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OZET

NANOYAPILI TUNGSTEN OKSIT-SIiLISYUM DIiOKSIT
KAPLAMALARIN SOL-JEL DALDIRMALI KAPLAMA YONTEMIiYLE
URETIiMi VE KARAKTERIZASYONU

MUHAMET NECAR

Yiiksek Lisans Tezi
Fen Bilimleri Enstitiisii
Metalurji ve Malzeme Miihendisligi Anabilim Dal1
Danisman: Assist. Prof. Dr. Tolga Tavsanoglu

OCAK, 55 sayfa

Tungsten oksit, genis bant arali8i, kiibik, triklinik, monoklinik, ortorombik, tetragonal
ve altigen kristal yapilari, kimyasal stabilitesi, optik ve elektriksel 6zelliklerinin
avantajl bir karisimina sahip ¢ok yonlii bir malzeme olarak 6zellikle son on yilda
biiyiik ilgi gérmiistiir. Ozel bir uygulama igin 6zelliklerini optimize etmek amaciyla
nanoyapilandirma, katkilama, diger oksitlerle birlestirme ve kristal faz yerine amorf
faz kullanma yaygin yontemlerdir. Bu caligmada, nanokompozit tungsten oksit-
silisyum dioksit ince filmleri, tek asamali sol-jel hazirlama ve daldirma kaplama ile
sentezlendi. Cozeltiyi hazirlamak i¢in tungsten kromat, baz kataliz kosulunda
amonyum hidroksit ilavesiyle tetra etil orto silikat ve alkol igerisinde ¢oziildi.
Filmlerin mikroyapisal 6zellikleri SEM gozlemleri ile karakterize edilmistir. Filmlerin
optik ozelliklerini 6lgmek i¢in spektrofotometre kullanilmistir. Nanokompozit
filmlerin fotokatalitik aktivitesi, temas agilari ve yapay giin 15181 1s1n1m1 altinda metilen
mavisinin bozunmasinin gézlemlenmesiyle degerlendirildi.

Anahtar Kelimeler: Tungsten oksit, Nanokompozit kaplamalar, Sol-jel daldirmali
kaplama, Mikroyapisal  oOzellikler, Optik  &zellikler,
Fotokatalitik 6zellikler



ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF NANOSTRUCTURED
TUNGSTEN OXIDE-SILICON DIOXIDE COMPOSITE COATINGS VIA
SOL-GEL DIP COATING TECHNIQUE

MUHAMET NECAR

Master of Science (M.Sc.)
Graduate School of Natural and Applied Sciences
Department of Metallurgy And Materials Engineering

Supervisor: Assist. Prof. Dr. Tolga Tavsanoglu

JANUARY, 55 pages

Tungsten oxide has attracted lots of attention especially during the last decade as being
a versatile material with an advantageous mixture of wide band gap, crystal structures:
cubic, triclinic, monoclinic, orthorhombic, tetragonal, and hexagonal; optical and
electrical characteristics; chemical stability. To optimize its properties for a specific
application, nano-structuring, doping, combining with other oxides, and using an
amorphous phase instead of a crystalline phase are common methods. In this study,
nanocomposite tungsten oxide-silicon dioxide thin films were synthesized with one
step sol-gel preparation and dip coating. To prepare the solution, tungsten chromate
was dissolved in tetra ethyl ortho silicate and alcohol in base catalysis condition by the
addition of ammonium hydroxide. The microstructural properties of the films were
analyzed using SEM observations. Spectrophotometers were utilized to measure the
optical properties of the films. The photocatalytic activity of the nanocomposite films
was assessed by monitoring the contact angles and the degradation of methylene blue
under artificial daylight irradiation.

Keywords: Tungsten oxide, Nanocomposite coatings, Sol-gel dip coating, Optical
properties, Microsttructural properties, Photocatalytic properties.
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1. INTRODUCTION

Tungsten oxide (WO3) is renowned for its diverse oxidation states, which give rise to
various oxides like WO, and WO3, each with distinct structural, optical, and chemical
properties. Notably, at elevated temperatures, tungsten oxide undergoes a transition
from a semiconductor to a metallic state, significantly changing its electrical and
optical properties.This phenomenon involves a structural shift from a low-temperature
setup to a high-temperature tetragonal configuration (Thorsten Wagner, 2000). In its
monoclinic phase, tungsten oxide exhibits non-metallic properties and infrared
transparency at room temperature but becomes metallic and reflective to infrared

radiation upon heating (Livage et al., 1988).

Despite extensive research, the mechanisms underlying these phase transitions in
tungsten oxide remain not fully understood. However, its ability to undergo reversible
metal-insulator transitions makes it valuable in applications such as gas sensors, smart
windows, photocatalysis, and electrochromic devices (Claes G. Granqgvist, 1995).
Multiple synthesis methods, Various methods, including hydrothermal synthesis,
sputtering deposition, chemical vapor deposition, pulsed laser deposition, and the sol-
gel process, have been developed to produce high-quality materials., phase-specific
tungsten oxides. The sol-gel method, in particular, is a low-temperature chemical route
that synthesizes ceramic materials through the polycondensation of monomers into a
colloidal mixture, eventually forming a network of nanoparticles or a polymerized bulk
network (W. A. MacDonald, 1992).

This technique is crucial for creating coatings with exceptional technical properties
such as heat insulation, low dielectric constant, and strong visible light transmission.
Tungsten oxide coatings are being increasingly utilized in optical, magnetic, and
thermal applications, including applications like anti-reflective coatings and thermal
insulation. Their dielectric properties make them suitable for various microelectronic
structures, enhancing their appeal for optical coatings, microelectronics,

optoelectronics, photocatalysis, self-cleaning surfaces, solar energy technologies,

1



Tungsten oxide coatings are increasingly employed in optical, magnetic, and thermal
applications(Arendt & Wilkinson, 2000).

On the contrary, The most researched electrochromic material is tungsten oxide among
n-type semiconductors due to its excellent electrochromic properties in the visible and
infrared ranges, cost-effectiveness, and high color efficiency. Tungsten oxide films
exhibit various chromogenic characteristics, including photochromism and
electrochromism, with some irreversible coloration processes (Spith et al., 2007).
These films are widely used in electrochromic devices as cathode materials due to their
superior reflective properties in the near-infrared spectrum for thermal modulation and
transmissive properties in the visible range for transmission modulation. The electrical
characteristics of tungsten oxide thin films are crucial for gas sensor applications,
where both crystalline and amorphous forms are utilized (Kim et al., 2006). Several
fabrication techniques exist for tungsten oxide thin films, including physical vapor
deposition, sputtering, thermal evaporation, spray deposition, sol-gel, and

electrodeposition .

Silicon dioxide (SiO-) coatings, renowned for their electrochromic and photochromic
attributes, these materials are extensively utilized across multiple industries because
they integrate light-responsive photochromic features with electrochromic properties
that react to electric fields.These coatings offer benefits like solar control, energy
savings, and visual comfort. The sol-gel method, in particular, is favored for producing
tungsten oxide and silicon dioxide thin films due to its low cost, lack of special
conditions, versatility in starting materials, ability to produce homogeneous thin films,

and capability to cover substrates with varying characteristics and sizes .

This technique allows for the modification of solution concentration, gel formation
time, annealing temperature and duration, and doping with various metals to produce
thin films with diverse thicknesses and physical properties, making it essential for

optical and electrical applications (Livage et al., 1988).

In this study, nanocomposite tungsten oxide-silicon dioxide thin films were
synthesized with one step sol-gel preparation and dip coating. To prepare the solution,
tungsten chromate was dissolved in tetra ethyl ortho silicate and alcohol in base
catalysis condition by the addition of ammonium hydroxide. The microstructural

properties of the films were analyzed using SEM observations. Spectrophotometers
2



were utilized to measure the optical properties of the films. The photocatalytic activity
of the nanocomposite films was assessed by monitoring the contact angles and the

degradation of methylene blue under artificial daylight irradiation.



2. THEORETICAL BACKGROUND

2.1. Tungsten Oxide

Tungsten oxide, characterized by its body-centered cubic structure with a lattice
parameter of 3.16 A, is predominantly present in the +6 oxidation state, as evidenced
by its electronic configuration of [Xe]5d46s2. Within the WOx series, encompassing
a range of oxides, including WO> with a monoclinic structure and polymorphic WOs3,
which exists in multiple phases, the compound demonstrates variability with x ranging
from 2 to 3. These oxides are renowned for their diverse optical, structural, and
chemical characteristics, with phase transitions from semiconductor to metal occurring
under the influence of factors like temperature, electric fields, or doping; the tungsten-
to-oxygen ratio crucially influences the material's structure and properties. Tungsten
trioxide (WQ3) is distinguished by its capacity to shift from a semiconductor to a metal
in the vicinity of room temperature, particularly at approximately 68°C, adopting a
tetragonal structure in its metallic form and a monoclinic structure in its
semiconducting form. The configuration of WO3 overall resembles that of a perovskite
structure devoid of the 'A' atom, as depicted in (Figure2.1.) featuring a network of WOs
octahedra, the structure's various phases result from discrepancies in the tilting
patterns, deformations, and the arrangement of the central tungsten atoms within the

octahedra (Linderilv, n.d.).
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Figure 2.1. (a) Monoclinic WO3 octahedron configuration. (b) Octahedron WO, octahedron
configuration



A. Cremonesi et al. (2008) investigated the electrochromic properties of WOs3 thin
films that were produced using the sol-gel dip coating method. High annealing
temperature (=300 °C) has resulted in a large amount of Na+ ions incorporation in the

film and reduction in the electrochromic efficiency.

