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ABSTRACT

SYNTHESIS, PROPERTIES AND APPLICATIONS OF
TUNGSTEN OXIDE NANOSTRUCTURES

In this study, tungsten oxide nanostructures, which are n-type semiconductors
with a band gap between 2.6-2.8 eV, have been studied extensively. The hydrothermal
method was used as the synthesis technique and the phases and morphologies were
optimized in a stable and controllable manner. Firstly, stoichiometric tungsten oxide
nanowires with certain ratios were synthesized, and then cobalt doping was made using
this synthesis technique. Subsequently, sub-stoichiometric tungsten oxide nanowires,
which have oxygen gaps and can show plasmonic properties due to the increased carrier
density, were synthesized, and tungsten oxides with a flower-like hierarchical structure
with oxygen gaps were synthesized and grouped according to possible application areas.

Accordingly, how oxygen vacancies and hierarchical structures affect
photocatalysis applications have been examined and it has been seen that sub-
stoichiometric tungsten oxide works faster until it reaches a certain saturation than
stoichiometric tungsten oxide. According to this study, how the system can be
manipulated by adding reducing pH to the system and hydrogen peroxide as an electron
acceptor, respectively. It has been observed that it can be done.

Hierarchical tunsten oxide has been found to be an ideal catalyst that can work
quickly in photocatalysis studies due to its hierarchical structure, which has oxygen
vacancies and can absorb light well.

Additionally, tungsten oxide attracts attention as a material used in supercapacitor
applications. Supercapacitors are long-lasting and fast-reacting electrochemical devices
that can provide high power in energy storage and discharge processes. The use of
tungsten oxide in supercapacitor applications can be summarized as follows: when
nanoparticles with large surface area are used as electrode material, they increase the
interaction with the electrochemical surface and can increase the energy storage capacity.
It shows high electrochemical activity as an electrode material. This feature contributes
to the high performance of the supercapacitor. Tungsten oxide has a structure suitable for
electron and ion conduction. This allows the supercapacitor to have fast charge/discharge

capabilities and low internal resistance. Tungsten oxide can show stable performance



during electrochemical cycles. This feature ensures the long life of the supercapacitor. In
supercapacitor applications, in addition to these features, the electrical conductivity of the
material can be increased by increasing the number of electrons carried in the material
due to its oxygen gap. Accordingly, we investigated the comparative electrochemical
properties and cycling stability of stoichiometric and sub-stoichiometric nanowires.
Thanks to its electrochromic properties, the latest application has observed

electrochromic changes of oxygen vacancies and cobalt doping.



OZET

TUNGSTEN OKSIT NANOYAPILARIN SENTEZI, OZELLIKLERI VE
UYGULAMALARI

Bu calismada n tipi ve 2.6-2.8 eV aras1 bant araligina sahip yar1 iletken olan
tungsten oksit nanoyapilar genis kapsamda caligilmistir. sentez teknigi olarak hidrotermal
yontem kullanilmis olup fazlar1 ve morfolojileri karali bir sekilde kontrol edilebilir
sekilde optimizeleri yapilmistir. dncelikle belirli oranlara sahip stokiometrik tungsten
oksit nanogubuklar sentezlenmistir sonrasinda bu sentez tekniginden yararlanip kobalt
katkilama yapilmistir. Daha sonrasinda oksijen bosluklarina sahip olan ve bu
ozelliklerinden dolay1 plazmonik 6zellik gosterebilen stokiometri alt1 tungsten oksit nano
cubuklar sentezlenmis olup yine oksijen bosluklarina sahip ¢igek benzeri hiyerarsik
yaptya sahip tungsten oksitler sentezlenmis olup olast uygulama alanlarina gore
gruplandiriligtir.

Buna gore oksijen bosluklarinin ve hiyerarsik yapilarin fotokataliz uygulamalarini
nasil etkiledigi incelenmis ve goriilmistiir ki stokiometri alti tungsten oksitin
stokiometrik tungsten oksite gore belirli bir doygunluga ulasana kadar daha hizli
calismistir, bu ¢alismaya gore sisteme sirastyla diisiik ph, sisteme elektron alicist olarak
hidrojen peroksit eklenerek sistemin nasil manipiile edilebilecegi izlenmistir.

Hiyerarsik yapili tunsten oksit ise hem oksijen bosluklarina sahip olmasi hemde
15181 1y1 absorbe edebilen hiyerarsik yapusndan dolayr fotokataliz ¢alismalarinda hizli
caligabilen ideal bir katalizor oldugu goriilmiistiir.

Ayrica tungsten oksit, stiperkapasitor uygulamalarinda kullanilan bir malzeme olarak
dikkat ceker. Siiperkapasitorler, enerji depolama ve desarj siireglerinde yiiksek gii¢
saglayabilen, uzun omiirlii ve hizli tepki veren elektrokimyasal cihazlardir. Tungsten
oksitin siiperkapasitor uygulamalarindaki kullanimi su sekillerde Ozetlenebilir: genis
yiizey alanina sahip nanoparcaciklar elektrot malzemesi olarak kullanildiginda
elektrokimyasal yiizey ile etkilesimi artirir ve enerji depolama kapasitesini artirabilir.
elektrot malzemesi olarak yiksek elektrokimyasal aktivite gosterir. Bu ozellik,
siiperkapasitoriin yiiksek performans sergilemesine katkida bulunur. Tungsten oksit,
elektron ve iyon iletimi i¢in uygun bir yapiya sahiptir. Bu, siiperkapasitoriin hizl

sarj/desarj yeteneklerine ve diisiik i¢ dirence sahip olmasina olanak tanir. Tungsten oksit,

Vi



elektrokimyasal dongiiler sirasinda kararli bir performans gosterebilir. Bu o6zellik,
stiperkapasitoriin uzun Omiirlii olmasini saglar. Siiperkapasitor uygulamalarinda bu
Ozelliklerinin yani1 sira oksijen bosluguna sahip olmasi malzemenin i¢inde tasinan
elektron sayisi artarak malzemenin elektrik iletkenligi arttirilabilir. Buna gore
stokiometrik ve stokiometri altt nanogubuklarinin karsilastirmali olarak elektrokimyasal
ozellikleri ve dongii tekrarlama konusundaki stabiletelerini arastirdik. Kendi biinyesinde
tasidig elektrokromik 6zellikleri sayesinde en son uygulama olarak oksijen bosluklarinin

ve kobalt katkilamanin elektrokromik olarak degisimleri gozlenmistir.
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CHAPTER 1

