 

temperatures (ranging from 25 to 300 °C). On the other hand, ultrasonic spray 

pyrolysis (USP) method is the similar to the USD method, but in USP, the precursor 

solution is sprayed onto the pre-heated substrates at temperatures above 300 °C to 

crystallize the metal oxide during thin film deposition. 

Figure 1.2 shows a schematic of the ultrasonic spraying system. The basic 

equipmentôs of ultrasonic spray deposition systems are the syringe as a storage tank 

for precursor solution, syringe pump, hot plate, x-y or x-y-z moving stage, 

compressor for clean carrier gas and ultrasonic spray nozzle. During deposition, 

precursor solution atomized by the ultrasonic spray nozzle are constantly deposited 
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to the pre-heated substrate by clean air or nitrogen. When the aerosol reaches the hot 

plate, solvent vaporizes, yielding nanoparticles. Many material types can be made 

into thin films with the help of the USD method by optimizing the deposition 

parameters. Parameters like droplet size, precursor solution concentration, 

deposition temperature and solution flow rate affect the fabricated thin film 

morphology 6. 

 

 

Figure 1.2 Schematic drawing of the ultrasonic spray deposition system. 

 

In this deposition method, the most important component is the ultrasonic spray 

nozzle. The cross-sectional view is provided in Figure 1.3. The ultrasonic spray 

nozzle is specially designed to generate vibrations of sufficient amplitude to generate 

unstable capillary waves which are a defining feature of ultrasonic atomization. The 

nozzle body consists of three main parts, that is to say, the atomizing surface, rear 

horn part and disc-shaped ceramic piezoelectric transducers. The piezoelectric 

transducers can convert high-frequency electrical energy supplied by an external 

power source into high-frequency mechanical motion. These three components work 

together to generate the necessary vibrational amplitude for atomizing liquids that 

are delivered to the atomization surface 7,8.  
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Figure 1.3 Cross-sectional view of ultrasonic spray nozzle 7. 

 

Viguie and Spitz developed a theory to describe the deposition process as the 

substrate temperature rises 9, shown in Figure 1.4. In a low-temperature regime, the 

droplet splashes onto the surface of the substrate and decomposes (process A). When 

exposed to higher temperatures (process B), the solvent completely evaporates as the 

droplet falls and the dry precipitate formed adheres to the substrate. However, there 

is a moderate adhesion probability in such processes. Before the droplet hits the 

substrate, the solvent evaporates at higher temperatures (process C).  

The solid precipitate then melts and evaporates without decomposition, and only the 

vapor reaches the substrate. In process D, at extremely high temperatures, solid 

particles generated because of the chemical reaction in the gas form reach the 

substrate, since the precursor evaporates before reaching the substrate. While the A 

and D processes produce rough, non-adhesive films with low surface quality, the C 

process produces more adhesive films with high surface quality. 
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Figure 1.4 Schematic describing the deposition process initiated with substrate 

temperature 10. 

1.2.2 The Effect of Parameters on Thin Film Deposition 

The USD technique is influenced by many parameters that are tabulated and 

provided in Table 1.1. These parameters are divided into two main groups, namely 

parameters of the USD system and parameters of the precursor solution. 
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Table 1.1 Parameters of the USD system. 

PARAMETERS OF THE USD 

SYSTEM 

PARAMETERS OF THE 

PRECURSOR SOLUTION 

 

¶ Substrate temperature (°C) 

¶ The distance between the 

nozzle and the substrate (cm) 

¶ The flow rate of the solution 

(ml/min) 

¶ Pressure of shaping gas (kPa) 

¶ Power of ultrasonic nozzle 

(W) 

¶ x-y-z stage speed (cm/min) 

¶ Amount of deposition (ml) 

 

¶ Salt of precursor solution 

¶ Molarity (M) 

¶ Solvent 

 

 

1.2.2.1 The Effects of Precursor Solution Parameters 

The selection of a suitable salt is a crucial decision that must be made before 

optimizing the USD parameters. Different types of salts can be used in the precursor 

solutions such as nitrides, chlorides, ammonium and acetylacetonate. The choice of 

salt can significantly affect the reaction parameters such as the temperature of the 

substrate, the solution flow rate, the distance between the nozzle and the substrate, 

and the solvent of the precursor solution. For instance, the substrate temperature must 

be high enough to decompose the salt.  
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The solvent selection is also a key factor for the precursor solution. The salt's 

solubility in the solution is a critical factor as it limits the choice of solvent and can 

have a significant effect on the yield of the reaction. DI water and alcohol are 

generally preferred as solvents because they are inexpensive and easy to access. The 

selection of the appropriate salt according to its solvent is also very important in 

determining the optimal reaction conditions. 

Molarity of the precursor solution is another essential parameter for the USD 

method. If the precursor solution's molarity is too high, the solubility limit may be 

reached, and agglomeration may be observed in the precursor solution. Moreover, if 

the molarity of the precursor solution is high enough, the thickness control of the 

thin film may be very difficult during the deposition. All precursor solution 

parameters also affect the surface properties and thickness of the final deposited thin 

film. 

1.2.2.2 The Effects of USD System Parameters 

One of the most critical criteria influencing thin film deposition is substrate 

temperature. First, the substrate temperature must be high enough to allow the salt 

in the precursor solution to decompose. If the substrate temperature is low, the 

deposited droplets are still rich in solvent, causing wetting on the substrate. When 

the deposited film dries slowly, the ócoffee-ring effectô is observed following the 

evaporation of the solvent 11. Whereas the rapid drying of that wet layer causes stress 

leading to the formation of cracks. At very high substrate temperatures, however, the 

accumulated spray droplets are almost dry. Slow spreading of the precursor solution 

can cause discrete particles to form on the substrate surface leading to the 

observation of rough surfaces. Considering this information, the roughness of the 

films is determined by the drying rate of the droplets on the substrate. Thick films 

are formed at low substrate temperatures, while thin film formation is obtained at 

high substrate temperatures. In addition, by altering the substrate temperature, the 

morphological characteristics of the films may be adjusted 12. 
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Optimizing the distance between the nozzle and the substrate is critical in the thin 

film formation with the USD method. If this distance is too large, the droplets will 

evaporate before reaching the substrate, negatively affecting the formation of the 

film. At greater distances, particles gradually lose their properties and are dispersed 

on the surface, often forming a powder-like layer. Moreover, when sprayed over 

longer distances, only a tiny fraction of droplets hit the substrate surface, resulting 

in low spraying efficiency. Additionally, if the distance is too short, poor adhesion 

to the substrate may occur before proper spraying can occur. Moreover, likewise the 

effect of the slow drying process, the ócoffee-ring effectô may begin to appear when 

the distance is too short. Also, if the optimum distance between the nozzle-substrate 

is not defined, it becomes more difficult to control the substrate temperature. The 

optimum distance depends on the type of salt used in the precursor solution, the 

solvent, and the molarity of the solution 13.  

The flow rate of the solution has a great effect on the thin film growth mechanism 

because it affects the duration for a droplet to reach the substrate surface 14. If the 

solution flow rate is higher than the optimum value, the droplets will reach the 

substrate before completing the suitable formation process for spraying. Films 

formed in this way will either be porous or have agglomerations on their surfaces. 

Furthermore, it will be more difficult to control the surface temperature if the flow 

rate is not adjusted to the appropriate value. When the flow rate is elevated under 

low substrate temperatures, the film's thickness experiences a corresponding 

increase. This phenomenon occurs due to insufficient activation energy and 

insufficient time required for the droplet to undergo decomposition. Further, some 

of the aerosol is carried away from the substrate by the carrier gases. At high 

substrate temperatures, as the flow rate increases, a greater number of aerosol 

droplets accumulate rapidly. This is because higher flow rates provide insufficient 

time for the droplets to spread onto the substrate. However, when the substrate 

temperature and solution flow rate are both within an ideal range, the microstructure 

of the film may be controlled. It has been experienced that the flow rate of the 

solution often gives good results between 0.1 - 0.3 ml/min. Especially when the flow 
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rates are very high or low, the deposited film surfaces are not smooth and 

homogeneous. On the other hand, the total amount of deposition affects the thickness 

of the films and total deposition time.  

In the USD technique, various carrier gases, such as nitrogen and compressed air are 

used. The carrier gas pressure influences the formation and physical properties of the 

films. Like the solution flow rate, high pressures make it more challenging to control 

substrate temperature and the substrate cools rapidly. On the other hand, low-

pressure values lead to the sprayed solution reaching the substrate without 

atomization, resulting in the formation of defective films. 

The generated power of the nozzle used can affect the size of the aerosol droplets. 

The droplet size is inversely proportional to the power applied at the nozzle to 

atomize particles. As the power of the nozzle increases, the droplet size decreases. 

Also, the particle size is directly proportional to the droplet size, so reducing the 

droplet size will cause the particle size to decrease as well. The x-y-z or x-y stage 

speed mostly affects the thin film thickness. As the stage speed decreases, the 

thickness increases due to a greater amount of aerosol reaching the substrate. 

However, at extremely high stage speeds, the film formation may be incomplete as 

the amount of deposited material might not be sufficient to coalesce and form a 

continuous film. 

1.3 Transition Metal Oxides 

The exceptional electronic structures of the base transition metals and their bonding 

with oxygen make transition metal oxides (TMOs), which are highly valuable 

materials 15. A transition metal is a type of metal that has an incompletely filled d-

subshell or forms cations with an incomplete d orbital upon ionization. TMOs occur 

through a charge transfer process between lower electronegativity transition metal 

atoms and higher electronegative oxygen atoms. The oxidation state of the metal ion 

in the oxide is determined by the quantity of electrons lost by the transition metal. 
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Thus, TMOs with different physical and chemical properties can be obtained. The 

charge exchange between transition metal and oxygen atoms not only facilitates the 

formation of diverse bonds but also contributes to the emergence of various 

structures and phases of TMOs. 

The crystal structures of TMOs exhibit a wide range of symmetries, which can vary 

from cubic to triclinic. The simple binary oxides with a composition of MO (M: 

transition metal, O: oxygen) generally exhibit the rock-salt crystal structure, while 

those with a composition of MO2 show a variety of structures such as fluorite, rutile, 

distorted rutile, or more complex structures. Sesquioxides with a composition of 

M2O3 often have a corundum crystal structure. On the other hand, spinels have M3O4 

structure, while only a few TMOs form pentoxide (M2O5) structures. The electrical 

configuration of the transition metal and oxygen atoms determines the crystal 

structure of these TMOs. 

TMOs can be easily formed by simple chemical reactions and remain stable under 

normal environmental conditions due to their thermodynamic stability. Tungsten 

trioxide (WO3), molybdenum trioxide (MoO3), titanium dioxide (TiO2), vanadium 

dioxide (VO2), vanadium pentoxide (V2O5), nickel oxide (NiO), manganese dioxide 

(MnO2) and cobalt (II, III ) oxide (Co3O4) are the most known and utilized TMOs. 

Thin films of these TMOs are often used in various applications. The use of TMO 

thin films are mostly demonstrated in gas sensors 16ï18, batteries 19ï21, electrochromic 

devices 22ï24, thermochromic devices 25,26, supercapacitors 27ï29, hydrogen peroxide/ 

glucose sensors 30ï32 and solar cell applications 33ï35.  

1.3.1 Properties of Vanadium Pentoxides 

The oxidation state of vanadium ranges from 2 to 5 and can produce vanadium 

monoxide (VO), vanadium sesquioxide (V2O3), vanadium dioxide (VO2) and 

vanadium pentoxide (V2O5). Among them, the V2O5 phase is the most studied 

because it is the most stable phase with an oxidation state of +5 and an electron 
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configuration of d0. It has an orthorhombic layered crystal structure 36 which is in the 

Pmmn space group and looks like a square pyramid with zigzag ribbons as shown in 

Figure 1.5. The vanadium atom is coordinated with five adjacent oxygen atoms 

arranged in a pyramid shape. A double chain is generated in the b-direction by 

sharing the edges of the pyramidal VO5 units, and these chains are joined at their 

corners. In addition, there is a V-O bond in the c-direction located at a greater 

distance from the vanadium atom. Amorphous V2O5 thin films can be fabricated at 

deposition temperatures < 300 °C 37, while these disordered V2O5 thin films can be 

crystallized by a simple post-deposition annealing process. V2O5 has n-type 

semiconductor nature, its optical band gap varies between 2.10-2.75 eV. It was 

investigated extensively due to its unique semiconductor-to-metal transition 

behavior, broad optical band gap, and high thermal and chemical stability with 

favorable thermoelectric properties 37ï39. It is used in various applications including 

gas sensors 40,41, batteries 42, electrochromic devices 43,44 and supercapacitors 45,46. 

Different deposition techniques utilized for V2O5 thin films such as thermal 

evaporation 47, magnetron sputtering 48,49, pulsed laser deposition 50,51, chemical 

vapor deposition 52,53, sol-gel 54,55, spray pyrolysis 56,57, and ultrasonic spray 

deposition (USD) 58,59. 
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Figure 1.5. Crystal structure of orthorhombic V2O5. Views from (a) ac plane and (b) 

ab plane. V atoms are shown in yellow and O atoms are in blue 36. 

1.3.2 Ultrasonic Spray Deposition of Vanadium Pentoxide Films 

Although there are various methods to deposit V2O5 thin films, USD is a relatively 

easy, useful and relatively cost-effective method to obtain uniform, crack-free and 

pure V2O5 thin films. However, up to now, only a few studies have investigated the 

use of the USD for the deposition of V2O5 thin films 58ï61. In 2013, Wei and 

colleagues studied structural, optical and electrical characteristics of V2O5 thin films 

prepared via USD 58. To produce films, they prepared vanadium sol by dissolving 

V2O5 powder in a hydrogen peroxide (H2O2) solution and re-dispersed obtained sol 

in DI water, stirred overnight and ultrasonically sprayed onto indium tin oxide (ITO) 

coated glass substrates. All films were heat-treated at 110 °C for 10 h. Moreover, 

electrodeposited (ED) films were prepared as a control group for comparing their 

charge storage capacities with those of USD films. The SEM images of V2O5 films 

(Figure 1.6 (a-d)) fabricated via USD showed stacked rod-like morphology. It was 

observed that the V2O5 sol could not be deposited homogeneously on the ITO coated 

glass substrates using the USD method. As shown in Figure 1.6 (b) and (d), ED film 

had a more homogenous surface than USD film. XRD analysis, provided in Figure 

1.6 (e) and (f), showed peaks at around 8.02 and 7.94 °, corresponding to the 

diffraction of the (001) plane caused by stacking layers of V2O5·nH2O. However, the 

XRD peaks showed the amorphous nature of the deposited V2O5 films.  
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Figure 1.6 SEM images of V2O5 films prepared by (a, b) ED method and (c, d) USD 

method on ITO. XRD patterns for V2O5 films prepared by (e) ED and (f) USD 

method on ITO 58. 

 

The ion storage capacity of the V2O5 films per unit of active electrode area was 

compared with ED and USD methods. The ED film showed twice the charge storage 

capacity of USD film. The inhomogeneity of the deposited thin films may explain 

the observed differences in charge capacity. As a result, the V2O5 films exhibited a 
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non-uniform morphology attributed to the stacking of rod-like particles and 

consisted of mixed phases of V2O5 and VO2, exhibiting a limited charge capacity. 

V2O5 thin films can also be used in sensor applications. For example, humidity 

sensing capabilities of V2O5 thin films fabricated through USP method were also 

investigated 59. The precursor solution was prepared using vanadyl nitrate and urea 

dissolved in a few milliliters of DI water. It was observed that the ideal deposition 

temperature was 350 °C following deposition trials at a range of temperatures (from 

250 to 450 °C). It was found that crystalline thin films were obtained above the 

substrate temperatures of 350 °C. Thin films were polycrystalline and preferentially 

oriented in (001) direction, the highest intensity peak was seen at a 2ɗ value of 

20.32°, as shown in Figure 1.7 (a). Raman spectra (Figure 1.7 (b)) of the films 

included peaks at wavenumbers 102, 145, 197, 284, 304, 404, 482, 528, 701 and 995 

cmī1 which are fingerprints of V2O5. Films had a high root mean square (rms) 

roughness value of around 238 nm. Produced V2O5 thin films was porous, which is 

a desired feature for gas sensing applications.  

 

 

Figure 1.7 (a) X-ray pattern and (b) Raman spectra of V2O5 films 59. 

 

The humidity-sensing properties of V2O5 thin films were investigated and room 

temperature current-voltage curves of V2O5 films showed linear characteristics 
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proving the ohmic properties of the contacts (Figure 1.8 (a)). When the device was 

exposed to moist air with relative humidity (RH) levels of 25, 44, 58, 62 and 76% 

(Figure 1.8 (b)), the current increased significantly, eventually reaching a stable 

value higher than that observed in dry air. Rapid reaction and recovery were repeated 

for multiple cycles of switching the device from dry to moist air and vice versa, 

demonstrating improved repeatability and stability of the sensor. The current rose as 

the relative humidity increased, as provided in Figure 1.8 (c). Humidity sensitivity 

was demonstrated to exhibit a linear correlation with relative humidity, reaching its 

peak sensitivity of 90.8% at a relative humidity of 76%, as illustrated in Figure 1.8 

(d). Response and recovery times were found to be ca. 60 s and 54 s, respectively 

(Figure 1.8 (e)).  

 

Figure 1.8 (a) Room-temperature current-voltage characteristics of the sensor at 

different static relative humidity atmospheres, (b) room temperature current-time 

response curves of the sensor at various RH under 2 V bias voltage, (c) variation of 

current with relative humidity and (d) sensitivity versus relative humidity, (e) 

experimental and fitted rise and fall curves for V2O5 thin films 59. 
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In another study by Tadeo, ethanol and NO2 gas sensing properties of USP deposited 

V2O5 thin films were investigated 60. Structural, morphological and optical properties 

of the films were similar to their previous study as summarized above 59. A linear 

relationship between current and applied voltage was obtained, showing that the 

contacts were ohmic and the electrodes were suitable for gas detection measurements 

(Figure 1.9 (a)). The sensors showed good reversibility, as shown in Figure 1.9 (b). 

Furthermore, the films showed an amplified response with increasing ethanol 

concentration. The sensor was subjected to ethanol vapors at various operating 

temperatures ranging from 200 °C to 330 °C to find the ideal operating temperature 

for thin films (Figure 1.9 (c)). The ideal operating temperature for the sensor was 

found as 280 °C, shown in Figure 1.9 (d). The results were promising since the sensor 

detected ethanol at low quantities that were much below the regulatory limit for 

breath analyzers. 
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Figure 1.9 (a) I-V characteristics of the fabricated sensor, gas sensing response 

curves of V2O5 thin films deposited on the 350°C pre-heated quartz substrates (b) 

various concentrations of ethanol at 200 °C, (c) different operating temperatures 

(200-330 °C) at 25 ppm gas concentration, and (d) gas response curves (% response) 

of V2O5 thin films deposited on the 350°C pre-heated quartz substrates to various 

ethanol concentrations as a function of temperature 60. 

 

A relatively recent study was conducted by Kose et al. on the exploration of 

morphological, optical, electrical and surface properties of V2O5 films deposited 

through the USP method 61. The aqueous precursor solution containing 0.05 M VCl3 

was ultrasonically sprayed onto the pre-heated substrates (ranging from 300 °C to 

450 °C with 50 °C intervals). The thin films were named according to their 

deposition temperature, for instance VO300 refers to V2O5 thin film deposited on a 
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300 °C pre-heated glass substrate. The VO300 film showed no grain boundaries, 

while the VO350 film had a porous structure with some cracked and deformed 

regions. SEM image of VO4000 thin film started to show grain boundaries. Yet, it 

was observed that rod-like structures were formed in the films deposited at 450 ÁC. 

XRD results proved that all V2O5 films had orthorhombic structure. In addition, it 

was determined that the transmittance of the films increased with the substrate 

temperature. According to the electrical measurements, it was observed that the 

resistance of the films decreased, and the electrical conductivity increased with 

higher substrate temperatures. As can be seen, the USD method has never been used 

in the production of large-area or high-quality V2O5 thin films in the literature. 

1.3.3 Properties of Nickel Oxides 

The crystal structure of cubic nickel oxides (NiO) is the same as the salt form of 

NaCl, which has octahedral Ni2+ and O2- sites, as shown in Figure 1.10. It has various 

oxidation states, these are nickel trioxide or sesquioxide (Ni2O3), nickel oxide (NiO), 

nickel dioxide (NiO2) and nickel peroxide (NiO4). NiO is a p-type semiconductor 

with an optical bandgap between 3.5 and 4.0 eV 62. Like other binary metal oxides, 

it can exhibit non-stoichiometry, which means that the ratio of nickel to oxygen 

atoms is not exactly 1:1. This non-stoichiometry is often related with a color change, 

while the stoichiometric NiO appears green, the non-stoichiometric NiO appears 

black. Various methods are reported for the fabrication of NiO thin films such as 

pulsed laser deposition 63, CVD 64, magnetron sputtering 65, spray deposition 66,67 and 

sol-gel deposition 68,69. Its typical uses include solar cells 34, electrochromic devices 

24,70, supercapacitors 29,71 and chemical sensors 72 owing to its excellent chemical 

stability and high durability.  
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Figure 1.10 Crystal structure of cubic nickel oxide 73. 