Nilgun Ozer (1997) employed the sol-gel spin coating method to prepare amorphous
WOz thin films. The study's findings indicate that the chemistry of the solution
significantly influences both the refractive index and the electrochromic coloration of
the films. The films show high transmittance and low absorption in the visible region

(extinction coefficient, k = 5.6 x 10-3; and refractive index, n = 1.96).

Esra Ozkan Zaim and Fatma Tepehan (2002) studied By analyzing the structure and
optical properties of porous WOs3 thin films prepared using the sol-gel spin coating
technique through X-ray diffraction, it was observed that the tungsten oxide film
begins to crystallize at an annealing temperature of 350 °C. The peaks appeared at
23.14°, 23.64° and 24.36° corresponding to (002), (020) and (200) diffractions in the
triclinic structure. The refractive index was found n = 2.00 at wavelength, 550 nm and
n = 1.97 at 633 nm. The value was lower in the porous structure. The extinction
coefficient was found k = 8.8 x 10-5 at 550 nm and k =4.11 x 10-3 at 633 nm.

Esra Ozkan Zaim and F.Z. Tepehan (2001) studied the optical properties of WOs thin
films (prepared using the spin coating technique) within the wavelength range of 200
1100 nm. They concluded that the optical transmittance decreases with increasing film
thickness. The transmittance values increase from 0% to 60% in the wavelength region
300-400 nm with a sharp peak at 350 nm, and from 60% to 80% in the range 400—
1100 nm. It was also noted that the surface roughness increases with the number of
coatings applied. Additionally, the refractive index and extinction coefficient change
based on the chemical composition and thickness of the films. For 6-layer coated film
(thickness, 580 nm) at wavelength, 550 nm The refractive index and extinction
coefficient were determined to be n = 1.77 and k = 1.395 x 10-3, respectively, While
for 7-layer coated film (thickness, 675 nm) n = 1.89 and k = 0.984 x 10-3.

Solution chemistry is easily tunable to affect the optical and morphological properties
of the WOs3 thin films with an optical band gap of 3.10 + 0.12 eV. D. Saygm et al.
(2008) investigated the WOs thin films which were fabricated by sol-gel method and

spin coating technique at different annealing temperatures (250 and 400 °C). The WO3
5



films were amorphous at annealing temperatures of 250 and 400 ‘C. The optical
properties showed a refractive index of n = 1.96 £ 0.02 (250 °C) and n = 1.94 + 0.08
(400 °C) at a wavelength of 550 nm in the range of 300 to 1000 nm. The optical
transmittance was increased from 30% to 70% in the 300 to 400 nm range and from
70% to 80% in the 400 to 1000 nm range. The optical reflectance increased from 10%
to 20% in the 300 to 400 nm range, while it decreased from 20% to 15% in the 400 to
1000 nm range. The optical transmittance was measured as 73% at 550 nm. Lay Gaik
Teoh et al. (2005) studied the structure and optical characteristics of porous tungsten
oxide thin films coated by sol-gel method. They reported that the films showed
monoclinic structure from room temperature up to 330 °C. The optical band gap energy
of the porous tungsten oxide thin films was 3.5 eV, with increased absorption observed
for wavelengths shorter than 360 nm. It was also demonstrated that the films showed
photochromic behavior upon UV light illumination. P.K. Biswas et al. (2003) studied
the optical characteristics of WO3 thin films (500 nm thickness) coated by sol-gel
dipping technique. The optical transmittance was measured between 20 and 30% in
the 400 to 800 nm range in the coloration state and 60 to 70% in the whitening state.
As the coating thickness decreases, E. Z. Ozkan (this study) observed that the
interference effect decreases. Kai Huang et al. (2007) investigated the optical,
structural and chemical characteristics of WO3 thin films affected by coloration and
whitening cycles especially the cyclic efficiency and the degradation during long term
cyclic measurement. They reported that the films showed a stable structure after a
thousand cycles of coloring and whitening. After 2000 cycles, different degradations

and cracks were seen in the crystal structures.

Long-term cyclic measurement was accompanied by the destruction of the
electrochromic structure because of the degradation of the surface and crystal

structure.

R. Solarska et al. (2006) “WOz thin films coated via the sol-gel method. Influence of
the starting materials and annealing temperature” J. Non-Cryst. Solids 352 1491-1495
studied the influence of starting materials and annealing temperature on the structure
and photoelectrochemical characteristics of WOs3 thin films. Tungstic acid (H2WO,)

was used as the starting material and organic compounds were added to the sols. For



better photoelectrochemical properties, the crystal structure of the film must be

monoclinic.

C.O. Avellanado et al. (2003) “Optical transmittance of tungsten oxide films coated
by the sol-gel immersional technique and annealed in the temperature range 100-150
°C under light and an electric field” Thin Solid Films 442 150-155 studied the optical
transmittance of WO3 films prepared by the sol-gel method and annealed at 100-150
°C. The films were coated onto glass substrates by the immersional technique from
tungstic acid sols with different concentrations. Crystallization of the amorphous films
started at about 450 °C. The diffractogram showed peaks at 23° which can be indexed
to (200), (020) and (002) planes. The photochromic effect of the films was studied in
the wavelength range 300 <A <2100 nm. The coloring and whitening processes were
carried out at 633 nm. For WO3 thin films, the variation of the optical transmittance
(AT) between the coloring and whitening process was also studied. A 410 nm thick
film at 120 °C showed a AT value for Ti-doped WQO3 thin films, while a 415 nm thick
film at 150 °C showed a AT value of 54%. A 520 nm thick film at 150 °C exhibited a
AT value of 43.39%, while a 550 nm thick film at 120 °C showed a AT value of
64.49%. All the amorphous films showed photochromic effect.

A. Patra et al. (2004) concluded that electrochromic tungsten oxide thin films, coated
by sol-gel dipping method, showed maximum photochromic effect when annealed at
200 °C for one hour. Structural and optical properties were investigated at various
annealing temperatures, in the range of 60 to 400 °C. At low temperature, the film was
amorphous and at the optimum annealing At different temperatures, the films
displayed an orthorhombic crystal phase with a W-O-W bond structure. X-ray
diffraction studies revealed that the sample annealed at 60 °C did not achieve complete
crystallization, as indicated by its very low peak intensity. In contrast, the sample
annealed at 400 °C demonstrated clear crystallization and exhibited the orthorhombic
crystal phase. Agnihotry (2006) investigated the influence of coloration—whitening
cycle on the optical properties of tungsten oxide thin films prepared using the sol-gel
dipping process. They observed that the films became whiter during oxidation phase
and all the films showed systematic decrease in optical transmittance spectrum in the
300nm>A>800nm range. The reduction reaction also induced the variation in optical

transmittance. After five coloration cycles, the permeability varied by 1.2% and after
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whitening cycle it varied by about 17%. The films showed perfect and irreversible
properties during the first five cycles. The coloration efficiency decreases during the

reduction process.

2.2. Tungsten Oxide Systems

Tungsten, symbolized by W is a transition metal that creates oxides collectively known
as tungsten oxides (WOy) where x typically ranges between 2 and 3. These oxides have
forms with common oxidation states being W"4+, in WO, and W”6+ in WO;. The
highest oxygen state in the tungsten oxygen system is represented by WO;. Between
WO, and WO; there are intermediate nonstoichiometric phases known as Magneli
phases, like W10, and W,,0¢g each distinguished by its unique crystal structures

and properties (Louzguine & Inoue, 1999).

Understanding the phase diagram shown in (Fig 2.2.) of tungsten oxides is essential to
determine the phases under conditions. This knowledge offers insights into the
characteristics of these materials guiding their synthesis and application in various
tungsten oxide-based products.Researchers extensively explore tungsten oxides for
their capabilities which're beneficial for applications like smart windows and displays.
The capacity to change color reversibly when subjected to a field is a trait of these
materials. Films of tungsten oxide can be deposited using various methods such as
chemical vapor deposition (CVD), sputtering, pulsed laser deposition, epitaxial
growth, and the sol-gel technique.These techniques enable the production of films,
with porosity, thickness and composition control to enhance the electrochromic

performance of the material (Sudo, 1992).
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Figure 2.2. Phase diagram of Tungsten Oxide

2.3. Properties of Tungsten Oxides

The properties of tungsten oxide are summarized in Table 2.1.

Table 2.1. Tungsten oxide properties

Property

Tungsten Oxide (WO3)

Crystal Structure

Band Gap
Optical Properties

Photocatalysis
Density
Hardness

Thermal Stability
Corrosion Resistance

Electrochromism
Thermochromism
Electrical Properties
Mechanical Properties
Chemical Activity

Monoclinic, orthorhombic, cubic, or

hexagonal
2.6 to 3.2 eV (semiconductor)

Electrochromic, visible light
photocatalytic

Effective under visible light
~7.16 g/cm?

