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ABSTRACT

ULTRASONIC SPRAY DEPOSITION OF METAL OXIDE THIN FILMS

Tutel, Yusuf
Doctor ofPhilosophy Metallurgical and Materials Engineering
Sugervisor. Prof. Dr.Hiisni Emrah Unalan

August 2023194 pages

Thin films have a long history and have been present in various forms throughout
human civilization. They play a significant role in shaping the modern technological
landscape today. They serve as a crucial foundation for numerous advanced
applications aass various fields, including optical devices, environmental
applications, micro/nanoelectronic devices, and energy storage devices. The key
factor in determining the effectiveness of thin films in these applications is their
morphology and environmentabsility. The ultrasonic spray deposition method is
known for its simplicity and cosffectiveness. It differs from other deposition
methods in that it does not require higiality substrates or chemicals and does not
rely on a vacuum environment duripgocessing. It also enables the deposition of
homogenous and higluality thin films over large areas.

Transition metal oxides are compounds in which oxygen atoms form bonds with
transition metal elements found within the d block of the periodic table. They
distinguish themselves from other materials through their valuable properties,
including variable oxdation states, high melting/boiling points, catalytic activity,

optical properties, and structural diversifjhe nanostructured nature of these



transition metal oxide thin films offers several advantages such as tailored optical
and electronic properties, improved surface area and enhanced energy storage and

conversion

In this thesis study, vanadium pentoxide, nickel oxide, and molybdenum trioxide
were chosen as functional transition metal oxides because of their exceptional
electrochromic and sensing properties, as welkhesr excellent physical and
chemical stability. First, muklectrochromic properties of vanadium pentoxide thin
films deposited via ultrasonic spray deposition method over large areas (15 cm x 15
cm) were investigated. It was proved that ultrasonicysgegosition method is an
extremely versatile technique for the reproducible deposition of uniform, high
quality, multicolored and nanostructured vanadium pentoxide films over large areas
using vanadium salt as a precursor solution. Moreover, the-pnadsction
capability of the ultrasonic spray deposition method was exemplified through the
fabrication of nickel oxide thin films. Approximately 300 sensor electrodes were
obtained with a single deposition and this functional thin films were used as high
performance norenzymatic glucose and tiypgen peroxide biosensor electrodes.
High sensitivity, a low detection limit, and a fast response time were obtained from
nanometethick cobalt doped NiO film electrodes. To enhance the electrochemical
activity of molybdenum trioxide, cobatfoped molybdenum trioxide thin films,
generated using the same deposition method, were employed in the fabrication of
electrochromic smart windows and ciis@ind electrochromic devices. The specific
capacitance of the cobalbped mtybdenum trioxide electrodes showed great cyclic
stability with a capacitance retention of 92 % over 5000 cycles. Thebdudl
electrochromic device demonstrated remarkable cyclic stability, exhibiting a

capacitance retention of approximately 99% in & ligmapplication.

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

Electrochromism, Glucose Sensor
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METAL OKSKT KNCE FKLMLERKNKN ULTRASONKK
KLE BKRKKTKRKLMESK

Tutel, Yusuf
DoktoraMet al ur ji ve Mal zeme M¢ihendi s
Tez Yoneticisi:Prof. Dr. Hisnil Emrah Unalan

AJj ust o8 aaga? 3

Knce filmler uzun bir tarihe sahiptir ve
var ol muktur . Knce filmler g¢negmegz moder

bir rol oynarlar. Optik cihazlar, ¢cevresel uygulamalar, mikro/nanoelektronik cihazlar

veener ji depol ama ci hazlarée dahil ol mak ¢
uygulama i-in -o0ok °nemli bir temel gerevi
etkinlijini belirl eyen aonrathatma r k of kaukltl®arr, e

karardaecdrekldlrtrasoni k sprey biriktirme y

ile bilinen bir biriktirme teknijidir. Y
gerektir memes:i ve i Kleme sérasénda vakum
dijer bPmnitlkmleméeénden ayreéel ér. Ayné zaman
ince filmlerin genik alanlarda biriktiri/l
Ge-i kK met al oksitleri, oksijen atomlareén
ge-i kK metali elementleriyle bajlandéejée bi
y ¢ ksek eri me/ kaynama noktal ar é, katal it
-ekktgibi dejerli ©°zellikl ayir ed&bBiul dgd -aiywe
met al i oksit ince filmlerin nanoyapeéelé
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°czellikler, gel i kmik y¢gzey alané ve gel i kmi

-ekitli avantajlar sunar.

Bu tez -aléxkmasénda, muazzam el ektrokromiKk
m¢ ke mme | fiziksel ve ki myasal kararl el ékl ar
oksit ve molibden trioksit fonksiyonel ge - i

olarak, ga i K alanl ar (15 cm X 15 cm) iczerinde
yontemiyle biriktirilen vanadyum pentoksit ince filmlerin c¢oklu elektrokromik
°czell ikl eri i ncelenmi Kt ir. Ultrasoni k sprey

oncu bir cozelti olarak kullamnr a k geni k aekrarlanakalirhompere r i nde

y¢ksek kaliteli, -ok renkli ve nanoyapéleée v
uygun bir teknik o | d,adltrasonik &prey tbirikdirmené k t & r . D
yonteminin seri Uretim kapasitesi, nikel oksit ince filmlerin tretimi ile gosterildi. Tek

bir biriktirme ile yaklakéeék 300 sens®°r el ek
fil mler, yé¢ksek per f or ma weshideojeneperpksima t i k ol r

bi yosens®r elektrothmaometodlarlk&l &nll ¢ jagned anék o
ni kel oksit film elektrotlaréndan y ¢ ksek h

tepki suresi elde edildi.

Mol i bden trioksitin el ektroki myasal aktivi
y°ntemiyle ¢retilen kobalt katkeél é& moli bden
pencere ve -ift bant | lulellaenkét!rnmoékkrtoémi.k Kcoi bhaal zi
mol i bden trioksit el ektrodunun °©zgg¢l kapas
kapasitans tutma ile b¢gyée¢k donge¢sel kar ar | €

cihaz, ger-ek hayatt aki99lbkibirkapagtiftutrhaglena ol ar ak

ol ajang¢gst ¢ dOsergledis e | karar |l él ek

Anahtar KelimelerJ!l t r asoni k Sprey Kapl ama, Ge-i kK Met

Elektrokromizm, Glukoz Sensor(.
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CHAPTER 1

INTRODUCTION

Thin films have existed for quite some time in human history and are now
indispensable in our modern worl@hin films can refer tocoating layers with a
thickness ranging from just one atomic layerotee millimeter. More than 5,000

years ago, during the middle Bronze Age, the Egyptians were the pioneers in
intentionally creating inorganic thinlfis 1. They produced gold layers using a
chememechanical process specifically for decorative purposes. This marks one of
the earliest instances of intentionally manufacturing thin films in human history.
Archaeological findings have revealed the presence of gold films with thicknesses
less than 3000 A in anciemtatacombs and pyramidin Saqqgara, Egypt?
Moreover,metallographic investigations of Moche artifacts, thought to have been
made in the northern highlands of Peru around 100 BC, revealed the presence of gold
films with thicknesses rMonegmportgnthyfitwasn ab o ut
found that these films were heat treated after deposition, possithptovefilm -

substratedhesior?.

A variety of materials may be used to fabricate thin filmsluding metals, metal
oxides, semiconductors, polymers, ceramics and composites. They offer several
advantages over bulk materials. Due to their reduced thickness, theysloften
distinct chemical, physicahnd optical propertiesThey are said to have unique
properties such ggromisingelectric conductivity, resistance to corrosion, optical
transparency or catalytic activityAdditionally, the ability to combine various
materials with thin fins enables the development of complex multilayer structures

with special characteristics.