INTRODUCTION

Since transition metal oxides can be easily formed through self-assembly in vari-
ous nanostructures such as nanowires, nanotubes, nanoribbons, nanosheets, and because
these various structures can show different and unique optical, electronic, magnetic and
physical properties according to their surface, confinement effects, width areas and aspect
ratios’:2. The fact that transition metal oxides have a d-orbital gives the materials unicue
properties such as wide band gaps, optical and electrical properties, high dielectric
constant, and superconductivity with their strong electron correlation effect (coulomb
interaction)*2. This easily expands the range of different usage areas and they have begun
to attract a lot of attention in terms of their use in different technological fields®°.
However, as metal oxides have become widespread due to their non-toxicity and high
thermal and chemical stability, these materials are effectively used in energy storage
systems such as smart window systems, supercapacitors, as well as in optical and
electronic device applications such as light emitting diodes, sensors, photocatalysis, solar
cells and photodetectors!*®. The fact that metal oxides form oxygen vacancies and show
plasmon absorption in the visible and near-infrared regions shows that studies on Localize
Surface Plasmon Resonance (LSPR) should not be limited to metals only?%16,

Among metal oxides, tungsten oxide (stoichiometric WO3 and non-stoichiometric
WOs.x with oxygen vacancies) is becoming the focus of attention due to its physical and
chemical properties. Photocatalysis reactions, in which metal oxides can change the speed
of chemical reactions when exposed to light, have been realized mostly by working with
TiOz, thanks to Honda’s groundbreaking work??%, However, since TiO2 has a band gap
of 3.2 eV, allowing it to be excited only in the UV region, sunlight cannot be used
effectively for photocatalysis applications. However, tungsten oxide, an n-type
semiconductor with a band gap of 2.6-2.8 eV, gives very good results in the infrared and
visible regions, so it is transmitted from the sun to our world?5?°, It enables you to benefit
from the incoming light in the most efficient way.

Although the use of the sun, a renewable energy source, and the cleaning of
pollutants from water through photocatalysis reactions using solar energy contribute



significantly to a clean future, we must emphasize that energy efficient storage systems
should also be taken into consideration to the same extent. In this way, the importance of
developing supercapacitors, known as efficient energy storage devices, is increasing®3L.
Thus, with their environmental friendliness, fast charge-discharge features and high ca-
pacitance values, supercapacitors will be included in many application areas, including
electric vehicles®23, Although graphene with a high charge-discharge ratio is mostly
used, its low volumetric capacitance has led to the search for new materials*. The main
factors that determine the performance of supercapacitors are surface area and pore size
distribution. While these tunable properties and the use of reversible faradic reactions to
store energy make transition metal oxides important candidates for supercapacitors,
especially the stable microstructure of tungsten oxide is an important advantage in terms
of the continuity of reactions®>".

Electrochromism can be summarized as the temporary or permanent change of the
optical properties of the material when a voltage is applied®°. Electrochromic and
photochromic devices can be shown as one of the important methods that can be a solution
to the energy problem that continues to increase today in terms of energy efficiency and
energy storage; It offers significant advantages in many areas such as energy saving, solar
energy use and imaging technologies*3. The first EC device was demonstrated by Deb
in 1969 to show reversible color change of tungsten oxide**. From now on, many EC
materials such as metal oxides, and conjugated polymers that will have electrochromic
properties have been studied*>#®. Thanks to the oxygen vacancies that can be found in the
structures of metal oxides or their easy doping with metal, the efficiency and speed of the
devices are increased and thus the performance of the devices can be modulated*”°,
There are 5 layers in the structure of a classical electrochromic device: conductive
electrodes on both surfaces, ion storage layer, electrolyte and electrochromic material®!53,
The use of many different electrolytes (including Li*, Na*, K*, Mg*?, Ca*?, Al+2, Zn+2,
H*) has been investigated, and we show here that liquid crystal with tungsten oxide is an
effective electrochromic device®*®,

Within the scope of this thesis, using the hydrothermal method, stoichiometric
tungtsen oxide nanowire (W03), sub-stoichiometric tungsten oxide nanowire with oxygen
vacancies that can show plasmonic properties (W0sx), flower-like tungsten oxide nano-
structure with hierarchical structure (WO03-x) and cobalt doped tungsten oxide (CoW03)
were synthesized. The experimental method is detailed in Chapter 1. Chapter 2 includes

SEM and XRD results for microstructure characterization. The definition of photocal-



ysis and detailed explanation of its application areas and the performances of tungsten
oxide in photocatalysis applications are included in Chapter 3. In particular, it is examined
how its oxygen vacancies and hierarchical structures affect photocatalysis reactions. The
experimentally found absorption graphs are also found theoretically with the help of
FDTD simulation, and thus the optical characterization measurements of tungsten oxide
nanowires , such as refractive index and dielectric coefficients, are included in Chapter 4.
Chapter 5 covers the performances and electrochemical characterizations of substoichio-
metric and stoichiometric nanowires with oxygen vacancy for supercapacitor
applications. Finally, in Chapter 6, the first thing that comes to mind when electrochromic
is mentioned is the electrochromic applications of tungsten oxide. Liquid crystal was used
as the electrolyte for these applications, and it was examined how the structure being
stoichiometric, having oxygen vacancies, and metal doping changed the device

performances



CHAPTER 2

SYNTHESIS TECHNIQUES

All syntheses were performed using the hydrothermal method. Hydrothermal is
actually a term of geological origin that means the crystallization of minerals depending
on their solubility under high temperature and high vapor pressure. It is a method of
synthesizing nanoparticles under high pressure and high temperature in an oven (reaction
temperatures < 300 °C) by placing a teflon-lined container in which the precursor material
is placed along with a solvent, in a steel pressure container called an autoclave (Fig.2.1)".
The method has advantages such as being easy, environmentally friendly, homogeneous

distribution in solution, and inexpensive.

2.1 Synthesis of Stoichiometric Tungsten Oxide Nanowires

For the synthesis W03 nanowires, first, 5 mmol of sodium tungstate was dissolved
in 50 ml of distilled water, then HCI was added dropwise so that the pH of the product
was approximately 1.5. To this slightly yellow colored tungstenic acid solution, 5 mmol
Na2S04 was added to produce W03 nanowires was mixed separately for about half an
hour at room temperature. The resulting solution was placed in teflon-lined, stainless steel
autoclaves, left for 12 hours in the oven at 180 degrees, and then cooled at room temper-
ature, then cetrifuged by washing with ethanol and water in order to remove supernatants
and remaining precursor. The gray-white samples obtained were left under vacuum in an

oven at 60 degrees overnight to dry.

2.2 Synthesis of Sub-Stoichiometric Tungsten Oxide Nanowires

In fact, it is quite similar to stoichiometric tungsten oxide as a synthesis technique.
5 mmol sodium tungstate was added to 50 ml of distilled water and placed in a magnetic

stirrer. HCI was added drop by drop and when the pH was approximately 1.5.