Relatively hard, moderate wear
resistance

Stable up to ~1,470°C

Resistant to oxidation, moderate
chemical stability

Strong electrochromic properties
Color change with temperature
n-type semiconductor
Moderate hardness, can be brittle

Can be catalytically active




2.3.1. Electrochromism

Cilt In the realm of materials, there exists a fascinating phenomenon known as
electrochromism, where materials display reversible color changes due to
electrochemical reactions. This phenomenon is part of the broader category of material
chromism,alongside thermochromism (color changes due to temperature) and
photochromism (color changes due to light exposure). Electrochromism, specifically,
refers to color transformations induced by an electric potential. Remarkably, even a
minimal electric potential, often requiring only a few volts, or sometimes even less,

can trigger these color alterations in electrochromic materials(Zhang et al., 2019).

2.3.1.1. Electrochromism applications

The realm of electrochromic boasts a myriad of practical applications spanning from
information displays to optical modulators and intelligent window glazing systems.
One notable application lies in the realm of smart windows, where electrochromic
technology is leveraged to regulate the ingress of both heat and light. In this
configuration, a thin layer of electrochromic material is typically applied onto window
glass, facilitating dynamic control over transparency. Moreover, in automotive
settings, transmittance modulation via electrochromic mechanisms has been harnessed
to automatically adjust the tint of rearview mirrors in response to varying illumination
conditions. The depicted pattern comprises five distinct layers, which are either
sandwiched between two surfaces or arranged in a stacked configuration. Commonly,
these layers are supported by flexible polyester film or glass substrate. Central to this
five-layer assembly lies the electrolyte, a pure ion-conducting material. This
electrolyte, situated centrally within the structure, can take on either organic form,
typically an adhesive polymer or an inorganic compound, often based on oxide sheets
(Kosinski, 2005). Hydrogen ions (H+) or lithium ions (Li+) are frequently favored as
ion carriers due to their diminutive size, which enables mobility within the structure

as shown in (Figure 2.3.).
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Figure 2.3. The fundamental layout of an electrochromic device

2.3.1.2. Advantages

Dynamic Control of Light and Heat: Electrochromic coatings have the distinctive
capability to change their color and transparency when an electrical current is
applied. This dynamic responsiveness enables precise regulation of both light and
heat transmission. Consequently, electrochromic coatings find optimal utility in
the realm of smart windows, adept at darkening to mitigate sunlight and heat or

lightening to facilitate natural illumination and warmth(Jabur & Al-Fatlawi, n.d.).

Enhanced Energy Efficiency: By mitigating solar heat gain during warmer seasons
and reducing reliance on artificial lighting, electrochromic coatings play a crucial
role in enhancing the energy efficiency of buildings. This translates to tangible
benefits such as diminished energy expenditures and mitigated greenhouse gas

emissions.

Privacy and Security Enhancement: Electrochromic windows offer the versatility
of transitioning into an opaque state, catering to privacy and security requirements.
This feature is especially beneficial in environments like conference rooms, office

spaces, and residential environments where privacy is paramount.

Durability and Low Maintenance: Notably robust, electrochromic coatings exhibit

high durability and necessitate minimal upkeep. Unlike conventional window
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tinting films, they are impervious to UV-induced fading or degradation, thereby

ensuring prolonged functionality with minimal maintenance demands.

2.3.1.3. Disadvantages

e Cost: Presently, Electrochromic coatings generally involve higher expenses
compared to conventional window tinting films or blinds. Nevertheless, as
technology matures, there is a notable trend towards cost reduction. Moreover, the
long-term energy savings facilitated by these coatings can potentially offset the

initial investment.

e Complexity: Implementing electrochromic systems necessitates the incorporation
of electrical wiring and controls, thereby augmenting the intricacy associated with

both installation and maintenance processes.

e Switching Speed: The rate at which electrochromic coatings change colors can
differ based on the particular material used and the voltage applied. In certain

cases, the switching process may require several seconds to complete.

e Limited Color Range: While certain electrochromic coatings offer versatility in
transitioning across a spectrum of colors, the available range is presently
constrained when juxtaposed with traditional window tinting films. (Zhang et al.,
2019), (Granqgvist et al., 2003).

2.3.2. Photochromism

Reversible Photosensitivity in Materials. Certain materials exhibit a fascinating
phenomenon known as photochromism. This property manifests as a reversible change
in color upon exposure to ultraviolet (UV) radiation. Two primary categories of

materials showcase this intriguing behavior.

In the domain of ophthalmic applications, specifically designed glasses incorporate
metal halides as the active component within their melt. These inorganic
photochromes, however, are limited in their color palette because of the lack of

appropriate coating materials for organic polymer substrates.
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Alternatively, organic polymers can be imbued with photochromic properties through
the inclusion of organic dyes such as spirooxazines, spiropyrans, chromenes, and
dihydroindolizines. Recent advancements in thermal transfer techniques have opened
the door to the development of photochromic polymeric lenses utilizing these organic
dyes. This approach offers greater versatility in color expression compared to
traditional inorganic materials(Ahmadi et al., 2020).

2.3.2.4. Advantages

e Eye Protection: In eyewear, photochromic coatings are beneficial for reducing
glare and eye strain by adjusting the level of tint based on sunlight intensity. This
dynamic tinting helps shield the eyes from harmful UV rays, offering enhanced

protection.

e UV Protection: Photochromic coatings typically provide robust UV protection,
which is essential for preventing harm to the eyes from ultraviolet radiation.

e Adaptability to Light Conditions: These coatings offer automatic adjustment to
changing light conditions. They darken in response to UV light and return to their
original clear state when UV light is no longer present, ensuring optimal visual
comfort(lwai et al., 2014).

2.3.2.5. Disadvantages

e Reaction Time: The response time of photochromic coatings can vary, with some
coatings taking longer to transition between clear and tinted states. This delay can
be a drawback in scenarios where rapid adaptation to changing light conditions is

necessary.

e Temperature Dependency: The performance of some materials can be influenced
by temperature variations. In colder temperatures, the activation or transition speed

may slow down, impacting their effectiveness.

e Cost: Products incorporating photochromic Coatings are often more expensive
than non-photochromic alternatives, which may be a factor for consumers

considering cost-effectiveness (Tong Cheng et al., 2007), (Cheng et al., 2008).
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2.3.3. Structure

The study of stoichiometric tungsten trioxide reveals that when heating or cooling,
phase transitions and structural polymorphism take place at distinct temperatures. The
monoclinic T (y-WOz3) phase is the stable form most commonly observed at room
temperature, existing within the temperature range of 17-330°C. Below room
temperature, two more crystallographic phases exist: monoclinic Il (e-WQO3z) for
T<-43°C and triclinic (6-WO3) for —43°C<T<17°C. y-WOs becomes
orthorhombic B-WOs3 (stable to 740°C) when heated above 330°C, while tetragonal a-
WOs3 is discovered at T > 740°C. Nevertheless, these two phases are only stable at
exceptionally high temperatures, and they return to y- WOz when cooled. Additionally,
a metastable hexagonal phase (h- WO3) can be synthesized chemically using various
techniques. This hexagonal phase transforms into y- WO3 when heated above 400 °C
and then cooled. When impurities such as hydrogen, sodium, or lithium are present, a
cubic phase (c-WOs3) is observed in powders and thin films, coexisting with the
monoclinic phase. While this cubic phase is deemed ideal at high temperatures, it has
not been detected in bulk samples and thus serves as a structural reference for
WOs.The cubic WOz (c-WO3) structure, illustrated in the figure below, resembles the
ReO3-type and consists of WOe octahedra linked at their edges and corners. The
different polymorphs of WO3 are known as distorted ReOgs structures, arise from
different tilting angles and rotations of these WOs octahedra. These octahedral units
collectively form a structure resembling perovskite as shown in (Figure 2.4.) for
instance, in h-WOs3 Tunnels along the c-axis are formed as a result of the sharing of
corner oxygen atoms in configurations of six- and three-membered rings (Mardare &
Hassel, 2019a).
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Crystal structure remodeling creates stoichiometric oxides, such as the Magneli phase,
since there are less oxygen atoms in the crystal structure. (Figure 2.5.) displays the O-
W phase diagram varies as a function of temperature, emphasising the different oxygen

concentration ranges containing the Magneli phases.
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Figure 2.5. Oxygen-Tungsten phase diagram

Whereas shared edges and even surfaces gradually arise for the sub stoichiometric
oxides as the oxygen level decreases, the WOe octahedra shares only the corners for
the stoichiometric WOs3. The defining features of these oxides are edge-sharing WOsg
octahedra, which create channels forming pentagonal columns and hexagonal tunnels.
An illustration of this kind of crystallographic structure for W1gOag is depicted in
(Figure 2.6.).
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Figure 2.6. An illustration of the W1sO49 Magneli phase’s crystalline structure in three
dimensions

The ability of a material to act as a photocatalyst is a key factor in environmental and
energy applications. WO is highly active under visible light, which makes it
particularly useful in photocatalytic applications such as water splitting, air
purification, and the degradation of organic pollutants. The effectiveness of WO in
these processes is attributed to its ability to generate reactive oxygen species upon light

absorption, which can degrade harmful compounds.

In contrast, SiO, is chemically inert and does not exhibit any photocatalytic activity.
However, its inert nature is advantageous when SiO, is used as a support material or
matrix in composite structures. In the synthesis of WO3-SiO, composite coatings,
SiO, can provide structural stability and mechanical reinforcement, while WO; serves
as the active photocatalytic component. The incorporation of SiO, ensures that the
composite maintains its structural integrity, even under prolonged exposure to light or

in reactive environments.