Thin films are widely used to improve the chemical and physical characteristics of
materials inall areas ofife. One example is the utilization of copper metallization
layers in silicon integrated circuits, enabling electronic communicationebet
billions of transistors. Decorative windows in workplaces are also coated with thin
films to save energy These glasses are covered with thin films that transmit visible
light while reflecting ultraviolet and infrared daylight, thus reducing the need for air
conditioning.Thin films generallyfind applications in magnetic data storage, solar
cells, resistors and dielectrics in etectic circuits®. Thin films have become key in

a variety of technologies and will continue to evolve, contributing to advances in
electronics, optics, energy conversion and many other fields of science and

technology.

1.1  Thin Film Formation

With the deposition of atoms from vapors on cleastrate surfaceslifferent
microstructures of the films can be formed. Final structures may be single crystal or
polycrystalline films. All phase transformations involve nucleation and growth
processes. In the first steps of the film formation, the atoms in the gapounter

the surfacef thesubstrate and they start to form chemical bonds with the atoms in
the substrate. Then they adhere to the substrate wghietiedthe nucleation stage.

The ultimate morpblogy of a thin film can be determined by itsateationportion
Shortly after the substrate is exposed to the vapbomogeneous formation of tiny

and extremely mobile clusters or islands is notiéddhis point, thasland density
reaches saturation in a short time by combining the nuclei and multiplying the atoms
and clusters that touch each oth&he islands then begin to mergad with
coalescence event the densifyslandsdecreased.ocal free spaces on the subsrat

will allow additionalnucleation process. The coalescence process continues until a
linked network with empty voids on the substrate is fornTdrd unfilled spaces are

filled and shrunk completely witfurther deposition;isolated voids aréeft behind.



Finally, the film is said to & uniformly deposited aftehe vods are completely

occupiecf.

Three fundamentalgrowth mechanisms fothe formation of thethin films are

schematically illustrated iRigure 11:

I. Island (VolmerWeber) Growth
ii. Layer(Frankvan der Merwe) Growth

iii. Stranski Krastanov Growth

S

Island Growth

Layer Growth

Stranski- Krastanov Growth

Figure1.1 Growth modes of thin films.

The nucleation and growth of the small stable clusters on the sigfealéedisland

growth, also known as Volm&k/eber growth. Island growth modenerallyoccurs



when atoms or molecules bond to each other more strongly than to the substrate in
the deposition, hence islands are formafhen the small stable nucleus expands in
two dimensions, it forms flat layers in which atoms bond to the underlying material
much more strongly than each other, named |@yenkvan der Merwegrowth

The initial full single layer is therenclosedwith a slightly morestrongly bonded
layer. StranskiKrastanov growth mechanism is a hybrid of layer and island growth
processesHere layer growth does not occur after one or more layers have been
created and instead, islands begin to foFhe process of transition fro2aD growth

to 3-D growth is not fully understood. However, anything that interrupts the gradual
decrease in binding energy that usually occurs during layer growth may be
responsible for this chang&he presence of lattice mismatch between film and
substrate may be a contributing factor. As the growing film accumulates strain
energy, the release of this energy can lead to the formation of islands at the high

energy interface between the deposited matanid the interlayet.

1.2  Thin Film Deposition Techniques

Thin films can be fabricataeasing a widgange of different technique&vaporation

and sputtering methods are the most known pratticed methods Various
derivatives of evaporation process involve ion beam evaporation, laser beam
evaporation, molecular beam epitaxy, thermal evaporation and electron beam
induced deposition. On the other hand, the sputtering processes involve radio
frequency (RF), dact current (DC) and magnetron sputterifignese methods
usually suffer from low deposition rate, limited deposition area, the requirement for
conplex instrumentation, wastage of precursor material, the need for vacuum
environment and the high system costs that cannot be ignored even-dfuiailigh

thin films are produced.

On the other hand, using a liquid as the precursor solution for deposition causes a
chemical transformation on the substrate surface, resulting in film formHtadso

provides easy, relativelgosteffective,and uniform thin film formationTypical



examples of these deposition methaadude chemical vapor deposition (CVD),
electroplating and solutiebasedmethod. There are varieties of chemical vapor
depositionmethodssuch as metavrganic chemical vapor deposition (MOCVD),
plasmaenhanced amical vapor deposition (PECVRnhdatomic layer deposition
(ALD). Solutionbased thin film deposition techniques stand out as the most
straightforward and cosffective options when compared with alternative
deposition method®ifferent odlution-based depsition techniqueincludesolgel,

dip coating, spin coating and spray deposition (ultrasonically or Fogultrasonic
spray deposition (USDnethodhas gainedonsiderable attention in recent years,

primarily due to itscapability foruniform large-area deposition.

1.2.1 Ultrasonic Spray Deposition Technique

The dtrasonic spray deposition (USD) is one of thalutionbased depason
techniques that is used extensivdlile USDmethod stands out as a straightforward
and costeffective processing technique that eliminates the need forduiglity
substrates, expensive chemicals, or vacuum conditions [2]. Precursors for the thin
film deposition can be easily prepared by diss@\an appropriate salt in a suitable
solvent, such as water and/or alcohol. Typical salts include chlonideges,and
metatorganic sak. The USD method allows high material utilization and low
material waste. It is possible to deposit functional thin film electrodes at different
temperatures (ranging from 25 to 300 °C). On the other hand, ultrasonic spray
pyrolysis (USP) method is tlemilar tothe USD method, but in USP, the precursor
solution is sprayed onto the pneated substrates at temperatures above 3@0 °C

crystallize the metal oxide during thin film deposition.

Figure 1.2 shows a schematic athe ultrasonic spraying systenilhe kasic
equi pment 6s o flepositioh sysiesaenthe syrirggas a storage tank
for precursor solution, syringe pump, hot platey r xy-z moving stage,
compressor for clean carrier gas and ultrasonic spray ndxzteg deposition,

precursorsolutionatomized by the ultrasonic spray nozzle @astantlydeposited



to thepre-heated substrat®y clean air or nitrogerWhen the aerosol reaches the hot
plate, solvent vaporizes, yielding nanoparticidsny material types can be made
into thin films with the help of the USD method by optimizing the deposition
parameters. Parameters like rdplet size, precursorsolution concentration,
deposition temperature andsolution flow rate affect the fabricated thin film

morphology®.

X-y-z stage

-

Syringe| Nozzle
Pump

% T VA

/ / )
Substrates

Compressor
Hot plate : '

Figurel.2 Schematic drawing dheultrasonic spray depositi@ystem

In this deposition method, the most important component is the ultrasonic spray
nozzle. The crossectional view is provided ifrigure 13. The ultrasonic spray
nozzle is specially designed to generate vibrations of sufficient amplitude to generate
unstable capillary waves which are a defining feature of ultrasonic atomization. The
nozzle body consists of three main parts, that is to sayattimizing surface, rear
horn part and disshaped ceramic piezoelectric transducers. The piezoelectric
transducersan convert highfrequency electrical energy supplied by an external
power source into higfrequency mechanical motion. Thesgehcomponents work
together to generate the necessary vibrational amplitude for atomizing liquids that

are deliveredo the atomization surfacdé.