Bursting dise Stainless steel lid
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Figure 2.1. The main components of hydrothermal synthesis are the teflon-lined container
placed in the autoclave and the solvent and precursor required for the experiment.

K>S0 4 was added and left to mix at room temperature for half an hour. Then, the solution
was placed teflon-lined in the autoclave and left in the oven at 180 degrees for 12 hours.
The sample, which had a color between yellow and green, was washed several times with

ethanol and water, then kept to dry in the vacuum oven at 60 degrees overnight.

2.3 Synthesis of Hierarchical Flower-like Sub-Stoichiometric Tungten

Oxide

To synthesize hierarchical flower-like tungsten oxide with oxygen vacancies by the
hydrothermal method, 2.52 mmol WClg was added to 50 ml of ethanol as a solvent in a



beaker. After mixing in the magnetic stirrer for a while, the solution that turned blue was
placed in Teflon containers. Then, the teflon containers were placed in autoclaves and kept
in the oven at 180 degrees for 6 hours. After the temperature reached room conditions,
it was washed with ethanol and water several times, respectively, using a centrifuge, and
the resulting sample was left to dry under vacuum at 60 degrees overnight. The resulting

powder turned into a green colored powder.

2.4 Synthesis of Co-Doped Tungsten Oxide Nanowires

By adding 5 mmol sodium tungstate, 5 mmol Na2SO4 and 1 mmol CoCls into 40
ml of distilled water, the magnetic stirrer was mixed for 2 hours. The solution was placed
in Teflon-lined containers and then placed in autoclaves and left in the oven at 180 degrees
for 24 hours. After the temperature of the solution removed from the autoclaves reached
room conditions, it was washed several times successively with ethanol and water, and a
centrifuge was used for this washing each time. The resulting sample was left in a vacuum

oven set at 70 degrees overnight to dry.

2.5 Spynthesis of Flat-tipped and Sword-like Tungsten Oxide Nanowires

For flat-tipped tungsten oxide; after adding 5 mmol sodium tungstate into 50 ml
of pure water, 950 ul of HCI was added drop by drop to bring the pH of the solution to
approximately 1.5, then 8 mmol glycine and 0.1 g of sodium dodecyl sulfate (SDS) were
added and placed in autoclaves with teflon containers in the oven at 180 degrees for 12
hours. It was kept waiting, washed with ethanol and water several times to remove the
purified powders from the resulting solution, left in a vacuum oven at 60 degrees until it
dried, and then kept at 300 degrees for 4 hours to anneal.

The synthesis of the sword-like structure is the same as the synthesis of the flat-
tipped structure, the only difference is that SDS is not used in the sword-like structure and

the synthesis method is exactly the same.



CHAPTER 3

CHARACTERIZATION METHODS

Nanostructured materials attract a lot of attention in new and rapidly developing
fields such as optics, electronics, catalysis and energy storage. Nanostructured materials
are called so because their size is in the nano range. It is very important to be able to
determine the shape, size and crystal structure properties of these nanomaterials well in
order to direct them to appropriate areas of use. The two most definitive methods for
microstructure determination are scanning electron microscopy (SEM) for morphology
and size determination, and X-ray diffraction method (XRD), which is the most effective

method for determining crystal structure and phase.

3.1. Scanning electron microscopy (SEM)

Just as the optical microscope takes images using light, the electron microscope
makes images using electrons. Since the wavelength of electrons is much smaller than the
wavelength of light, its resolution is 1000 times clearer than optical microscopy. SEM-
imaging system can therefore be considered as a standard for nanostructure
characterization. The simple way the scanning electron microscope works is as follows,
the electron gun at the top of the microscope produces electron beams®®. Electrons
following a vertical path in vacuum pass through electromagnetic fields and hit the sample
in order to be directed towards the sample. Electrons and x-rays that hit the sample and
scatter are collected with the help of detectors and converted into a signal to obtain the
final image. The microstructure analysis of the as-prepared samples was examined using
scanning electron microscopy (SEM) (FEI QUANTA 250 FEG). Fig. 3.2 a, 3.2 b and 3.2
c are the SEM image of sub-stoichiometric, stoichiometric nanowires and flower-like
hierarchical structures. It is seen that sub-stoichiometric nanowires are very thin and long
wires with a length of 5 um and radius of 40 nm, stoichiometric nanowires is 210 nm and

their length is mostly larger than 5 um. Figure 3.3 shows tungsten oxide nanowires



with morphological differences. While tungsten oxides with flat-tipped are seen at 3.3 f,

sword-like nanowire structures are seen at 3.3 f.
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Figure 3.1. Working principle of SEM

3.2 X-ray diffraction (XRD)

X-ray diffraction (XRD), phase analysis, is the main method of crystallographic
characterization for nano- and thin-film materials. The diffraction pattern of each structure
is like the fingerprint of that structure, therefore it is one of the most powerful and fastest
techniques for the determination of an unknown structure.

The following formula (3.1), known as Bragg diffraction, defines the working
principle of XRD. According to this formula, it is related to the wavelength of the reflected
X-ray (1), the distance between atomic planes (d) and the diffraction angle (6). When the
x-ray encounters atoms inside the crystal, most of them will refract catastrophically; There
will be x-ray interference in some directions. It behaves as if the X-rays were ’reflected’

from a family of planes within the crystals (Fig 3.4).



Figure 3.2. SEM images for morphology determination; a)sub-stoichiometric tungsten
oxide with oxygen vacancies (WO3_,), b)stoichiometric tungsten oxide (WO3), c)flower-
like tungsten oxide with hierarchical structure (WO3_y), d) cobalt-doped tungsten oxide
(CoWO0y).

n(A) = 2d * sin6 (3.1

Figure 3.5 a shows a typical XRD pattern of the stoichiometric tungsten oxide
nanowires which can be indexed as hexagonal structure of WO3 of unit cell with a= 7.32,
b=7.32, and c=7.66 nm.

XRD pattern of sub-stoichiometric WO3_, nanowires is shown Fig. 3.5 b. The
diffraction peaks (26) are identified in relation to the monoclinic tungsten oxide phase.
The lattice parameters of monoclinic tunsten oxide nanowires are as follows: a=1.93,b=
3.78, and ¢ = 17.07 nm. The peak at 20 = 239 is characteristic of tungsten oxide (WO3_,).

According to the XRD pattern of the hierarchical tungsten oxide structure, it is
seen that it has an orthorhombic phase with lattice parameters a = 3.86, b = 18.42, ¢ =
21.94 A. It has characteristic peaks at 23, 25 and 34 degrees, corresponding to 2 6 (Figure
35¢)

The XRD pattern of cobalt doped tungsten oxide (CoWO,) is shown in Figure 3.5
d. It is included in the monoclinic crystal structure system belonging to the 2/m space

group, in accordance with the literature. The lattice parameters are as follows; a= 4.720,



Figure 3.3. Sem images for morphology determination; e)flat-tipped tungsten oxide
nanowires, f)sword-like tungsten oxide.