2.3.4. Chemical and physical properties

To create crystalline tungsten trioxide, (Reaction 1). Ammonium paratungstate
tetrahydrate or tungstic acid (Reaction 2) are calcined in air at temperatures above 400
°C. The resulting chemical changes occur due to the following decomposition

processes:

T)400 °C
(NH4)10(H2W12042).4‘H20 — 12W03 + 10NH3 + 10H20 (Reactlonl)
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T)400 °C
(NH4)10(H2W12042).4H20 — 12W03 + 1ONH3 + 10H20 (ReaCtLOTll).

The powder that is formed when stoichiometric WO3 is produced is yellow in colour
and turns green when there is a deficit of oxygen. The magnéli phases arise at high
temperatures when WO3 is reduced in moist Hp. Based on the stoichiometry, these
phases exhibit different colors: bluish-violet for WO,.,, reddish-violet for WO-.7, and
brown for WO2.Tungsten trioxide has a wide range of stable pH values, from neutral
to acidic, according to the Pourbaix diagram furthermore, it is hardly soluble in acidic
conditions and has significant (photo) electrochemical stability in them, has a rather
high melting point of 1473 °C; below this temperature, it starts to sublimate, especially

when water vapour is present (Mardare & Hassel, 2019b).

A large bandgap n-type semiconductor with dO-transition metal oxide properties is
tungsten trioxide. The electron concentration is mainly determined by inherent defects,
such as oxygen vacancies (VO2+), which have a concentration in the range of 10—
10'7 cm™3. The electronic bandgap (Eg) is the energy gap separating the valence band
and the conduction band. The valence band is formed by fully occupied O 2p orbitals,
while the conduction band consists of unoccupied W 5d orbitals, as illustrated in
(Figure 2.7.) the electronic bandgap value of bulk y-WQ3 is around 2.6-2.8 eV. This
number is influenced by the extent of distortion from the cubic structure to amorphous
WOs has a significantly broader bandgap of ~3.2 eV. The bandgap values increase
even more as WOg's size is lowered into the nanoscale region because of quantum
confinement. WOz the ability to absorb around 12% of solar radiation42, ranging from
ultraviolet to 400 nm in wavelength. WOs is not conducive to one-step hydrogen
generation due to its reduction potential, as assessed against the standard hydrogen
electrode (SHE). The edge of the conduction band (CB) is below the threshold for
photocatalytic hydrogen evolution. WO3 can promote the production of oxygen,
nevertheless, because The valence band (VB) potential is situated at around 3.2 eV in
relation to SHE. Because of its property, it is a material that is much sought after The
valence band (VB) potential is crucial when considering its application as a
photoanode in photoelectrochemical water splitting. The VB position promotes the
formation of hydroxyl radicals, which allows for the oxidation of organic

pollutantsThe same mechanism also underlies its antibacterial action, as hydroxyl

17



radicals are associated with cell membrane damage, leading to the inhibition of
bacterial growth (Mardare & Hassel, 2019a),(Grangvist, 1999).
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Figure 2.7. Boundaries of the valence and conduction bands of WO3

Migas et al. conducted Ab initio calculations to determine the electric properties of
Magneli phases. The metallic properties shown by these materials are attributed to the
placement of Fermi levels that intersect certain energy bands that exist within each

substoichiometric oxide discussed earlier.

WOs's optical properties are closely linked to its bandgap. Since there is no absorption
in the visible spectrum or for light wavelengths longer than 400 nm, WO3 looks
transparent to brilliant yellow. Interbrand transitions occur at shorter wavelengths
where photon energy values exceed the bandgap energy. According to Gullapalli, the
ultraviolet to blue part of the spectrum is where the absorption threshold is located. In
oxygen-deficient phases (also known as Magnelli phases), vacancies in oxygen
generate additional energy bands beneath the conduction band, these vacancies exhibit
an absorption band in the near-infrared region, imparting a green to bluish coloration
(Niklasson et al., 2004).

2.3.5. Transition from metal to insulator in tungsten oxide

Tungsten oxide (WO_x) captivates researchers with its ability to undergo a dramatic
metamorphosis referred to as the Metal-to-Insulator Transition (MIT). This
phenomenon signifies a drastic shift in its electrical properties, where the material

transforms from a conductor of electricity (metallic) to an insulator (resistant to current
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flow) or vice versa. This essay delves into the captivating intricacies of this transition
from a condensed matter physics perspective.

Within the realm of condensed matter physics, metals and insulators represent distinct
classes of materials. This distinction arises not only from their contrasting electrical
behaviors but also from their underlying crystal structures. Metals generally possess
high coordination numbers, often 8 or 12, signifying the number of nearest neighbor
atoms they interact with. Conversely, insulators exhibit lower coordination numbers,
often explained by "octet rule” bonding arrangements, where each atom forms bonds
with enough neighboring atoms to achieve a stable configuration with eight electrons
in its outermost shell. Classic examples include crystalline silicon (Si) and germanium
(Ge) with their diamond structures, where each atom boasts four nearest neighbors,
resulting in an octet of valence electrons. Lead (Pb), on the other hand, exemplifies a

material that perpetually remains metallic (Clarke, 2008).

However, the element tin (Sn) throws a captivating curveball. Gray tin, possessing a
diamond structure, behaves as a brittle semiconductor with a narrow bandgap, whereas
white tin, adopting a body-centered tetragonal structure, manifests as a malleable
metal. These two forms — gray and white tin — exist in a delicate energetic balance.
The transformation from metallic white tin to semiconducting gray tin occurs at low
temperatures, a phenomenon historically known as "tin pest" or "tin blight." This
peculiar transition caused organ pipes constructed from tin to crumble and disintegrate
in 18th-century Europe (Bauer et al., 2003).

The essence of this phenomenon revolves around the concept of orbital overlap.
Theoretical predictions suggest that all insulators, under sufficiently high pressure or
density, should transform into metals. Experimentally achieving such pressures to
induce this transition, however, remains a significant challenge. Silicon and
germanium, for instance, stubbornly persist as semiconductors (insulators) under
attainable conditions. However, because of the complex interplay of electrical

interactions within its atomic structure, tin defies this trend.

To delve deeper into the MIT phenomenon, we can employ the Hubbard model.
Imagine a simplistic chain of N atoms, each harboring a solitary valence electron (like

hydrogen, sodium, or cesium). According to the basic band theory, such a chain should
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exhibit metallic behavior because the N atoms combine to form N orbitals, and the N
valence electrons perfectly half-fill these orbitals. However, most materials reside
comfortably either in the metallic or insulating regime., far from this critical transition
point. The periodic trend observed among transition metal monoxides (MO, where M
represents elements from titanium to nickel) exemplifies this concept. Despite sharing
the same NaCl crystal structure, these materials exhibit diverse electronic behaviors.

(Figure 2.8.) illustrates the electron hopping mechanism in a one-dimensional chain of

atoms.
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Figure 2.8. Electron hopping in a 1-D chain of atoms

2.3.6. Li intercalation

Tungsten oxide (WO;3-nH,0) is a notable layered oxide material with diverse
applications, particularly in electrochromic devices and energy storage systems. A
fascinating feature of this material is the Metal-to-Insulator Transition (MIT), which
causes a notable change in the electrical characteristics of a material from metallic to
insulating states or the opposite. This discussion explores the specific dynamics of

lithium intercalation within tungsten oxide.

Layered Structure: Tungsten oxide features a layered architecture consisting of corner-
sharing WO, octahedra. The synthesis conditions have an impact on its crystallization
into many phases, including orthorhombic, cubic, tetragonal, triclinic, and monoclinic
(Xu et al., 2018).

Role of Interlayer Water: The interlayer water in tungsten oxide facilitates high-rate
electrochemical proton intercalation. This water presence helps stabilize the structure

by reducing electrochemical deformation.
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Lithium Intercalation: Introducing lithium ions (Li*) into the interlayer spaces of

tungsten oxide leads to several interesting phenomena:

Hexagonal Structures: Hexagonal tungstates, including oxides or tungsten compounds,
demonstrate superior cycling behavior and higher specific capacities during lithium-

ion intercalation compared to their monoclinic counterparts.

Pre-Allocated Lithium: The presence of pre-allocated lithium (as Li,O) in hexagonal
tungstate’s significantly influences their lithium intercalation capacity(Hu et al.,
2017).