1.3.4 Ultrasonic Spray Deposition of Nickel Oxide Films 

Nickel chloride hexahydrate (NiCl2.6H2O), nickel nitrate hexahydrate 

(Ni(NO3)2.6H2O) and nickel acetate tetrahydrate (Ni(OCOCH3)2 .4H2O) salts are 

widely used as precursors in the deposition of NiO films. First studies on USD 

deposited NiO films, focused on the preparation and basic characterization of the 

films. It was observed that when Ni(NO3)2.6H2O and ethanol-water mixture were 

used as the precursor solution, the cubic nano-sized NiO thin films with (200) 

preferential orientation were produced by the USP method 74. Also, it was reported 

that NiO films deposited onto ITO/ glass via USP method had high work function, 

which is favorable for OLED applications 75.  

The USD method also allowed deposition of doped thin films. In 2010, Li doped 

NiO thin films were fabricated using USD method for electrochromic window 

applications 76. XRD patterns showed that bare NiO films had a cubic structure with 

(200) preferential orientation, while Li doped NiO showed the same peaks for NiO 

but no other peaks were seen related to LiNiO structure (Figure 1.11 (a)). NiO thin 

films have fingerprint Raman peaks as shown in Figure 1.11 (b). On the other hand, 

Li doped NiO films showed a higher transmission modulation (ȹT) compared to the 
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bare NiO films (Figure 1.12 (a)). Coloration efficiency (CE) is one of the most 

important parameters for electrochromic (EC) materials and is defined as the change 

in the optical density (OD) per unit inserted charge (Q) (CE= ȹ(OD)/ ȹQ). In this 

study, the CE of Li-doped NiO films was found to be 33 cm2/C. Additionally, NiO 

thin films showed a characteristic gradual coloration process with approximately 

90% of the color change occurring over 115 seconds. In contrast, Li-doped NiO films 

showed a considerably faster coloration, achieving the same degree of color change 

within just 29 seconds. Furthermore, the Li-doped NiO films showed a significantly 

large transmittance change, as shown in Figure 1.12 (b). 

 

 

Figure 1.11 (a) XRD pattern and (b) Raman spectrum for NiO and Li-doped NiO 

thin films 76. 
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Figure 1.12 (a) Optical transmittance of films under potential step cycling between 

4.25 and 2.25 V. (b) Normalized transmission as a function of time 76. 

At microscopic level, the occurrence of surfactants in the precursor solution can alter 

the morphology of the thin films, resulting in high porosity and increased surface 

area. This modification facilitates faster diffusion of ions within the film, increasing 

EC efficiency and switching kinetics 77. Surfactant (polyethylene glycol (PEG)) 

assisted USP of NiO and Li-doped NiO films were also investigated for EC 

applications 77. A surfactant addition to the precursor solution causes a decrease in 

surface tension, which leads to the formation of smaller droplets. Consequently, the 

reduction in droplet size results in smaller NiO aggregates forming within the thin 

film 78. The morphology of both bare and Li-doped NiO films had some aggregates 

and non-uniform surface morphology in the absence of surfactant 77 (Figure 1.13 (a, 

c)). The inclusion of PEG effectively eliminated the particle aggregation and the 

formation of holes, as shown in Figure 1.13 (b) and (d). As a result, both NiO films 

with and without Li ions showed a smooth, uniform, and crack-free surface. 

Comparatively, the LiNiO-PEG film showed a greater coloration contrast when 

compared to the NiO-PEG film. This is evident from ȹT values, which are measured 

as 43.5% for the LiNiO-PEG film and 39.0% for the NiO-PEG film. These results 

indicated that the LiNiO-PEG film underwent a more significant change in 

transmittance, highlighting its superior ability to change its optical properties. The 
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CE values were found to be 41.2 cm2/C and 31.0 cm2/C for LiNiO-PEG and NiO-

PEG films, respectively. This study unequivocally showcased the advantageous 

effects of Li doping on EC applications. 

 

 

Figure 1.13 SEM images of (a) NiO (b) NiO-PEG (c) Li-doped NiO and (d) Li-doped 

NiO-PEG films 77. 

1.3.5 Structure of Molybdenum Trioxides 

Molybdenum oxide (MoO3) has a unique layered structure with an electron 

configuration of d0. It is an n-type semiconductor and has different phases that are 

thermodynamically stable (at standard conditions) that are orthorhombic MoO3 

phase (Ŭ-phase) 79,80, monoclinic MoO3 (ɓ-phase) 81 and hexagonal MoO3 (h-phase) 

82. The connectivity between the basic octahedral units distinguishes these structures 

from one another. Among them, Ŭ-MoO3 is the most investigated phase due to its 

promising electrochemical and electrochromic properties in conjunction to a wide 
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optical band gap 79. The Ŭ-MoO3 structure consists of six Mo atoms coordinated by 

six O atoms forming octahedral units 83. In Ŭ-MoO3, the structure consists of a pair 

of side chains that share MoO6 octahedral units. It can be said that it has a zigzag 

structure along the c-axis. The double chains are held together strongly by covalent 

forces in the a- and c-directions due to the sharing of octahedral units at their edges. 

However, the double chains are weakly linked by van der Waals forces in the b-

direction, resulting in the layered structure of Ŭ-MoO3. The crystal structure of 

orthorhombic Ŭ-MoO3 is provided in Figure 1.14 84. Thin film Ŭ-MoO3 has been 

employed as a functional layer in many different electronic devices such as OLEDs 

85, organic 35 and polymer solar cells 86, electrochromic layers 87,88, and gas sensors 

17,89. These applications demand the creation of thin, homogenous coatings. Different 

deposition techniques were used for the deposition of MoO3 thin films such as 

thermal evaporation 90, magnetron sputtering 25,91, chemical vapor deposition 92,93, 

sol-gel 93,94 and spray deposition 88,95. 

 

Figure 1.14 Crystal structure of orthorhombic Ŭ-MoO3. (Mo is shown as purple 

atoms and O as red atoms.) 84. 

1.3.6 Ultrasonic Spray Deposition of Molybdenum Trioxides Films 

To deposit molybdenum oxide films via the ultrasonic spray deposition method, 

molybdenum (V) chloride (MoCl5) and ammonium heptamolybdate tetrahydrate 

((NH4)6Mo7O24·4H2O) salts are widely used. The USD method is a scalable solution-
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based deposition method for the deposition of molybdenum oxide-based films 96,97. 

In this context, the USD method was introduced to deposit MoOx hole transport 

layers (HTL) for OPV devices using aqueous ammonium molybdate tetrahydrate 

(NH4)6Mo7O24·4H2O precursor solution, then, the layers were thermally annealed 

and converted to MoO3 
98. The observation reveals a gradual improvement in the 

efficiency of OPV devices by increasing the heat-treatment temperature of the film 

to 350 °C. This enhancement is mostly due to a rise in short-circuit current density 

(Jsc) and fill factor (FF) values, resulting in a maximum power conversion efficiency 

(PCE) of 4.4%. Changes in photovoltaic parameters with annealing temperature is 

provided in Table 1.2. 

Table 1.2 The average values for the fill factor, open circuit voltage and power 

conversion efficiency for OPV devices fabricated with MoOx layers as a function of 

annealing temperature 98. 

 FF (%) Voc (V) PCE (%) 

Unannealed 17.0 0.67 10-2 

200 ̄ C Anneal 21.8 0.85 10-2 

250 ̄ C Anneal 28.0 0.86 1.6 

300 ̄ C Anneal 47.5 0.86 3.6 

350 ̄ C Anneal 51.6 0.88 4.4 

400 ̄ C Anneal 29.2 0.80 1.4 

 

On the other hand, using aqueous (NH4)6Mo7O24·4H2O precursor solution during 

USD deposition on different layers such as P3HT:PCBM blend films can be a 

problem for uniform and full film coverage 99. Optical microscopy images (Figure 

1.15) revealed that the MoO3 microarray, produced through USD, consisted of 

multiple islands with varying sizes due to the low vapor pressure of DI water. 

Interestingly, the size of these islands increased with the spray time. This problem 

was solved using a multi-component solvent system (MSS) consisting of DI water, 

methanol (ME) and isopropanol (IPA). Optimized layers were utilized as the HTL 
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for organic solar cells. When the IPA:ME:DI water volume ratio for the precursor 

solution was 3:1:6, the best PCE for the organic solar cell was found as 3.40%. 

 

Figure 1.15 Optical microscope images of MoO3 array with water as a solvent in 

different spray times of (a) 2.5, (b) 5, (c) 7.5 and (d) 15 min 99. 

 

The USD method also allows the deposition of nanoparticles dispersion addition to 

precursor solutions. Gavim et al. prepared water suspended MoO3 nanoparticles by 

laser ablation in solution (LASIS), which was then followed by the USD deposition 

of these particles onto ITO /glass substrates to produce HTLs for organic solar cells. 

No post-annealing processes were needed 95. The morphologies of the HTLs, 

provided in Figure 1.16, indicated that the films contained small nanoparticles. The 

optimized glass/ITO/MoO3NPs/PTB7:PC71BM/Ca/Al solar cells displayed open-

circuit voltage (Voc) of 0.75 V, short circuit current density (Jsc) of 13 mA/cm2, fill 

factor (FF) of 58% and PCE of 5.7% under AM1.5 illumination. Fabricated solar cell 

showed increased stability compared to the devices with polymeric HTLs.  
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Figure 1.16 SEM images acquired from MoO3-NP films produced on a substrate 

heated at 120 ÁC and deposition times of a) 40 and b) 60 s 95. 

The substrate temperature may affect the structure, optical properties and 

photocatalytic activity of USP-deposited MoO3 thin films 100. The film deposited at 

250 °C showed the mixed nature of the hexagonal (h) phase and the orthorhombic 

(Ŭ) phase of MoO3 (Figure 1.17 (a)). When the substrate temperature was increased 

to 300 °C, the XRD peaks associated with the h-phase were significantly reduced, 

while the Ŭ-phase became more prominent. Additionally, the peak related to the 

molybdenum salt (indicated by * in XRD data) was eliminated. Furthermore, when 

the films were deposited at a substrate temperature of 400 °C, only the orthorhombic 

phase was observed. Moreover, optical transmittance exhibited a gradual decrease 

with increasing temperature, reaching its lowest point at 400 °C (Figure 1.17 (b)). 

However, at 500 °C, the transmittance started to increase again. Upon increasing 

substrate temperatures, the optical band gap values increased from 3.06 to 3.46 eV. 

SEM images in Figure 1.18 (a) showed the amorphous nature of MoO3 films when 

the substrate temperature was 250 °C, but small spherical grains and regularly shaped 

nanorods started to appear upon increasing substrate temperature to 300 °C (Figure 

1.18 (b)). At the deposition temperatures of 400 °C and 500 °C, the rod length was 

found to increase (Figure 1.18 (c) and (d)). 
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Figure 1.17 a) XRD pattern of film (* shows the peak related to molybdenum salt). 

b) Transmittance spectra of MoO3 films prepared at different substrate temperatures 

100. 

 

Figure 1.18 SEM images of MoO3 films deposited at different  temperatures of a) 

250, b) 300, c) 400 and d) 500 °C 100. 

The photoluminescence analysis showed an increase in emission corresponding to 

defects as the substrate temperature increased, accompanied by a decrease in the 
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intensity of intervalence charge transfer emissions. Additionally, a 0.5 mM 

Rhodamine-B aqueous solution was utilized as a template to investigate the 

photocatalytic activity of films deposited at different substrate temperatures, and it 

was obtained that the efficiency was highest at 500 °C. This enhanced efficiency 

could be attributed to several factors, such as an enhanced band-bending effect, 

higher photon absorption capacity, surface morphology, crystallographic anisotropy, 

and the occurrence of oxygen vacancies. 

The performance of electrochromic devices can be influenced by the implementation 

of sequential deposition methods, such as combining USP and thermal evaporation 

techniques, in the deposition process of MoO3 
88. The cyclic voltammogram (CV) of 

films deposited by the sequential method showed the characteristic CV curves of the 

electrochromic film (Figure 1.19 (a)). Spectral transmittance graphs of the samples 

deposited through USP, thermal evaporation and sequential methods are provided in 

Figures 1.19 (b)-(d). The maximum transmittance change of the films within the 

visible spectrum reached 46% at a wavelength of 570 nm for the thermal evaporated 

films (Figure 1.19 (c)). The electrodes deposited via the USP method showed low 

CE (16 cm2 Cī1), but good stability. But the electrode deposited by thermal 

evaporation had relatively high CE (30 cm2 Cī1), but the cyclic stability was low. 

The sequential deposition electrode had the greatest CE (33 cm2 Cī1) among all 

electrodes and maintained its stability with cycling. The high coloration efficiency 

and stability observed in the sequentially deposited samples investigated in this study 

hold great promise for future research on the deposition of MoO3 and other metal 

oxide thin films, opening opportunities for diverse optoelectronic applications. 
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Figure 1.19 (a) Cyclic voltammogram of USP sample. Inset shows the photographs 

of EC films at different voltages. Transmittance plots for (b) USP, (c) PVD and (d) 

SD samples in bleached and colored states 88. 

1.4 Applications 

1.4.1 Electrochromism and Electrochromic Devices 

The ability of some materials to alter their optical properties, such as optical 

transmittance or absorption, reversibly when biased is known as electrochromism 

101. This means that an EC material can alter its color or transparency in a regulated 

way when a voltage is applied to it. This unique optical switching behavior of EC 

materials opens numerous possibilities for energy-efficient applications and color 

adjustment, including smart windows, multiple color displays, wearable devices and 

optical elements with adjustable colors 102ï105. TMOs, conjugated conductive 

polymers, organic redox dyes and organic frameworks are just some of the examples 

of the materials used in EC technology 103,106ï111. Among these materials, TMOs are 
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highly preferred due to their exceptional coloration efficiency, strong chemical 

stability, and long-term durability 112,113. There are two main categories of 

electrochromic TMOs, distinguished by their coloration mechanisms: cathodic EC 

materials, which become colored through the insertion of guest ions (called as 

reduction process), and anodic EC materials, which become colored through the 

extraction of guest cations (called as oxidation process) 114. The periodic table of 

elements in Figure 1.20 displays the transition metals whose oxides exhibit EC 

properties. The oxides of Ti, Mo, Nb, Ta and W show cathodic coloration, while the 

oxides of Cr, Mn, Fe, Co, Ni, Rh and Ir elements display anodic coloration. Among 

the TMOs, only V2O5 demonstrates a unique multichromic behavior by exhibiting 

both anodic and cathodic coloration 115. The key factor in electrochromism is the 

invocation of a new species that displays color on an electrode by an electrochemical 

reaction that affects electron transfer. Also, both states of the electroactive species 

are called electrochrome. 

 

 

Figure 1.20 Periodic table of metals whose oxides show electrochromic properties 

116. 

The mechanisms responsible for the coloration and discoloration of electrochrome 

can be categorized into two types. One mechanism involves direct redox reactions, 

which is mainly observed in organic-based electrochrome 117. When an external 
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voltage is applied to organic-based electrochrome, redox reactions occur inside the 

organic polymers or small molecules, causing changes in their molecular energy 

levels and causing the material's color to change. The second mechanism is based on 

ion intercalation and deintercalation, most commonly found in inorganic 

electrochromic materials 118. Intercalation occurs when a metal in the electrochromic 

material reacts with ions from the electrolyte and the ion introduced to the substance. 

Reversing the polarity of the applied voltage should cause the electrochromic 

device's transmittance and color to revert to their initial values.  This reversal process 

is referred to as deintercalation. To allow intercalation and deintercalation, the 

electrochromic material's thin film must be in direct contact with both an electrolyte, 

which supplies the required ions for the reaction, and a conductive layer that 

facilitates the flow of voltage. 

To obtain a full  electrochromic device, a transparent conductive layer is placed on a 

glass substrate, then, an electrochrome coating is put on top of the transparent 

conductive layer. ITO and FTO are the most widely used transparent conductive 

layers. The second electrochrome, called counter electrode, may be another EC 

material or may be non-coloring redox material as an ion storage layer. In either case, 

the electrolyte is positioned between the EC material and the counter electrode, 

forming a sandwich-like configuration. A typical electrochromic full device 

fabricated with two electrochromic layers is schematically shown in Figure 1.21. 
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Figure 1.21 Schematic of a typical electrochromic full device. 

 

Commonly used performance parameters to precisely evaluate the performance of 

related EC materials and devices include: 

a. Optical modulation 

b. Coloration efficiency  

c. Response time 

d. Durability  

e. Lifetime 

In the context of EC materials and devices, optical modulation serves as the key 

parameter to demonstrate promising electrochromic properties of the material. It is 

quantified as the difference in absorbance or transmittance at a certain absorption 

wavelength between the initial and subsequent color shift, as given in Equation 1. 

 



 

 

36 

ȹT (%) = Tbleached (%) ï Tcolored (%)                                           (1) 

 

Here, ȹT, Tbleached and Tcolored represent optical transmittance modulation, 

transmittance in the bleached state and the colored state, respectively.  

CE represents the capacity of EC devices to achieve higher optical modulations using 

a given amount of injected charge. Because of their increased energy efficiency, EC 

devices with higher CEs are preferable. By maximizing the CE, the energy 

consumption of the device can be minimized, making it more energy-efficient and 

economically viable for practical applications. CE can be defined as the amount of 

optical density change (ȹOD) per the charge density (Qd) expressed in Equation 2.  

 

CE= ȹOD/ Qd = log (  ) / Qd       (2) 

 

The response time of an EC device refers to the time it takes for the device to reach 

90% of its maximum optical modulation from the bleached state to the colored state 

(or vice versa). This interval of time is furthermore known as the coloring time (or 

bleaching time). Generally, EC materials and devices with shorter response times are 

more desirable due to their swift transition between different optical states. EC 

displays have different criteria than EC materials and devices used in applications 

such as smart windows or energy storage devices, which typically have tolerable 

transition times in the range of minutes. To meet the information refresh rate, EC 

displays need to complete color transitions in seconds, even milliseconds. This is 

because EC displays are intended for dynamic visual content and need to change 

colors rapidly to provide a smooth and responsive display experience, similar to 

other types of electronic displays. Hence, it is crucial for EC displays to have rapid 

color transition times to fulfill the requirements of real-time information updates and 

visual responsiveness 119. 



 

 

37 

The term durability describes a material's or a device's capacity to tolerate an 

unfavorable external environment. Additionally, a qualified EC display should be 

able to operate in conditions of high humidity, low temperature (between -40 and 80 

°C), and even under some external force. Lifetimes are equally important. One of the 

key requirements for EC displays and devices is the ability to maintain their electro-

optical switching capacity even after numerous cycles of coloring and bleaching. To 

meet the demands in future practical applications, EC displays should exhibit 

excellent reversibility and cyclic life, with a target of at least 104-106 cycles without 

significant optical degradation. This ensures the long-term reliability and durability 

of the device. 

1.4.2 Non-enzymatic Hydrogen Peroxide Sensors 

Chemical sensors used in healthcare have utmost importance, hydrogen peroxide 

(H2O2) and glucose being the two typical analysts. As one of the most basic 

peroxides, H2O2, may act as an oxidizer or a reductant depending on the pH. It is an 

inherently unstable chemical that occurs in a various biological process where it is a 

vital mediator. It participates in crucial functions such as immunological responses, 

cell signaling, and the metabolism of proteins and carbohydrates 120. Additionally, it 

is a by-product in reactions catalyzed by various oxidase enzymes, including glucose 

oxidase, cholesterol oxidase, glutamate oxidase, and lactate oxidase 121. However, 

the presence of excessive H2O2 in the environment can have severe implications for 

human health, including the development of conditions such as diabetes, 

cardiovascular disorders, cancer, and neurodegenerative diseases 122ï124. Because the 

excessive amounts of H2O2 can lead to the generation of reactive oxygen species, 

causing damage to DNA and proteins 125. Therefore, the development of an accurate, 

fast and dependable method for detecting H2O2 is highly important 126. 

Electrochemical methods offer several advantages for H2O2 detection without the 

need for enzymes, including stability, simplicity, reproducibility and low-cost 127. A 

great deal of effort has been put towards determining H2O2 directly utilizing non-
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enzymatic (enzymeless) electrodes. Chemically modified electrodes have garnered 

increasing attention due to their numerous benefits, including enhanced sensitivity, 

selectivity, improved stability, lower over potential for electron transfer compared to 

traditional electrodes, and reduced susceptibility to surface fouling 128. Various 

materials including metals/metal oxides, carbon, metal- and polymer-based 

composites/alloys and Prussian blue can be used as active material of non-enzymatic 

H2O2 sensors. 

Depending on the electrode potential, H2O2 can be reduced to H2O (H2O2 reduction 

reaction), or can be oxidized to O2 (H2O2 oxidation reaction) 129. When H2O2 is 

present, the H2O2 molecules encounter the electrode surface. At the anode, H2O2 is 

oxidized, and electrons are released. 

The overall reaction at the anode can be represented as: 

 

H2O2 Ÿ O2 + 2H+ + 2e- 

 

Simultaneously, a reduction reaction takes place at the cathode to balance the charge. 

The reduction reaction usually involves the reduction of dissolved O2 in the sample. 

The overall reaction at the cathode can be represented as: 

 

O2 + 2H2O + 4e- Ÿ 4OH- 

 

Electrons generated from the oxidation reaction at the anode and the reduction 

reaction at the cathode create an electric current flow through the circuit. This current 

can be measured using an ammeter or other suitable sensing equipment. The 

mechanism of non-enzymatic H2O2 sensors can be better understood with the 

example of copper oxide (CuO), as shown in Figure 1.22. Upon reaction of CuO 
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with H2O2, Cu (II) is reduced electrochemically to Cu (I), and H2O2 is simultaneously 

returned to OHī as the catalyst is regenerated 130. At the same time, Cu (I) is oxidized 

back to Cu (II). The formation mechanisms of the CuO can be seen below 130: 

 

   Cu(OH)2 + 2OHī Ÿ [Cu(OH)4]
2- 

[Cu(OH)4]
2ī Ÿ CuO + 2OHī+ H2O 

 

 

Figure 1.22 A schematic view of the electrocatalytic mechanism of CuO nanoflowers 

for the reduction of H2O2 
130. 