ATOMIZED LIQUID IS TITANIUM REAR HORN
GENERATED AS A SOFT,
LOW VELOCITY SPRAY REAR HOUSING

TITANIUM

ATOMIZING SURFACE
PIEZOELECTRIC O-RING CONNECTOR TO
CRYSTALS SEAL BROADBAND
ULTRASONIC
GENERATOR

Figure1.3 Crosssectional view of ultrasonic spray nozZle

Viguie and Spitzdeveloped a theory to describe the deposition process as the
substrate temperature riseshownin Figure 14. In a lowtemperature regime, the
droplet splashes onto the surface of the substrate and decorfgposess A)When
exposed to higher temperatures (process B), the solvent completely evaporates as the
droplet fallsandthe dry precipitate formed adheres to the substradevever, there

is a moderate adhesion probability in such procegefmre the droplet hits the
substrate, the solvent evaporates at higher temperatures (process C)
The solid precipitate then melts and evaporates without decompoaitwonly the

vapor reachesthe substrateln process D, taextremely high temperatures, solid
particles generatebecause othe chemical reaction in the gas form reach the
substrate, since the precursor evaporates before reaching the substrate. While the A
and D processes produce rough,-adhesive films with low surface quality, the C

process produces more adhesive film$waigh surface quality.
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Figure 1.4 Schematic describinghe depositionprocess initiaté with substrate
temperaturé®.

1.2.2 The Effect of Parameters on Thin Film Deposition

The USD technique is influenced by many paramettrat aretabulatedand
providedin Table 11. These parameteese dividedinto two main groupspamely

parameters ohie USDsystem and parameters of the precussduition



Tablel.1 Parameters of the USD system.

PARAMETERS OF THE USD PARAMETERS OF THE

SYSTEM PRECURSOR SOLUTION
1 Substrate temperatureQ) 9 Salt of precursor solution
1 Thedistance between the 1 Molarity (M)

nozzle and the substrate (cm
1 Solvent

9 The flow rate of the solution

(ml/min)
1 Pressure of shaping gas (kPg

1 Power of ultrasonic nozzle
(W)

1 Xx-y-z stage speed (cm/min)

1 Amount of deposition (ml)

1.2.2.1 The Effects of Precursor Solution Parameters

The selection of a suitable salt is a crucial decision that must be made before
optimizingtheUSD parameters. Different types of salts can be ustxkprecursor
solutionssuch as nitrides, chlorides, ammonium and acetylacetonate. The choice of
salt can significanthaffect thereaction parameters such tag temperature of the
substratethe solutionflow rate, the distance betwe#me nozzle and the substrate,
andthesolvent otheprecursor solution. For instantkesubstrate temperature must

be high enough to decompose the salt.



The solvent selection is also key factor for the precursor solutioffhe salt's
solubility in the solutions a critical factor as it limits the choice of solvent and can

have a significant effect on the yield of the reaction. DI water alodhol are
generally preferred as solvents because they are inexpensive and easy to access. The
selection of the appropriate salt according to its solvent is also very important in

determining the optimal reaction conditions.

Molarity of the precursor solution is another essential parameter for the USD
method. If the precursor solutismmolarity is too high, the solubility limit may be
reachedand agglomeration may be observed inghexursowsolution. Moreover, if

the molarity of the precursor solution is high enough, the thickness control of the
thin film may be very difficultduring the deposition All precursor solution
parameters also affect the surface properties and thickness of the final deposited thin

film.

1.2.2.2 The Effects of USD System Parameters

One of the most critical criteria influencing thin film deposition sisbstrate
temperatureFirst, the substrate temperature must be high enough to allow the salt
in the precursor solution to decomposiethe substrate temperature is low, the
deposited droplets are still rich in solvent, causing wetting on the substrate. When
the deposited film dries slowly, tiiec o-f f @ g ie dbbEeevedblidwing the
evaporation of the solveht Whereaghe rapid drying of that @t layer causes stress
leading to the formation of crack&t very high substrate temperatures, however, the
accumulated spray droplets are almost 8tgw spreadingf theprecursor solution

can cause discrete particles to form on the substrate surface leading to the
observation of rough surfaceSonsideringthis informaion, the roughness of the
films is determined byhe drying rate of the droplets on the substrate. Thick films
are formed at low substrate temperasunghile thin film formation is obtained at
high substrate temperatures. In additiby,altering the substrate temperature, the

morphological characteristics of the films may be adjusted

10



Optimizing the distance between the nozzle and the substraiédal in the thin

film formation withthe USD method. If this distance is too large, the droplets will
evaporate before reaching the substrate, negatively affecting the formation of the
film. At greater distances, particles gradually lose their properties and are dispersed
on the surface, often ffiming a powdetike layer. Moreoverwhen sprayed over
longer distances, only a tiny fraction of droplets hit the substrate surface, resulting
in low spraying efficiencyAdditionally, if the distance is too short, poor adhesion

to the substrate may ocdoefore proper spraying can occur. Moreover, likewise the
effect oftheslow drying process, the c o-f f @ g rmaly begirctd appear when

the distance is too short. Also, if the optim distance between the nozzgléstrate

is not defined, it becomes more difficult to control the substrate temperature. The
optimum distance depends on the type of salt used in the precursor solution, the

solvent,and the molarity of the solutids.

The flow rate of the solution has a gre#fiecton the thin film growth mechanism
becausét affects the duration for a droplet to reach the substrate suffaiéehe
solution flow rate is higher than the optimum value, the droplets will reach the
substrate before completing the suitable formation process for spraying. Films
formed in this way will either be porous or have agglomerations on their surfaces.
Furthermore, it will be more difficult to control the surface temperature if the flow
rate is not adjusted to the appropriate valWden the flow rate is elevated under

low substrate temperatures, the film's thickness experiences a corresponding
increase.This phenomenon occurs due to insufficient activation energy and
insufficient time required for the droplet to undergo decompositarther, some

of the aerosol is carried away from the substrate by the carrier gesbgh
substrate temperatures, as the flow rate increases, a greater number of aerosol
dropletsaccumulateapidly. This is because higher flow raterovide insufficient

time for the droplets to spread onto the substrbl@wever, when the substrate
temperature and solution flow rate are botthin an ideal range, the microstructure

of the film may be controlledt has beerexperiencedhat the flow rate of the

solution often gives good results between-@B ml/min. Especially when the flow

11



rates are very high or low, the deposited film surfaces are not smooth and
homogeneous. On the other hathetotal amount of deposition affects the thickness

of the films and total deposition time.

In theUSD technique, various carrier gases, such as nitrogen and compressed air are
used. The carrier gas pressunftuenceshe formation and physical properties of the
films. Like thesolutionflow rate, high pressures make it more challenging to control
substrate temperature and the substrate cools rapidly. On the other hand, low
pressure values lead to the sprayed solution reaching the substrate without

atomization, resulting in the formation of defective films.

The generated power of the nozzle used can affect the size of the aerosol droplets.
The droplet size is inversely proportional to the power applied at the nozzle to
atomize particles. As the power of the nozzle increases, the droplet size decreases.
Also, the particle size is directly proportional to the droplet size, so reducing the
droplet size will cause the particle size to decrease as well. -jhe or xy stage

speed mostly affectthe thin film thickness As the stage speed decreases, the
thicknessincreases due to a greater amount of aerosol reaching the substrate.
However, at extremely high stage speeds, the film formation may be incomplete as
the amount ofdeposited material might not be sufficient to coalesce and form a

continuous film.

1.3  Transition Metal Oxides

The exceptional electronic structures of the base transitiongaetitheir bonding

with oxygen make transition metalxides (TMOs) which arehighly valuable
materials'®. A transition metal is a type of metal that has an incompletely filed d
subshell or forms cations with an incomplete d orbital upon ionization. TodQs
through a charge transfer process between lower electronegativity transition metal
atoms and higher electronegative oxygen atdrhs.oxidation state of the metal ion

in the oxide is determined by the quantity of electrons lost by the transition metal.