2.4. Synthesis Techniques Of Tungsten Oxide

e Doping: It is crucial to create materials that can capture and use a substantial
percentage of the sun spectrum in order to meet the growing need for energy. Due
to its availability and appealing qualities, tungsten trioxide has attracted a lot of
attention in this regard. Extensive research on the bandgap engineering of tungsten
trioxide has revealed that its electronic properties can be tuned through appropriate
doping. Specifically, bandgap reduction or edge shifting can be achieved by
introducing dopants, which modify the electrical characteristics. Studies have
shown that cation doping (e.g., Ag, Cr, Hf, Mo, Pt, Ti, Zr) can either reduce the
bandgap by elevating the valence band edge or create additional energy states
within the bandgap through impurity introduction (Besozzi et al., 2019a).

e Sol-gel: One of the most well-known wet-chemistry coating processes, the sol-gel
technique, has drawn a lot of interest in the last 20 years because of its affordability
and broad coverage capabilities. These attributes make the sol-gel method
particularly attractive for commercial applications. Utilising molecular precursors
to produce an oxide network by polymerization is the basis of the technique. These
molecular precursors can be inorganic precursors such as metal salts in aqueous
solutions, like tungstic acid powder in hydrogen peroxide, or metal alkoxides
dissolved in appropriate organic solvents, like WOCI4 in isopropyl alcohol or
tungsten oxo-tetra-n-butoxide (WO(OnBu)s) in ethanol. Once the sols are formed,

they can be applied to substrates through spraying, spin-coating, or dip-coating
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techniques. Stoichiometric and crystalline WOz films are obtained by the
subsequent hydrolysis, calcination and drying steps. For photoelectrochemical
studies, Yang examined the mesoporous films formation of an aqueous precursor
based on peroxopolytungstic acid with pH as a parameter. The surface properties,
electrochromic and photoactivity of WOs3 can be controlled by the post-deposition
heat treatment and the addition of some organic additives in the aqueous solutions,
such glycerol, mannitol, polyethylene glycol, or ethylene glycol (Besozzi et al.,
2019a).

Electrochemical Deposition: Electrochemical deposition is a particularly appealing
coating process because of its multiple advantages, including cost-effectiveness,
the capacity to coat huge areas, and precise thickness control. The typical setup
consists of two or three electrodes: a cathode, which serves as the conductive
substrate where the film is deposited, an anode (commonly platinum), and
optionally, a reference electrode in a three-electrode system. The electrochemical
cell is filled with an electrolyte solution containing the metal species intended for
deposition. This setup operates under direct current (DC), which facilitates the
movement of metal ions from the solution to the cathode, where they are reduced
and deposited as a film. The microstructure of the deposited film can be
meticulously controlled through adjustments in process parameters and electrolyte
composition. Following Yamanaka’s foundational research in 1987, significant
advancements have been made in the electrodeposition of WO3 films. In 1999,
Meulenkamp conducted a comprehensive study on the electrodeposition
mechanism of WOs from peroxytungstate solutions. Kwong investigated the
impact of peroxotungstic acid concentration and deposition time on the structure
and photoelectrochemical properties of WOs3 films. Furthermore, the use of seed
layer-coated FTO substrates for electrodepositing nanoflake array films has
demonstrated enhanced electrochromic properties and increased sensitivity to H2S
(Besozzi et al., 2019Db).

Thermal Evaporation: Thermal evaporation is a widely utilized physical vapor
deposition (PVD) technique employed for applying coatings. In thermal
evaporation, the source material is typically a metal or metal oxide heated to a

sufficient degree to evaporate or sublime. The atoms ejected from the source
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proceed radially outward and are incident on a substrate. Tungsten oxide films can
be produced using metallic tungsten (W) or tungsten trioxide (WO3) in the form of
powder or pellets as the source material. A metallic coating is first deposited when
metallic tungsten is the evaporation source. Annealing in a high oxygen content

atmosphere is necessary to produce tungsten oxide upon post-deposition treatment.

As a result, the final coating can exhibit various stoichiometries (X = 2-3),
depending on the deposition parameters. Furthermore, the low energy of the
species involved in thermal evaporation generally results in oxide films that are
amorphous. To obtain crystalline and stoichiometric WOs3, annealing at

temperatures up to 400°C is required.

Rough-surfaced WOs films produced by evaporation have shown effectiveness in
gas-sensing applications. Thermally evaporated WOs has also been utilized to
fabricate energy storage and electrochromic smart glass windows with exceptional
properties(Parreira et al., 2006), (Mardare & Hassel, 2019).

e Sputtering: Another PVD method for thick- and thin-film creation is sputtering.
Due to high coating capacity and method versatility, its wide range industrial
application is not surprising. The process occurs in a vacuum chamber at 107" — 10
Pa pressure, with added sputtering gas (He, Ar, Xe, etc.). High-energy ions of
sputtering gas (e.g. Ar*) “knock out” target material atoms, which then deposit on
the substrate. Like in thermal evaporation, the source can be either metallic
tungsten (W) or tungsten trioxide (WO3), and can be used both in DC and RF
modes. Reactive sputtering can also be performed by introducing varying
quantities of O, into the sputtering ga. Thus, direct fabrication of tungsten oxide
coatings from both metallic and oxide targets with controllable stoichiometry is
possible. Heat treatment may be performed both during and after deposition,
Reactive sputtering can also be performed by introducing varying quantities of O,
into the sputtering gas to achieve fully crystalline and/or stoichiometric
films.Sputtering parameters like pressure, power density, substrate temperature
and oxygen concentration can be easily adjusted for the desired coating

stoichiometry, quality and crystallinity (Parreira et al., 2006).

We have chosen the sol-gel coating technique over other deposition methods,

including electrochemical deposition, thermal evaporation, and sputtering, for
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synthesizing and characterizing our nanostructured tungsten oxide-silicon dioxide
composite coatings. This decision is based on several factors that make the sol-gel

process particularly advantageous:
Versatility and Scalability

The sol-gel process is highly versatile and scalable, providing uniform coatings on
large and complex surfaces, which is essential for many applications requiring
extensive coverage. Moreover, this method is readily scalable for industrial
production, making it appropriate for both laboratory research and large-scale

manufacturing applications (Stuart, 2016).
Cost-Efficiency

A key advantage of choosing the sol-gel method is its cost-effectiveness. The process
does not require expensive materials or equipment. Compared to other deposition
techniques, the equipment and materials needed for sol-gel synthesis are relatively
inexpensive. This economic advantage is significant for large-scale production,

making the sol-gel method attractive for both research and industrial purposes.
Precise Control Over Composition and Structure

The sol-gel process enables meticulous control over both the composition and structure
of the resulting coatings. By carefully selecting molecular precursors and adjusting
processing parameters, we can control the properties of the tungsten oxide-silicon
dioxide composite coatings. This level of control is crucial for optimizing functional

properties, such as electrochromic and photocatalytic behaviors.
Low-Temperature Processing

Another significant benefit of the sol-gel method is its ability to produce high-quality
coatings at comparatively low temperatures. This is particularly beneficial for
applications involving temperature-sensitive substrates. In contrast, methods like
thermal evaporation and sputtering often require high temperatures, limiting their

applicability and increasing processing costs (Jeon et al., 2022).
Homogeneity and Purity

The sol-gel process ensures high homogeneity and purity of the resulting coatings. The

molecular-level mixing of precursors in the sol-gel solution leads to uniform
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distribution of components, resulting in coatings with consistent properties throughout.
This homogeneity is essential for achieving reliable and reproducible performance in
practical applications (Mardare & Hassel, 2019c).

Adjustability in Coating Applications

The sol-gel process offers a wide variety of coating application methods, including
dip-coating, spin-coating, and spray-coating. In this study, we chose dip-coating for
its straightforwardness and its capability to produce uniform coatings on substrates of
diverse shapes and sizes. Dip-coating also allows easy control over coating thickness
by adjusting the withdrawal speed and sol-gel solution concentration.Overall, the sol-
gel coating method provides a unique combination of adaptability, cost-effectiveness,
precise regulation of composition and structure, low-temperature processing, and
superior consistency. These advantages make it an excellent choice for creating and
analyzing nanostructured tungsten oxide-silicon dioxide composite coatings. By
harnessing the advantages of the sol-gel method, we aim to produce coatings with

improved functional properties that are suitable for a broad spectrum of applications.

2.5. Applications

Tungsten oxide (WO3) is widely employed across various technological applications
because of its exceptional properties. It functions effectively as an antimicrobial agent,
in photo (electro) catalysis, sensors, and electrochemistry. The material's
photocatalytic qualities make it suitable as a photoanode for water splitting, and its
electrochromic and photochromic characteristics make it an excellent candidate for
smart windows applications. Furthermore, tungsten oxide functions as a photothermal
nanomaterial in cancer treatment, water evaporation, and photocatalysis. It is also
essential in applications such as near-infrared (NIR) shielding, gas sensing, and
lithium-ion batteries. Its capacity to absorb near-infrared light and convert it into heat
presents significant potential for advancements in energy-efficient technologies and

healthcare solutions.

Furthermore, significant advancements and market deployment in these areas

highlight its importance and versatility in modern technological applications.
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2.5.1. Electrochromism and photochromism

Since Deb's discovery in the early 1970s of the electrochromic and photochromic
properties of WO;, substantial research has focused on these effects and the
optimization of these materials for large-scale applications. The success of
electrochromism is evident in its widespread use in products such as electrochromic
automobile mirrors and airplane windows. Electrochromic materials are distinguished
by their capacity to reversibly alter their optical properties upon the application of an
external potential. In particular, the intercalation of small cations (such as H*, Na*, or
Li*) into the material's structure triggers a color change from transparent to blue, which
Is a defining characteristic of the electrochromic behavior of amorphous WO;. For
instance, the incorporation of protons (H*) and electrons (e”) into WO causes a shift
from a transparent (bleached) state to a colored state. This process is partially
reversible, with a maximum intercalation limit of x < 0.5 protons (Mardare & Hassel,
2019a).

(WOB +H" + e_)bleanhed « (HZWO3)clored(ReaCtion4)-

To be more precise, the process depends on the localization of electrons at tungsten
sites., causing a shift in the oxidation state from W®* to W>*. When photon absorption
occurs, these localized electrons may gain sufficient energy to move to an adjacent
site. This electron-phonon interaction results in lattice distortion through the formation
of polarons. Furthermore, photon-induced polaron hopping leads to photon absorption

and subsequent coloration.