Normal to Surface

X-ray
Source

Detector
Diffracted

[ ‘J ] Sample

Figure 3.4. Schematic Representation on the Working Principles of X-ray Diffraction

b=5.06, c=5.67 A. It has a characteristic peak at approximately 26 = 30, however, it also
has peaks at approximately 24, 23, 18 and 36 degrees, which are exactly compatible with
the literature. Figure 3.6 shows the XRD results of sword-like and flat-tipped tungsten
oxide nanorods. Considering the harmony in the graphs drawn on top of each other, it is
clear that the phases of the two are the same and that they are similar to the XRD pattern

of tungsten oxide nanowires in Figure 3.5 a and that they have a hexagonal structure.
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CHAPTER 4

PLASMONIC METAL OXIDES

With the rapid development of nanotechnology and optics, new concepts aimed
to include both fields have begun to be sought. Although it does not seem to be compatible
with nanotechnology due to the diffraction limit of optics being a few hundred
nanometers, the field of plasmonics, where metals create surface waves with the
collective oscillations of conduction electrons, has become the focus of extreme
interest>®%°. Plasmonics has become a new concept that combines both important fields.

The fact that plasmonic materials have resonance modes that involve the
interaction between free charges and light leads to the development of new device
families such as optical nanoantennas, optical invisibility cloaks, surface enhanced
Raman spectroscopy (SERS), light concentrators and superlenses with innovative and

unprecedented functions that involve this light-matter interaction52-°,

In calculating the plasma frequency, the Drude model explains the interaction of
conduction electrons with the electromagnetic field by considering the conduction
electrons as a three-dimensional free electron gas®®®’. According to the Drude theory, the

permeability of the material can be written as follows;
em=1— wp?/[w?+ iyw] 4.2

where the frequency dependent relative permittivity of the metal, em, w is the relaxation
frequency associated with the metal, y is the mean relaxation time of conduction
electrons, and wy is the plasma frequnecy and the plasma frequency is given by equation
4.2.

wp = [n % e?]/[e0 * m] (4.2)

Where n is the conduction electron density, e their charge, &o is the relative permittivity

of free space and the effective optical mass of conduction electrons is m68.69,



On the surface of a solid material such as a metal with a free charge, the surface charge
(mostly electrons) oscillates collectively due to light irradiation. The electromagnetic
wave strikes a metal at the plasma frequency and the surface plasmons are optically
excited and light can be coupled to the surface plasmon modes propagating on the metal

surface and the surface plasmons are excited. Thus, as seen in Fig. 4.1a

Figure 4.1. llustrations of (a) surface plasmons and (b) a localized surface plasmon®.

Another plasmonic effect is the localized surface plasmon (LSP). When confined
to a particle, a nanoparticle, with a size comparable to the wavelength of light, as seen in
Fig. 4.1Db, the free electrons of the particle participate in collective oscillations.

Although the concept of plasmonics is identified with metals, localized surface
plasmon resonances have been found to be a valid phenomenon in doped semiconductor
nanocrystals, and localized surface plasmons, especially in the near-infrared region, have
begun to be studied comprehensively’®72. The ability to adjust plasmonic properties by

easily doping metal oxides or creating vacancies has emerged as an interesting field.

In metal oxide semiconductors, LSPRs can also be inherently tunable by varying
the doping level and electrochemical potential; and allows the observation of plasmonic
effects at visible, near infrared (NIR) and mid-IR wavelengths, as seen in Figure 4.2. This
tunability has already led to the development of a new class of smart windows and has
generated interest in metal oxide nanocrystals for applications such as chemical sensing

and biosensing, telecommunications, and advanced optics and photonics’®".

Tungsten oxide (W03), molybdenum oxide(Mo03), and indium oxide (In203) are

among the materials that can show significant plasmonic properties in terms of oxygen
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vacancy defects. Due to the strong electron affinity of oxygen, the filled valence band is
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4.2. Normalized optical extinction due to LSPRs in solutions and films of metal and

metal oxide nanocrystals. Oxide LSPR spectra were adapted left to right”2.

produced in oxygen orbitals and introduces two extra electrons into the conduction band,
thus leaving a double defect in the lattice. This process, called self-doping in W03 and
Mo03 nanocrystals, enables the observation of LSPRs in the near infrared (NIR) of

electron concentration’®’" .
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CHAPTER 5

PHOTOCATALYSIS APPLICATIONS OF TUNGSTEN
OXIDE NANOSTRUCTURES

Photocatalysis can be thought of as a combination of two well-known words:
catalysis, which changes the reaction rate, and photon. In photocatalysis applications,
when a semiconductor material is used that can change the rate of the reaction when
exposed to light; The semiconductor that absorbs light forms electron-hole pairs. The
process is activated by the absorption of photons with energy corresponding to the band
gap of the material used. This means that tungsten oxide can work well in the infrared
and visual region because it has a band gap of 2.6-2.8 eV. With the absorption of photons,
the electron moves to the conduction band, leaving a hole in the valance band. As a result
of a reduction-oxidation reaction, an oxidized product is formed. Through these reduction
reactions, toxic compounds become non-toxic (Figure 5.1), while pollutants such as dyes
are cleared from water through oxidation reactions. This process is illustrated by the

following equations (Figure5.2)".

PC+hv—e +h' (5.1)
h+ + H20 — H* + OH" (5.2)
h* ++ OH — +0OH (5.3)
e +02— +0 (5.4)

2e"+ 02+ 2H — +H202 (5.5)



2e” + HO9 - OH™ +OH™

R+ OH  — Degradationproducts

R+ h* — Oxidationdegradedproducts

R + e~ — Reductiondegradedproducts

Figure 5.1. Schematic representation of oxidation mechanism

(5.6)

(5.7)

(5.8)

(5.9)
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Figure 5.2. Schematic representation of reduction mechanism