12



Thus, TMOs with different physical and chemical properti&s beobtained. The
charge exchange between transition metal and oxygen atoms néd@liigtes the
formation of diverse bondéut also contributesto the emergenceof various
structures and phases of TMOs.

The crystal structures of TMOs exhibit a wide range of symmetries, which can vary
from cubic to triclinic. The simple binary oxides with a composition of MO (M:
transition metal, O: oxygen) generally exhibit the rsek crystal structure, while
those wih a composition of M@show a variety of structures such as fluorite, rutile,
distorted rutile or more complex structures. Sesquioxides with a composition of
M20s often haveacorundum crystal structure. On the other hand, spinels he®e M
structure, wHe only a few TMOs form pentoxide ({@s) structurs. The electrical
configuration of thetransition metal and oxygen atoms determines the crystal

structure of these TMOs.

TMOs can be easily formed by simple chemical reactions and remain stable under
normal environmental conditions due to their thermodynamic stability. Tungsten
trioxide (W), molybdenum trioxide (Mog), titanium dioxide (TiQ), vanadium
dioxide (VQ), vanadium pentoxide @Ds), nickel oxide (NiQ, manganesdioxide
(MnO) and cobaltlf, Ill') oxide (CaOa) are the most known and utilizddMOs.

Thin films of theseTMOs are often used in various applicationse use of TMO

thin films aremostlydemonstrateth gas sensof$ 18, batteries¥ 2%, electrochromic
devices*®?4 thermochromic device$26 supercapacitors” 2%, hydrogenperoxide/
glucose sensoré 32 andsolar cell application®® *°,

131 Properties of Vanadium Pentoxides

The oxidation state of vanadium ranges from 2 tanfl can producevanadium
monoxide (VO), vanadium sesquioxide >(3), vanadium dioxide (V& and
vanadium pentoxide (s). Among them, the XOs phase is the most studied

because it is the most stalhasewith an oxidation stateof +5 andan electron

13



configuration of 8. It has arorthorhomlic layered crystal structuféwhich is in the
Pmmn space group and looks like a square pyramid with zigzag ribbons as shown in
Figure 1.5. The vanadium atom is coordinated with five adjacent oxygen atoms
arranged in a pyramid shap&.double chain is generated in thedipection by
sharing the edges of the pyramidal 3/@nits, and these chains are joined at their
corners.In addition, there is a M0 bond in the alirection located at a greater
distance from the vanadium atom. Amorphou®athin films can bdabricatedat
deposition temperatures300 °C*’, while these disordered.®@s thin films can be
crystallized by a simple posteposition annealing process..Q¢ has ntype
semiconductor nature, its optical band gap vabesveen2.10-2.75 eV.It was
investigated extensively due to its unique semiconddotaretal transition
behavior,broad optical band gapand high thermal and chemicalstability with
favorable thermoelectric propertié$®, It is used in various appligahs including

gas sensor&4! batteries”?, electrochromic device$**and supercapacitofs4©
Different deposition techniquesitilized for V.Os thin films such as thermal
evaporation*’, magnetron sputterintf*® pulsed laser depositiot?®% chemical
vapor depositin 2% sokgel %5 spray pyrolysis®®®’ and ultrasonic spray
deposition (USD§&°

14
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Figurel.5. Crystal structure of orthorhombic®s. Views from (a) ac plane and (b)

ab plane. V atoms are shown irlges and O atoms are in blifé

1.3.2 Ultrasonic Spray Deposition of Vanadium Pentoxide Films

Although there are various methods to deposidavhin films, USD is a relatively
easy, useful and relativetosteffective method to obtaimuniform, crackfree and
pure \LOs thin films. However, up to now, only a few studies have investigated the
use of the USD for the deposition ob® thin films °8%% |n 2013, Wei and
colleggues studied structuralpticalandelectricalcharacteristics of MOs thin films
prepared vidUSD °8 To produce films, they prepared vanadium sol by dissolving
V205 powder in a hydrogen peroxide202) solution and relispersed obtained sol

in DI water, stirred overnight and ultrasonically sprayed onto indium tin @i
coatedglasssubstratesAll films were heattreatedat 110 °C for 1th. Moreover,
electrodeposited (ED) films were prepaisl acontrol group forcompaing their
charge storage capacities wittose ofUSD films. The SEM images of 2@s films
(Figure 16 (a-d)) fabricated via USBhowed stacled rod-like morphology It was
observed thahe V-0Os sol could notbedeposiedhomogeneously on the ITéated
glasssubstratesising the USD method\s shown irFigure 16 (b) and ¢l), ED film

had a more homogenous surface than USD film. XRD analysis, provideglre

16 (e) and (f), showed peaks at around 8.02 and 794orresponding to the
diffraction of the (001) plane caused by stacking layers@\H>O. However, the
XRD peaksshowed the amorphous naturelod deposited/ 205 films.
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Figurel.6 SEMimagesof V2Osfilms prepared by (a, b) ED method and (c, d) USD
method on ITO. XRD patterns for2@s films prepared by (e) E and (f) USD

method on ITGS.

The ion storage capacity of the®s films per unit of active electrode areasv

comparedvith ED and L8D methods. Th&D film showed twice the charge storage

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

the observed differences in charge capacity. As a résaly.0Os films exhibited a
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nortuniform morphology attributed to the stacking of e particles and

consisted of mixed phases 0#® and VQ, exhibting a limited charge capacity.

V205 thin films canalso be used in sensor applications. For example, humidity
sensing capabilities of 2Os thin films fabricated througtUSP methodvere also
investigated®. The precursor solution was prepatsihg vanadyl nitrate and urea
dissolved in a few mhiliters of DI water.It wasobserved that theleéal deposition
temperaturevas350 °Cfollowing deposition trials at a range of temperatfesn
250to 450 °C).It was found that crystalline thin films were obtained abave
substrate temperature§350 °C Thin films were polycrystalline and preferentially
oriented in (001) direction, the highest intensity peak was searRad v al ue of
20.32°, as shown iifrigure 17 (a). Raman spectra (kige 1.7 (b)) of the films
includedpeaks at wavenumbers 102, 145, 197, 284, 304, 4045282701 and 995
cm' ! which are fingerprints of ¥0s. Films had a highroot mean square (rms)
roughness valuef around238 nm. Producedv 20s thin films was porous, which is

adesiredreature for gas sensing applications.
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Figurel.7 (a) X-ray pattern and (b) Raman spectra e®¥films °.

The humiditysensing properties of 2@s thin films wereinvestigatedand room

temperature currentoltage curves of ¥Os films showed linear characteristic

17



proving the ohmic properties of the conta@gure 18 (a)). When the device was
exposed tanoistair with relative humidity (RH) levels of 25, 44, 58, 62 and 76%
(Figure 18 (b)), the current increased significantiyentually reaching a stable
value higher than that observed in dry Reipid reaction and recovery were repeated
for multiple cycles of switching the device from dryriwist air and vice versa,
demonstrating improved repeatability and stability of the sefbercurrent rose as
the relative humidity increaseds provided irFigure 18 (c). Humidity sensitivity

was demonstrated to gkit a linear correlation with relative humidity, reaching its
peak sensitivity of 90.8% at a relative humidity of 76%, as illustrated in Figure 1.8

(d). Response and recovery times were found toabe0s and54 s, respectively
(Figure 18 (e)).