1.4.3 Non-enzymatic Glucose Sensors 

Glucose is an important carbohydrate that is key to several metabolic activities 

required to produce proteins, glycogen, and lipids 131. A fasting blood glucose level 

ranging from 100 to 125 mg/dL is considered normal in humans, however, diabetes 

can be diagnosed with values exceeding 126 mg/dL on two separate occasions. A 

blood sugar level below 70 mg/dL is called hypoglycemic, and over 126 mg/dL is 

called hyperglycemic. Hypoglycemia is most commonly associated with diabetes, 

especially if someone is taking insulin or certain medications to manage their blood 
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sugar levels. On the other hand, hyperglycemia can result in various metabolic 

abnormalities associated with persistent problems affecting both the microvascular 

and macrovascular systems 132. According to the 10th edition of the International 

Diabetes Federation (IDF) Diabetes Atlas, the number of adults living with diabetes 

was reported to be 537 million in 2021, with a projected increase of approximately 

10% by 2030 133. Moreover, particularly 14.5% of the Turkish population is expected 

to have diabetes. There is considerable attention dedicated to the efficient 

management of diabetes due to its chronic nature and the numerous diseases that it 

can cause, including vision loss, renal failure and strokes. Therefore, the diagnosis 

of diabetes requires accurate, sensitive, reliable, fast, and careful monitoring of 

glucose level in daily life. 

Glucose sensors can be divided into enzymatic and non-enzymatic glucose sensors. 

Enzymatic glucose sensors have high selectivity and sensitivity, but they have some 

problems due to the presence of enzymes in their structure. The enzyme fixation step 

is a challenging process that involves determining the precise enzyme quantity. 

Moreover, it is susceptible to temperature and pH variations 134. As a result, non-

enzymatic (enzyme-free) glucose sensors have grown in importance due to their 

simple preparation, environmental stability, and extended shelf life. Also, non-

enzymatic glucose sensors are advantageous as they are not affected by oxygen 

levels. Non-enzymatic glucose sensors offer a linear and more sensitive response to 

glucose concentration without the need for a mediator, in contrast to enzyme 

electrodes, which can be impacted by low or high oxygen concentrations that result 

in signal changes outside of the usual oxygen range. In the absence of a mediator in 

enzymatic glucose sensors, oxygen deficiency can cause a nonlinear and less 

sensitive reaction to glucose concentration 135. Noble metals including gold, 

platinum and palladium, carbon-based materials, metal and metal oxides 

nanoparticles or films and polymer-based materials are mostly used in non-

enzymatic glucose sensors.  

Typically, in non-enzymatic glucose sensors, glucose molecules meet the sensing 

surface or electrode, then, an electrochemical reaction takes place where the glucose 
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is oxidized. When glucose molecules undergo oxidation, they release electrons. 

These electrons are transferred directly to the electrode surface without the 

involvement of enzymes. During this reaction, gluconolactone and H2O2 are 

released. It is then further hydrolyzed to gluconic acid. The transfer of electrons 

generates an electrical current, which is measured by the sensor. The concentration 

of glucose affects the magnitude of the current. CuO, as seen in Figure 1.23, is a 

good example to understand better the working principles of non-enzymatic glucose 

sensors 136. Firstly, Cu2+ underwent electrochemical conversion to strong oxidizing 

Cu3+ species such as CuOOH.  

 

CuO + OHī Ÿ CuOOH + e- 

 

Subsequently, gluconolactone was derived through the oxidation of glucose in the 

presence of Cu3+. Finally, gluconic acid was obtained through hydrolysis.  

 

CuOOH + glucose + e-Ÿ CuO + OHī + gluconolactone 

gluconolactone + H2O Ÿ gluconic acid 

 

 

Figure 1.23 Possible mechanism for the direct electro-oxidation of glucose to 

gluconic acid on the CuO electrode surface 136. 



 

 

42 

1.5 Dissertation Objectives 

Metal oxide thin films have undergone extensive investigation over the years and 

have now assumed a pivotal role in our everyday lives, owing to their diverse 

applications across a broad spectrum of areas. Although there are various methods 

for producing metal oxide thin films, many of them are problematic at the point of 

obtaining homogeneous, uniform and continuous thin film formation. Also, these 

thin films should be fabricated using low-cost methods and materials that are suitable 

for mass production. In addition, while doping to improve material properties is 

much easier with wet chemical methods, this is very difficult or not possible because 

many deposition methods use solid materials. Moreover, most applications need 

production of large-scale thin films. It is very difficult to produce functional metal 

oxide thin films with the aforementioned properties with a single method.  

This thesis focuses on finding suitable solutions for the fabrication of homogenous, 

uniform, cost-effective and large-scale selected TMO thin films for electrochemical 

applications using the USD method and low-cost metal oxide precursor materials. 

The next four chapters aim to achieve the following objectives: 

Chapter 2: Optimization of the deposition parameters for the USD method and thin 

film deposition methods,  

Chapter 3: Investigating the fabrication of large-scale V2O5 thin films for 

electrochromic devices,  

Chapter 4: Wet chemical deposition of Co doped MoO3 thin films with advanced 

electrochromic properties and its utilization in a full device (glass/ITO/MoO3:Co/gel 

electrode/NiO/ITO/glass), 

Chapter 5: Examining the deposition of nanometer-thick Mn:NiO and Co:NiO films 

for the development of high-performance non-enzymatic biosensors, 

Chapter 6: Concludes and share further recommendations for TMO thin film 

fabrication methods. 
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CHAPTER 2  

2           OPTIMIZATION OF THE DEPOSITION PARAMETERS  AND METHODS 

Optimization of the deposition parameters for USD method is very crucial to obtain 

homogenous, uniform and crack-free thin films. Homemade systems are widely used 

for the deposition of thin films by the USD method 88,137ï142. On the other hand, 

SONOTEK-Exacta Coat USD System was utilized in this thesis for metal oxide thin 

film fabrication. This system differs from homemade systems in the optimization of 

deposition parameters. 

2.1 Optimization of the Precursor Solution Parameters 

To optimize the deposition parameters, the first step begins with the selection of the 

appropriate solvent and solute metal salt. Nitride, acetylacetonate and chloride salts 

are the best candidates for metal salts. DI water and different types of alcohols such 

as methanol, ethanol and isopropanol can be used as solvents to obtain a cost-

effective precursor solution for thin film production. However, the precursor solution 

molarity is the most critical parameter for optimization. Studies in the literature show 

that researchers generally use relatively high molarity precursor solutions (from 0.1 

to 1 M) for the homemade USD systems 140ï142. Yet, the precursor solution molarity 

should be at milli-molar levels to obtain high-quality surface morphology without 

any problems. As will be seen in the following sections, homogeneous and crack-

free surface morphologies were obtained while using molarity values in the range of 

10 - 50 mM for deposition of thin films using SONOTEK-Exacta Coat System. 
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2.2 Optimization of the USD System Parameters 

During the optimization of the parameters, morphology of the thin films was checked 

by scanning electron microscopy (SEM). All morphological analyzes were 

performed using a FEI Nova Nano FEG-SEM using 20 kV beam energy. 

The most important optimization parameters are the substrate temperature, the 

distance between the nozzle and the substrate and the flow rate of the solution for 

SONOTEK-Exacta Coat system. For instance, MoO3 thin films were deposited 

utilizing the USD method, wherein the aqueous precursor solution was obtained from 

MoCl5 salt. The molarity of the precursor solution was set to 10 mM. The precursor 

solutions were sprayed onto ITO/glass substrates using Exacta Coat, Sono-Tek using 

the ultrasonic Vortex nozzle. When the substrate temperature is low (T< 100 °C), the 

ócoffee-ring effectô is observed on the surface of the thin films, as shown in Figure 

2.1 (a). Some other irregularities, coverage problems or cracks may appear for high 

substrate temperatures (T> 200 °C) (Figures 2.1 (b-d)). Also, the optimized substrate 

temperature changes depending on the solvent and solute. Studies with the 

SONOTEK-Exacta Coat USD System have shown that the substrate temperature 

between 100-160 °C results in good film morphology without any cracks or partial 

coating problems. 
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Figure 2.1 SEM images of MoO3 thin films deposited through USD method showed 

a) ócoffee-ring effectô at low deposition temperatures and b) coverage problem at 

high deposition temperatures. SEM images of MoO3 thin films deposited through 

USD method showed c) cracks and d) non-uniform morphology at high deposition 

temperatures. 

Optimizing the solution flow rate and distance between the nozzle and the substrate 

are both critical in thin film formation by the USD method. Optimization of these 

two parameters is generally closely related to each other. In homemade USD 

systems, the deposition process is usually done by spraying the solution over very 

long distances, such as 20 - 40 cm 88,137,138. In addition, relatively higher solution 

flow rates, such as 0.5 or 1 ml/min, can be used due to the larger distance between 

the nozzle and the substrate. However, it is not possible to deposit thin films with 

such a long distance between the nozzle and the substrate for the SONOTEK-Exacta 

Coat System. In this system, the maximum distance is approximately 13 cm, 

depending on the height of the hot plate used. On the other hand, although a 

maximum flow rate of 4.64 ml/min can be used in this system, such high rates are 

not required. It has been observed that the ideal flow rate is in the range of 0.1-0.2 
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ml/min for the deposition of metal oxide thin films with SONOTEK-Exacta Coat 

System, depending on the precursor solution and distance between the nozzle and 

the substrate. For instance, optimized spraying distance for the deposition of V2O5 

thin films was 7 cm and the optimized flow rate was 0.1 ml/min. Yet, the spray 

distance was increased to 9.5 cm and the flow rate to 0.2 ml/min for the deposition 

of MoO3 thin films. In the light of this information, it can be thought that increasing 

the flow rate will give better results as the distance between the nozzle and the 

substrate increases. Nevertheless, optimized values for NiO thin film production are 

0.15 ml/min flow rate for 5.5 cm spray distance. Therefore, it should be noted that 

the properties of the precursor solution can affect these two parameters, which are 

very closely related to each other.  

Other system parameters, such as the generated power of the nozzle, the x-y-z or x-

y stage speed and pressure of the shaping gas, have less influence on the thin film 

surface morphology among other optimization parameters. In this thesis, it was 

determined that the ideal nozzle power for metal oxide thin film production should 

be around 4-5 W, and the shaping gas pressure should be around 4-5 kPa. If the x-y-

z or x-y stage speed is too high, full surface coverage problems may occur. As the 

stage speed decreases, the thin film thickness increases. The ideal stage speed for 

SONOTEK-Exacta Coat System should be below 50 mm/s depending on the desired 

film thickness. However, the maximum stage speed can be 200 mm/s for 

SONOTEK-Exacta Coat System. The maximum system parameter values that can 

be used for the SONOTEK-Exacta Coat System can be seen in Table 2.1. On the 

other hand, a summary of the optimized system parameters used for SONOTEK-

Exacta Coat System can be seen in Table 2.2. 
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Table 2.1 The maximum system parameter values that can be used for the 

SONOTEK-Exacta Coat System. 

 

Distance 

Between the 

Nozzle and 

the 

Substrate 

(cm) 

 

Flow Rate 

(ml/min) 

 

Pressure of 

Shaping Gas 

(kPa) 

 

 

Power of 

Ultrasonic 

Nozzle (W) 

 

x-y-z Stage 

Speed 

(cm/min) 

 

13*  4.64 15 5.5 2 

  (*Depending on the height of the hot plate) 

 

Table 2.2 A summary of the optimized system parameters used for SONOTEK-

Exacta Coat System. 

 

Thin 

Film 

 

Substrate 

Temperature 

( C̄) 

 

Distance 

Between 

the 

Nozzle 

and the 

Substrate 

(cm) 

 

Flow 

Rate 

(ml/ 

min) 

 

Pressure 

of 

Shaping 

Gas 

(kPa) 

 

 

Power of 

Ultrasonic 

Nozzle 

(W) 

 

x-y-z 

Stage 

Speed 

(cm/ 

min) 

 

V2O5 100 7.0 0.10 4 4 30 

MoO3 160 9.5 0.20 5 4 40 

NiO 120 5.5 0.15 5 4 40 
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It should be noted that, in addition to optimizing the deposition parameters, the 

substrate to be deposited with thin films also has a significant influence on the 

morphology and film quality obtained. It is easier to deposit metal oxides on ITO or 

FTO coated glass surfaces instead of glass, because coated glass allows the new 

coating to adhere better to its surfaces. However, the surface morphologies of the 

thin films produced with the same precursor solution may slightly differ according 

to the substrate, as can be seen in Figure 2.2 (a) and (b) for FTO and ITO coated 

glass substrates, respectively. 

 

Figure 2.2 SEM images of MoO3 thin films deposited on a) FTO/glass substrate and 

b) ITO/glass substrate with identical parameters using USD system. 
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2.3 Materials and Deposition Methods 

2.3.1 Materials for Deposition of Vanadium Pentoxide Thin Films 

The FTO/glass substrates were purchased from Hartford Glass Co. (sheet resistance 

of 21 ɋ/square). Vanadyl (IV) acetylacetonate (VO(acac)2, 98 %, Sigma Aldrich), 

vanadium pentoxide (V2O5, Ó 98 %, Sigma Aldrich) and methanol (ACS Reagent, 

Merck) were used without any purification. 

2.3.2 Deposition of Vanadium Pentoxide Thin Films 

FTO/glass substrates with different dimensions (i.e., 2 cm × 2 cm, 3.5 cm × 9 cm 

and 15 cm x 15 cm) were cut and cleaned consecutively by Hellmanex detergent, 

acetone, isopropanol, and deionized (DI) water for 20 min each at 50 °C using an 

ultrasonic bath. At the end, samples were dried under N2 flow.  

V2O5 films were deposited onto FTO/glass substrates using a commercial USD 

system (Exacta Coat, Sono-Tek). In the deposition protocol, the concentration of the 

precursor solution was set to 12.5 mM by dissolving the necessary amount of 

VO(acac)2 in 50 ml methanol. The methanol-based precursor solution was 

continuously sprayed through the ultrasonic Vortex nozzle (operated at 120 kHz), 

which produced stable and conical spray patterns for deposition onto pre-heated 

FTO/glass substrates (T = 100 °C). The distance between samples and the spraying 

nozzle was set at 7 cm. The solution flow rate was 0.1 ml/min and clean air was used 

as the carrier gas at 4 kPa. The ultrasonic nozzle was moved in x-y direction 

following an S-shaped pattern with a 1 mm spacing and at a constant speed of 30 

mm/s. Following deposition, films were annealed at three different temperatures of 

450, 500, and 550 ̄C for 60 min under ambient conditions.  

V2O5 thin films deposited onto 2 cm x 2 cm FTO/glass substrates were used for 

morphological, structural, chemical, electrical/electrochemical and optical 
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characterizations. V2O5 thin films deposited on 3.5 cm × 9 cm and 15 cm x 15 cm 

FTO/glass substrates were used for the fabrication of electrochromic devices with 

METU logo and large area, respectively. 

2.3.3 Materials for Deposition of Molybdenum Trioxide Thin Films 

ITO/glass substrates were purchased from Delta Technologies LTD. (sheet 

resistance of 8-12 ɋ/square). Molybdenum (V) chloride (MoCl5), cobalt (II) chloride 

hexahydrate (CoCl2.6H2O), nickel (II) nitrate hexahydrate (Ni(NO3)2.6H2O), lithium 

perchlorate (LiClO4, 98%), propylene carbonate (PC, 99.7%), acetonitrile (ACN, 

Ó99.9%), acetone ( Ó99.5%) and ethanol ( Ó99.8%) were purchased from Sigma-

Aldrich. Deionized water (DI) (18.3 Mɋ) was used in all steps. All chemicals were 

used without any further purification. 

2.3.4 Deposition of Molybdenum Trioxide Thin Films 

ITO/glass substrates were cut into different dimensions (i.e., 2 cm × 2 cm, 0.8 cm × 

2.5 cm) and cleaned consecutively with acetone and ethanol for 15 min each using 

an ultrasonic bath. All substrates were then dried under N2 flow. 

The aqueous precursor solution was obtained using MoCl5. Firstly, 10 mM MoCl5 

precursor solution was dissolved in 250 ml of DI water, and it was directly used for 

the fabrication of MoO3 thin films. To fabricate 5 wt. % Co doped MoO3 thin films, 

approximately 25 mg of CoCl2.6H2O was added to the 250 ml of aqueous precursor 

MoO3 salt solution. The precursor solutions were sprayed onto ITO/glass substrates 

using Exacta Coat, Sono-Tek using the ultrasonic Vortex nozzle (operated at 120 

kHz) that produces fixed and conical spray patterns for the deposition onto pre-

heated substrates (T = 160 °C). The distance between the samples and the spraying 

nozzle was 9.5 cm. The solution flow rate was set to 0.2 ml/min and clean air at 5 

kPa was used as the carrier gas. The ultrasonic nozzle was moved with a constant 

speed of 40 mm/s in x-y directions following an S-shaped pattern with a spacing of 
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1 mm. The total deposition was finalized in 28 cycles. After deposition, all films 

were annealed at 380 °C for 60 min under ambient conditions and furnace cooled to 

room temperature. 

NiO thin films were also deposited using the USD system according to the deposition 

protocol described in Chapter 2. In brief, 50 mM Ni(NO3)2.6H2O precursor solution 

was dissolved in 100 ml of ethanol. The precursor solutions were sprayed onto pre-

heated (T = 120 °C) ITO/glass substrates. The distance between the samples and the 

spraying nozzle was 5.5 cm and the solution flow rate was set to 0.15 ml/min. Clean 

air at 5 kPa was used as the carrier gas. The ultrasonic nozzle was moved with a 

constant speed of 40 mm/s in x-y directions following an S-shaped pattern with a 

spacing of 2 mm. Following deposition, all films were annealed at 350 °C for 90 min 

under ambient conditions. 

2.3.5 Materials for Deposition of Nickel Oxide Thin Films 

Microscopic glass slides were purchased from ISOLAB. The ITO/glass substrates 

were purchased from Delta Technologies LTD. (sheet resistance of 8-12 ɋ/square). 

Ethanol (absolute, Ó 99.8%), hydrogen peroxide (H2O2, Ó 34.5-36.5%), L-Ascorbic 

acid (ACS reagent, Ó 99.0%), D-(+)-glucose monohydrate (anhydrous, 97.5ī102.0 

%), DL-lactic acid (90%), oxalic acid dihydrate (ACS reagent, Ó 99%), nickel nitrate 

hexahydrate (Ni(NO3)2.6H2O), cobalt nitrate hexahydrate (Co(NO3)2.6H2O) and 

manganese nitrate tetrahydrate (Mn(NO3)2.4H2O) were purchased from Sigma-

Aldrich. Sodium hydroxide (pellets pure, Ó 99 %) was purchased from Merck. 

Deionized water (DI) (18.3 Mɋ) was used in all steps. All chemicals were used 

without any purification.  

2.3.6 Deposition of Nickel Oxide Thin Films 

Microscopic glass slides and ITO/glass substrates were cut with different dimensions 

(i.e., 2 cm × 2 cm, 0.8 cm × 2.5 cm and 15 cm x 15 cm) and cleaned consecutively 
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with acetone, ethanol, and DI water for 20 min each using an ultrasonic bath. Then, 

all substrates were dried under N2 flow. 

The aqueous precursor solution was obtained using nickel nitrate salt 

(Ni(NO3)2.6H2O). To fabricate 5 wt. % doped M:NiO thin films, specific amounts 

of different salts, which were Co(NO3)2.6H2O and Mn(NO3)2.4H2O were added to 

the precursor solution. Firstly, 1.454 g of (Ni(NO3)2.6H2O) was dissolved in 100 ml 

of ethanol to prepare NiO salt solution and it was directly used for NiO deposition. 

To prepare Mn and Co doped NiO precursor solutions, 0.076 g of Mn(NO3)2.4H2O 

and 0.072 g of Co(NO3)2.6H2O were added into 100 ml of NiO salt solution, 

respectively. The precursor solutions were sprayed onto glass and ITO/glass 

substrates using a commercial USD system (Exacta Coat, Sono-Tek) using the 

ultrasonic Vortex nozzle (operated at 120 kHz), which produces stable and conical 

spray patterns onto pre-heated substrates (T = 120 °C). The distance between 

samples and the spraying nozzle was 5.5 cm. The solution flow rate was set up at 

0.15 ml/min and clean air was used as a carrier gas at 5 kPa. The ultrasonic nozzle 

was moved with a constant speed of 40 mm/s in x-y directions following an S-shaped 

pattern with a spacing of 2 mm. Following deposition, all films were annealed at 350 

°C for 90 min under ambient conditions. 

 



 

 

53 

CHAPTER 3  

3 MULTICHROMIC VANADIUM PENTOXIDE THIN FILMS THROUGH 

ULTRASONIC SPRAY DEPOSITION  

3.1 Introduction  

Multifunctional thin films have garnered substantial interest, driven by their 

promising technological applications. Transition metal oxide thin films have been 

studied in various fields owing to their tunable optical, physical and electrochemical 

properties. Among them, vanadium pentoxide (V2O5) offers rich oxidation states and 

long cyclic stability in electrochemical applications 143,144. Moreover, V2O5 thin film 

electrodes show high chemical stability and reversible color-switching properties. In 

addition to the promising intrinsic properties of V2O5 thin film electrodes, such as 

tunable optical band gap, surface porosity and stability under light, their performance 

can be altered by changing the morphology and decreasing the grain size down to 

the nanometer scale.  