5.1 Photocatalysis Investigations of Sub-Stoichiometric Tungten
Oxide (WO0s) and Stoichiometric Tungten Oxide (W053)

It significantly increases the efficiency of photocatalysis reactions in that the
oxygen vacancies in metal oxides can act as adsorption and active sites and contribute
significantly to the reactivity of metal oxides®®. Leads to the formation of unpaired
electrons that can in principle form donor levels®.®, Cationic rhodamine B (10 mg
RhB/L), which has polluting properties, was used to examine the photocatalytic activities
of stoichiometric and sub-stoichiometric tungsten oxide nanowire powders. Then, 40 mg
of each produced tungsten oxide powder was added to 80 ml of RhB solution. Solutions
with hydrogen peroxide (H20-), low pH and hydrogen peroxide at low pH were prepared.
The solutions were mixed using a continuously magnetic stirring in the dark for 1 hour
for adsorption stability. The dispersion was then placed under an AM 1.5 solar simulator
and irradiated with a 500 W xenon lamp under conditions of continuous magnetic stirring.
To determine the adsorption properties, samples were taken from the solution at specified
intervals and centrifuged, and thus the photocatalytic properties of the W03 and W03«
photocatalysts were characterized by a UV/vis spectrometer. To examine the mechanisms
of increasing photocatalytic activity and its effect on W03 and WO3.x, photocatalytic
measurements were taken with and without hydrogen peroxide as an electron acceptor.
Measurements were taken in the presence of low pH and at the pH of the system itself to
examine the photocatalytic effect of changing the pH of the environment, as it also

17



changes the reduction and oxidation potentials.
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Figure 5.3. Photocatalytic properties of a) WO3_,, b) WO3

In Figure 5.3, the top graph shows the measurements taken when pH = 2.5.
However, thanks to the oxygen deficiency that WO 3_, contains, from the first measurement
it is seen that there is a faster degradation of the polluting paint compared to WO3. While
WOs3_, powder can break down almost 89 % of Rhodamine B (In Figure 5.3a), this rate
remains only 15 % in WO3 (In Figure 5.3b).

For photodegradation, photogenerated electrons and holes can react with adsorbed

O- and OH, respectively, thus accelerating the system to form reactive oxygen species that
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can mineralize pollutants. For this purpose, we observed how it changed the system by
using H202. The results show that WOz« speeds up the system dramatically, especially
after the first 10 minutes, but then it reaches saturation and remains at the same level of
11 % (middle of the In Figure 5.3a) . It is seen that H20: acts as an important electron
acceptor for W03, while the pollutant decomposes in a balanced way, the pollutant rate
decreased to 6 % at the end of 1 hour (middle of the In Figure 5.3b).

However, the most effective results were obtained by both lowering the pH and
adding H20- to the solution. In the system with WOs.x, the pollutant rate drops to 1.6 %,
while in the system with WO3 (the bottom graph in the Fig. 5.3 a) added, the pollutant
rate drops to 0.5 %, reaching the most efficient result (the bottom graph in the Fig. 5.3 b).

5.2 Photocatalysis Investigation of Hierarchical Flower-like Sub-
Stoichiometric Tungten Oxide (W03x)

It has been found that the photocatalytic properties and performances of semi-
conductors are also related to the structural properties of the semiconductor. It is a feasible
strategy to increase the photocatalysis performance of hierarchical semiconductor
nanostructures, various hierarchical structures can be seen in Figure 5.4%%. Hierarchical
structures increase the speed and performance of photocatalysis in that they have a very
large surface area in terms of collecting light, the ability of photons to pass through the
pores, activating the inactive areas inside and increasing the light transfer pathways
(Figure 5.5)%. Hierarchical nanostructures are the materials with the most efficient

photocatalytic properties in utilizing light®>,

To characterize the photocatalytic performance of the hierarchical structure, first 80 ml
of rhodamine B (10 mg RhB/L) solution was taken and 40 mg of produced hierarchical
tungsten oxide powders were added into it. It was mixed with the help of a magnetic
stirrer in a dark for 1 hour. No electron acceptor was added and the pH was not changed.
After 1 hour, the first measurement was taken from the dark. Then, it was placed under
the AM 1.5 solar simulator using a 500 W xenon lamp and measurements were taken
every 20 minutes. As seen in Fig. 5.6, the hierarchical tungsten oxide managed to remove

99 percent of the pollutants from the water in the first 40 minutes.
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semiconductor
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Figure 5.5. Light absorption scheme of hierarchical materials with simple micro and
mesoporous structures.[84].

5.3 Photocatalytic Properties of Faceted 1D Tungsten Oxide Nanostruc-

tures

It is known that the oxygen vacancies in tungsten oxide affect photocatalysis
performances and rates by showing a plasmonic effect. However, hierarchical structures
have positive effects on photocatalysis performances due to their ability to absorb light
well. When it is observed how the morphologies of two stoichiometric structures change
the process in photocatalysis reactions (the photocatalysis procedure is the same as the
structures above). Figure 5.7 shows that the sword-like structure in option b showed both
faster and better performance than the flat-tipped tungsten oxide in option a. Sword-like

tungsten oxide nanowires have been shown to remove 95 % of pollutants from water after
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1 hour. Figure 5.7 shows that flat-tip tangsten oxide nanowires only show a performance

of 78 Y% after 80 minutes.
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Figure 5.7. Photocatalytic properties of a) flat-tiped tungsten oxide nanowires, b)sword-

like tungsten oxide nanowires
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CHAPTER 6

FDTD SIMULATION FOR OPTICAL PROPERTIES OF
TUNGSTEN OXIDE NANOWIRES

Finite difference time domain (FDTD) is a numerical analysis technique that mod-
els electrodynamics with associated differential equations using time-dependent Maxwell
equations. After the computational domain and grid materials are designed, plane waves
are used to simulate situations such as light scattering from objects or the structure of
photonic bands. Figure 6.1 shows a workflow of how this modeling works. By finding
out how the beam propagates through the medium by solving the Maxell equations, it ulti-
mately helps characterize the optical properties of materials such as absorption, reflection,

field distribution, refractive index, dielectric coefficients.

View siructure in an organism Run FOTD simulations Analyze data, varying parameters of interest

e .&8

Il'.'l.il mﬁ:'

Figure 6.1. Schematic overview of the FDTD workflow[87].

o1 [® - ‘,. -]
schematic VOO GO0 .]
wlela) -Ii alF ':l i) )

simulated reflectance (%)

6.1 FDTD Simulation

The finite difference time domain (FDTD) method was used to investigate the
optical properties of WO3_, (sub-stoichiometric) nanowires and WO3 (stoichiometric)
22



nanowires. In the simulations, a plane wave was used. Radii obtained from SEM images
were used in modeling. Since our materials consist of wires, lengths were not taken into
account because there was not enough confinement along this axis.

Using Mie-Gans theory, the absorption spectrum was modeled to match the exper-
imental data with the equation given below[?]. This formula includes dielectric charac-
teristics of the medium, em, and the nanoparticle (the real part, (¢1), and the imaginary
part, (£2) as well as depolarization factors (Pj, j=1,2,3 for x, y and z, respectively) in all
three dimensions of the nanoparticle. According to this modeling, dielectric functions and
refractive indices corresponding to wavelength were obtained. The field distribution was

modelled to observe its behavior of the electric field at the absorption peaks.