60

(a)

—
o
—
o
(=]
T T
&
]
F 4
&
i
@
<]

=
(=]

[

(=]

Current (nA)
o B
] 2 B
= i=]

(=]
T

L]
=
Current (nA)

&
=]

10+

=1]
=]
=

1 1 1 1
-2 2 3 0 5 10

1 1
-1 1] 1 15 20 25
Voltage (V) Time (min)
50 5 60
(c) - (d) o (e)
—-.40_ a‘?' —
g o T 10}
=1 £'85¢ T =
-
§ 30 = * 30r
= w =
a E 80| S 201 0O Experimental
20l @ * — ExpGro 1Fit
* 10 ExpDec 1 Fit

20 30 40 50 60 70 80 '20 30 40 50 60 70 8 0 1 2 3 4 &
Relative humidity (%) Relative humidity (%) Time (min)
Figure 1.8 (a) Roomtemperature currentoltage characteristics of the sensor at
different static relative humidity atmospheres, (b) room temperature ctiment
response curves of the sensor at various RH under 2 V bias voltage, (c) variation of

current with reldave humidity and (d) sensitivity versus relative humidity, (e)
experimental and fitted rise and fall curves fe©y'thin films °°,
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In another study by Tadeo, ethanol &@; gas sensing propertiesWEP deposited

V20s thin films wereinvestigated®. Structural, morphological and optical properties

of the films were sintar to their previous studgs summarized abové& A linear
relationship between current and applied voltage obtainedshowing that the
contacts were ohmic and the electrodes were suitable for gas detection measurements
(Figure 19 (a)). The sens@ showed good reversibility, as shown in Figu@e(t).
Furthermore, the films showed an amplified response with increasing ethanol
concentration The sensor was subjected to ethanol vaporgaabus operating
temperatures ranging from 200 °C to 330 °C to find the ideal operating temperature
for thin films (Figure 19 (c)). The idealoperating temperature for the sensor was
foundas280°C, shown in Figure 9.(d). The results were promising since the sensor
detected ethanol at low quantities that were much below the regulatory limit for

breath analyzers.
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Figure 1.9 (a) IV characteristics of the fabricated sensor, gas semnsisgpnse
curves of \Os thin films deposited on the 350°C pneated quartz substrates (b)
various concentrations of ethanol at 200 °C, (c) different operating temperatures
(200-330 °C) at 25 ppm gas concentration, and (d) gas response curves (% response)
of V20s thin films deposited on the 350°C ghneated quartz substrates to various

ethanolconcentrationss a function of temperatut@

A relatively recentstudy was conducted by Kose &t on the exploration of
morphological optical, electrical and surface properties\aDs films deposited
throughthe USP methoff. The aqueous precursor solution containing 0.05 MsVCI
was ultrasonically sprayed onto the qeated substratesafiging from300 °C to

450 °C with 50 °C intervals). The thin films were named according to their
deposition temperature, farstancevO300 refers td/20s thin film deposited on a
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300 °C preheated glass substrafehe VO300 filmshowed no grain boundaes,

while the VO350 film had a porous structure with soonacked and deformed

regions SEM image of VO4000 thin filnstarted to showgrain boundariesyet, it

was observed thabd-like structuresvere formed in the filmslepositecat 450 AC.
XRD results proved thatll V20s films had orthorhombic structurén addition, it

was determined that the transmittance of the films increasbdthe substrate
temperatureAccording to the electrical measurements, it was observed that the
resistaace of the films decreased, and the electrical conductivity increased with
higher substrate temperaturds can be seethe USDmethod has never been used

in the production of largarea or higkguality V20s thin films in the literature.

1.3.3 Properties of Nickel Oxides

The crystal structure of cubic nickel oxides (NiO) is the same as the salt form of
NaCl, which has octahedralNiand G sites, as shown in Figure 0.1t has various
oxidation states, these are nickel trioxide or sesquioxid®gNinickel oxide (NiO),
nickel dioxide (NiQ) and nickel peroxide (Nig). NiO is a ptype semiconductor
with an optical badgap between 3.5 and 4.0 8/Like other binary metal oxides,

it can exhibit norstoichiometry, which means that the ratio of nickel to oxygen
atoms is not exactly 1:1. This natoichiometry is oftemelatedwith a mlor change
while the stoichiometric NiO appears gredhe nonstoichiometric NiO appears
black. Various methodsre reported for th&abricaion of NiO thin films suchas
pulsed laser depositiéd CVD %, magnetron sputterirf§, spray depositioff-¢’and
sokgel depositiorf®®. Its typical usesncludesolar cells**, electrochromic devices
2410 sipercapacitorg®’t and chemical sensoré owing toits excellent chemical
stability andhigh durability.
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Figure1.10 Crystal strgture of cubic nickel oxidé’.
1.3.4 Ultrasonic Spray Deposition of Nickel Oxide Films

Nickel chloride hexahydrate (Ni€6H.O), nickel nitrate hexahydrate
(Ni(NO3)2.6H-0) and nickel acetate tetrahydraf®li(OCOCH)2 .4H.0) salts are
widely used as precursors in thepdsition of NiO films. Kst studieson USD
depositedNiO films, focused orthe preparation and basic characterization of the
films. It was observed that whei(NO3)..6H0 and ethaneWater mixture were
used as the precursor solution, the cubic ramed NiO thin films with (200)
preferential orientation werproduced by the USP metht@dAlso, it was reported
that NiOfilms depositecbnto ITO/ glass via USPnethodhad high work function

whichis favorable fo OLED applicatios .

The USD method also all@d deposition of dopethin films. In 2010, Li doped

NiO thin films were fabricated using USD method for electhromic window
applicatiors ’8. XRD patterns showed that bare NiO films had a cubic structure with
(200) preferential orientation, while Li doped NiO showed the same peaks for NiO
but no other peaks were seen related to LiNiO structuren@igll (a)). NiO thin

films have fingerprint Ramapeaksas shown in Figre1.11 (b). On the other hand,

LidopedNiOf i | ms showed a higher compaxedsthei ssi on
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bare NiO films (Figire 1.12 (a)). Coloration efficiency (CE) is one of the most
importantparametersor electrochromic (ECinaterials and is defined as the change
in the optical density (OD) per unit
study, the CE of L-doped NiO films was fountb be33 cnt/C. Additionally, NiO

thin films showeda characteristic gradual coloration process with approximately
90% of the color change occurring over 115 seconds. In contrakiped NiO films
showeda considerablyaster coloration, achieving the same degree of color change
within just29 seconds. Furthermore, thedaped NiO films showed a significantly

largetransmittancehange, ashownin Figure 1.2 (b).
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Figure1.11 (a) XRD pattern andb) Ramanspectrum for NiO and kiloped NiO

thin films 7.
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Figure1.12 (a) Opticaltransmittanceof films under potential step cycling between
4.25 and 2.25 V. (b) Normalidéransmssion as a function of timé.

At microscopic level, theccurrencef surfactants in the precursor solution can alter
the morphology of the thin fils) resulting in high porosity and increased surface
area. This modification facilitates faster diffusion of ions within the film, increasing
EC efficiency and swithing kinetics’’. Surfactant (polyethylene glycol (PEG))
assisted USP of NiO and -doped NiO films were also investigated f&C
applications’’. A surfactantaddition to the precursor solution causes a decrease in
surface tension, which leads to the formation of smaller droplets. Consequently, the
reduction in droplet size results in smaller NiO aggregates forming within the thin
film "8 The morphology of both bare and-didped NiO films had some aggregates
and noruniform surface morphology in the absence of surfaétgffigure1.13 (a,

c)). The inclusion of PEG effectively eliminatéige particle aggregation and the
formation of holesas shownn Figure 1.B (b) and(d). As a result, both NiGiIms

with and without Li ionsshoweda smooth, uniform, andrackfree surface
Comparatively, the LINIGPEG film showeda greater coloration contrasthen
compaedtotheNIGPEG f i Il m. Thi s i s evaraneasuwredf r om T
as43.5% for the LINIGPEG film and 39.0% for the NMPEG film. These results
indicated that the LINIGPEG film underwent a more significant change in
transmittance, highlighting its superior ability to change its optical properties. The
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CE values were found to be 41.2%@and 31.0 cRiC for LiNiO-PEG and Ni@
PEG films, respectivelyThis study unequivocally showcased the advantageous

effects of Li doping orEC applications.