Due to the high electrochemical stability of TMOs, they are used in the fabrication 

of electrochromic devices 108. Typical examples include, but not limited to, tungsten 

(VI) oxide (WO3) 
145,146, nickel (II) oxide (NiO) 147,148 and molybdenum (VI) oxide 

(MoO3) 
88,149. Electrochromic properties of V2O5 have gained importance due to its 

multichromism, where a rapid color change occurs from yellow to blue and green 

150. This rapid color change is associated with the swift intercalation/deintercalation 

of Li+ ions within V2O5 layers, leading to reversible anodic and cathodic coloration 

115,151. 

Vanadium oxides contain vanadium with oxidation states between +2 to +5. V2O5 is 

the most stable phase owing to its large oxygen-to-vanadium (O/V) ratio and it shows 

a thermochromic phase transition at 257 °C 152,153. Amorphous V2O5 thin films can 
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be obtained at deposition temperatures below 300 °C 37, while these disordered V2O5 

thin films can be crystallized by a simple post-deposition annealing process. V2O5 

was investigated extensively in the literature due to its unique semiconductor to 

metal transition behavior, wide optical band gap, high chemical and thermal stability 

with favorable thermoelectric properties 37ï39. Prototype devices such as gas sensors 

40,41, batteries 154, electrochromic devices 43,44, and supercapacitors 45,46,155 have 

already been demonstrated. These electronic applications require the deposition of 

thin, homogeneous, and non-porous films with low resistance and high carrier 

diffusion length. Different deposition techniques have been utilized to fabricate V2O5 

thin films such as thermal evaporation 47, magnetron sputtering 48,49, pulsed laser 

deposition 50,51,156, chemical vapor deposition 52,53,157, sol-gel 54,55, spray pyrolysis 

56,57, and ultrasonic spray deposition (USD) 58,59. However, most of the deposition 

methods offer limited scalability and are not compatible for deposition over large 

areas. There are only a few studies on large area deposition of different types of 

materials. For instance, Chen et al. 158 demonstrated a continuous roll-coating 

method for the production of durable VO2 nanocomposite coatings for smart, energy 

saving window applications. Utilized method was conducted at a relatively low 

temperature (240 °C), allowed deposition of films over large areas using solution-

based precursors. Ramarajan et al. 159 reported the deposition of large area 

(10 Ĭ 10 cm2) Sb-doped SnO2 thin films via USP technique, which was followed by 

morphological, optical and electrical characterization of the thin films with their 

thermal stability. The large area spray deposited Sb-doped SnO2 thin films showed 

significant enhancement of the optical and electrical properties with appreciable 

thermal stability. Nonetheless, to date, none of the previous studies about large area 

deposition have investigated the use of USD method for the deposition of large area 

V2O5 thin films. Among solution-based methods, USD stands out as a simple, 

inexpensive, and highly advantageous method allowing the deposition of thin films 

over large areas. Moreover, it offers unique benefits associated with its high material 

utilization and capability to utilize ambient deposition conditions without any need 

for low pressures (i.e., vacuum) or elevated temperatures. Besides, it allows 
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reproducible deposition of high purity thin films. Briefly in the USD method, first a 

liquid precursor solution is pumped to an ultrasonically excited nozzle. Then, static 

waves form in the liquid layer on the surface of the nozzle. These waves eventually 

become unstable and collapse, causing the formation of fine droplets of the precursor 

solution. Finally, the atomized material is carried by a controlled gas flow towards a 

heated substrate, where it undergoes thermal decomposition to yield the desired film. 

The use of USD method for the deposition of electrochromic thin films has already 

been demonstrated for NiO 74,76,77 and WO3 
160ï163. However, to date, only a few 

studies have investigated the use of USD method for the deposition of V2O5 thin 

films 58,59. Wei et al. studied electrical and optical properties of V2O5 thin films 

prepared via USD, where a precursor solution containing hydrogen peroxide and 

V2O5 was used 58. Furthermore, these films were found to contain mixed phases of 

V2O5 and VO2, displaying a non-uniform morphology due to the stacking of rod-like 

particles. Tadeo et al. reported synthesis, characterization and humidity sensing 

properties of polycrystalline V2O5 thin films deposited on quartz substrates by 

ultrasonic nebulized spray pyrolysis of aqueous combustion mixture 59. The 

fabricated humidity sensors based on V2O5 thin films showed a highly promising 

response.  

In this work, a direct deposition route for the fabrication of V2O5 thin films via USD 

method onto FTO/glass substrates with a homogeneous, crystalline, crack-free 

nature was presented. Surface structural, morphological, optical, and electrochromic 

properties of these single phase V2O5 thin films were comprehensively investigated. 

The effects of film morphology on electrochromic properties of thin film electrodes 

and asymmetric cells were explored. This study clearly demonstrates that USD 

method is an extremely versatile technique for the deposition of uniform, 

reproducible, high quality, multichromic, and nanostructured V2O5 thin films over 

large areas using vanadium salt as a precursor solution. 
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3.2 Characterization of Thin Films 

3.2.1 Structural characterization techniques 

The crystal structure of the deposited films was examined using Rigaku Ultima-IV 

grazing incidence X-ray diffraction (GIXRD) system equipped with Cu Ka radiation 

(at a wavelength of 0.154 nm) from 10 to 90 ̄ at a scan rate of 1̄/min. X-ray 

photoelectron spectroscopy (XPS) and Raman spectroscopy were used to examine 

the surface chemistry and the oxidation state of the elements present in the deposited 

films. XPS analyses were conducted using a monochromatic Al Ka X-ray source (15 

kV, 400 W) with a SPECS PHOIBOS hemispherical analyzer. The nominal binding 

energy (B.E.) of the C 1s signal at 284.68 eV was used as a B.E. reference. Raman 

spectra were recorded with a BRUKER FRA 106/S spectrometer using a 532 nm 

Nd-YAG laser excitation source. A spectroscopic ellipsometer was used to 

determine the thickness of the thin films on a Woollam, M2000V instrument. In 

order to improve fitting precision, data were collected at 3 different angles of 65, 70 

and 75°. 

3.2.2 Morphological characterization of thin films 

Scanning electron microscopy (SEM) analyses were conducted in order to 

investigate the microstructure of the deposited thin films using an FEI Nova Nano 

FEG-SEM equipped with an energy dispersive X-ray (EDX) analyzer operated at 20 

kV. A thin Au layer was deposited onto the samples prior to SEM and EDX analysis. 

Atomic force microscopy (AFM) was used to monitor the surface morphology of the 

films via a Veeco MultiMode V AFM operated in tapping mode.  
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3.2.3 Electrical and optical characterization of thin films 

The Hall-effect measurements were conducted at room temperature using an Ecopia 

HMS3000 system to determine the charge carrier density and charge mobility of the 

thin films on quartz substrates. UV-Visible light transmission of the films was 

recorded within 200 - 1000 nm using a PG T80+ UV-Vis Spectrophotometer, where 

FTO/glass substrates were used as a background.  

3.2.4 Electrochemical characterization of thin films 

A Biologic VMP3 potentiostat/galvanostat system was utilized for the 

electrochemical characterization. To understand the electrochemical behavior of 

V2O5 thin films, cyclic voltammetry (CV) analyses were performed in a 3-electrode 

setup within a potential range of -2.0 V to 2.0 V relative to Ag/AgCl reference 

electrode in saturated potassium chloride (KCl). Platinum foil was used as the 

counter electrode and 1 M lithium perchlorate (LiClO4) in propylene carbonate (PC) 

was used as the electrolyte. Potentiostatic impedance analysis (PEIS) was conducted 

at a frequency range of 200 kHz to 50 mHz with an amplitude of 20 mV and an 

applied potential of 0.05 V. Spectroelectrochemical studies of V2O5 thin films were 

carried out using lithium perchlorate (LiClO4) electrolyte via a Varian Cary 5000 

UVïVis spectrophotometer. 

Two electrode system was utilized to fabricate electrochromic cells to check the 

cyclic stability and large-scale colorations. Cycling performance of the V2O5 thin 

films was monitored by assembling an asymmetric cell, where V2O5 thin films 

deposited on FTO and bare FTO acted as the anode and cathode, respectively. These 

two layers were assembled using a 3M VHB band, which also ensured the 

encapsulation of the cell. Then, 1 M LiClO4 in PC was filled into the encapsulated 

cell with the help of a syringe to finalize the assembly of an asymmetric 

electrochromic cell. Same protocol was utilized in the fabrication of 15 cm x 15 cm 

electrochromic cells. 
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To pattern V2O5 thin films by ablating excess V2O5 and FTO on the glass substrates, 

FiberLAST-NanoMark Energy Series (20 W, 1064 nm wavelength, 100 ns pulse 

length) nanosecond laser marking system was used. Excess V2O5/FTO was removed 

with a power, frequency and marking speed of 10 W, 50 kHz, and 100 mm s-1, 

respectively. Then, 4 W of power with same frequency and marking speed as before 

was used to remove V2O5 overcoat to expose the FTO contacts for separate 

colorations of the letters. Lastly, two electrode asymmetric cells were fabricated with 

the same procedure as above for colorations. 

3.3 Results and Discussions 

3.3.1 Structural properties 

The average thicknesses of as-deposited and V2O5 thin films annealed at 450, 500, 

and 550 ̄ C were determined using ellipsometry as 62, 69, 74 and 76 nm, 

respectively. The thickness of the thin films was found to increase with the annealing 

temperature 164. The increase in film thickness was attributed to grain growth.  

XRD patterns of the V2O5 thin films, provided in Figure 3.1 showed that as-deposited 

films were amorphous, while thin films annealed at 450, 500, and 550 C̄ had an 

orthorhombic structure (PDF 00-041-1426) with 2ɗ values of 15.4°, 20.3°, 21.4°, 

and 31.1° indexed to (200), (001), (101), and (400) planes, respectively 165ï168. 

Furthermore, annealed films showed a c-axis preferred orientation, where the (001) 

planes lay parallel to the substrate.  
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Figure 3.1 XRD patterns of as-deposited V2O5 thin films and films annealed at 

different temperatures. 

The crystallite size, strain, and dislocation density, obtained from XRD profiles using 

(001) peaks are tabulated and provided in Table 3.1. The average crystallite sizes (D) 

of annealed V2O5 thin films at temperatures of 450, 500, and 550 °C were found to 

increase slightly from 20.1 to 22.3 nm, which were calculated using the Scherrerôs 

equation (Ὀ πȢωτ‗Ⱦ‍ ὧέί—). Herein, ‗ refers to the wavelength of the X-ray, ‍ is 

the full width at half maximum (FWHM) and — is the Bragg angle. The slight 

increase in crystallite size with increasing post-deposition annealing temperatures 

might be attributed to the grain growth process. The strain (Ů) and dislocation density 

(ŭ) were calculated using relations ʀ ɼ ÃÏÓʃȾτ 169 and ‏ ρȾὈ  170, 

respectively. The general name of all thin films was called óvanadiaô. Vanadia thin 

film annealed at 450 °C (i.e., the best performing thin film in the current work) 

showed the highest values of strain and dislocation density as compared to the rest 

of the investigated films. 
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Table 3.1 Microstructural parameters for V2O5 films annealed at various 

temperatures. 

Annealing 

T (oC) 

(hkl)  
Crystallite Size 

(nm) 

Strain 

(10-3 lin. -2m-4) 

Dislocation 

Density 

(1014lin.m -2) 

450 (001) 20.1 1.8 24.7 

500 (001) 21.1 1.7 22.4 

550 (001) 22.3 1.6 20.0 

 

The vibrational structure of the deposited vanadia films on FTO/glass substrate along 

with that of a commercial V2O5 powder benchmark sample were studied using 

Raman spectroscopy (Figure 3.2). It can be seen in Figure 3.2 (a) that V2O5 powder 

benchmark sample and the vanadia thin films revealed similar Raman features 

located at ca. 144, 196, 283, 404, 481, 527, 701, 996 cm-1. Considering the fact that 

the currently deposited vanadia thin films had a thickness within 60 - 80 nm, one can 

argue that the Raman spectra of the currently investigated thin films contained both 

surface and bulk-related Raman signals. In a detailed study, Baddour-Hadjean et al. 

reported that crystalline V2O5 thin films with a thickness of 600 nm (i.e., much 

thicker than the currently investigated vanadia films) revealed the following 

experimentally detectable Raman signals: i) 994 cm-1 (ɜ(V-O), Ag, stretching), ii) 

700 cm-1 (ɜ(V-O), B1g and B3g, stretching), iii) 526 cm-1 (ɜ(V-O), Ag, stretching), iv) 

480 cm-1 (ŭ(V-O-V), Ag, bending), v) 403 cm-1 (ɟ(V=O), Ag, rocking), vi) 302 cm-1 

(ɟ(V=O), Ag, rocking), vii) 282 cm-1(ɟ(V=O), B1g and B3g, rocking), viii) 195 cm-1 

(ŭ(O-V-O), Ag and B3g, bending ), and ix) 144 cm-1 (ŭ(O-V-O), B1g and B3g, bending) 

where the assignments were based on the bulk V2O5 lattice structure 171. Raman 

spectra of the vanadia thin films given in Figure 3.2 (a) indicate close resemblance 
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to these modes suggesting the presence of a bulk-like V2O5 structure in the films. 

This is also evident by the strong Raman signal at 144-152 cm-1 (Figure 3.2 (a) and 

(b)) suggesting the presence of long-range structural order 171. On the other hand, the 

unique frequency shift in this latter Raman signal for the vanadia thin film annealed 

at 450 °C (which is also the best performing thin film structure in the current work) 

reveals important structural dissimilarities as compared to all other currently 

investigated vanadia thin films (Figure 3.2 (b)). Based on the literature data 171, it 

can be argued that the unique shift in this Raman signal can be associated with the 

structural differences and relative disordering in the vanadia thin film annealed at 

450 °C due to variations in the shear motion of the vanadia ladders 171 (i.e., B1g mode) 

and the alterations in the rotations of the ladders along their axes 171 (i.e., B3g mode). 

This argument is also consistent with the difference in the FWHM value of this 

feature for the vanadia thin film annealed at 450 °C (i.e., FHWM = 10.0 cm-1) as 

opposed to that of the films annealed at 500 °C and 550 °C (i.e. FHWM = 8.8 cm-1) 

In light of a recent comprehensive review 172, we can also briefly discuss the possible 

contribution of VOx surface functionalities in the Raman spectra given in Figure 3.2. 

Particularly, the high frequency Raman signals at >800 cm-1 can be informative 

allowing the unambiguous identification of the various VOx surface functional 

groups (e.g., VO4, orthovanadate; V2O7, pyrovanadate; (VO3)n metavanadate; 

V10O28, decavanadate; and V2O5 nanoparticles, NP). Along these lines, V-O 

stretching signal at 996 cm-1 in the Raman spectra in Figure 3.2 (a) may also suggest 

the presence of V2O5 NP and V2O5 microcrystallites 172. The characteristic Raman 

mode at 996 cm-1 has been typically observed for both hydrated (i.e., exposed to 

ambient conditions before spectral acquisition) or dehydrated (i.e., annealed in the 

absence of air and not exposed to ambient conditions before spectral acquisition) 

V2O5 films containing ordered vanadium pentoxide NPs deposited on numerous 

metal oxides (e.g. TiO2, ZrO2, SiO2 etc.) 152,173ï175. Occurrence of very weak shoulder 

signals at 1005 and 1010 cm-1 (Figure 3.2 (c)) for the vanadia thin film annealed at 

450 °C suggests the possible presence of decavanadate (V10O28) and/or isolated 

mono-oxovanadate (VO4) surface functional groups as additional minority species, 
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respectively 175, where these features are not expressed for the films annealed at 500 

°C and 550 °C.  

 

Figure 3.2 (a-c) Raman spectra of commercial V2O5 powder and V2O5 thin films 

annealed at different temperatures. 

Vanadia thin film annealed at 450  was also analyzed with XPS in order to 

investigate its electronic structure in detail (Figure 3.3). XPS method is extensively 

used to characterize vanadia thin films in the literature 176ï182. The most intense XPS 

signal of vanadia overlayers is the V2p feature. Due to the complex electronic 

interactions (hybridization effects on V2p and the closely located O1s signals 179 as 

well as the existence of additional loss and satellite features 177), interpretation of the 

vanadium oxidation state via XPS is not trivial. In a comprehensive study by 

Silversmit et al. 179, it was reported that V2p3/2 signals for V5+, V4+, V3+, V2+, V0 

states were observed at 517.2, 515.8, 515.3, 513.7, 512.4 eV, respectively. 

Furthermore, it was shown by Zimmerman et al. 177 that the binding energy (B. E.) 

difference between O1s and V2p3/2 states (i.e., æ = B.E. (O1s) - B.E.(V2p3/2) could 

also be used as an additional effective parameter for the reliable assessment of 

various vanadium oxidation states. In the light of this information, V2p3/2 XPS 

spectrum of the vanadia film annealed at 450  given in Figure 3.3 (a) can be 
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interpreted. Figure 3.3 (a) shows that in addition to the major O1s signal at 529.9 eV, 

three different V2p XPS signals are observed at 524.6, 517.1, and 515.7 eV, which 

can be attributed to V5+2p1/2, V
5+2p3/2, and V4+2p3/2 states in very good accordance 

with the literature, respectively 179. It should be emphasized that in addition to the 

particular B.E. position of the V5+2p3/2 signal, æ value of 12.8 eV as well as the spin 

orbit splitting between  V5+2p1/2 and V5+2p3/2 signals (i.e., 7.5 eV) are also in perfect 

agreement with the assignment that the predominant vanadia phase of the film 

annealed at 450  is V2O5 revealing a vanadium oxidation state of +5 179. While the 

V5+ state (i.e., V2O5) is by far the most prominent feature in Figure 3.3 (a), there also 

exists a very weak yet discernible shoulder feature at 515.7 eV which can be assigned 

to the presence of miniscule quantities of V4+ species. This is also in excellent 

harmony with the currently presented Raman data of this film Figure 3.2 (b) and (c) 

revealing slightly disordered V2O5 NP as the predominant species along with 

decavanadate (V10O28) and/or isolated mono-oxovanadate (VO4) surface functional 

groups as minority species. Thus, based on the XPS data given in Figure 3.3 (a), it 

can be argued that the vanadia thin film prepared by annealing at 450  is mostly 

comprised of V5+ species with an extremely small contribution from V4+ species.  

Additional information can also be gathered by analyzing the O1s XPS signals of the 

vanadia thin film prepared by post-annealing at 450  (Figure 3.3 (b)). 

Deconvolution of the asymmetric O1s signal in Figure 3.3 (b) yields three distinct 

O1s features at 529.9, 531.0, 532.4 eV. The most prominent O1s signal at 529.9 eV 

can be readily assigned to V-O species in the vanadia film 176ï182. The shoulder 

feature appearing at 531.0 eV has been discussed in detail by Silversmit et al. 179 and 

can be attributed to a V5+2p3/2 satellite. It should be noted that the O1s signal at 531.0 

eV can also have a minor contribution from the SnOx species of the FTO substrate 

183. Finally, the minor feature with a high B.E. O1s signal at 532.4 eV can be assigned 

to C=O/C-O(H) residual organic oxygenates on the surface, whose origin is most 

likely associated to the anionic component (or its oxidized forms) of the vanadyl (IV) 

acetylacetonate precursor used in the thin film synthesis. 
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Figure 3.3 XPS data of the V2O5 thin film annealed at 450 . (a) V2p and O1s, (b) 

O1s binding energy regions. 

3.3.2 Morphology of thin films  

SEM and AFM analyses revealed the surface morphology of the deposited vanadia 

films (Figure 3.4). SEM image of the as-deposited film (Figure 3.4 (a)) is almost 

featureless with a relatively smooth surface. This characteristic amorphous surface 

has a low root mean square (rms) roughness value as shown in Figure 3.4 (b) and 

(c). Upon annealing the films at 450, 500, and 550 °C, as a result of oxidation and 

sintering, corrugated features started to appear as shown in Figures 3.4 (d), (g), and 

(j), respectively. Observations of ordered nanorod structures in SEM images are 

consistent with the XRD, Raman, and XPS results (Figures 3.1-3.3). 3D AFM 

profiles and phase maps for thin films annealed at 450, 500, and 550 C̄ are shown 

in Figures 3.4 (e-f), 3.4 (h-i), and 3.4 (k-l), respectively. The size of the nanorods is 

found to increase with the annealing temperature. At an annealing temperature of 

550 ̄ C, morphology of the nanorods started to degrade, where they coalesced with 

each other. The rms roughness values for the as-deposited as well as 450, 500, and 

550 ̄ C annealed V2O5 films are measured as 5.2, 12.5, 15.8, 17.2 nm, respectively. 

With an increase in the annealing temperature from 450 to 550 C̄, rms roughness 
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values of the films are found to increase. The AFM images are in good agreement 

with the currently presented characterization results (Figures 3.1 - 3.3), suggesting 

that the crystalline domains form at an annealing temperature of 450 °C, and grow 

in size with increasing annealing temperature. It should also be noted that in addition 

to its simplicity and structural uniformity of the deposited films at the microscopic 

level, the USD method enabled deposition of thin films over large areas (e.g., 15 cm 

x 15 cm), as shown in Figure 3.5. 

 

 



 

 

66 

 

Figure 3.4 Surface morphology of deposited V2O5 thin films via SEM are shown in 

the images on the left column. Images in the middle column show 3D AFM maps, 

while images on the right column present AFM phase maps. (a-c) as-deposited 

sample, samples annealed at (d-f) 450 ̄ C, (g-i) 500 ̄ C, and (j-l) 550 ̄ C.  
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Figure 3.5 Photograph of the as-deposited, large area (15 x 15 cm) vanadia thin film 

on FTO/glass substrate. 