Comprehensive reviews on the electrochromic properties of WO; are well-
documented in existing literature. This section will specifically address the
incorporation of WO3 into devices that leverage its electrochromic characteristics. One
notable technological advancement is the development of "smart windows." The
layered structure of an electrochromic (EC) device is schematically depicted in (Figure
2.9.) a and b, alongside images of electrochromic windows in the Boeing 787

Dreamliner (c).
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Figure 2.9. Electron hopping in a 1-D chain of atoms

Glass is the most frequently employed substrate material for electrochromic devices;
however, flexible plastics that allow for roll-to-roll manufacturing can also be utilized.
Glass panes coated with a layer of transparent conducting oxide (TCO) constitute the
outer layers of the stack. The most frequently used TCO is Sn-doped In,O5 (ITO),
although doping with other elements (e.g., Zn or Nb) has shown suitable electrical
characteristics. Given the increasing cost and limited availability of indium, alternative
transparent conducting oxides (TCOs) like doped-ZnO and doped-SnO, have been
explored and show promising potential for applications in electrochromic devices.
Additionally, very thin, highly conductive metallic layers (Cu, Ag, and Au) or organic

compounds (PEDQOT) are also being considered.

Between these two glass panes, which have transparent electrodes coated on the inside,
The structure comprises three layers: an electrochromic WO; thin film, an ion
conductor (electrolyte), and an ion storage thin film. When a modest potential
difference (less than 5 V DC) is applied between the electrodes, cations from the ion
storage layer (e.g., an electrochromic material like NiOH) are transferred through the
ion-conducting thin film. The ion conducting layer can be Ta oxide for H* transport or
polymeric electrolytes like PEO-PEGMA: Li for Li*, depending on the type of cation
being used. When cations enter the WO; active layer, The cations combine with
electrons from the external circuit to generate coloration (Reaction 4). During ion
removal, a reverse process occurs in the ion storage layer, which intensifies the overall
coloration effect. The window becomes transparent again when the opposite potential

is applied. Various levels of coloration can be achieved using intermediate voltages,
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as electrochromic materials can maintain their coloration under open-circuit

conditions.

The research and development of electrochromic materials for everyday use have led
to many successful commercial applications. Major producers of WO3-based smart
windows include EControl-Glas GmbH & Co. KG (Germany), GESIMAT GmbH
(Germany), ChromoGenics AB (Sweden), and SAGE Electrochromics, Inc. (USA).
An innovative use of WO; electrochromism was developed by Marques, who created
a colorimetric sensor using ordinary office paper infused with WO nanoparticles. This
sensor detected the electrochemically active bacterium Geobacter sulfurreducens
through a bioelectrochromic reaction, where the bacterium's electron transfer to WO;

caused a color change.

Photochromism, which involves a reversible color change due to photoirradiation, is
similar to electrochromism. The photochromic behavior of WO has been thoroughly
investigated, but it remains not entirely comprehended. As a semiconductor, tungsten
oxide generates electron-hole pairs under light irradiation, which can alter optical
absorption and cause a color shift from bleached to blue. Photogenerated holes in the
conduction band interact with adsorbed surface humidity to produce H*, forming
tungsten bronze (HXWO3). Optical transitions and electron transfer between tungsten
ions in different valence states occur simultaneously. Usually, heat treatment is
required to eliminate structural defects and restore the material to its bleached state;
however, emerging techniques like surface nanostructuring are being developed to

address this challenge.

Photochromic materials are expected to find commercial applications, such as in
photochromic pigments or nanoinks, though their use has not been extensively
explored yet (Parreira et al., 2006), (Mardare & Hassel, 2019a), (Sato et al., 2008).

2.6. Silicon Dioxide-SiO:2

Silicon dioxide (SiO;), commonly known as silica, is a fundamental component in
various natural and synthetic materials. In silica, silicon atoms typically exhibit

tetrahedral coordination, being surrounded by four oxygen atoms. This tetrahedral
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configuration is common to most forms of silicon dioxide, leading to a wide variety of

structures and applications. Forms of Silica:

Silica exists in nature in two primary forms: crystalline and amorphous. The crystalline
form is subdivided into three main types: quartz, tridymite, and cristobalite. These
crystalline forms remain stable across various temperature ranges and can be further
subdivided. For instance, quartz can exist as alpha quartz at lower temperatures and
transforms into beta quartz at 573°C. When heated to 870°C, tridymite forms, and at
1470°C, cristobalite emerges. The melting point of silica is notably high at 1610°C,
which exceeds that of metals like iron, copper, and aluminum. This high melting point
makes silica an excellent material for producing molds and cores in metal casting

processes (Zou et al., 2013).
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Figure 2.10. Structure of SiO2

Crystalline Silica: Quartz is the most prevalent natural form of crystalline silica. Its
crystal structure consists of a three-dimensional network of oxygen atoms forming
tetrahedra, each centered on a silicon atom as showing in (Figure 2.11). These
tetrahedra are linked by shared oxygen atoms, resulting in a strong crystal lattice.
Quartz crystals can be colorless or white, though impurities like iron can impart
various colors. Quartz's hardness, resulting from the strong atomic bonds, allows it to
scratch glass and renders it relatively inert to dilute acids. These properties make quartz
valuable in numerous industrial applications, including glass production, where its
vitreous luster and transparency are highly prized(Khalil et al., 2014),(Lin & Heaney,
2017).
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Figure 2.11. Structure of Quartz

Amorphous Silica: Amorphous silica does not have the long-range order found in
crystalline forms, which makes it more reactive with alkalis at room temperature. In
contrast, crystalline silicon dioxide dissolves much more slowly in hot alkaline
solutions. This distinction in reactivity is crucial for various industrial processes that
utilize silica in different forms. Industrial Applications: Silica's adaptability extends to
its synthetic variants, such as fused silica, fumed silica, silica gel, and aerogels. These
materials find applications in construction, microelectronics, and the food industry.
Silica's industrial applications have a long history, originating from metallurgical
processes and glass production approximately three to five thousand years BC. Over
the centuries, silica has continued to play a crucial role in advancing human
technology, especially in the glass, foundry, and ceramic industries. In modern times,
silica plays a pivotal role in the information technology revolution. It is used in the
manufacturing of plastics for computer mice and as a raw material for silicon chips.
Quartz grains, depending on their formation process, can exhibit various shapes, from
sharp and angular to partially rounded. Foundry and filtration applications benefit from
partially rounded grains for optimal performance(Zou et al., 2013). The properties of

Silicon dioxide are summarized in Table2.2.
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Table 2.2. Properties of Silicon dioxide.

Property Silicon Dioxide (SiOy)
Crystal Structure Amorphous or crystalline (quartz,
cristobalite)
Band Gap 8.9 eV (insulator)
Optical Properties High transparency in UV and visible
light range
Photocatalysis Inert, does not exhibit photocatalytic
activity
Density ~2.65 g/cm?
Hardness High hardness, excellent wear
resistance
Thermal Stability Stable up to 1,600°C
Corrosion Resistance Excellent chemical stability, corrosion
resistance
Electrochromism No electrochromism
Thermochromism No thermochromism
Electrical Properties Electrical insulator
Mechanical Properties High mechanical strength, durable,

scratch-resistant
Chemical Activity Chemically inert

Photochromic compounds are intriguing molecules that alter their color in response to
light. They find applications in research labs and factories alike, most notably in
eyeglass lenses, but also have promise for data storage, optical switches, sensing,
rewritable optical media, and other applications. Photochromism could also find
success in textiles, enabling “smart” fabrics and clothing that can sense environmental

changes, absorb UV radiation, and display dramatic color transitions.

Photochromic compounds are incorporated into textiles either by spinning them into
fibers with conventional dyeing techniques, or by surface-coating the textiles with
microcapsules. But the inflexible polymer matrix surrounding the chromophore can
impede the coloration/bleaching process, leading to poor switching speeds and
stability. Coating photochromic microcapsules onto fabrics can also impart an
unpleasantly rough texture to the final apparel, detracting from wearer comfort

(Brinker & Scherer, 1990). (Figure 2.12) demonstrates the photochromic response of
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a molecule when exposed to UV light. The structure on the left depicts its original
form, while the structure on the right reveals the modified state after absorbing light
energy (hv). This reversible transformation results from a molecular rearrangement,
causing a change in optical properties. Photochromic molecules like these are often
incorporated into silicon dioxide coatings to create smart materials that respond to
light, making them ideal for applications such as self-adjusting windows and advanced

optical systems.
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Figure 2.12. The photochromic effect

A sol-gel technique has been effectively utilized to embed dyestuffs in hybrid organic-
inorganic silica matrices, resulting in the development of functional coatings for
applications in photonics and sensing. Silica is a very suitable host for photochromic
molecules because its network possesses a large number of “nano-sized” tiny pores,
allowing for sufficient free volume for the molecules to facilitate the photochromic
transition (Tong Cheng et al., 2007).