]"}llll_ l“_LlHl —

10 1M e— 10 pm  ee—

Figurel.13SEM images of (a) NiO (b) NK¥PEG (c) Lidoped NiO ad (d) Li-doped
NiO-PEG films””.

1.3.5 Structure of Molybdenum Trioxides

Molybdenum oxide (MoG) has a unique layered structure with alectron
configuration of 8. It is ann-type semiconductor and has different phases that are
thermodynamically stable (at standard conditioth&gt areorthorhombic MoQ

p h a smhas¢YTF° monoclinic MoQ ( fphasef! and hexagonal Mo§Xh-phase)

82 The connectivity between the basic octahedral units distinguishes these structures
from one another A mo n g -MbQs i the mobk investigated phase due to its

promisingelectrochemical andlectrochromic propertiei& conjunction toa wide
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optical band gap®. TheU-MoO;s structure consists of six Mo atoms coordinated by
six O atoms forming octahednaihits 23, In U-MoOs, the structure consists of a pair

of side chains that share MeOctahedral unitslt can be said that has a zigzag
structurealong the eaxis The double chains are held together strongly by covalent
forces in the aand cdirections due to the sharing of octahedral units at their edges.
However, the double chains are weakly linked by van der Waals forces ia the b
direction, resul ti ng-MoGs Thelcwystall sauctare efd st ruct
or t hor hMo@did peovided in Figure 14 8. T h i nMoOsihasmeet
employed as a functional layer in many different etedc devices such as OLEDs

8 organic® and polymer solar celf€, electrochromic layerd 88 andgas sensors
1789 These applications demand the creation of thin, homogenous co&lifigent
deposition techniquewere usedfor the deposition of Mo®thin films such as
thermal evaporatio®®, magnetron sputteringp®% chemical vapor depositiof?-3

sokgel 3% andspray depositiofi:%

Figurel1.14Cr y st al struct u-MeOs (Mo is shownhas puppembi ¢ U

atoms and O as red atonf¥.)

1.3.6 Ultrasonic Spray Deposition of Molybdenum Trioxides Films

To deposit molybdenum oxide films via the ultrasonic spray deposition method,
molybdenum(V) chloride (MoCls) and ammonium heptamolybdatietrahydrate
((NH4)sM07024-4H20) salts are widely use@iheUSD methods a scalable solutien
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based deposition methdor the depositon of molybdenum oxiddased films®:°”,

In this context, the USD method wadroducedto deposit Mo®@ hole transport
layers (HTL) for OPV devices using aquearsmonium molybdatéetrahydrate
(NH4)sM07024:4H>0 precursor solution, then, the layers were thermally annealed
and converted to Mog®. The observation reveals a gradual improvement in the
efficiency of OPV devices by increasing theattreatmentemperature of the film

to 350°C. This enhancement is mostly due to a rise in stioctiit current density
(Jsc) and fill factor (FF) values, resulting in a maximum power conversion efficiency
(PCE) of 4.4%Changes irphotovoltaicparameters witlannealingiemperature is
provided in Tablel.2.

Table 1.2 The average values for the fill factor, open circuit voltage and power
conversion efficiency for OPV devices fabricateith MoOx layers as a function of

annealing temperatufé

FF (%) Voe (V) PCE (%)
Unannealed 17.0 0.67 102
200 C Anneal 21.8 0.85 107
250 C Anneal 28.0 0.86 1.6
300 C Anneal 47.5 0.86 3.6
350 C Anneal 51.6 0.88 4.4
400 C Anneal 29.2 0.80 14

On the other hand, using aqueous ¢NM07024-4H>O precursor solution during
USD deposition on differentayers such as P3HT:PCBM blend films can be a
problem for urfiorm and full film coveragé®. Optical microscopy images (Figure

1.15) revealed that the MoOmicroarray, produced through USD, consisted of
multiple islands with varying sizes due to the low vapor pressure of DI water.
Interestingly the size of these islandsreasedvith the spray time This problem

was solved using a mutiomponent solvent system (MSS) consisting of DI water,
methanol (ME) and isopropanol (IPA). Optimized layers were utilized as the HTL
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for organic solacells When the IPA:ME:DI water volume ratio for the precursor

solution was 3:1:6, the best PCE for the organic solar cell was &a$d0%.
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Figure 1.15 Optical microscopemagesof MoQOz array with wateras a solvent in
differentspray times ofa) 2.5 (b) 5, (c) 7.5and(d) 15 min®.

The USD metho@lsoallows the deposition of nanoparticléispersion addition to

precursor solutionssavim et alpreparedvater suspended Ma®anoparticles by
laser ablationn solution(LASIS), which was then followed by the USD deposition

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

No postannealing processes were neededThe morphologies of the HTLs,

provided in Figure 16, indicated that the films contained small nanoparticlés
optimized glass/ITO/MoeNPs/PTB7:P@ZBM/Ca/Al solar cells displayed open

circuit voltage (M)

of

Short7cicuit\eyrrent densitfds)

of

1BfilmA/ ¢ m

factor (FF) of 58% anBCEof 5.7% under AM1.3lumination. Fabricated solar cell

showedncreased stability comparéa thedeviceswith polymeric HTLs.
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Figure 1.16 SEM images acquired from Ma@@P films produced ora substrate
heat ed antidepbgition tide®f a) 40and b)e 0 %5. s

The substrate temperature may affect the structure, oppicgberties and
photocatalytic activity of USleposited Mo®@thin films 1% The film deposited at

250 °C showed the mixed nature of the hexagonal (h) phase and the orthorhombic
( U) pha sEguoel.l? @) When the substratemperaturevas increased

to 300 °C, the XRD peaks associated with thghhse were significantly reduced,
whi | e-phtise ecathe more prominent. Additionally, the peak related to the
molybdenumsalt {ndicated by* in XRD data) waseliminated Furthermore, when

the films were deposited at a substrate temperature of 400 °C, only the orthorhombic
phase was observellloreover,optical transmittance exhibited a gradual decrease
with increasing temperature, reaching its lowest point at 400~igtire 117 (b)).
However,at 500 °C, the transntéince started to increase agdilpon increasing
substrate temperatigehe optical band gap values increased from 3.06 to 3.46 eV.
SEM images in Figre 1.18 (a) showed the amorphous naturévtfOs films when

the substrate temperature was 250@ small spherical grasand reguldy shaped
nanorods started tgpear upon increasirgubstrate temperatute 300 °C (Figire

1.18 (b)). At the deposiion temperatures af00 °C and 500 °C, the rod lengtlas

found toincrease (Figre 1.18 (c) and(d)).
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Figurel.17 a) XRD patterrof film (* shows the peak related to molybdenum salt).

b) Transmitancespectra of Mo@films prepared at difi@nt substrate temperatures
100

Figure1.18 SEM images of Mo®films deposited at differentemperatures o)
250, B 300, c) 400 and d) 500 .