3.3.3 Electrical and optical properties 

Hall-effect measurements were conducted at room temperature to evaluate charge 

carrier concentration, resistivity, and mobility of the deposited thin films. Obtained 

results are tabulated and presented in Table 3.2. Measurements showed that all films 

were n-type semiconductors. As-deposited thin films showed a relatively low carrier 

concentration (6.85 x 1012 cm-3), but high mobility (5.80 cm2/V s), and resistivity 

(1.57 x 105 ɋ cm) compared to the annealed films. Carrier concentration and 

resistivity values are found to be quite similar to the V2O5 films annealed at 450 and 

500 ̄ C. Upon annealing at 550 ̄C, carrier concentration is found to increase almost 

four times and resistivity was found to decrease slightly. Mobility increased with an 

increase in the annealing temperature. Variations in resistivity, carrier concentration 

and mobility values might be explained by the changes in dislocation densities upon 

annealing. As dislocation density increases, various types of defects trap the carriers 

and lower the free carrier concentration and mobility 184,185. Thus, carrier 
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concentration increased dramatically for the V2O5 films annealed at 550 ̄C. 

Furthermore, crystallite size calculated using Scherrer equation from XRD increased 

with the annealing temperature, which resulted in an increase in carrier mobility.  

The optical transmission spectra of the films are provided in Figure 3.6. At a 

wavelength of 600 nm, optical transmittance of as-deposited thin films was 

approximately 92%, while that of annealed films at 450, 500, and 550 °C were 83%, 

73%, and 69%, respectively. Besides, approximately a 5-7% increase in the 

transmittance was observed for all films in the near-infrared region. As discussed 

through the AFM images, annealing temperature increases the surface roughness, 

which eventually increases light scattering and decreases the optical transmittance 

56. Moreover, annealing temperature dependent increase in film thickness and grain 

size can also lead to a decrease in the transmittance of the films 164,186,187.  

 

Table 3.2 Hall-effect measurement results of as-deposited and annealed V2O5 thin 

films. 

Annealing 

T (oC) 

Carrier 

concentration 

(cm-3) 

Mobility 

(cm2/V.s) 
Resistivity (ɋ.cm) Type 

As-

deposited 
6.8 x 1012 5.8 x 100 1.6 x105 n 

450 7.9 x 1017 6.0 x 10-1 13.3 n 

500 9.8 x 1017 6.8 x 10-1 9.4 n 

550 3.5 x 1018 1.2 x 100 3.9 n 
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The optical band gap values of V2O5 films were determined via UV-Vis spectroscopy 

measurements using Taucôs relation,  

‌Ὤ’ ὃὬ’ Ὁ  

, where a is the absorption coefficient obtained from Lambert formula, hn is the 

incident photon energy, A is the characteristic constant independent of photon 

energy, Eg is the optical band gap and m is an index that can have different values 

such as ρςϳ , σςϳ , 2 or 3 depending on the nature of the electronic transitions. The 

variation of (ahn)2 versus hn for V2O5 films annealed at 450, 500, and 550 C̄ are 

provided in the inset of Figure 3.6. Eg values of the films are estimated through 

extrapolating the linear portion of the plots. Band gap values of 2.69, 2.63 and 2.58 

eV are obtained for films annealed at 450, 500, and 550 C̄, respectively. Eg values 

are found to decrease only marginally with increasing annealing temperature, and 

Yelsani et al. and Madhuri et al. reported similar behavior of optical band gap. 

Yelsani et al. showed the decrease in Eg values from 2.40 to 2.14 eV, upon post 

annealing treatment of V2O5 films deposited via spray pyrolysis method 186. 

Moreover, Madhuri et al. showed that the increased substrate temperature decreased 

band gap of V2O5 films deposited by electron beam evaporation method 49. 

Reduction in the optical band gap values might be tentatively attributed to increased 

average crystallite size and decreased strain upon increasing the annealing 

temperature. 
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Figure 3.6 Transmittance spectra for as-deposited and annealed V2O5 thin films. Inset 

shows corresponding Tauc plots obtained from UV-VIS spectroscopy 

measurements. 

3.3.4 Electrochromic properties 

Electrochromic performance of the V2O5 thin films was investigated both in 3-

electrode and asymmetric cell setup to understand the effects of porous morphology, 

where V2O5 and bare FTO were utilized as positive and negative electrodes, 

respectively. Cyclic voltammograms of the V2O5 films annealed at 450, 500 and 550 

C̄ in 3-electrode setup are obtained (Figure 3.7) in order to understand the 

electrochemical behavior of the films after 5 cycles. For the annealed films, color of 

the electrodes was initially yellow and then turned into blue at the reduced state. The 

change in the color occurred according to the reaction given below, which includes 

intercalation/deintercalation of Li+ ions into/from V2O5 thin films. Note that source 

of the Li+ ions was the lithium perchlorate (LiClO4) in propylene carbonate (PC) 

solution, which was used as the electrolyte in the electrochemical setup.  

ὠὕ ὣὩὰὰέύ  ὼὒὭ  ὼὩ  ὒὭὠὕ ὄὰόὩὭίὬ ὋὶὩὩὲ 
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Photos of color changes are provided as insets within the CV curves provided in 

Figure 3.7 (a). Cathodic peaks (around -1.5 and -0.4 V) in the voltammograms were 

due to Li+ intercalation into the V2O5 structure, while the anodic peaks (around 1.2 

and 1.7 V) were attributed to Li+ deintercalation from the films 188. While the anodic 

region contained only V4+ and V5+, first cathodic reduction around -0.5 V resulted in 

a mixed state of V5+, V4+ and V3+, which turned the as-deposited V2O5 into olive 

green 43. Reduction via Li+ insertion into V2O5 structure lowered the valence of as-

deposited yellowish pentavalent vanadium (V5+) to a mixed state of V4+ and V3+, 

with an increased ratio of V3+ after -1 V, resulting in a blueish green color 189ï191. 

Increased cathodic polarization up to -1.5 V brought further conversion to V3+ 

valence state, resulting in a conversion of green color into a blueish green. Upon the 

application of anodic potentials, conversion to yellow color (similar to the color of 

as-prepared V2O5) occurred, indicating the deintercalation of V2O5 crystal. Further 

polarization around 1.7 V increased the oxidation state of vanadium ions with a 

brownish-orange coloration 189.  

The degree of crystallization in thin films is of great importance in determining the 

electrochromic (EC) performance. EC performance depends on the crystal structure 

as the conduction of ions occurs between the octahedral sites of the crystalline V2O5. 

Broad reduction and oxidation peaks can be attributed to the nanostructured V2O5 

thin films. Here, decreased current density of the intercalation/deintercalation peaks 

for the 500 ̄C annealed film with respect to that of 450 C̄ shows the reduced activity 

of vanadium sites. Especially annealing the samples at 550 C̄ resulted in narrower 

intercalation/deintercalation peaks, further confirming the decreased performance 

due to degradation of the nanorod morphology. Using the cyclic voltammograms, it 

was possible to deduce that the film annealed at 450 C̄ had the highest number of 

active vanadium sites, which corresponds to an increased diffusion coefficient of Li+ 

according to the equation below 190; 

Ὥ ςȢφωὼρπὲὃὈ ὅᶻὺ 
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,where Ὥ is the peak current or peak current density (A or A cm-2), ὃ is the electrode 

area (cm2), Ὀ  is the diffusion coefficient of Li+ into the V2O5 structure (cm2 s-1), ὅ  

is the ionic concentration in the electrolyte (mol cm-3), and ὺ is the potential scan 

rate (V s-1). According to this equation, it is evident that the increased current density 

of the V2O5 corresponds to an increased diffusion coefficient for the Li+ 

intercalation/deintercalation. By using cyclic voltammograms, the diffusion 

coefficient of Li+ ions into the V2O5 thin films annealed at 450  were estimated to 

be 3.01  10-9 cm2 s-1 at a scan rate of 100 mV s-1. This is one of the best values 

obtained recently 151,192ï194. Low diffusion coefficient for Li ions resulted in a 

decrease in peak currents for the samples annealed at 500 and 550 C̄, which were 

estimated to be 2.14  10-9 and 1.87  10-9 cm2 s-1, respectively. The decrease in 

diffusion coefficient with temperature was attributed to the bulky structure of V2O5 

upon annealing at higher temperatures, as discussed through Raman results and the 

degradation of nanorod morphology at elevated temperatures as verified by the AFM 

and SEM images (Figure 3.4).  

V2O5 films were laser ablated to obtain individual letters to conceptualize the 

multichromic behavior. The steps and the photographs of the assembly and 

coloration of the patterned film are provided in Figure 3.7 (b). Following the 

formation of the letters via laser ablation, bare FTO was also laser ablated to divide 

it into 4 parts to obtain 4 separated cells, each containing a single letter. Then, the 

enclosed cell was filled with electrolyte, ultimately forming an electrochromic cell, 

where V2O5 and bare FTO act as anode and cathode, respectively. Consequently, 

each letter was subjected to a constant voltage to obtain different colors. Applied 

voltages are -1, -3 and 3 V to letters ñEò, ñTò, and ñUò, respectively. Letter ñMò was 

left in the as-prepared condition for comparison. To practice the feasibility of USD 

method for fabricating large scale electrochromic films, V2O5 thin films were also 

deposited over large areas (15 cm x 15 cm), and the coloring was practiced through 

a large bare FTO substrate as the cathode. The assembled asymmetric cell was again 

filled with 1 M LiClO4 in PC electrolyte. Photographs of the colored states of the 

electrochromic film are provided in Figure 3.7 (c). While the large-scale coloration 
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was successfully achieved, homogeneity of the films in as-prepared, blue and green 

states were assessed by evaluating the RGB (red, green, blue) color codes in pre-

defined areas (Figure 3.8). By calculating the mean and the standard deviation of the 

RGB color codes, coefficient of variation was calculated and provided in Table 3.3. 

A maximum coefficient of variation of 9.1% observed in these measurements, 

confirming the uniformity and homogeneity of the thin films deposited through USD 

method over large areas. 
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Figure 3.7 (a) Cyclic voltammograms of V2O5 thin films annealed at different 

temperatures at a scan rate of 100 mV/s in a 3-electrode setup. Insets show the 

photographs of thin films at different oxidation states. (b) Schematic representation 

and photographs of patterned electrochromic film in different states and final 

coloration states of V2O5 thin film demonstrating the potential of the USD method 

and multichromic V2O5. (c) Photographs of the large area (15 cm x 15 cm) 

electrochromic films in as-prepared (left) and colored states (middle and right). 
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Figure 3.8 Photographs of as-prepared and colored large area (15 cm x 15 cm) V2O5 

thin film deposited onto FTO/glass and the corresponding RGB codes obtained via 

Adobe Photoshop 2020. 
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Table 3.3 Calculated RGB codes for as-prepared and colored films provided in 

Figure 3.8. 

 As-prepared Film Blue Colored Film Green Colored Film 

 Mean and 

Standard 

Deviation 

Ⱨ Ɑ 

Coefficient 

of 

Variation  

Mean and 

Standard 

Deviation 

Ⱨ Ɑ 

Coefficient 

of 

Variation  

Mean and 

Standard 

Deviation 

Ⱨ Ɑ 

Coefficie

nt of 

Variatio

n 

Red 
207.9  

5.1 
2.5% 

107.1  

7.2 
6.7% 

175.9  

5.6 
3.2% 

Green 
189.5  

5.9 
3.1% 

124.1  

8.6 
6.9% 

177.4  

4.9 
2.8% 

Blue 
110.8  

9.1 
9.1% 

123.4  

9.8 
7.9% 91.4  4.8 5.3% 

 

Figure 3.9 shows the PEIS results of as-deposited and annealed V2O5 films at 450, 

500 and 550 °C. The starting point of the high frequency region in the spectrum 

corresponds to the series resistance (Rs). It is evident that annealing the as-deposited 

film lowers its resistance, offering better conductivity (inset of Figure 3.9). 

Annealing at 450 and 500 °C offers the best results in terms of conductivity, while 

annealing at 550 °C causes the resistance to increase again. When compared, thin 

film annealed at 450 °C has a very small semi-circular region, proving its better 

kinetic activity when compared to the film annealed at 500 °C. From the slope of the 

low frequency region, it is possible to deduce that the electrochromic reactions in as-

deposited film is more limited with diffusion to annealed ones. 
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Figure 3.9 Impedance spectra for as-deposited and 450, 500 and 550 C̄ annealed 

V2O5 thin films. 

Transmittance changes of the films were monitored in colored (obtained with 2 V 

bias) and bleached (obtained with -2 V bias) states (Figure 3.10). There was no 

change in the transmittance for amorphous films in accordance with the former 

studies in the literature, where electrochromic response was reported only for the 

orthorhombic crystals 195,196. A maximum transmittance change of 18% was obtained 

at a wavelength of 900 nm for the films annealed at 450 C̄. Changes in transmittance 

values were found to decrease with increasing annealing temperature. Maximum 

transmittance changes of 11% and 7% were obtained for the films annealed at 500 

and 550 ̄C at a wavelength of 900 nm, respectively.  



 

 

78 

Figure 3.10 Transmittance spectra for (a) as-deposited and (b) 450, (c) 500, and (d) 

550 ̄ C annealed V2O5 thin films in colored and bleached states. 

Cyclic stability test of the coloration of V2O5 thin films annealed at 450,500 and 550 

C̄ was evaluated by switching between bleached and colored states at a wavelength 

of 405 nm. Figure 3.11 shows the switching behaviors of as-deposited and 450, 500 

and 550 °C annealed V2O5 thin films. There was no significant transmittance change 

(ȹT) between bleached and colored states for as-deposited thin films as provided in 

Figure 3.11 (a). On the other hand, ȹT was observed around 17%, 15% and 4% for 

thin films annealed at 450, 500 and 550 °C, respectively. The stability test lasted for 

300 s over 25 switching cycles. The annealed thin films showed consistent 

transmittance values, whereas ȹT of as-deposited thin films decreased gradually. In 

addition, Table 3.4 shows the comparison of important electrochromic parameters 

with those in literature. Our results are comparable with the other studies 44,197ï199. 
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Figure 3.11 Electrochromic cyclic stability test results and changes in optical 

transmittance for (a) 450, (b) 500 and (c) 550 °C annealed V2O5 thin films upon 

switching between bleached and colored states. 

 

Table 3.4 A comparison of electrochromic parameters in terms of transmittance 

change, switching cycle life and wavelength. (*: This work) 

Material  ȹT (%) Switching Cycle Life Wavelength 

(nm) 

Ref. 

V2O5-450 17 over 25 cycles during 

300 s 

406 *  

V2O5-500 15 over 25 cycles during 

300 s 

405 *  

V2O5-550 4 over 25 cycles during 

300 s 

407 *  

V2O5 Nanowires 37 3 cycles for 200 s 415 44 

V2O5 Nanowires 36 200 cycles 400 197 

V2O5 Nanowire 

Array  
45 300 s 700 198 

V2O5-Liquid 

Crystal 
25 100 cycles during 1200 s 450 199 

 

Chronocoulometric and chronoamperometric (CC & CA) measurements were used 

to directly compare the charge efficiencies and chronoamperometric behavior during 

the insertion and extraction of lithium ions. Each electrode was first biased at +2.0 

V versus a Ag/AgCl reference electrode to remove the adsorbed Li+ ions on electrode 
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surface. The polarity was then switched immediately to -2.0 V to initiate lithium 

intercalation, then switched back to +2.0 V to observe the deintercalation behavior. 

The change in both the charge and current densities were collected and provided in 

Figure 3.12. As shown in the graphs, 450 C̄ shows the highest charge density in the 

same time domain, further proving its higher diffusivity (Figures 3.12 (a), (c) and 

(e)). This case is further demonstrated in Figure 3.13 (a), where the CC comparison 

of 2nd cycle of intercalation and deintercalation is provided. While the difference 

between 450 ̄C and 500 ̄C is smaller (which is consistent with the CV curves 

provided in Figure 3.7 (a)), 550 ̄ C shows much less charge densities. This can be 

attributed to the aforementioned degradation in the nanorod morphology with the 

increase in annealing temperature. The reversibility of the films in terms of charge 

efficiency can be calculated as the ratio of deintercalated charge (Qdi) to intercalated 

charge (Qi) in the film as below: 

ὅὬὥὶὫὩ ὉὪὪὭὧὭὩὲὧώ
ὗ
ὗ ὼρππ 

 

Charge efficiencies were calculated by averaging the charge densities of intercalation 

and deintercalation, provided in Table 3.5. Again, V2O5 film annealed at 450 ̄C 

shows the most promising result as the charge efficiency is approximately 99% with 

the highest intercalation and deintercalation charge densities reaching equal to 67 

mC.cm-2. 
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Table 3.5 Comparison of chronocoulometric data in terms of intercalation and 

deintercalation charge density. 

Annealing T 

Intercalation 

Charge Density 

(mC.cm-2) 

Deintercalation 

Charge Density 

(mC.cm-2) 

Charge 

Efficiency (%) 

450 ᴈ 67.71  1.45 67.12  1.44 99.12   0.08 

500 ᴈ 58.78  2.94 57.05  2.78 97.06  1.07 

550 ᴈ 28.08  0.08 27.65  0.13 95.75  0.70 

 

CA curves of the thin films annealed at 450, 500 and 550 ̄C are also provided in 

Figures 3.12 (b), (d) and (f) in tandem with the relevant CC figures, respectively. 

While 500 ̄ C shows the highest deintercalation current densities, 450 C̄ results in 

a broader charging and discharging curves. This also indicates that the accumulated 

charge densities during Li+ insertion and disinsertion is higher for 450 C̄ (Figure 

3.13 (a)). All  these results support the transmittance changes provided in Figure 3.10, 

confirming that the higher charge density and efficiency for 450 C̄ also results in 

the best transmittance change. 
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Figure 3.12 Chronocoulometric and chronoamperometric measurement results for 

V2O5 samples annealed at (a,b) 450, (c,d) 500, and (e,f) 550 C̄. 
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Figure 3.13 Chronoamperometric (CA) curves recorded for V2O5 thin films annealed 

at (a) 450, (b) 500 and (c) 550 ̄C. (d) Chronocoulometric (CC) curves recorded for 

V2O5 thin films. 

Following the electrochemical and optical tests, thin film electrodes were assembled 

into asymmetric electrochromic cells to monitor their cycling stability. Cyclic 

voltammograms of asymmetric electrochromic cells were obtained at a scan rate of 

200 mV s-1 and provided in Figure 3.14. Cyclic performance of the cells up to 1000 

cycles is also given in Figure 3.14. For all samples in Figures 3.14 (a) and (c), it is 

evident that the structure stabilizes and converges to a steady state in the first 100 

cycles such that the area within the cyclic voltammograms increases substantially up 

to 1000 cycles. The sample annealed at 450 C̄ showed promising CV characteristics 

in 3-electrode setup and showed the best performance and stability as can be seen 

from Figures 3.14 (a) and (d). Moreover, Li+ extraction voltage is lowered 

throughout the 1000 cycles as shown in Figure 3.14 (a), which can be attributed to 
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an enhanced Li+ extraction capability 188. This is probably due to the higher porosity, 

unique crystal (Figure 3.1), vibrational (Figure 3.2), electronic (Figure 3.3) structure 

and the finer nanorod morphology (Figure 3.4) of the sample annealed at 450 C̄ as 

compared to the rest of the investigated samples. Continuous Li+ 

intercalation/deintercalation within the structure increased the sampleôs activity 

through opening or activating new vanadium sites for the reaction, thus enhancing 

the electrochemical process. Lower intercalation voltage of the sample annealed at 

450 ̄ C compared to other samples after 1000 cycles can be seen in Figure 3.14 (d), 

supporting this hypothesis.  

 

Figure 3.14 Cyclic voltammograms of asymmetric electrochromic cells at a scan rate 

of 200 mV/s for V2O5 samples annealed at (a) 450, (b) 500, and (c) 550 C̄. (d) Cyclic 

voltammograms of the samples following 1000 cycles.  
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3.4 Conclusions 

In this work, homogeneous, crystalline, multichromic and single phase V2O5 thin 

films were deposited using USD method onto FTO/glass substrates. As-deposited 

films were amorphous, while films annealed at 450-550 ̄ C showed orthorhombic 

phase of V2O5. Microstructural and morphological analyses revealed that the average 

crystallite size of nanostructured films increased slightly from ~20 to 22 nm upon 

increasing the annealing temperature. The optical band gaps of thin films were found 

to decrease from 2.69 to 2.58 eV with an increase in the annealing temperature. Hall-

effect measurements showed that the deposited V2O5 thin films were n-type. Upon 

annealing the films, the carrier concentration was found to increase drastically, while 

mobility decreased only slightly. Raman and XPS results indicated that the best 

performing film (obtained by post-annealing at 450 ̄C) composed of predominantly 

V2O5 domains with a vanadium oxidation state of +5 in addition to extremely small 

amount of minority species with V4+ states revealing decavanadate (V10O28) and/or 

isolated mono-oxovanadate (VO4) surface functional groups. Homogeneous 

coloration with three different color states were observed for large area (15 cm x 15 

cm) V2O5 films upon electrochemical measurements. Electrochromic devices 

fabricated using V2O5 / FTO electrodes post-annealed at 450 ̄C were found to be 

highly stable up to 1000 cycles. Results obtained herein indicated that the USD 

method is highly suitable for the functional V2O5 thin films over large areas. 
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CHAPTER 4  

4       COBALT -DOPED MOLYBDENUM TRIOXIDE THIN FILMS AND DUAL -

BAND ELECTROCHROMIC DEVICES WITH EXCELLENT CYCLIC 

STABILITY  

4.1 Introduction  

By utilizing EC technology, smart windows offer the convenience of controlling both 

transparency and color through the application of a low voltage 200ï202. EC 

technology uses a variety of materials such as transition metal oxides (TMOs), 

conjugated conductive polymers and Prussian Blue systems 107,108,110,111,203,204. 