If a redox reaction can occur in the presence of an external potential, the material may
exhibit reversible optical properties upon application of an external potential. This
property is called electrochromism. Electrochromic materials have garnered
significant interest recently due to their broad potential applications, including in
electrochromic ‘'smart’ windows, anti-glare rearview mirrors, displays, and
camouflage. These materials can be categorized into four types: metal oxides, metal
coordination complexes, metal hexacyano metallates, and conjugated conducting
polymers. Transition metal oxide films (e.g. tungsten or nickel oxide) were the first
materials to be studied for electrochromism in the early research of electrochromism
because of their high optical modulation. But nowadays these materials are usually

limited by incompatibility issues, complicated processing, monochromatic coloration
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changes and slow response speeds. Conjugated conducting polymers have received
much attention for use in electrochromic devices in recent years because of their
attractive properties, such as fast switching times, easy processability, high contrast
and multicolour capabilities. Few studies have been reported on silicon dioxide (SiO>)
coatings for photochromic applications. Although an extensive study has not been
completed, chemical dispersion polymerization method was employed to synthesize

SiO2/PANI nanocomposites.

Figure (2.13.) schematic representation of the synthesis and testing process for
SiO,/PEDOT nanocomposites. The procedure begins with the dispersion of EDOT in
an EDOT-HCI solution, followed by the addition of SiO, nanoparticles, which absorb
EDOT monomers. In situ polymerization occurs, resulting in the formation of
SiO,/PEDOT nanocomposites. These nanocomposites are then fabricated into thin
films and assembled into an electrochromic device (ECD-SiPD). Finally, the
electrochemical performance of the film is evaluated through testing. The as-prepared
SiO2/PANI film exhibits high electrochromic stability, this further supports the notion
that incorporating SiO2 can enhance the electrochromic performance of conductive
polymers. To the best of our knowledge, a comprehensive study on the electrochemical
and electrochromic properties of SiO2/PEDOT nanocomposites has not yet been
conducted. (Zhang et al., 2019).
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Figure 2.13. Schematic diagram of fabricated electrochromic device based on SiO2/PEDOT
core/shell nano-composite film
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2.7. Silica Coating

Monodisperse spherical silica nanoparticles were prepared by the sol-gel processing
of silicon alkoxides in basic aqueous solutions containing alcohols (methanol, ethanol,
or isopropanol) by Stéber and co-workers in the late 1960s (Stober et al., 1968). Before
silica coating, some bifunctional molecules should be used in aqueous solutions to
strongly coordinate on the surface-protected nanoparticles in alcoholic solutions via
surface coordination or electrostatic attraction. The hydrolysis and condensation of
tetraethyl orthosilicate (TEOS) occur via reactive hydroxyl groups on the nanoparticle
interface. Silica coating has attracted much attention due to its outstanding properties,
such as rich surface chemistry, high biocompatibility, tunable porosity, and superb
transparency, in combination with metal nanoparticles (Vrancken et al., 1995). The
surface chemistries and interface properties of metal nanoparticles should be well

exploited to design and construct robust interfaces and good surface coating.

2.7.2. Silica coating of metal

Silica coating of metal nanoparticles is carried out by using some bifunctional
molecules in aqueous solutions to strongly coordinate on the surface-protected
nanoparticles in alcoholic solutions via surface coordination or electrostatic attraction.
The hydrolysis and condensation of TEOS occur via reactive hydroxyl groups on the
nanoparticle interface (Stober et al., 1968). Silica coating has attracted much attention
due to its outstanding properties, such as rich surface chemistry, high biocompatibility,
tunable porosity, and superb transparency, in combination with metal nanoparticles
(Vrancken et al., 1995).

2.7.3. . Silica coating by sol-gel

SiO, has a large number of physical properties, which are favorable for thin-film
applications. SiO, films are applicable to a variety of protective and anti-reflective
coating because of their excellent permeability and chemical stability in the visible
region. SiO, films are especially useful for different microelectronic structures

because of their dielectric nature. Sol-gel-derived silica films have many unusual
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properties, including high porosity, controllable microstructure, refractive index, high
laser damage threshold, and good transmittance in the visible region.

2.7.4. Uses of silica

Silicon dioxide (Si0>), or silica as it is often known, occurs mainly as sand. Crystalline
silica is a natural ore which can be used in various industries. Chemical inertness or
the incapacity of silica to react easily with reagents is the principal property associated
with its numerous applications. Silica's physical properties, including its high melting
point and particulate form, determine its suitability for various applications. The
methods of forming and processing silica granules establish the particle shape. Mining

and processing convert quartzite or sand to.

2.7.5. Industrial and metallurgy

Water Filtration and Purification: Silica filters and purifies water by reason of its
chemical inertness and stability. Filler Sand: Silica sand serves as filler material in
various industrial applications. Foundry Sand: Silica is utilized in foundries for
molding and casting due to its high melting point. Specialized Flooring Solutions:
Silica used in flooring solutions which demand durability and resistance. Refractories:
Silica used in refractory materials due to its high melting point. Glass Manufacturing:
Silica is major raw material in glass production. Paints and Wall Coatings: Silica used
to enhance properties of paints and coatings. Silica Flux: It is used in metallurgy as a

flux to remove impurities.

2.7.6. Construction and mining

e Tile Manufacturing: Silica is a major component in tile production.

e Grouts, Adhesives, Epoxy and Specialized Cements: Silica is used to enhance the

properties of construction materials.

e Drilling: Silica used in drilling operations because of its abrasiveness and stability.
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2.8. Sol-Gel Coating Techniques

e Sol-Gel Coating Techniques:

The sol-gel process is a sophisticated and effective method for preparing oxide
materials, allowing for precise control over both composition and structure (Brinker &
Scherer, 1990). It involves the hydrolysis and condensation of metal alkoxides or salts
in solution, followed by the gelling of the resulting sol. This process can be utilized to
deposit thin films onto various substrates. The sol-gel routes have wide applications
since the resulting materials properties can be tailored for different applications such
as electronics, construction, automotive, energy, and protection coatings(Belleville,
2010).

e Underlying Processes and Chemistry:

Hydrolysis of metal alkoxides or salts in presence of water generates hydroxyl groups
that then condense to form an oxide network. The cross--linking of the network is
essential for the formation of the film and the sol (a mixture of solid particles
suspended in a liquid) gels. The gel is then dried and heated to eliminate the residual
solvents and to improve the structural properties. The flowing steps are depicted in
(Figure 2.14.).
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Figure 2.14. Schematic representation of Sol-Gel processing
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e Industrial Applications:

Sol-gel coatings find applications in electronics where thin films are used to improve
the properties and device performance. In construction materials, sol-gel products are
added as concrete additives and as water-repellent treatments. Additionally, they play
a vital role in electrochemical devices, such as sensors and fuel cells, offering both
corrosion protection and functional benefits. Sol-gel coatings are also employed in the

automotive industry for applications like paints and glass coatings.

Pros and Cons:

The major benefits of the sol-gel technique are the easy control of composition, the
ability to utilize temperature-sensitive materials and the lower cost compared to
alternative preparation methods (Brinker et al., 1991). The process allows the
deposition of homogeneous coatings with controlled properties such as thickness,
refraction, absorption, permeability, porosity, functional groups and electrical
conductivity. On the other hand, sol-gel coatings usually lack mechanical strength and
some materials may be brittle. Further, the process has to be controlled since it is highly
sensitive to humidity and temperature. These limitations imply that scaling up to
industrial or production scale is usually not easily accomplished.

Various Coating Techniques:

From the sol-gel process different coating techniques have been developed with their

respective benefits:

Dip Coating:

Dip coating is also referred to as slurry coating or vacuum slurry coating.

This method is used for structures of functional layers. In this method, slurry is used
in the production process. It is produced from slurry, ceramic powder, solvent and
binder products. In the dip coating process, the support layer is immersed in a slurry.
The jar is then lowered, causing a film of the slurry to adhere to the support. After the

coated slurry dries at room temperature, the supported layer is sintered along with the
newly dip-coated layer. This method can produce layers ranging from a few microns
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to several hundred microns in thickness. (Figure 2.15.) shows the illustration of dip
coating steps (Brinker et al., 1991).
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Figure 2.15. Dip coating process

e Spin Coating:

Liquid coatings are spread over rotating substrates by centrifugal force. This
technique is used for the production of thin films with a thickness that can be easily
controlled.

e Spray Coating:

Sol-gel solutions are rapidly and efficiently applied using this method. It is well-suited
for processing large areas and for continuous applications. Advancements in both
existing and novel sol-gel techniques will expand their range of applications and
enhance the properties of the materials. An important task is the scaling up to industrial
or production scale. Moreover, the preparation of materials with improved flexibility,
adhesion to substrates and resistance against detergents and cleaning agents should be
investigated. Exploring new potential applications in high-value fields such as

nanotechnology and biomedicine represents another key objective for the future.