The photoluminescence analysisowedan increase in emission corresponding to

defects as the substrate temperature increased, accompanied by a decrease in the
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intensity of intervalence charge transfer emissioAdditionally, a 0.5 mM
RhodamineB aqueous solution was utilized as a template to investigate the
photocatalytic activity of films deposited different substrate temperatures, and it
was obtainedthat the efficiency was highest at 500 °C. This enhanced efficiency
could be attributed to several factossich asan enhancedandbending effect,
higher photon absorption capacsyrface morphology, crystallographic anisotropy

and the occurrence of oxygeacancies.

The performance of electrochromic devices can be influenced by the implementation
of sequential deposition methods, such as combining USP and thermal evaporation
techniques, in the deposition process of M&0OThe cyclic voltammogram (CV) of

films depositedy thesequential methoshowedhecharacteristicCV curvesof the
electrochromic film(Figure 119 (a)). Spectral transmittance gragpbf the samples
depositedhroughUSP, thermal evaporation and sequential methogjsrovided in
Figures 119 (b)-(d). The maximum transmittanahangeof the films within the
visible spectrum reached 46% at a wavelength of 570 nm ftheh@alevaporated

films (Figure 1.19 (c)). Theelectrodes deposited vihe USP method showed low

CE (16 cnt C'Y), but good stability. But the electrode depositethy thermal
evaporation hadelatively high CE (30 cn? C'1), butthe cyclic stability was low

The sequential deposition electrode had the greatest CE (B&'¢jnamongall
electrodes and maintained its stability with cyclifige high coloration efficiency

and stability observed in the sequentially deposited samples investigated in this study
hold great promise for future research on the deposition of:\Mo@ other metal

oxide thin films,openingopportunities for diverse optoelectrorapplications.
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Figure1.19 (a) Cyclic voltammogram of USBample. Inset shows the photographs
of EC films at different voltages.ransmittance plots for (b) USP, (c) PVD and (d)
SDsamples in bleached and colored stétes

1.4  Applications

141 Electrochromism and Electrochromic Devices

The ability of some materials talter their optical properties such asoptical
transmittance or absorption, reversibly wheasedis known as electrochromism

101 This means that aBC material can alter its color or transparency in a regulated
way when a voltage is applied to it. This unique optical switching behavie€of
materialsopensnumerous possibilities for energfficient applications and color
adjustment, including smart windows, multiple color displays, wearable devices and
optical elements with adjustablcolors 19219 TMOs, conjugated conductive
polymers, organic redox dyes and organic frameworks arsgust of the examples

of the materialsised in EC technology®°1%, Among these materials, TMOs are
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highly preferred due to their exceptional coloration efficiency, strong chemical
stability, and longerm durability >3 There are two main categories of
electrochromic TMOs, distinguished by their coloration mechanisms: catB@dic
materials, which become colored through the insertion of guest ions (called as
reduction process), and anodi€ materials, which become colored through the
extraction of guest cations (& as oxidation proces$j* The periodic table of
elements in Figure 1displays the transition metals whose oxides exH6it
properties. The oxides of Ti, Mo, Nb, Ta and W show cathodic coloration, while the
oxides of Cr, Mn, Fe, Co, Ni, Rh and Ir elements display anodic colorétinang

the TMOs, only ¥Os demonstrates a unique multichromic behavior by exhibiting
both anodic and cathodic coloratidlf. The key factor in electrochromism is the
invocation of a new species that displays color on an electrode by an electrochemical
reaction that affects electron transfer. Also, both states of the electroactive species

arecalledelectrochrome.

H Cathodic coloration He
Li |Be Anodic coloration BIC|[N|O|F|[Ne
Na Mg Al|Si|P|S|Cl|Ar
K |Ca|ScTillVCriMniFeiColfNilCu|Zn |Ga|Ge|As |Se|Br|Kr
Rb(Sr| Y |Zr Pd|{Ag(Cd|In|Sn|Sb|Te| | |[Xe
Cs|Ba|La|Hf Pt [Au|{Hg| Tl [Pb| Bi [Po| At|Rn
Fr|Ra|Ac

Figurel.20 Periodic table of metals whose oxides sled@ctrochromic properties
116

The mechanisms responsible for the coloration and discoloration of electrochrome
can be categorized into two typ&ne mechanism involves direct redox reactions,

which is mainly observed inrganicbased electrochromé’. When an external
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voltage is applied to organltased electrochrome, redox reactions occur inside the
organic polymers or small molecules, causing changes in their molecular energy
levels and causing the material's color to change. The second mechanism is based on
ion intercalation and deintercalation, most commonly found in inorganic
electrochromic mateais!® Intercalation occurs when a metal in the electrochromic
material reacts with ions from the electrolyte and the ion introduced to the substance.
Reversing the polarity of the applied voltage should cause the electrochromic
device's transmittance and coloréwertto their initial values.This reversal process

is referredto asdeintercalation. To allow intercalation and deintercalation, the
electrochromic material's thin film must be in direct contact with both an electrolyte,
which supplies the requideions for the reaction, and a conductive layer that
facilitates the flow of voltage.

To obtain dull electrochromic device transparent conductive layer is placed on a
glass substrate, then, an electrochraznatingis put on top of the transparent
conductive layer. ITO and FTO are the most widely used transparent conductive
layers The second electrochromealled counter electrode, may be anothsC
material or may baon-coloring redox material as an ion storage layer. In either case,
the electrolyte is positioned between tBE material and the counter electrode,
forming a sandwicliike configuration. A typical electrochromic full device

fabricated with two electrochromiayersis schematically shown in Figure 1.2
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Figurel.21 Schematic of a typicalectrochromic full device.

Commonlyusedperformanceparameterso precisely evaluatthe performance of

relatedEC materials and devicasxclude
a. Optical modulation

b. Coloration efficiency

c. Response time

d. Durability

e. Lifetime

In the context ofEC materials and deces, optical modulation serves as the key
parameter to demonstrgteomisingelectrochromic properties of the materialis
guantified as the difference in absorbance or transmittance at a certain absorption
wavelength between the initial and subsequaetdr shift as given in Equation 1.
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(pT (%) = Tbleache((%) ) Tcolored(%) (1)

Her e, pnéRikd and Thoored represent optical transmittance modulation,

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

CErepresents theapacityof ECdevices to achieve higher optical modulations using

a given amount of injected chardgecause of their increased energy efficiency, EC
deviceswith higher CEs are preferabldy maximizing the CEthe energy
consumption of the device can be minimized, making it more eseffigient and
economically viable for practical applications. CE can be defined as the amount of

optical density c¢hangeQd)Eexp@ddadinfkguationt2zhe char ge

CE= @Qblbg 6——)/Qd 2

The response time of &C device refers to the time it takes for the device to reach
90% of its maximum optical modulation from the bleached state to the colored state
(or vice versa)This interval of time is furthermore known as the coloring time (or
bleaching timg Generally, EC materials and devices with shorter response times are
more desirable due to their swift transition between different optical staes
displays have differertriteria than EC materials and devices used in applications
such as smart windows or energy storage devices, which typialiytolerable
transition times in the range of minutd® meet the information refresh rate, EC
displays need to complete color transitions in seconds, even millisecdmdss
becauseEC displays are intended for dynamic visual content and need to change
colorsrapidly to provide a smooth and responsive display experience, similar to
other types of electronic displaydence, itis crucial for EC displays tbaverapid

color transition times to fulfill the requirements of rate information updates and

visual responsivenes¥’.
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The term durability describes a material's or a device's capacity to tolerate an
unfavorable external environment. Additionally, a qualified display should be

able to operate in conditions of high humidity, low temperature (betwi®esind 80

°C), and eveundersome external forcéifetimesare equally importanOne of the

key requirements fdeC displaysand devicess the ability to maintain their electro
optical switching capacity even after numerous cycles of coloring and bleaching. To
meet the demands in future practical applicatiddS, displays shouldxhibit
excellent reversibility and cyclic life, with a target of at least 1@ cycles without
significant optical degradation. This ensures the {tamm reliability and durability

of the device.