Among these materials, TMOs are mostly preferred due to their fast response, high 

coloration efficiency, good chemical stability and long-term durability 112,113. A wide 

variety of TMOs have been used in electrochromic applications such as tungsten 

trioxide (WO3) 
205ï207, vanadium pentoxide (V2O5) 

22,115, nickel oxide (NiO) 208,209, 

titanium dioxide (TiO2) 
210 and molybdenum trioxide (MoO3) 

88,211. The high 

coloring efficiency, fast response and long-term stability of WO3 have led to 

extensive research on EC applications using this material 162,212. However, MoO3 is 

an alternative material to WO3, as it exhibits superior color-memory performance as 

well as more intense and uniform light absorption in its colored state compared to 

WO3  
213. 

MoO3 is an important TMO due to its optoelectronic properties and promising 

chemical/physical stability. It possesses distinct crystal structures, encompassing 

orthorhombic, monoclinic, and triclinic arrangements 214,215. The orthorhombic 

phase is called Ŭ-MoO3, which is thermodynamically the most stable phase and 

consists of distorted bilayer-bonded MoO6 octahedra 214,216. In addition, the Ŭ-MoO3 

phase has a layered structure and shows n-type semiconductor behavior. Besides EC 

applications, MoO3 has been used in various applications in many fields such as 
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photochromics 217,218, thermochromics 219, solar cells 220,221, organic light emitting 

diodes (OLEDs) 222, capacitors 213,223, gas sensors 224,225, and lithium-ion batteries 

226,227. There are only a few studies investigating the electrochromic properties of 

MoO3. For instance, Hsu et al. reported a heat-treated electrochromic MoO3 film 

with the highest coloration occurring at ɚ > 700 nm (65%) 87. Turel et al. used a 

sequential deposition method including ultrasonic spray pyrolysis (USP) and thermal 

evaporation for the deposition of MoO3 thin films 88. The electrodes prepared by the 

sequential deposition method showed the highest coloration efficiency (33 cm2 Cī1) 

among other samples fabricated only with USP and thermal evaporation methods 

and maintained their stability with cycling. Until now, the highest recorded 

coloration efficiency for Ŭ-MoO3 is 65.25 cm2 Cī1, achieved through the utilization 

of pulsed laser deposition technique 228.  

The optical and electrochromic properties of the TMOs can be tuned via doping. 

Many studies have shown that the electrochromic properties of various TMOs are 

improved by doping with different elements. For instance, Barawi et al. fabricated 

Nb-doped TiO2 nanocrystals, which achieved a large optical transmittance variation 

in the near-infrared region, reaching values of 64% in the spectral range between 800 

and 2000 nm 229. Co-doped NiO nanoflake arrays were synthesized on fluorine-

doped tin oxide (FTO) using low-temperature chemical bath deposition process by 

Zhang et al. 230. Compared with bare NiO, NiO:Co nanoflake array film showed large 

transmittance modulation (88.3 % at a wavelength of 550 nm), high coloration 

efficiency (47.7 cm2 Cī1), fast switching speed (3.4 for coloration and 5.4 s for 

bleaching), good reversibility and cyclic stability. Wei et al. prepared Ti-doped V2O5 

thin films that showed better cyclic stability and higher transmittance than pure V2O5 

films 188. Bathe et al. synthesized ruthenium (Ru) doped WO3 thin films using a facile 

surfactant-free acid precipitation method and then fabricated thin films 231. Ru-doped 

WO3 films showed promising electrochromic performance with a coloration 

efficiency of 67 cm2 Cī1 and fast switching time for coloration and higher cyclic 

stability (up to 1000 cycles) as compared to the WO3. On the other hand, there are 

only a limited number of studies in the literature addressing electrochromic 
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properties of doped MoO3. Dhanasankar et al. have reported improved 

electrochromism with maximum change in optical transmission and better cyclic 

stability in Ce-doped MoO3 thin films prepared using solïgel and dip coating method 

232. Electrochromic investigation on MoO3:W thin films revealed that the 3 at.% W-

doped film exhibits maximum coloration efficiency and optimum electrochemical 

stability 233. In addition, Nb-doped MoO3 
234, Ti-doped MoO3 

235 and Li-doped MoO3 

236 thin films showed increased reversibility and electrochemical stability compared 

to the bare ones. The electrocatalytic activity of MoO3 thin films is enhanced by the 

alteration in the electronic structure of MoO3 through Co doping 31,237. To the best 

of available knowledge, no research has been undertaken to date regarding the 

electrochromic properties of electrodes and devices based on Co-doped MoO3. 

In this work, a direct deposition route for the fabrication of homogeneous and crack-

free bare and Co-doped MoO3 thin films via a cost-effective USD method was 

presented. The morphological, structural, chemical, optical and 

electrochemical/electrochromic properties of these thin films were comprehensively 

investigated. The effects of Co-doping on electrochromic properties of thin film 

electrodes and dual-band ECDs using NiO as a counter electrode were explored. This 

study not only investigates the properties of these devices, but also demonstrates the 

potential of the USD method to produce uniform and high-quality thin film 

electrodes suitable for electrochromic applications. 

4.2 Experimental Details 

4.2.1 Fabrication of Dual-Band Electrochromic Device 

Complete dual-band ECDs were fabricated utilizing MoO3:Co and NiO thin film 

electrodes and gel electrolyte. 1 M LiClO4 gel electrolyte was prepared to enclose 

the all-solid-state electrochromic devices with a sandwich structure in 

ITO/MoO3:Co/LiClO4 gel electrolyte/NiO/ITO configuration. First, LiClO4 was 

dissolved in ACN and PC mixture. Then, PMMA was slowly added to prevent 
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agglomeration. Finally, the ACN (acetonitrile) was evaporated on a hot plate, set to 

70°C, while ensuring proper ventilation under a fume hood. The evaporation of ACN 

resulted in the formation of a highly transparent and conductive gel. 

4.2.2 Characterization of Thin Films  

4.2.2.1 Structural, morphological and optical characterization  

The crystal structure of the deposited films was examined using a Rigaku D/Max-

2000 diffractometer with Cu KŬ radiation operating at 40 kV (at a wavelength of 

0.154 nm) from 10 to 70̄ at a scan rate of 1̄/min. X-ray photoelectron spectroscopy 

(XPS) was used to examine the oxidation states of the elements present in the 

deposited films. XPS was conducted using a SPECS PHOIBOS hemispherical 

energy analyzer with a monochromatic Al KŬ X-ray excitation source (14 kV, 350 

W). The nominal binding energy (B.E.) of the C 1s signal at 284.8 eV was used as a 

B.E. reference.  

Scanning electron microscopy (SEM) was conducted to investigate the 

microstructure of the deposited thin films using an FEI Nova Nano FEG-SEM 

equipped with an energy dispersive X-ray (EDX) analyzer operated at 20 kV. A thin 

Au layer was sputtered onto the samples prior to SEM analysis. 

The thickness of the bare and MoO3:Co thin films and NiO thin films on the 

ITO/glass substrates was measured using a Woollam M2000V spectroscopic 

ellipsometer at three angles of incidence (60, 65 and 70°). The measurements showed 

that the thickness of bare MoO3 and MoO3:Co films was around 180 nm, while the 

thickness of the NiO films was around 140 nm. 

UV-Visible light transmittance of the films was recorded within a wavelength range 

of 200 - 1000 nm using a PG T80+ UV-Vis Spectrophotometer, where ITO/glass 

substrates were used as a background.  
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4.2.2.2 Electrochemical characterization 

Electrochemical measurements of thin films were performed using a VMP-3 

Biologic potentiostat/galvanostat system. Cycling voltammetry measurements were 

conducted in a 3-electrode configuration, where thin films were working electrodes, 

pure silver (Ag) wire was the pseudo-reference and Pt foil was the counter electrode. 

3-electrode measurements were taken using 1 M LiClO4 in PC electrolyte. For the 

case of device assembly, LiClO4 based gel electrolyte containing acetonitrile (ACN), 

poly(methyl methacrylate) (PMMA) and PC were used. The cycling performance of 

MoO3:Co thin films was monitored by assembling a dual-band ECD, where 

deposited MoO3:Co thin films acted as the anode and bare NiO was used as the 

cathode. Potentiostatic impedance spectroscopy (PEIS) was conducted at a 

frequency range of 200 kHz to 50 mHz with an amplitude of 20 mV and applied 

potential of 0.05 V. Spectroelectrochemical measurements of thin films were carried 

out using LiClO4 in PC electrolyte with the help of PG T80+ UV-Vis 

Spectrophotometer. 

4.3 Results and Discussions 

4.3.1 Morphological and Structural Properties of Thin Films 

SEM was performed for the morphological analysis of bare and Co-doped MoO3 thin 

films (Figures 4.1 (a, b)). It was observed that the morphology of the films was 

homogeneous, uniform and crack-free, completely covering the ITO/glass surface. 

SEM images also indicated slight changes in morphology upon Co doping. Bare 

MoO3 thin film had plate-like structures (Figure 4.1 (a)). On the other hand, the plate-

like morphology was conserved, while the size of the plates was found to decrease 

for MoO3:Co thin films (Figure 4.1 (b)). In addition, some irregular structures were 

also observed for MoO3:Co thin films.  
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XRD was performed to investigate the structural properties of thin films. The XRD 

patterns of polycrystalline bare MoO3 and MoO3:Co thin films are provided in Figure 

4.1 (c). All diffraction peaks of the bare MoO3 and Co-doped MoO3 films can be 

indexed to the orthorhombic structure of Ŭ-MoO3 (JCPDS card No. 05-0508) 238. 

Moreover, the strong peaks at around 12.9, 25.8 and 39.0° were indexed to the (020), 

(040) and (060), respectively, indicating the presence of a layered growth structure 

239. No peaks corresponding to other phases, such as ɓ-MoO3 and h-MoO3, or Co 

atoms/intermetallics were observed. This indicates that Co atoms were incorporated 

into the lattice of Ŭ-MoO3 without significantly changing the crystal structure 240ï242. 

On the other hand, no detectable shifts were observed for diffraction peaks of 

MoO3:Co thin film compared to bare Ŭ-MoO3 thin film. Since the ionic radii of Co2+ 

is smaller than that of Mo3+ 243,244, they can be inserted into the MoO6 octahedron. 

This finding aligns well with recent studies on doped MoO3 films, which have 

reported similar observations with the incorporation of various dopants, including 

copper 245ï249. 
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Figure 4.1 SEM images of fabricated (a) bare Ŭ-MoO3 and (b) MoO3:Co thin films 

(Inset shows SEM images with higher magnifications), (c) XRD patterns of bare Ŭ-

MoO3 and MoO3:Co thin films. 

 

The average crystallite sizes, microstrain and dislocation density values were 

obtained from XRD profiles using (020) peak, results of which are tabulated and 

provided in Table 4.1. The average crystallite sizes (D) were found to be 31.2 and 

25.0 nm for bare Ŭ-MoO3 and MoO3:Co thin films, respectively, which were 

calculated using the Scherrerôs equation (Ὀ πȢωτ‗Ⱦ‍ ὧέί—). Herein, ‗ refers to the 
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wavelength of the X-ray, ‍ is the FWHM and — is the Bragg angle. The crystallite 

size of bare MoO3 thin film was observed to be larger than MoO3:Co thin film. Co 

atoms can behave as obstacles and limit the growth of crystallites in doped MoO3 

thin films due to the lattice strain. The microstrain (Ů) values were found to be 1.1 

and 1.6 .10-3 lin.-2m-4 for bare Ŭ-MoO3 and MoO3:Co thin films, respectively, which 

were calculated using relation ʀ ɼ ÃÏÓʃȾτ. Dislocation densities (ŭ) were 

calculated using relation ‏ ρȾὈ . 

Table 4.1 Microstructural properties of bare and MoO3:Co thin films. 

 (hkl)  

Crystallite Size 

(D)  

(nm) 

Microstrain (Ů) 

(x 10-3) 

Dislocation density (ŭ)  x 

10-3 (nm-2) 

MoO3 (020) 31.2 1.1   10.4 

MoO3:Co (020) 25.0 1.6  12.9 

 

X-ray photoelectron spectroscopy (XPS) measurements were conducted to monitor 

the chemical states of the fabricated thin films. Figures 4.2 (a, b) show the high-

resolution XPS spectra of Mo 3d for bare MoO3 and MoO3:Co thin films. The 

deconvoluted Mo 3d spectra for bare MoO3 thin films showed that the characteristic 

peak could correspond to Mo6+ doublet, the Mo6+ 3d5/2 and Mo6+ 3d3/2 orbital electron 

components located at the binding energies (BE) of 232.9 and 236.0 eV, respectively. 

On the contrary, MoO3:Co thin films showed that the two peaks could be well-fitted 

with an intensive Mo6+ doublet and a very weak Mo5+ doublet. The doublet centered 

at 232.9 and 236.0 eV could be assigned to the Mo6+ 3d5/2 and Mo6+ 3d3/2 orbital 

electrons for MoO3, respectively. The very weak doublet centered at ca. 231.1 and 

234.4 eV were attributed to the Mo5+ 3d5/2 and Mo5+ 3d3/2 orbital electrons for MoO3, 

respectively.  This indicates that Mo6+ is still the predominant oxidation state at the 

surface. Based on these results, a very small fraction of Mo6+ in Ŭ-MoO3 was reduced 

in MoO3:Co thin films, which might be localized to form Mo5+ centers and oxygen 

vacancies most likely due to the Co doping 250ï255. Therefore, MoO3:Co thin film 
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was very close to the exact MoO3 stoichiometry with very few oxygen vacancies. On 

the other hand, it means that bare MoO3 films had fewer oxygen vacancies than 

MoO3:Co thin films 99. The unexpected outcome proved advantageous in enhancing 

the intrinsic conductivity of Ŭ-MoO3. This was supported by the confirmation that 

partially reduced Ŭ-MoO3, characterized by oxygen vacancies, exhibited improved 

electrochemical performance 256ï258.  

High-resolution XPS spectra of O 1s for bare MoO3 and MoO3:Co thin films are 

provided in Figures 4.2 (c, d). Both spectra consisted of peaks related to oxides and 

other types of chemisorbed oxygen species. The peak at 530.0 eV was associated 

with the oxygen atom bonding with the Mo ions (MoïO) 91,259, whereas the peaks 

that occur around 532.0 eV were associated with the oxygen vacancies 250,251,260. 

Also, the relative concentrations of oxygen vacancies according to the deconvolution 

of the high-resolution O 1s XPS spectra were analyzed using the peak at 532.0 eV. 

MoO3:Co thin film was found to have a higher relative concentration of oxygen 

vacancies (~20.6%) compared to bare MoO3 thin film (~12.4%). In light of this 

result, it can be concluded that the oxygen vacancies are much stronger in MoO3:Co 

thin films than in bare MoO3 thin films, which could be attributed to the generation 

of abundant oxygen vacancies caused by the partial reduction 260. 

The high-resolution Co 2p spectrum of the MoO3:Co thin film was mainly 

deconvoluted into two peaks (Figure 4.2 (e)). The two characteristic peaks of Co 

were observed at 779.8 and 796.3 eV, respectively, corresponding to the Co 2p3/2 and 

Co 2p1/2 orbitals, accompanied by two satellite peaks. The XPS spectra revealed that 

the surface of the MoO3:Co thin film was composed of mixed-valence compounds, 

which possessed a composition containing Co2+ at MoO3:Co 31,261,262. Moreover, the 

XPS survey spectra presented in Figure 4.2 (f) provided strong evidence for the 

successful doping of Co atoms into MoO3 thin films. The spectra clearly 

demonstrated the presence of two distinct signals for MoO3:Co thin films, which can 

be attributed to Co atoms integrated within the MoO3 matrix.  
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Figure 4.2 Deconvoluted high-resolution XPS spectra for Mo 3d for (a) bare Ŭ-MoO3 

and (b) MoO3:Co thin films. Deconvoluted high-resolution XPS spectra for O 1s for 

(c) bare Ŭ-MoO3 and (d) MoO3:Co thin films. (e)  Deconvoluted high-resolution XPS 

spectra for Co 2p. (f) Full XPS survey spectra for bare Ŭ-MoO3 and MoO3:Co thin 

films. 

 

The optical transmission and reflection spectra of the films are provided in Figure 

4.3 (a). At a wavelength of 400 nm, the optical transmittance values of bare MoO3 

and MoO3:Co thin films were 53% and 70%, respectively. In addition, it was 

observed that the transmittance value of the bare MoO3 film gradually increased 

above 400 nm and reached 77% at a wavelength of 800 nm. Similarly, the same 

transmittance trend was also obtained for the MoO3:Co thin film and the 

transmittance value was found to be around 79% at a wavelength of 800 nm. On the 

other hand, similar reflection properties were also seen in all films, and the 

reflectance value was around %14 and %16 in the 400-800 nm wavelength region 

for bare MoO3 and MoO3:Co thin films, respectively. 
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In Figure 4.3 (b), the optical band gap values of thin films were extrapolated from 

the curves of (Ŭhɜ) 1/2 vs. hɜ according to the following equations: 

 

Ŭ=  ln    (1) 

(Ŭhɡ)1/2 =A(hɡ  Eg)   (2) 

 

, where d is the thickness of thin films, Ŭ is the absorption coefficient, hɡ is the photon 

energy, Eg is the optical band gap value, and A is the characteristic constant 

independent of photon energy. The optical band gap values of 3.49 and 3.42 eV were 

obtained for bare MoO3 and MoO3:Co thin films, respectively. Co-doping in the 

MoO3 film leads to the formation of new energy levels near the valence band edge 

of MoO3, which ultimately leads to a reduction in the energy required for the 

transition from the valence band to the conduction band and hence a decrease in the 

optical band gap 263. Previous studies have also reported a decrease in the optical 

band gap of MoO3 upon doping 233,248,264ï267. 
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Figure 4.3 (a) Transmittance and reflectance spectra of bare MoO3 and Co-doped 

MoO3 thin films. (b) Tauc plots were obtained using UV-VIS data for bare MoO3 

and Co-doped MoO3 thin films.  

 

On the other hand, NiO thin films were fabricated to use as charge storage layers for 

dual-band electrochromic device (ECD). The USD method was used for their 

deposition with the same deposition protocol and parameters reported in Chapter 2. 

Detailed characterization of NiO thin films can be seen in Chapter 5. 

4.3.2 Electrochromic properties 

The electrochromic performance of the thin films was investigated through 

intercalation/deintercalation of Li+ ions both in a 3-electrode and asymmetric cell 

setup. Figures 4.4 (a) and (b) show the cyclic voltammetry (CV) performances of the 

MoO3 and MoO3:Co thin film electrodes with scan rates of 5, 10, 25, 50, 100 and 

200 mV sī1. Note that the source of the Li+ ions was the lithium perchlorate (LiClO4) 

in propylene carbonate (PC) solution, which was used as the electrolyte in the 

electrochemical setup. It was obvious that there were pair peaks in all the CV curves 

due to the redox reactions of Mo atoms at the surface of the electrodes 268. Upon Co 

doping, the current density was found to increase for thin film electrodes compared 

to the bare counterparts (Figures 4.4 (a) and (b)). To observe the difference clearly, 
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the CV comparison of MoO3 and MoO3:Co thin film electrodes at a scan rate of 5 

mV s-1 are provided in Figure 4.5. The maximum current densities of MoO3:Co were 

much higher than those of MoO3, indicating improved activity and performance due 

to the introduction of Co. In addition, the lower values of intercalation and 

deintercalation potentials for MoO3:Co might be an indication of easier 

intercalation/deintercalation process. The maximum capacitance values for MoO3 

and MoO3:Co at a scan rate of 5 mV s-1 were 26.7 mF cm-2 and 33.0 mF cm-2, 

respectively. Within the +0.5 to -0.8 V potential window, a color change was 

observed only at negative potentials, resulting in a dark blue color. However, after 

switching to a positive potential, the film experienced bleaching and reverted to its 

nearly original transparent state. This color change and subsequent reversal were 

attributed to the intercalation and deintercalation of Li+ ions during the negative and 

positive potentials, respectively 258. The observed reversibility of the deposited films 

confirmed their electrochromic behavior. 

Figure 4.4 (c) shows CV curves at scan rate of 200 mV sī1 within the potential 

window of +0.5 to -0.8 V up to 5000 cycles for bare MoO3 thin films. The cyclic 

stability of the MoO3 thin film electrodes was observed to decrease with increasing 

number of cycles. Despite some slight fluctuations, capacitance retention after 5000 

cycles for bare MoO3 thin film electrodes was 54 % (Figure 4.4 (e)). On the other 

hand, Co-doped MoO3 thin films showed excellent cyclic stability up to 5000 cycles 

under the same conditions, as shown in Figure 4.4 (d). The enhancement of the 

electrochemical properties by Co doping in MoO3 thin films was highly evident. The 

specific capacitance of the MoO3:Co electrode gradually decreased to 86% of its 

original value after the first 2000 cycles and then increased to about 92 % over the 

last 3000 cycles (Figure 4.4 (f)). This observation confirmed that Co doping plays a 

significant role in enhancing the electrochemical stability and performance of thin 

films, ensuring the long-term durability and suitability of the electrodes for cyclic 

use. Moreover, this finding supports the idea that Co doping induces the formation 

of oxygen vacancies and partial reduction in Ŭ-MoO3, leading to improved 

electrochemical performance. This can be attributed to the lower 
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intercalation/deintercalation potentials observed in Figure 4.5, confirming the idea 

of improved electrochemical performance due to Co doping. This was consistent 

with the XPS results showing that the presence of Co improved the electrochemical 

properties of Co-doped MoO3 thin films. Therefore, further electrochemical and 

electrochromic measurements were conducted only on Co-doped MoO3 thin film 

electrodes. 