AOC(UEmg)sz

1-P 5
J [81+ ]Em] +822

6.1.1 Absorption Spectra of Tungsten Oxide Nanowires

Fig.6.2 shows the absorption graphs measured using the Thermo Scientific GENESY
S50 spectrometer, shown with the red line. Models obtained with the Mie-Gans approach
are indicated by the blue line. Using the dielectric parameters obtained from the fitting,
absorption spectra the simulation results show similar results. Accordingly, in Fig. 6.2 a,
there is a peak at 296 nm in the absorption graph of WO3_,, while in Fig.6.2 b, there is an
absorption peak at 347 nm in the absorption graph of WO3.

6.1.2 Dielectric Constant and Refractive Indexes of Tungtsen Oxide

Nanowires

The real and imaginary parts of the dielectric functions were found with the data

obtained from the normalized absorption graph, by substituting the dielectric functions
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Figure 6.2. Theoritical and experimental absorption spectra of tungsten oxide nanowires

corresponding to the wavelength in the formula,

n/%:n+i/<:81+i82 (6.1)

the real and imaginary parts of the refractive indexes of the materials were found accord-
ing to the wavelength. (Fig.6.3). The dielectric functions of materials consist of two
components, real and imaginary parts. The real part is defined as the ability to store and
send energy and the polarization of the material, while the imaginary part is defined as the
absorption and loss factor of a and b show the real and imaginary parts of the dielectric
function parts of WO3_, and WOs3, respectively. Accordingly, it is seen that WO3_, has
the ability to store and send energy better, as well as absorb it better, as can be seen from
the values in both real and imaginary parts, compared to WO3. Additionally, in Fig 6.3,
the reactions of the materials to the electric field are shown where there are absorption
peaks. When compared, it can be seen that the response of WO3_; to the electric field
at the absorption peak (at 296 nm) (Fig. 6.3 a) is more intense than that of WOs3 at the
absorption peak ( at 347 nm) (Fig. 6.3 b).

6.1.3 Field Distributions of Tungsten Oxide Nanowires

On the right side of Fig.6.4 a, the refractive indices of WO3_, nanowires changing

with wavelength are shown. While the imaginary part of the refractive index shows a
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Figure 6.3. Dielectric functions and refractive indexes of Tungsten Oxide nanowires

linear increase, the real part shows non-linear behavior. On the right side of figure Fig.6.4
b, it is seen that the refractive index of W3 nanowires increases with the same non-linear

properties in both the real and imaginary parts.
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Figure 6.4. Field distribution of a)Sub-stoichiometric Tungsten Oxide nanowires, b)
Stoichiometric Tungsten Oxide Nanowires
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CHAPTER 7

SUPERCAPACITORS

While technologies developed for renewable energies such as wind and solar are
making significant progress, there is a parallel progress in the technologies required for
energy storage®. Supercapacitors, known as new generation energy storage sources, have
faster charging and discharging ability compared to known batteries, while also having
more energy storage capacity than traditional capacitors. Simply put, the working
mechanisms of supercapacitors are as follows; it occurs when electric charges accumulate
at the electrode and electrolyte interface, and thus energy storage depends on the surface
area. There are 2 types of supercapacitors as shown in the schematic (Figure 7.1). One of
them is the electochemical double layer capacitor (EDLC), which consists of carbon-
based materials such as graphene, carbon foam, carbon nanotube, carbon aerogel and
where the charges are stored electrostatically®-°%. The other is the metal-oxide materials
that perform the charge storage process electrochemically, which is the subject of this
thesis and will be examined in detail below. There are also hybrid capacitors, which are
an intermediate structure consisting of a Pseudosupercapacitor/EDCL mixture that can
use both mechanisms at the same time. It is important that the cycle of hybrid capacitors

is long-lasting, therefore does not require maintenance, and can be charged quickly®>%,

The capacitance value of EDLC based on electrostatic charges is calculated with
the following formula; where A is the surface area of the electrode; o is the permeability
of free space; er is the relative permittivity of the dielectric material; and d is the distance

between the electrode.

C = (€0 * er x A)ld (7.2)
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Supercapacitors

Double-layer capacitors Pseudocapacitors
Charge storage: Charge storage:
Electrostatically (Helmholtz layer) Electrochemically (Faradaically)

Hybrid capacitors

Charge storage:
Electrostatically and electrochemically

Figure 7.1. A diagram that shows a hierarchical classification of supercapacitors of related

types

7.1 PSEUDOSUPERCAPACITORS

In pseudosupercapacitors, charge transfers occur in a faradic, reduction/oxidation
reactions occur when ions are absorbed on the electrode, the specific capacitance for these
supercapacitors depends on the number of electrons in the redox reaction, the molar mass
of the metal oxide and the voltage and is calculated by the following formula (where F is

the Faraday constant);

C=(nxF)I(M=*V) (7.2)

As can be seen from the formula 7.2 , metal oxides with low molar mass and more
electrons that can be transferred have higher capacitance and play an important role in
electrochemical performance®®®,

Since the process occurs on the surface of the electrodes for the capacity of the
supercapacitor, the higher the specific surface area, the more electron-active sites it will

have, which is an important parameter®°7,
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Compared to metals, it is seen that the conductivity of metal oxides is lower due to
their semiconductor and this is limiting in capacitance. In other words, it is clear that the
smaller the band gap of the metal oxide, the better capacitance it will have. Just as
capacitance is important, energy and power density of metal oxide electrodes are two
important concepts in supercapacitor applications and can be found with the following
formulas; where C is the capacitance in farads, V is the nominal voltage and R is the

equivalent series resistance (ESR) in Ohms

E=(C*V?2 (7.3)

P =V2/(4R) (7.4)

When talking about supercapacitors, it is worth mentioning the widely used Ragona
plot (Figure 7.2), which is basically a technique for comparing different batteries and
technologies to identify the strengths and weaknesses of these technologies®*!®. In the
graph comparing the performances of various devices for storing energy, power density
is on the y-axis in W/kg and represents the amount of power per unit weight of a battery,
while energy density is on the x-axis and is in Wh/kg and represents the amount of energy
it can store per unit weight!l. Batteries are located in the upper right part of the chart as
they have both high power and high performance. The Ragone chart is used as a
communication tool for researchers, engineers, and manufacturers as advances are placed
on the chart and energy-storing devices such as supercapacitors and batteries can be easily
communicated to large audiences, offering broad collaboration and sharing

opportunities!2103,

7.1.1 Electrochemical Impedance Spectroscopy

One method of evaluating the impedance of a charge storage device, which is the
equivalent resistance of each component or electrical circuit to current, is through Nyquist
plots. It is a graph that places the real part of the impedance on the x-axis and the
imaginary parts on the y-axis. The intersections on the x axis in the graph (small images

in Fig 7.7) are the resistance of the electrolyte (Rv) of the supercapacitor electrodes.
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Figure 7.2. Specific power against specific energy, also called a Ragone plot, for various
electrical energy storage devices. Specific power against specific energy, also called a
Ragone plot, for various electrical energy storage devices[98].