To conclude, sol-gel coating techniques are fundamental procedures in materials
science with versatile applications in different industrial fields. As engineers and
researchers, it is essential to comprehend and refine these coating methods to fully
realize their potential and create smart materials with tailored properties, paving the

way for innovative solutions across a wide range of industries.
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3. EXPERIMENTAL STUDIES

3.1. Solution Preparation

The preparation of the coating solution through the sol-gel method involves a
structured approach to achieve a stable and homogeneous mixture. This process begins
with the careful transfer of components into a container, adhering to specific molar
ratios: TEOS (tetraethyl orthosilicate) at 1, ethanol at 45, glycerol at 1, and ammonium
hydroxide (N,OH) at 2. TEOS serves as the precursor for the silica network, while
ethanol acts as a solvent to dilute the TEOS, facilitating the hydrolysis and
condensation reactions. Glycerol, a polyol, enhances the solution's viscosity,
promoting uniform distribution of tungsten chloride (WCl,) particles. Following the
initial mixing using a magnetic stirrer set at 500 rpm until homogeneity is achieved,
approximately 2 grams of WCI, powder are introduced, which is essential for
enhancing the functional properties of the resulting thin films. The mixture is
subsequently stirred at a heightened speed of 700 rpm for 20 additional minutes to
ensure complete dissolution of the tungsten chloride and promote uniformity
throughout the solution. In (Figure 3.1.) Daihan Scientific MaXtir™ 500S magnetic
stirrer and Metler Toledo S210-U model benchtop pH meter illustrates the equipment
used in the preparation of preparing tungsten oxide — silicon oxide composite sol can

be seen.

The pH of the resulting solution is carefully adjusted to approximately 10, crucial for
controlling the hydrolysis and condensation rates of TEOS. The alkaline conditions
favor the condensation reaction, encouraging the establishment of a more cross-linked
silica network within the coating. After achieving a consistent mixture, the solution is
allowed to age for one week, which is vital for transforming the solution into a sol.
This aging process promotes essential chemical interactions and structural
developments, culminating in a stable and well-formed sol, ready for various
applications, particularly in thin-film deposition where precise control over the

composition and morphology is required.
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Figure 3.1. (a) magnetic stirrer (b) benchtop pH meter

3.2. Substrate Preparation

Soda-lime glass substrates were utilized for thin film deposition in this study, chosen
for their abundance, affordability, good transparency, and favorable mechanical
properties. However, ensuring surface cleanliness is paramount for successful thin film
deposition, as impurities can significantly interfere with adhesion and the uniformity
of the film. To achieve a pristine substrate surface, a rigorous cleaning protocol was
employed, involving a thorough ultrasonic bath treatment. The cleaning process was
conducted in sequential stages: the substrates were immersed in acetone, ethanol, and

deionized water, each treatment lasting 10 to 15 minutes.

Acetone, recognized as an effective organic solvent, was utilized to dissolve oils,
greases, and other organic contaminants from the glass surfaces. Ethanol was included
in the protocol due to its rapid evaporation and ability to dissolve organic residues
without leaving behind any traces. The ultrasonic cleaning method leverages high-
frequency sound waves to generate cavitation bubbles, which effectively scrub both
organic and inorganic particles from the substrate surface, enhancing the overall
cleaning efficacy.This application of mechanical energy ensures that contaminants are
removed at the micro-level, resulting in a clean and prepared substrate suitable for thin
film deposition. The effectiveness of ultrasonic cleaning has been well-documented in
numerous surface treatment studies and is recognized as a standard procedure in
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substrate preparation for thin-film applications. (Figure 3.2.) shows an ultrasonic

cleaning bath.

Figure 3.2. Cleaning of the substrates

3.3. Dip- Coating Technique and Film Formation

The coating was applied using the dip-coating machine (Teknosem TDC-10), where
the soda-lime glass substrates were immersed into the sol and withdrawn at a
controlled speed of 60 mm/min. Dip-coating is advantageous for producing uniform
thin films because it allows control over the film thickness, depending on the
withdrawal speed, viscosity of the solution, and environmental conditions such as
humidity and temperature (Brinker & Scherer, 1990), as the substrate is withdrawn, a
thin layer of the sol adheres to the surface due to surface tension and viscous forces.
The uniformity of the coating is influenced by the speed of withdrawal, which in this
case was set at 60 mm/min. At this speed, a fine balance is achieved between film
thickness and coating homogeneity. Faster speeds result in thicker films, whereas

slower speeds can lead to uneven deposition due to gravitational effects.

After withdrawal, the films were left to air-dry. This drying process allows the
solvent to evaporate and initiates the transition of the sol into a gel-like state, forming
a solid, thin film on the substrate, (Figure 3.3.) shows the dip coating machine used

in this study.
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Figure 3.3. Dip coating machine

3.4. Annealing of the Coatings

The annealing process was a critical step in enhancing the structural, mechanical, and
functional properties of the thin-film coatings prepared in this study. The samples were
annealed to 300 and 500°C with 5 °C/min heating and cooling rates for 1 hour duration.
Annealing induce significant structural changes, including the removal of residual
organic materials and the densification of the silica network. At these temperatures,
the cross-linking within the silica matrix increases, promoting the mechanical stability
of the film.

Once the cooling period was complete, the samples were removed from the oven and
allowed to reach room temperature naturally. Allowing the sample to equilibrate with
the ambient environment without forced cooling further reduces the chances of stress-

induced defects.
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3.5. Characterization Of The Coatings

The microstructural features was examined using a scanning electron microscope
(JEOL JSM-7600F SEM). The wetting properties were measured by Thetalite 101
Biolin Scientific equipment. The optical transmittance properties of the coatings
were evaluated using a UV-vis spectrophotometer (Jasco V-530 UV/VIS
Spectrophotometer). Photocatalytic activity measurements were realized by observing
the decolorization of the methylene blue (MB) with visible light irradiation.
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3.6. SEM Analysis

The microstructural properties of the WS1 and WS2 samples were investigated using
Scanning Electron Microscopy (SEM). The SEM images in (Figure 3.4.) reveal that

both specimens have uniformly distributed nanoparticle structure.

(b)

Figure 3.4. SEM micrographs of WS1 and WS2

3.7. Photocatalytic Activity

The photocatalytic efficiency of WS1 and WS2 coatings was evaluated based on their
ability to degrade methylene blue (MB) under simulated daylight. Figure (3.5.)
presents the results, including the degradation curves over time (Figure 3.5.a) and the

photodegradation efficiency percentages (Figure 3.5.b).

As seen in (Figure 3.5a), WS2 exhibits superior photocatalytic performance compared
to WS1. Specifically, WS2 achieved a degradation efficiency of 70.00% after 7 hours,
whereas WS1 showed a lower degradation efficiency of 66.42%. The uncoated glass
substrate (reference) demonstrated an efficiency of only 60.31%, confirming that the

photocatalytic activity enhanced by the coatings.
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Figure 3.5. (a) Photodegradation curves, and (b) photodegradation efficiency of WS1, WS2, and
uncoated glass

The photocatalytic mechanism of tungsten oxide — silicon dioxide coatings is primarily
driven by the absorption of visible light by the tungsten oxide component. When
illuminated, tungsten oxide absorbs photons with energy greater than its bandgap,
exciting electrons from the valence band to the conduction band and generating
electron-hole pairs. These charge carriers migrate to the surface of the nanocomposite
film, where they interact with water and oxygen molecules absorbed on the surface.
This interaction produces reactive oxygen species (ROS), such as hydroxyl radicals
and superoxide ions which are highly reactive and capable of breaking down organic

pollutants like methylene blue into harmless byproducts.

3.8. Wettability

The wettability of the synthesized coatings was evaluated using contact angle
measurements. The results, presented in Figure (3.6.) reveal that both WS1 and WS2
exhibit hydrophilic behavior, with WS2 displaying a more pronounced hydrophilic

nature due to its lower contact angle.
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Figure 3.6. Contact angle of WS1, WS2, and glass

The contact angle of WS1 was measured at 28°, while WS2 had a significantly lower
contact angle of 17°, indicating better wettability. In contrast, the uncoated glass

exhibited a much higher contact angle.

This enhanced hydrophilicity in WS2 makes it a good candidate for photocatalytic
applications, where surfaces need to allow water to spread and carry away
contaminants. The combination of hydrophilicity and photocatalytic activity allows
the nanocomposite coatings to break down organic pollutants and remove them with

water flow, supporting their use in environments where cleanliness is critical.surface.

3.9. Optical Properties

The optical transmittance of WS1 and WS2 was measured using UV-Vis
spectrophotometry, and the results are shown in (Figure 3.7.) both samples displayed
high transmittance in the visible light range of around 90%, comparable to the
uncoated glass, indicating that the coatings allow substantial light to pass through.

These properties help reduce light scattering within the film, thereby allowing more
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photons to pass through the material hence more

applications.
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Figure 3.7. Transmittance % of WS1, WS2, and glass
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4. CONCLUSIONS

In this sudy, the synthesis of tungsten oxide-silicon dioxide nanocomposite coatings

via sol-gel dip coating were succesfully realized. Following conclusions were drawn;

According to the microstructural analysis realized by SEM, both coatings were
homogenously nanostructured.

Optical analyses demonstrated that both coatings annealed at 300 °C and 500
°C have high transmittance values of about 90% thus they are completely
transparent.

As a result of contact angle measurements, 28° and 17° were found for WS1
annealed at 300 °C and WS2 annealed at 500 °C respectively, demonstrating
that they are highly hydrophilic.

According to the photocatalytic activity measurements realized under artifical
daylight, WS1 demonstrated 66% and WS2 70% of MB degredation
efficiencies demonstrating that they are good candidates for photocatalytic
applications.

Overall, WS2 was identified as the more effective coating for applications
requiring high transparency, photocatalytic activity, and self-cleaning
properties. The findings from this study suggest that tungsten oxide-silicon
dioxide nanocomposite coatings hold significant potential for use in
environmental and energy-efficient applications, such as solar energy devices,

smart windows, and photocatalytic surface treatments.
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