 

 

Figure 4.4 CVs of (a) MoO3 and (b) MoO3:Co thin films with different scan rates in 

1 M LiClO4 in PC. CV curves at 200 mV sī1 up to 5000 cycles for (c) bare and (d) 

MoO3:Co thin films. Capacitance retention of (e) MoO3 and (f) MoO3:Co electrodes 

recorded at 200 mV sī1. 
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Figure 4.5 CV comparison of MoO3 and MoO3:Co thin film electrodes at a scan rate 

of 5 mV s-1. 

 

Further investigation on electrochemical properties of thin films was made through 

galvanostatic charge/discharge (GCD) and PEIS analyses. Figure 4.6 (a) shows the 

GCD curves of the MoO3:Co thin film electrodes at different current densities within 

a potential window of ī0.8 to 0.5 V. No clear signal of discharge plateaus was 

recorded in the GCD curves, reflecting the representative pseudo-capacitive 

characteristic of the electrodes distinguished from battery-type electrodes. Passive 

electrochemical impedance spectroscopy (PEIS) was conducted to reveal the 

performance of the MoO3:Co thin film electrodes in their as-prepared, colored and 

bleached states (Figure 4.6 (b)). All states of the MoO3:Co thin film electrodes 

showed similar properties. The starting point of the high-frequency region in the 

spectrum corresponded to the series resistance 268. In the low-frequency region, the 

presence of the non-vertical lines was assigned to a diffusion limited process 268.  

Chronoamperometric (CA) and chronocoulometric (CC) measurements were 

conducted to directly compare the charge efficiencies and CA behavior during the 
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insertion and extraction of lithium ions, results of which are provided in Figures 4.6 

(c) and (d) for MoO3:Co thin film electrodes. All electrodes were first biased to +0.5 

V (versus an Ag/AgCl reference electrode) in order to remove the adsorbed Li+ ions 

from the electrode surface. The voltage was then switched immediately to -0.8 V to 

initiate lithium intercalation, then switched back to +0.5 V to observe the 

deintercalation behavior. The change in both the charge and current densities was 

collected and shown in Figures 4.6 (c) and (d). The reversibility of the films in terms 

of charge efficiency was calculated as the ratio of deintercalated charge (Qdi) to 

intercalated charge (Qi) in the film as below: 

 

ὅὬὥὶὫὩ ὉὪὪὭὧὭὩὲὧώ
ὗ
ὗ ὼρππ 

 

Charge efficiencies were calculated by averaging the charge densities of intercalation 

and deintercalation of Li+ for MoO3:Co thin films. Qdi and Qi values were found as 

29.35 ± 0.48 and 29.66 ± 0.47 mC.cm-2, respectively and the charge efficiency was 

calculated as 98.95% for MoO3:Co thin films. The coloration efficiency (CE) is 

another crucial parameter for determining the performance of the electrochromic 

smart windows and devices. CE is given by following equation below:  
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,where ῳὕὈ and ῳὗ refer to optical density and intercalated ionic charge, 

respectively. The unit for CE unit is cm2 C-1, at a given wavelength. MoO3:Co thin 

films showed a promising CE value of 52.6 cm2 C-1 at a wavelength of 700 nm.  



 

 

103 

 

Figure 4.6 (a) The GCD curves of MoO3:Co thin film electrodes at different current 

densities within a potential window from ī0.8 to 0.5 V. (b) Impedance spectra for 

MoO3:Co thin film. (c) CA and (d) CC measurements for MoO3:Co thin film. 

 

Transmittance changes of the films were monitored in colored (obtained with 0.5 V 

bias) and bleached (obtained with -0.8 V bias) states (Figures 4.7 (a) and (b)). Inset 

photos show the color of the thin films at colored (dark blue) and bleached (blueish 

white) states. A maximum transmittance change of around 35% was obtained at a 

wavelength of 700 nm for bare MoO3 thin films, while changes in transmittance were 

found to increase upon Co doping. A maximum transmittance change of 

approximately 40% was acquired for MoO3:Co thin films at a wavelength of 700 

nm. Figure 4.7 (c) and (d) show the dynamic transmission-time (TT) variations in a 

kinetic measurement mode during potential sweeping in the CV measurements of 

bare Ŭ-MoO3 and Co-doped MoO3 thin films at a wavelength of 700 nm. Maximum 
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transmittance changes (ȹT) of 37% and 32% for MoO3 and MoO3:Co thin films were 

observed, respectively. It is clear that the stability of bare MoO3 thin film decreased 

with time, but MoO3:Co thin film remained stable over time. In addition, it was also 

evident from the CV results that the cyclic stability of bare MoO3 thin film decreased 

with increasing cycle number, but Co-doped MoO3 thin film retained its cyclic 

stability over time (Figures 4.4 (c) and (d)). In light of these results, the maximum 

ȹT was found to increase by Co doping in MoO3:Co thin films, which is attributed 

to the reduction of the very small fraction of Mo6+ to Mo5+ in Ŭ-MoO3, as explained 

with XPS results. Following the reduction of a very small fraction of Mo6+ to Mo5+, 

MoO3:Co thin films showed better electrochromic performance.  

 

 

Figure 4.7 Transmittance spectra for (a) bare and (b) MoO3:Co thin films in colored 

and bleached states. Insets show the photos of the electrodes in colored and bleached 

states. The dynamic TT curves for (c) bare and (d) MoO3:Co thin films at a 

wavelength of 700 nm. 
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To demonstrate the full potential of MoO3 thin films, following electrochemical and 

optical tests, a complete dual-band ECD was fabricated utilizing MoO3:Co and NiO 

thin film electrodes and gel electrolyte. A schematic diagram of fabricated dual-band 

ECD is provided in Figure 4.8. In this device, only MoO3:Co thin film electrodes 

were employed as the electrochromic layer because they showed the best 

electrochemical and electrochromic performance compared to the bare MoO3 thin 

film electrodes. 1 M LiClO4/PC/PMMA gel was used as an electrolyte in the dual-

band ECD. The purpose of the NiO electrode in this device was to serve as a charge 

storage layer without any visible coloration. Similar to previous studies, no 

observable color change was detected in the NiO electrode within the visible range 

due to the use of LiClO4/PC/PMMA gel 269,270. Characteristic CV curves of NiO 

electrodes with different scan rates are provided in Figure 4.9.  

 

Figure 4.8 Schematic diagram of fabricated dual-band ECD. 



 

 

106 

 

Figure 4.9 CVs of NiO thin films with different scan rates in 1 M LiClO4 in PC. 

 

Figure 4.10 (a) shows the CV performances of the dual-band ECD with different 

scan rates within the voltage range of -1.0 to +1.6 V. Dual-band ECD showed 

excellent cyclic stability performance up to 5000 cycles, as shown Figure 4.10 (b). 

The cyclic stability of the ECD was observed to decrease to approximately 97% 

initially but increased again to about 99% over the last 1000 cycles (Figure 4.10 (c)). 

In Figure 4.10 (d), the GCD curves of the device at different current densities within 

a potential window from -1.0 to 1.6 V are provided. The GCD curves did not exhibit 

distinct battery-like discharge plateaus for ECD similar to MoO3:Co thin film 

electrodes, but rather have a region indicating the characteristic pseudocapacitive 

behavior of the device. This pseudocapacitive behavior was mostly due to the 

intercalation/deintercalation mechanism of Li ions 258. CA and CC measurements of 

the MoO3:Co/NiO ECD showed the charge efficiencies and chronoamperometric 

behavior during the insertion and extraction of Li ions, as shown in Figure 4.10 (e) 

and (f), respectively.  
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Figure 4.10 CVs of (a) dual-band MoO3:Co/NiO device with different scan rates 

using 1 M LiClO4/PC/PMMA gel electrolyte. (b) CV curves at 200 mV sī1 up to 

5000 cycles for the ECD. (c) The capacity retention of the ECD with scan rate of 200 

mV sī1. (d) The GCD curves of the ECD at different current densities within a 

potential window of ī1.0 to 1.6 V. (e) CA and (f) CC measurement results for ECD. 

 

Figure 4.11 (a) shows the dynamic TT variations in a kinetic measurement mode 

during potential sweeping in the CV measurements MoO3:Co/NiO at a wavelength 

of 700 nm. Maximum ȹT was observed around 23% for ECD. Moreover, the 

coloration (tc) and bleaching times (tb) of the dual-band ECD were found to be 13.0 

s and 9.5 s, respectively, between +1.6 and -1.0 V (Figure 4.11 (b)). In addition, dual-

band ECD showed remarkable CE value of 140.7 cm2 C-1 at 700 nm wavelength. 

Also, photos of both bleached and colored states of dual-band ECD are shown in 

Figures 4.11 (c) and (d), respectively. The properties of various ECDs utilizing 

MoO3 and/or NiO thin films in the literature are summarized and provided in Table 

4.2. Our study yielded results that are comparable to those presented in these 

previous studies. In this study, highest cyclic stability (5000 cycles) and capacitive 

retention (99%) are obtained in the device fabricated with MoO3:Co thin films. 
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Remarkable cyclic stability and capacitive retention properties for dual-band ECD is 

attributed to the enhanced electrochromic properties of Co-doped MoO3 films. In 

addition to MoO3, we believe that this approach of enhancing the electrochromic 

properties of ECDs through doping during solution processing can be extended to 

other transition metal oxides (TMOs). 

 

Figure 4.11 (a) The dynamic TT at a wavelength of 700 nm variations for dual-band 

ECD. (b) Enlarged dynamic TT variations for dual-band ECD. Photographs of dual-

band ECD (c) in bleached and (d) colored state. 

4.4 Conclusions 

In this work, homogeneous, crystalline, crack-free and electrochromic bare MoO3 

and MoO3:Co thin films were deposited onto ITO/glass substrates using USD 

method. The USD method emerges as a remarkable technique for the cost-effective 

deposition of doped thin film electrodes using wet chemistry. The XPS results 
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demonstrated that a small fraction of Mo6+ in Ŭ-MoO3 underwent reduction, leading 

to the presence of a minor amount of Mo5+ alongside the predominant Mo6+ in the 

MoO3:Co thin films. This reduction is likely attributed to the doping of Co, which 

not only caused the minor formation of Mo5+ but also led to improved electrocatalytic 

activity. MoO3:Co electrodes showed higher maximum transmittance change and 

cyclic stability than bare MoO3 electrodes. Due to the enhancement of the 

electrocatalytic performance by Co doping, the ECD with NiO electrodes was also 

fabricated. ECD showed outstanding cyclic stability up to 5000 cycles and a high 

capacitive retention around 99%. A maximum transmittance change of 

approximately 23% with fast bleaching (~9.5 s) and coloring (~13.0 s) times was 

obtained. MoO3:Co thin film electrodes produced using this cost-effective approach 

showed great potential for effective use in real-life EC applications. 
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CHAPTER 5  

5 NANOMETER -THICK MANGANESE AND COBALT DOPED NICKEL OXIDE 

FILMS FOR HIGH PERFORMANCE NONEZYMATIC BIOSENSORS  

5.1 Introduction  

The demand for biosensors has increased in the last decade due to the worldwide 

increase in the number of diabetes patients. Diabetes is a chronic disease that 

increases the level of glucose in the blood. If left undiagnosed and untreated, it can 

be very dangerous for health and ultimately result in death 271. In this respect, 

accurate, reliable and rapid detection of blood glucose level is of vital importance in 

diabetes. Conventional glucose biosensors require the use of enzymes; however, 

enzymatic glucose sensors have some limitations due to the intrinsic nature of 

enzymes, which can easily be affected by changes in pH, temperature, humidity and 

by the presence of other chemicals. In addition, they have high cost and short-life 

due to the denaturation of enzymes 272ï274. Over the past years, the development of 

nonenzymatic glucose sensors with fast response and high accuracy has taken place 

to overcome these limitations. Amperometric detection of various analytes with 

enzymeless methods became possible with the use of electrocatalytic materials. 

Similar to glucose, excess hydrogen peroxide (H2O2) may lead to serious health 

problems as diabetes, cardiovascular disorders, cancer, and concerning 

neurodegenerative diseases. An accurate, rapid and reliable method to detect H2O2 

is also of great importance 126. Thus, it is necessary to develop nonenzymatic 

electrochemical sensors with high sensitivity, low cost, and high stability for both 

glucose and H2O2 detection. 

Altough studies showed that emergent materials can fulfill the necessary sensitivity 

to glucose, there is an increasing interest in the fabrication of low-cost electrodes 

with transition metals such as copper 275,276, nickel 277 and transition metal oxides 
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such as copper oxide 278, titanium oxide 279, nickel oxide 280,281,282, cobalt oxide 283 to 

construct nonenzymatic glucose biosensors. The properties of nonenzymatic sensors 

such as sensitivity, detection limit, response time, selectivity and stability highly 

depend on the types and morphology of the materials 284ï286. The performance of the 

nonenzymatic sensors may be increased using different nanostructures like Pt-Pb 

alloy 287, Pt-Au alloy 288, Pt/Au surface 289, Ag-Pt core-shell NWs 290, Ni-Cu alloy 

291 and Pt-Ag/Cu alloy 292. Further, nanostructured materials typically show better 

analyte detection performance since they provide more surface area for reactions to 

occur. Analyte selectivity is a crucial factor for biosensors because glucose coexist 

with lactic acid, urea, proteins, salts and so on. Traditionally, the prepared 

nanostructured materials are drop casted onto a conductive substrate with a binder. 

The electrical conductivity of the materials eventually decrease due to the loss of 

binder, introducing contact resistance 293. Poor adhesion of the materials to the 

substrate is another problem. Therefore, these techniques are not suitable for the 

efficient and cost-effective production of amperometric sensors. Alternatively, 

solution-based deposition methods for the formation of functional thin films are cost-

effective for the mass production of biosensor electrodes with high surface area and 

high stability. 

In particular, Ni and Ni-based nanomaterials exhibit high electrocatalytic activity for 

glucose in the alkaline medium due to the Ni(OH)2/NiOOH redox couple, while 

glucose is directly oxidized to gluconolactone 294. Similar to glucose detection, 

NiOOH / Ni(OH)2 redox couples are demonstrated for H2O2 sensing, when Ni-based 

nanomaterials are used as nonenzymatic active materials. There are numerous 

examples of Ni-based nonenzymatic glucose and H2O2 sensors constructed by 

modifying the substrate with nickel nanoparticles, nickelïcarbon hybrids, NiïCNT 

composite, Niïgraphene composites, Ni(OH)2/C nanoparticles, LaNiO3 nanooxide 

etc. 277,295ï301,302,303. It has also been demonstrated that the sensor characteristics may 

simply be tuned via doping the electrochemically active thin films. Ding et al. 

fabricated a novel amperometric nonenzymatic glucose sensor based on Au doped 

NiO nanobelts 304. The hybrid nanofiber modified electrode showed significantly 
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lower initial potential, lower detection limit, higher sensitivity and broader linear 

range than those obtained for the NiO nanofiber modified electrodes due to increased 

electrocatalytic activity for the oxidation of glucose upon Au doping. Gao et al. 

synthesized tremella-like Mn-doped NiO nanomaterials (Mn:NiO) and utilized them 

for biomimetic glucose sensing in an alkaline medium 305. Mn-NiO-based sensors 

demonstrated high sensitivity, fast response time, low limit of detection and long-

term stability for glucose detection compared to NiO-based sensors. On the other 

hand, there are only a few studies about bare NiO thin films for glucose 306ï310 and 

H2O2 
306,311,312 biosensors. Although the biosensor performance of doped NiO 

nanomaterials have been explored, to date, to the best of our knowledge doping of 

NiO thin films to enhance their sensing properties in glucose/H2O2 biosensors has 

not been explored. 

In this work, a direct deposition route for the fabrication of homogeneous and crack-

free, bare and Mn and Co doped NiO thin films was presented. The structural, 

morphological, chemical, optical and electrochemical properties of these thin films 

were comprehensively investigated. The fabricated thin film electrodes were utilized 

as nonenzymatic amperometric glucose/H2O2 biosensors. The sensitivity, limit of 

detection, response time and linear range of the electrodes were determined. A large-

area (15 cm x 15 cm) thin film was used to demonstrate the functionality of the USD 

method for electrode preparation, which allowed obtainment of more than 250 

electrodes in a single deposition. This study clearly demonstrated that the USD 

method is a versatile technique for the deposition of uniform, reproducible, high 

quality bare and Mn and Co doped NiO thin film electrodes for high performance 

biosensing applications. 
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5.2 Characterization of Thin Films 

5.2.1 Structural characterizations  

The crystal structure of the deposited films was examined using Rigaku D/Max-2000 

diffractometer with Cu KŬ radiation operating at 40 kV (at a wavelength of 0.154 

nm) from 10 to 70̄ at a scan rate of 0.5̄/min. X-ray photoelectron spectroscopy 

(XPS) was used to examine the oxidation state of the elements present in the 

deposited films. XPS was conducted using a SPECS PHOIBOS hemispherical 

energy analyzer with a monochromatic Al KŬ X-ray excitation source (14 kV, 350 

W). The nominal binding energy (B.E.) of the C 1s signal at 284.8 eV was used as a 

B.E. reference. A spectroscopic ellipsometer was used to determine the thickness of 

the thin films on a Woollam, M2000V instrument. To improve fitting precision, data 

were collected at three different angles of 55, 60 and 65°. 

5.2.2 Morphological and optical characterization 

Scanning electron microscopy (SEM) analyses were conducted to investigate the 

microstructure of the deposited thin films using an FEI Nova Nano FEG-SEM 

equipped with an energy dispersive X-ray (EDX) analyzer operated at 20 kV. A thin 

Au layer was sputtered onto the samples before SEM analysis. Atomic force 

microscopy (AFM) was used to monitor the surface morphology of the films via a 

Veeco MultiMode V AFM operated in tapping mode. UV-Visible light transmission 

of the films was recorded within 200 - 1000 nm using a PG T80+ UV-Vis 

Spectrophotometer, where glass substrates were used as a background.  

5.2.3 Electrochemical characterization 

Electrochemical measurements were performed using a VMP-3 Biologic 

potentiostat/galvanostat. Cycling voltammetry measurements were conducted in a 
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three-electrode setup, where thin films were working electrodes (with dimensions of 

0.8 cm x 1.5 cm), Ag/AgCl (in saturated potassium chloride) was the reference and 

Pt foil was the counter electrode. The potential range of CVs varied from -0.2 V to 

0.8 V and the scan rates were 5, 10, 25, 50 and 75 mV/s in a 0.1 M aqueous sodium 

hydroxide (NaOH) electrolyte. The CVs were compared both in the absence and 

presence of glucose at a scan rate of 50 mV/s, where 1 ml of 1 mM glucose was 

added into a 15 ml of 0.1 M NaOH electrolyte, where the final glucose concentration 

was 62.5 ɛM. Similarly, a three-electrode setup was built for the amperometric 

sensor measurements. Ag/AgCl was used as the reference electrode, a Pt wire was 

used as the counter electrode and fabricated thin films were used as the working 

electrodes. Measurements were conducted using a 0.1 M NaOH electrolyte, where 

pure nitrogen gas was purged into the electrolyte a few minutes prior to 

measurements. During the glucose sensor measurements, 25 ɛl of 1 and 10 mM 

aqueous glucose solution were added into a 15 ml electrolyte with equal time 

intervals under constant stirring (500 rpm) and +0.65 V vs. Ag/AgCl was applied. 

Similar to the glucose sensor measurements, H2O2 sensor measurements were 

conducted using the same 3-electrode configuration. 25 ɛl of 1 and 10 mM H2O2 

solution were added into 15 ml electrolyte at an applied potential of +0.65 V vs. 

Ag/AgCl. Electrochemical impedance spectroscopy (EIS) measurements were 

performed with a 5 mV amplitude in the 1 MHz ï 0.1 Hz frequency range. Before 

EIS measurements, the thin film electrodes were stabilized at an applied potential of 

0 V (vs. Ag/AgCl) for 60 s. CV measurements were conducted in 0.2 M KCl solution 

containing 10 mM K4[Fe(CN)6] with different scan rates from 200 mV/s to 10 mV/s 

in the potential range of 0 - 0.6 V to determine the electrochemically active surface 

area (ECSA) of the fabricated NiO, Co:NiO and Mn:NiO thin film electrodes. In all 

measurements, the geometric area of the electrodes dipped into the electrolyte was 

fixed to about 0.1 cm2. 
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5.3 Blood Serum Process 

Blood samples were collected into vacuum-sealed centrifuge tubes in Middle East 

Technical University Medical Centre. After tubes were filled with human blood, they 

were centrifuged at 5000 rpm for 5 min. Then, blood serum was collected and used 

as a glucose source for amperometric measurements. Amperometric detection of 

glucose in human serum was followed in a three-electrode setup, where thin films 

were working electrodes, Ag/AgCl (in saturated potassium chloride) was the 

reference and Pt foil was the counter electrode. Measurements were conducted in 0.1 

M KOH electrolyte at an applied potential of +0.65 V vs. Ag/AgCl under continuous 

stirring and 25 ɛl of human serum was introduced to electrolyte with stepwise 

addition. Commercial OPTIMA Blood Glucose Meter (Model: OK-10) with strip 

electrodes (OK Biotech Co., Ltd.) was also used to measure the blood glucose level 

in comparison. 