Using these values, the conductivity (o) of the electrodes is calculated as follows

o =T/(Rp * Ae) (7.5)

where T is the thickness of the supercapacitor, R, is the resistance of the electrolyte
and A, is the surface area of the electrode of the supercapacitor.
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7.1.2 Cyclic Voltammetry

Cyclic voltammetry measurement applies a linearly varied electrical potential be-
tween the positive and negative electrodes of a supercapacitor in a two-electrode cell
configuration and is a powerful electro-chemical technique used to investigate reduction
and oxidation processes of molecular species. The thermodynamics of a redox process
provides important information about the kinetics of heterogeneous electron transfer reac-
tions and the chemical reaction or adsorption that goes along with the electrode reaction.
By detailed examination of cyclic voltammogrames, it can be understood at what potential
and in how many steps a system is reduced and oxidized, whether it is electrochemically
reversible, whether the electrode reaction is related to a chemical reaction in solution,
the stability of the reaction products, the existence of an adsorption and the effects of the
environment on the redox process.

US Convention IUPAC Convention
r\ - - r\ .
Reduction - Oxidation
c e
@ o =
Bl 5 /
- _"'---...,_‘
o Oxidation © Reduction
N T
High (V) Low Low (V) High
Potentials Potentials Potentials Potentials

Figure 7.3. Two conventions are commonly used to report CV data [104].

7.1.3 Faradic and Non-Faradic Prosess

When performing electrochemical analysis, faradic and non-faradic processes must
be examined for electrode characteristics. When Faraday’s law is observed, (Equation 6.6
is the amount of charge passing through the electrode according to Faraday’s law, where

g, n, N and F are the amount of charge passing through the circuit, respectively, the
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valency of the metal produced on the electrode, the number of moles of the substance
produced and Faraday’s constant.) In faradic processes, the charge on the electrode in the
redox reaction transfer occurs, the charge on the electrode must not be stored in the
electrode and the charge must be transferred away. In non-faradaic processes, there is no
charge transfer, the charge remains on the electrode, similar to adsorption/desorption at
the electrolyte-electrode interface (Figure 7.5). A non-Faradaic process is observed in the

electric double-layer capacitor (EDLC)*.

q=v*N=xF (7.6)
In pseudosupercapacitors, the faradic process dominates, the capacitance consists of fast
and reversible redox reactions on the electrode'®'’. The charge passes through the

double layer, allowing faradic current to flow through the supercapacitor, a process that
increases the energy density and specific capacitance!811°,

Charge Transfer Charge storage

®

R
m
A
m
v
+ + + + +
00000

O,

Figure 7.4. Comparison between faradaic and non-faradaic processes?.

7.1.4 Electrolytes for Supercapacitors

An important topic affecting the performance of supercapacitors is the choice of

electrolyte. Both high energy and high power density can be achieved when a suitable
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charge storage processes'??,

electrolyte is selected. When selecting the electrolyte, parameters such as having electro-
chemical stability and high ion concentration, low voltage and viscosity, low cost and low
toxicity are sought?®,

There are three main types of electrodes used for supercapacitors. Among these, agueous
solutions are alkaline solutions (such as KOH solution), acidic solutions (such as H2SO4
solution) and neutral solutions (such as Li2S04, Na2S04 or KCI solution)'%6197_ Aqueous
electrodes have a high ion concentration, so supercapacitors using aqueous solutions as
electrolytes have higher capacitance and power, but aqueous solutions have a very low
voltage capacity (about 1.23 V), which means they have a higher voltage window (3.5)
and are therefore more durable®®1%, Other electrolyte types, organic electrolytes (such
as propylene carbonate (PC)), stand out in terms of their high energy density and higher
energy density, but they have disadvantages in terms of complex preparation procedures,
high toxicity, and low conductivity°.

Finally, ionic liquids, which consist of salts that are molten at room temperature, are
another type of electrolyte. Their main features are that the voltage window is 2-6 volts,
they have low flammability, they have high electrochemical stability, they are non- toxic,
and since ionic liquids consist of ions and do not contain solvents, this makes them very
environmentally friendly electrolytes**1'2, Their low conductivity at room temperatures
is their disadvantage because it affects the electrochemical performance of the

superconductort3-115,
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7.1.5 TUNGSTEN OXIDE NANOWIRES AS ELECTRODES FOR
SUPERCAPACITORS

7.1.5.1 Electrochemical Measurements

Electrochemical performances and characterizations of WO 3-based electrode ma-
terials and produced symmetric and asymmetric supercapacitor (SC) devices were per-
formed using a multi-channel BioLLogic VMP 300 potentiostat in a two-electrode configu-
ration. In order to characterize the charge storage behavior of WO3 electrodes, 6 M KOH
aqueous solution was chosen as the electrolyte. Stainless steel screws were used to collect
current on both sides, and a porous glass fiber paper (Whatman,grade GF/F) heated with
the selected electrolyte was used as a separator. The synthesized WO 3 powders were used
directly as electrodes for asymmetric and symmetric SC devices without any processing,
and no binders or additives were used in the preparation of these electrodes. All tests were
carried out at room temperature with the help of cyclic voltammetry (CV), potentiostatic
electrochemical impedance spectroscopy (PEIS or EIS) and potential-limited galvanos-
tatic cycling (GCPL) techniques. For CV characterization, 20 cycles were recorded by
selecting various scan rates from 10 to 200 mV.s™! in the voltage range from 0 to +1 V.
For GCPL measurements, 50 cycles were performed at currents of 0.1 A/g, 0.15 A/g, 0.2
Alg, 0.3 A/g,0.50 A/g and 2.40 A/g (at a scan rate of 100 mV/s).

7.1.5.2 Electrochemical Properties and Supercapacitor Performance

Test

For electrochemical measurements and supercapacitor performance tests, symmet-
rical devices (WO3_, and WO3_,) (WO3 and WO 3)in which both electrodes consist of the
same material and asymmetric devices with different electrodes were designed (WO3_,
and WO0O3). According to the measurements taken in the symmetrical two-electrode cell
configuration, when the scanning speeds are changed to 10, 20, 50, 100, 200 mvs™,
as seen in Fig. 7.6 there is a linear increase in all three designed devices (voltage and
current increase as the scanning speeds increase) and this linear behavior indicates that
the system has faradic properties. Although faradic processes show electron transfer at

the interface between the electrolyte and electrode, faradic processes alone do not give us
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Figure 7.6. Cyclic Voltammetry of Tungsten Oxide Nanowires carried out between 0 and
1 V with different scan rates

precise information about electron transfer, redox reactions, and charge storage that may
be valid for the pseudocapacitor.