5.4 Results and Discussions 

5.4.1 Characterization of NiO Thin Films 

The average thicknesses of bare NiO and M:NiO thin films were determined using 

ellipsometry as 140 ± 5 nm. All thin films were found to be approximately the same 

thickness due to the same deposition and annealing conditions. The Cauchy model 

was followed to determine the thickness of the thin films. 

XRD was conducted to reveal the phases and crystallographic information of 

fabricated bare and doped thin films. XRD patterns of the bare NiO, Mn:NiO and 

Co:NiO thin films, provided in Figure 5.1 (a), showed that all thin films had a cubic 

structure of NiO (PDF 00-047-1049). XRD patterns of both bare NiO and doped thin 

films had distinct diffraction peaks at 2ɗ values of 37.3°, 43.3° and 62.9° indexed to 

(111), (200) and (220) planes of cubic NiO structure, respectively. No other peaks 

for both cobalt oxide and manganese oxide or intermetallics and other impurities 
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were presented, indicating that Co and Mn doping did not change the original cubic 

NiO structure. On the other hand, no detectable shifts were observed for diffraction 

peaks of Co:NiO and Mn:NiO thin films compared to bare NiO thin film. In addition, 

upon doping with Mn and Co, the XRD profile showed a slight increase in the full-

width half-maximum (FWHM) of the thin films. The ionic radii of Ni+2, Mn+2, Mn+3 

and Mn+4 are 0.69 , 0.67 , 0.58  and 0.53 ¡, respectively 313. Due to the smaller ionic 

radius of Mn ions compared to Ni ions, the substitutional doping of Mn ion is 

possible on the Ni ion site. This is also in excellent harmony with the currently 

reported Mn:NiO studies 314ï316. Similarly, the ionic radii of Co2+ are 0.65 ¡ 317, 

smaller than Ni+2, which proves substitutional doping 318ï320. 

The average crystallite sizes, microstrain and dislocation density values calculated 

for (111) plane from the XRD profiles are given in Table 5.1. The average crystallite 

sizes (D) were found to be 35.4, 33.5 and 30.7 nm for bare NiO, Mn:NiO and 

Co:NiO, respectively, which were calculated using the Scherrerôs equation (Ὀ

πȢωτ‗Ⱦ‍ ὧέί—). Herein, ‗ refers to the wavelength of the X-ray, ‍ is the FWHM and 

— is the Bragg angle. The crystallite size of Mn:NiO and Co:NiO thin films were 

observed to be smaller than bare NiO thin films. Mn and Co atoms might act as 

obstacles and prevent the growth of crystallite size due to the lattice strain in M:NiO 

thin films. The microstrain (Ů) and dislocation density (ŭ) were calculated using 

relations ʀ ɼ ȾτÔÁÎʃ 321 and ‏ ρȾὈ  170, respectively. Compared to the bare 

NiO thin films, the dislocation density increases with a reduction in particle size for 

M:NiO thin films. Since the microstrain generally is at the same trend with 

dislocation density, it increased as the crystallite size decreased.  
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Table 5.1 Microstructural parameters for deposited NiO and doped NiO films. 

Sample (hkl)  
Crystallite Size  

(nm) 

Strain 

(10-3 lin. -2m-4) 

Dislocation Density 

(1015 lin.m -2) 

Bare NiO (111) 35.4 3.2              0.8 

Mn:NiO (111) 33.5 3.4              0.9 

Co:NiO (111) 30.7 3.7 

 

             1.1 

 

X-ray photoelectron spectroscopy (XPS) measurements were conducted to reveal the 

exact chemical states of the fabricated bare NiO and doped thin films. Figures 5.1 

(b-f) show the high-resolution XPS spectra of the Ni 2p and O 1s. The deconvoluted 

Ni 2p spectra for all thin films, given in Figure 5.1 (b), showed distinctive multiplet-

split signals for 2p3/2 and 2p1/2 with their corresponding shake-up satellites. The spin-

orbit coupling for 2p3/2 and 2p1/2 domains correspond to binding energy values in the 

range of 850-869 eV and 870-885 eV, respectively. There are Satellite 1, Satellite 2 

and main peak for 2p3/2, and Satellite 3 and main peak for 2p1/2. The Ni 2p3/2 for bare 

NiO thin film is centered at 853.6 eV, whereas those for Co and Mn doped NiO thin 

films are 853.7 and 853.9 eV, respectively. Similarly, the Ni 2p1/2 for bare NiO thin 

film is centered at 870.7 eV, whereas those for Co and Mn doped NiO thin films are 

at 870.8 and 871.0 eV, respectively. As provided in Figure 5.1 (c), there are slight 

shifts to higher binding energy levels. Ni 2p3/2 peaks shifted by 0.1 eV for Co:NiO 

and 0.3 eV for Mn:NiO, which is attributed to the partial substitution of Ni sites in 

the crystal structure to the dopant atoms. This substitution results in a decrease in the 

electron density and an increase in the force on electrons by the nucleus. As a result, 

Ni 2p spectra with doping shift to higher binding energy values compared to that of 

bare NiO. In addition to Ni2+ signals, the shoulders occurred at 855.3, 855.6 and 

855.7 eV belong to bare NiO, Co:NiO and Mn:NiO, respectively, due to the presence 

of a small quantity of Ni3+ on the surface as in the form of Ni2O3. The deconvoluted 

spectra of O 1s is provided in Figures 5.1 (d)-(f) and the peak positions are tabulated 
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and provided in Table 5.2. In all cases, four peaks are corresponding to lattice oxygen 

in the form of Ni-O octahedral bonding (Ni2+), lattice oxygen due to the presence of 

Ni2O3 compound (Ni3+), surface hydroxyl groups (ïOH) and absorbed molecular 

oxygen present in deposited thin films. Similar to Ni 2p, there are shifts in the peak 

positions of lattice oxygen (Ni2+) to higher binding energy values, which reveals the 

change in the electron configuration. When XPS survey of the bare NiO thin film 

was examined at the binding energy values 660-630 eV and 805-775 eV, which 

corresponding to Mn 2p and Co 2p, respectively, the XPS signal levels at the 

background level for dopants compared to the signal levels achieved for Mn:NiO 

and Co:NiO thin films, respectively (Figures 5.2 (a) and (b)). In addition to Ni 2p 

and O 1s spectra, deconvoluted XPS spectra of dopant elements (Mn, Co) are 

provided in Figures 5.2 (c) and (d), respectively. As XRD implies that there are no 

additional phases and dopant atoms placed in the positions of substitutional Ni sites, 

the XPS spectra revealed that the surface of the Mn:NiO and Co:NiO thin films 

composed of mixed valence compounds, which possessed a composition containing 

Co2+  at 779.8 eV with satellite peak at 783.4 eV for Co:NiO 262 and Mn2+ at 637.1 

eV, Mn3+ at 640.8 eV and Mn4+ at 643.6 eV for Mn:NiO 322. 
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Figure 5.1 (a) XRD patterns of ITO, NiO, Co:NiO and Mn:NiO thin films, (b) XPS 

spectra of Ni 2p, (c) enlarged spectra of Ni 2p3/2 and deconvoluted high-resolution 

XPS spectra of O 1s for (d) NiO, (e) Co:NiO and (f) Mn:NiO thin films. 
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Figure 5.2 (a) XPS survey of NiO and Mn:NiO thin films in the range of 660-632 

eV. (c) XPS survey of NiO and Co:NiO thin films in the range of 805-775 eV. 

Deconvoluted high-resolution XPS spectra of dopant elements (c) Mn 2p and (d) Co 

2p. 

 

  Table 5.2 Peak positions of deconvoluted O 1s spectra. 

 Lattice 

Oxygen 

(Ni2+) 

Lattice 

Oxygen 

(Ni3+) 

Surface 

Hydroxyl 

Groups (-OH) 

Surface 

Absorbed 

Oxygen 

NiO 529.1 531.0 532.2 533.0 

Co:NiO 529.3 530.8 531.7 532.6 

Mn:NiO  529.5 530.9 532.0 532.8 
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SEM and AFM analyses revealed the surface morphology of the deposited bare NiO 

and doped thin films (Figure 5.3). SEM image in Figure 5.3 (a), shows that bare NiO 

thin film had a relatively smooth surface. This smooth surface has a low root mean 

square (rms) roughness value as provided in corresponding 3D AFM maps in Figure 

5.3 (d). Nanosized spherical particles started to appear following addition of Mn and 

Co dopant atoms, as shown in Figures 5.3 (b) and (c), respectively. No significant 

cracks were seen for the thin films. Observations of ordered nanostructures in SEM 

images are consistent with the XRD results (Figure 5.1 (a)). 3D AFM profiles for 

bare NiO, Co:NiO and Mn:NiO thin films are provided in Figures 5.3 (d), (e) and 

(f), respectively. The rms roughness values for the bare NiO, Mn:NiO and Co:NiO 

thin films are determined as 1.4 , 16.4 and 10.1 nm, respectively. Upon adding dopant 

atoms, rms roughness values of the films were found to increase compared to bare 

NiO thin film. In addition to the SEM and AFM, energy dispersive X-ray analysis 

(EDX) was conducted to bare NiO and doped thin film electrodes. EDX results 

which are tabulated in Table 5.3, revealed that bare NiO, Mn:NiO and Co:NiO thin 

films contain similar Ni (wt%) and Mn:NiO and Co:NiO thin films have 5.82 wt.% 

of Mn and 5.59 wt% of Co, respectively. 

 

 

Figure 5.3 SEM images of fabricated (a) NiO, (b) Co:NiO and (c) Mn:NiO thin films 

and the 3D AFM maps for (d) NiO, (e) Co:NiO and (f) Mn:NiO thin films. 
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  Table 5.3 EDX results of fabricated thin film electrodes. 

 Ni (wt%)  O (wt%)  Co (wt%) Mn (wt%)  

NiO 77.87 22.13 - - 

Co:NiO 79.47 14.94 5.59 - 

Mn:NiO  78.78 15.40 - 5.82 

 

The optical transmittance of bare NiO and doped thin films within a wavelength 

range of 300 to 1000 nm is shown in Figure 5.4 (a). It is clear that all fabricated films 

exhibited high transmittance values above 500 nm wavelength, with average 

transmittance values lying between 70 % and 95 %. Yet, low optical transmittance 

was seen near the UV region (300 - 400 nm) due to the strong absorption behavior 

of thin films. Upon doping, the transmission of the Co:NiO and Mn:NiO thin films 

decreased in the visible region compared to the bare NiO thin film. The decrease in 

transmittance for doped thin films may be attributed to the changes in their surface 

morphology 323. These findings are in good agreement with the transmittance results 

for doped NiO thin films in the literature 324,325. 

XPS results suggested that electronic structure of NiO thin films were altered with 

Co and Mn doping. To confirm the change in electronic structure, one can compare 

the optical bandgaps of the NiO, Co:NiO and Mn:NiO thin films. In this regard, the 

optical bandgap values of all fabricated films were determined via UV-Vis 

spectroscopy measurements using Taucôs relation,  

‌Ὤ’ ὃὬ’ Ὁ  

, where a is the absorption coefficient obtained from Lambert formula, hn is the 

incident photon energy, A is the characteristic constant independent of photon 

energy, Eg is the optical band gap and m is an index that can have different values 

such as ρςϳ , σςϳ , 2 or 3 depending on the nature of the electronic transitions. Plot 

showing variation of (ahn)2 versus hn for bare NiO, Mn:NiO and Co:NiO films are 

provided in Figure 5.4 (b). Eg values of the films were estimated through 
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extrapolating the linear portion of the plots. Bandgap values of 3.74, 3.55 and 3.52 

eV were obtained for bare NiO, Mn:NiO and Co:NiO films, respectively. The 

reduction in the bandgap due to Mn and Co doping in NiO film may be due to the 

formation of some additional energy levels in the NiO near the valence band edge, 

resulting in a reduction of the energy associated with the transition from the valence 

band to the conduction band 263. Moreover, it is related to the structural modifications 

of NiO upon doping. Previous studies have also reported a decrease in the optical 

band gap of NiO upon doping 326ï328. 

 

Figure 5.4 (a) Transmittance spectra for bare NiO and M:NiO (Mn, Co) thin films. 

(Inset shows the photos of thin films on METU logo). (b) Tauc plots obtained from 

UV-VIS measurements for NiO and M:NiO (Mn, Co) thin films (Inset shows the 

bandgap values of thin films). 

5.4.2 Electrochemical and Glucose/H2O2 Sensor Properties of NiO Thin 

Films 

The cyclic voltammetry (CV) measurements were conducted to reveal 

electrocatalytic behaviors of NiO and M:NiO (M = Co, Mn) thin film electrodes. 

Figures 5.5 (a) - (c) show the CV curves of NiO, Co:NiO and Mn:NiO thin film 

electrodes within the potential range of -0.2 V to 0.8 V in 0.1 M NaOH electrolyte. 

The scan rates were increased from 5 to 75 mV/s. In each measurement, redox peaks 
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were found to occur between Ni2+ and Ni3+ according to the following reversible 

reaction: 

NiO + OH- ᵮ NiO(OH) + e- 

 

Insets of Figures 5.5 (a) - (c) showed that there are linear relations between both 

anodic and cathodic peak currents with the square root of scan rates. These results 

indicated that the redox reaction is a diffusion-controlled electrochemical process 

where the electrocatalytic reaction is dominated by the diffusion of glucose. Figures 

5.5 (d) - (f) show the CV comparison of NiO, Co:NiO and Mn:NiO thin film in the 

absence and presence of the glucose to investigate the electrocatalytic activity of the 

thin films towards glucose. The reactions in the presence of the glucose in electrolyte 

are as follows 329: 

 

NiO + OH- ᵮ NiO(OH) + e- 

NiO(OH) + Glucose ᵮ NiO + H2O2 + Gluconolactone 

 

During the CV measurements, Ni2+ oxidized to Ni3+ due to aqueous electrolyte and 

Ni3+ acted as catalyst for glucose. Glucose was oxidized by reducing Ni3+ to Ni2+. 

When gluconolactone was formed, it was rapidly converted into gluconic acid, which 

reacted with water molecules to form hydronium ions (H+). Upon adding glucose 

into the electrolyte, there occured significant enhancements in both anodic and 

cathodic peak current values and slight shifts towards more positive glucose 

oxidation potentials. Initially, there was a dynamic balance in Ni3+, Ni2+ and 

hydroxyl ions at the anodic peak potential. Then, a new balance occurred at the 

electrode and electrolyte interface with the reaction between Ni2+ and hydroxyl ions 

as Ni3+ was consumed by glucose. In order to form Ni3+, a more anodic potential was 

required due to the presence of hydroxyl concentration polarization 330. In Figures 
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5.5 (d) - (f), the oxidation of Ni2+ occurs at ca. 0.65 V vs. Ag/AgCl both in the 

absence and presence of glucose for all thin film electrodes, therefore, amperometric 

biosensor measurements, both glucose and H2O2 sensors, were conducted at an 

applied potential of 0.65 V vs. Ag/AgCl.  

 

Figure 5.5 CVs of (a) NiO, (b) Co:NiO and (c) Mn:NiO thin films with different scan 

rates in 0.1 M NaOH (Insets show linear fittings of the anodic and cathodic peak 

currents vs. square root of scan rates). CV comparison of (d) NiO, (e) Co:NiO and 

(f) Mn:NiO thin films in the absence and presence of glucose at a scan rate of 50 

mV/s. 

 

Electrochemical impedance spectroscopy (EIS) was conducted to reveal 

performance of the thin film electrodes. The Nyquist plots of NiO, Co:NiO and 

Mn:NiO thin film electrodes are provided in Figure 5.6. At high frequency region, 

there were similar bulk electrolyte resistance and resistance of the electrodes 268. On 

the other hand, at low frequency region, presence of the non-vertical lines was 

assigned to ion transport limitation in the bulk electrolyte to electrode surface 268. 
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Therefore, electrochemical measurements using NiO, Co:NiO and Mn:NiO thin 

films were diffusion limited. 

 

 

Figure 5.6 Nyquist plots for NiO, Co:NiO and Mn:NiO thin film electrodes (Inset 

shows the high frequency region). 

 

Electrochemical active surface area (ECSA) of the thin film electrodes were 

calculated using Randles-Sevcik equation:  

 

Ὥp = 2.686 ×105×ὲ3/2×ὃ×Ὀ1/2×ὅ×2/1‮ 

 

, where Ὥ is the peak current (A), n is the number of electrons transferred, A is the 

electrode area (cm2), D is the diffusion coefficient (cm2/s) (6.5 x 10-6 cm2/s for 

K4[Fe(CN)6]) (Electrolyte: 0.2 M KCl solution containing 10 mM K4[Fe(CN)6]), C 

the concentration (mol/cm3) and esaercni ,(a) 7.5 erugiF morF .(s/V) etar nacs eht si ‮ 

in the area of the CV curve at 50 mV/s scan rate indicates that the doping elements, 
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both Co and Mn, enhance the electroactive surface area. From the slope of the peak 

current vs square root of scan rate graph shown in Figure 5.7 (b), calculated ECSA 

values according to the Randles-Sevcik equation were 0.1094 cm2 for NiO, 0.1223 

cm2 for Co:NiO and 0.1214 cm2 for Mn:NiO thin films. This highlighted the 

improvement of sensor response with the increase in ECSA, thanks to the use of Co 

and Mn doping elements.  

 

 

Figure 5.7 (a) CV results of NiO, Co:NiO and Mn:NiO thin film electrodes in 0.2 M 

KCl solution containing 10 mM K4[Fe(CN)6] at a scan rate of 50 mV/s within the 

potential window of 0-0.6 V. (b) Corresponding peak current vs. square root of scan 

rate plots for NiO, Co:NiO and Mn:NiO thin film electrodes. 

 

Nonenzymatic glucose sensor measurements were conducted using bare and doped 

NiO thin film electrodes using constant potential chronoamperometric detection. It 

was previously reported that doping NiO with transition metals changes the 

electronic structure of the NiO and enhance its electrocatalytic activity due to the 

formation of non-stoichiometric compounds 331ï333. Figure 5.8 shows the schematic 

illustration of the reactions that occur during amperometric glucose sensing, where 

reactions were explained in detail for CV measurements. In Figure 5.9 (a), the 

amperometric current responses of the NiO, Co:NiO, and Mn:NiO thin film 
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electrodes are depicted in relation to the sequential addition of glucose solution, 

carried out every 100 seconds. Within the provided concentration range, all thin films 

started from a similar initial current, and then, upon the addition of glucose solution 

to electrolyte medium, they gave a stepwise current change response to the glucose. 

It is obvious in Figure 5.9 (a), that the current response obtained using NiO thin film 

is smaller than those with Co:NiO and Mn:NiO thin films. In order to compare the 

actual performance of the sensors, in Figure 5.9 (b), calibration plots obtained from 

amperometric current response of the thin film sensors were linearly fitted. The 

linear regression equations for NiO, Co:NiO and Mn:NiO thin film sensors were 

determined j(ɛA/cm2) = 4.55+0.44Ĭ[Glucose]/ɛM (with correlation coefficient of R2 

= 0.9986), j(ɛA/cm2) = 3.63+1.67Ĭ[Glucose]/ɛM (R2 = 0.9998) and j(ɛA/cm2) = 

5.44+1.23Ĭ[Glucose]/ɛM (R2 = 0.9994), respectively. The sensitivities of the 

sensors, obtained from the slopes of the regression equations were 0.44 ɛA/ɛMẗcm2 

for NiO, 1.67 ɛA/ɛMẗcm2 for Co:NiO and 1.23 ɛA/ɛMẗcm2 for Mn:NiO thin film 

sensors. The limit of detection (LOD) was calculated based on 3×S/N, where S was 

the standard deviation of fitting and N was the slope of the fitting line. LOD values 

were 623 nM, 231 nM and 404 nM for NiO, Co:NiO and Mn:NiO thin film sensors, 

respectively. The response time of the fabricated thin film sensors was determined 

as 8.3 s, 5.4 s and 6.4 s using 90% of the initial step change in the current and the 

response times for NiO, Co:NiO and Mn:NiO thin film sensors, respectively. A 

performance comparison table for the fabricated NiO, Co:NiO and Mn:NiO thin film 

sensors with other NiO-based studies in the literature for amperometric glucose 

sensors provided in Table 5.4. Considering the obtained amperometric thin film 

sensor results, best performance was obtained from Co:NiO thin films compared to 

NiO and Mn:NiO thin films in terms of sensitivity, LOD and response time. The 

enhanced glucose sensing performance was achiced by doping with Mn and Co 

because the doping altered the electronic structure of the NiO thin films, which cause 

increase in the electrocatalytic effects on glucose. 
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Figure 5.8 Schematic illustration of the reactions occuring during amperometric 

glucose sensing. 
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Figure 5.9 (a) Amperometric current response of NiO, Co:NiO and Mn:NiO thin film 

electrodes upon successive 1 mM glucose additions, (b) their linear calibration plots 

for current response vs. glucose concentration, (c) Calibration plots of NiO, Co:NiO 

and Mn:NiO thin film electrodes upon successive 10 mM glucose addition (inset 

shows amperometric current response). (d) Amperometric current response of 5 

different Co:NiO thin film electrodes upon successive 1 mM glucose addition. (e) 5 

amperometric current response measurements on a Co:NiO thin film electrode upon 

successive 1 mM glucose addition and (f) amperometric response of Co:NiO thin 

film electrode upon addition of human serum. (0.65 V vs. Ag/AgCl was applied in 

all measurements.) 

 

 

 

 

 






































































































