Impedance, which consists of two components: real/resistive (Zreal) and imagi-
nary/capacitive (Zim), plays an important role in characterizing the frequency behavior of
supercapacitors. Nyquist plots characterizing impedance measurements are divided into
two regions for supercapacitor applications, the low frequency region is characterized by
a linear curve while the high frequency region is characterized by a semicircle. It is the
indicator of the faradaic process occurring at the interface of the semicircular electrode
and electrolyte in the high frequency region, and is the combination of electrochemical

double layer capacitance and charge transfer resistance. Accordingly, in the symmetrical
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two-electrode systems in the left and middle in Fig. 7.7, no semicircle could be observed
in the high frequency region. The reason for this may be spurious capacitance or fast
charge transfer processes occurring at the electrode and electrolyte interface. However, in
the two-electrode system, the asymmetric system with one end WO3_, and the other end
WO3 seems more promising.

The charge-discharge rates for all three devices were increased to 0.10, 0.15, 0.20,
0.30, 0.50 and 2.40 A.g™', and in fig.7.8 a, the decrease in the specific discharge capacity
is seen as the increase from 0.10 to 2.40 A.g~! is observed, and the highest discharge
capacity and long It is seen that the long-term cycle performance is at 0.15 A.g~!. Thus,
as seen in fig. 7.8 b, when tested for 50 cycles at a current density of 0.15 A.g~! in all three
electrolytes, it is seen that all three electrodes exhibit stability in the cycle by preserving

98 % of the initial capacities.
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CHAPTER 8

ELECTROCHROMIC DEVICES USING TUNGSTEN
OXIDE

Materials that can change their optical properties in response to an external
stimulus are called "chromogenic"'?*. Electrochromic materials, which can change their
optical properties with the application of an electrical voltage, have attracted much
attention in recent years'?®. With the use of electrochromic materials in glasses, the
concept of smart windows with variable transmittance has begun to be seen as an
important step in ensuring energy efficiency, and electrochromic materials have begun to
be seen as a subset of solar energy materials?®.

When an electric field is applied to electrochromic materials, electrochemical
oxidation/reduction occurs, resulting in changes in the optical band gap, which is reflected
in the observed color changes. Figure 8.1 shows a typical electrochromic device design.
For good stability and EC performance, there must be good electrical conduction between
the layers. For this reason, there are conductive layers at the outermost part of the structure
consisting of at least 5 layers*?’12, These are materials with high conductivity such as
FTO, ITO, and there are new developments open to development such as silver
nanowires. The next layer consists of electrochromic material, then the ion-conducting
layer (electrolyte), then the ion-storing layer, and the last layer is the transparent
conductor.

In electrochromism, the coloration efficiency (CE) is a very important parameter
and is equal to the optical density change (AOD) divided by the added charge (Qc) per
area (A). The optical density change is defined by the logarithm of the ratio between the
transmission of the bleached (Th) and colored (Tc) states

CE () = (AODY/(Q/A) (8.1)

AOD = log(T bIT c) (8.2)
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ELECTROCHROMIC
DEVICE

I S T

Figure 8.1. Basic design of an electrochromic device, indicating transport of positive ions
under the action of an electric field.

8.1 Electrochromic Properties of WO;_,., WO 3, and CoW0O, Nanowires

The electrochromic effects of cobalt doping, stoichiometric tungsten oxide, and
non-stoichiometric tungsten oxide with oxygen vacancies will be comparatively examined
in this section. In the devices prepared for all three structures, FTO was used as the
conductive layer, tungsten oxide was used as the electrochromic layer, and liquid crystal
was used as the electrolyte, thus enabling the active movement of protons. To increase
conductivity, devices were created using PEDOT-PSS as an intermediate layer.

While creating the electrochromic devices, a mixture of 400 microliters of water
and 400 microliters of isopropanol was used as a solvent. After 50 mg of each sample was
dissolved in this solvent with the help of a sonicator, pedot-pss was added as half of this
mixture and coated on FTO with the help of a spin coater at 2000 rpm. The devices were
heated at 120 degrees. It was annealed for 10 minutes.

The results obtained are seen in figure 8.2. In Figure 8.2, the red lines are
the data taken at 2 V, and the blue lines show the potentials at 0 V. As a result of
coating, sub-stoichiometric tungsten oxide nanowires have a maximum peak at 638 nm
and a 33 % decrease in permeability is observed when a voltage of 2 volts is applied.
In stoichiometric tungsten oxide nanowires, although their permeability is 55 % when

coated, they respond only 12 % to a voltage of 2 volts. The cobalt-doped structure is better
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coated on FTO because its particles are very small, and therefore it is the structure with
the highest permeability, but it also has the least color change, approximately 8 %. As a
result, although all three tungsten oxide structures can work electrochromically, the sub-

stoichiometric structure appears to be the best working device due to the oxygen vacancies
it has.
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Figure 8.2. graph of tranmittance of a)sub-stoichiometric WO3_, b)stoichiometric WO3
nanowires ¢) CoWQO34 nanowires

In Figure 8.3, visible color changes of the created devices are seen at O V before
the potential is applied and after the 2 V potential is applied. However, it is clear that
the results will be discussed more clearly in cases where the coating will be better and
optimized, and it is still a subject open to development.
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CHAPTER 9

CONCLUSION

Within the scope of this thesis, using the hydrothermal method as the synthe-
sis method, stoichiometric tungsten oxide nanowires, non-stoichiometric tungsten oxide
nanowires with plasmonic properties with oxygen gaps, hierarchical tungsten oxide struc-
tures with flower-like structure, and finally sword-like and flat-tipped nanowires were
synthesized and grouped according to appropriate application areas. . Using characteriza-
tion techniques such as SEM and XRD, tungsten oxides were first characterized according
to their structure and phases.

Non-stoichiometric and stoichiometric nanowires were studied for photocatalysis
applications and it was seen that the structure with oxygen vacancies showed faster and
more effective performance until a certain saturation was reached. Hierarchically struc-
tured tungsten oxide works very efficiently and quickly due to its ability to absorb light
well due to its structure and the oxygen gaps in its structure. When examined according
to their morphology, it was seen that the sword-like structure was faster and had higher
photocatalysis performance.

Stoichiometric and non-stoichiometric nanowires were examined in terms of their
optical properties with the help of FDTD simulation. Firstly, considering the experimental
absorption graph, the theoretical absorption graph was drawn with the Mie-Gans approach
and it is seen that they are compatible. Dielectric functions and refractive indices of the
two structures were found with the help of absorption graph. According to the field
distribution graph, it is seen that non-stoichiometric tungsten oxide responds more to the
electric field.

Supercapacitor applications for tungsten oxide and their performance in elec-

trochromic applications were examined.
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