1.4.2 Non-enzymatic Hydrogen Peroxide Sensors

Chemical sensors used in healthcare have utmost importance, hydrogen peroxide
(H202) and glucose being the two typical analysts. As one of the most basic
peroxides, HO., may act as an oxidizer or a reductant depending on thi jsHan
inherently unstable chemical that occurs wadous biological processhere it is a

vital mediator. It participates in crucial functions sasiimmunological responses,

cell signaling, and the metabolismmbteins and carbohydrat&8. Additionally, it

is a byproduct in reactions catalyzed by various oxidase enzymes, including glucose
oxidase, cholesterol oxidase, glutamate oxidase, amatdéaoxidasé?’. However,

the presence of excessive@®din the environment can have severe implications for
human health, including the development of conditions such as diabetes,
cardiovascular disorders, cancer, and odegenerative diseasgd 1?4 Becausehe
excessive amounts of.8, can lead to the generation of reactive oxygen species,
causingdamage to DNA and protei#®. Therefore, the development of an accurate,

fast and dependable method for detectin@Hs highly important?®.

Electrochemical methods offer several advantages #Qr Hetection without the
need for enzymes, including stability, simplicitypreducibility and lowcost!?’, A

great deal of effort has been put towards determinis@ idirectly utilizing non
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enzymatic (enzymeless) electrod€hemically modified electrodes have garnered
increasing attention due to their numerous benefits, including enhanced sensitivity,
selectivity, improved stability, lower over potential for electron transfer compared to
traditional electrodes, and reducedseptibility to surface fouling?®. Various
materials including metals/metal oxidesarbon, metal and polymerbased
composites/alloyand Prussian blue can be used&s/e material ohonenzymatic

H202 sensos.

Depending on the electrode potentiadzican be reduced to20 (H20: reduction
reaction), or can be oxidized to, ¢H.0O, oxidation eaction) 2. When HO; is
presentthe BO, moleculesencountethe electrode surface. At the anodeQklis

oxidized,and electrons are released.

The overall reaction at the anode can be represented as:

HO, Y ©r 2H" + 26

Simultaneously, a reduction reaction takes place at the cathode to balance the charge.
The reduction reaction usually involves the reduction of dissolyéd tBe sample.

The overall reaction at the cathode can be represented as:

O+ 2H,0 +4eY 4 OH

Electrons generated from the oxidation reaction at the anode and the reduction
reaction at the cathode create an electric current flow through the circuit. This current
can be measured using an ammeter or other suitable sensing equipment. The
mechanism ofnonenzymatic HO. sensors can be better understood with the

example of copper oxide (CuO), as shown in Figur@.1ipon reaction of CuO

38



with H202, Cu(ll) is reduced electrochemically to QY, and HO:z is simultaneously
returned to OHas the catalyst is regeneraté¥ At the same time, Cl) is oxidized

back to Cy(ll). The formation mechanisms of the Cgén be seen belo¥#®

Cu(OHY + 20H Y [Cu(OH)]*

[CU(OHYJ2 'Y CuO+ 20H + H;0

v%H,0, OH-

CuO Cu,O

Figurel.22 A schematic view of the electrocatalytic mechanism of CuO nanoflowers

for the reduction of kD, 30

1.4.3 Non-enzymatic Glucose Sensors

Glucose is an important carbohydrate that is key to several metabolic activities
required to produce proteins, glycogen, and lipfdsA fasting blood glucose level
rangingfrom 100to 125 mg/dL is considered normal in humans, howediebetes

can be diagnosed with values exceeding 126 mgfdtwo separate occasions. A
blood sugar level below 70 mg/dL is called hypoglycemic, and over 126 mg/dL is
called hyperglycemic. Hypoglycemia is most commonly associated with diabetes,

especially if someone is taking insulin or certain medications to maheigdlood
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sugar levels. On the other hand, hyperglycemia can result in various metabolic
abnormalities associated with persistent problems affecting both the mautaras

and macrovascular systerh®. According to the 19 edition of the International
Diabetes Federation (IDF) Diabetes Atlas, the number of adults living with diabetes
was reported to be 537 million in 2021, with a projected increase of approximately
10% by 203323, Moreover, particularly 14.5% of the Turkish population is expected

to have diabetes. There is considerable attention dedicated to the efficient
management of diabetes due to its chronic nature and the numerous diseases that it
can cause, including visidoss, renal failure and strokeBherefore, the diagnosis

of diabetes requires accurate, sensitive, reliable, #ast,careful monitoring of

glucosedevelin dalily life.

Glucose sensors can be divided into enzymatic aneenpymatic glucose sensors.
Enzymatic glucose sensors have high selectivity and sensitivity, but they have some
problems due to the presence of enzymes in their structure. The enzyme fixation step
is a dallenging process that involves determining the precise enzyme quantity.
Moreover, it is susceptible to tg@mrature and pH variatiot8*. As a result, non
enzymatic (enzymdéree) glucose sensors hageown in importancelue to their

simple preparationgnvironmentalstability, and extended shelf life. Also, non
enzymatic glucose sensors are advantageous as they are not affected by oxygen
levels. Norenzymatic glucose sensors offer a linear and more sensitive response to
glucose concentration without theeed for a mediator, in contrast to enzyme
electrodes, which can be impacted by low or high oxygen concentrations that result
in signal chages outside of the usual oxygen range. In the absence of a mediator in
enzymatic glucose sensors, oxygen deficiency can cause a nonlinear and less
sensitive reaction to glucose congatibn ¥ Noble metals including gold,
platinum and palladium, carbdrased materials, metal and metal oxides
nanoparticles or films angbolymerbased materials are mostly used in nron

enzymatic glucossensors

Typically, in norenzymatic glucose sensors, glucose molecules meet the sensing

surface or electrode, then, an electrochemical reaction takes place where the glucose
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is oxidized. When glucose molecules undergo oxidation, they release electrons.
These electrons are transferred directly to the electrode surface without the
involvement of enzymes. During this reaction, gluconolactone as@. Hre
released. It is then further hydrolyzed to gluconic acid. The transfer of electrons
generates an electrical current, which is measured by the s€éhearoncentration

of glucose affects thenagnitude of the current. CuO, as seen in Figurg, 1s2a

good example to understandteethe working principles of neanzymatic glucose
sensors?, Firstly, C#* underwent electrochemical conversiorstimng oxidizing

Cu’* species such as CuUOOH.

CuO+OH Y CuOOH +e

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

presence of Cii. Finally, gluconic acid was obtained through hydrolysis.

CuOOH + glucose +¥ CuO +OH' + gluconolactone

gluconolactone + ¥OY gl ucidni ¢ ac

Cu (ll) Glucose

Cu (I Glucose acid

Figure 1.23 Possible mechanism for the direct eleatradation of glucose to

gluconic acidon the CuO electrode surfat¥
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1.5 Dissertation Objectives

Metal oxide thin films have undergone extensive investigation over the years and
have now assumed a pivotal role in our everyday lives, owing to their diverse
applications across a broad spectrum of amkisough there are various methods

for producing metal oxide thin films, many of them are problematic at the point of
obtaining homogeneous, uniform and continuous thin film formation. Also, these
thin films should be fabricated using les@st methods anadaterials that are suitable

for mass production.nl addition, while doping to improve material properties is
much easier with wet chemical methods, this is very difficult or not possible because
many deposition methods use solid materials. Moreover, most applications need
production oflarge-scale thin filns. It is very difficult to produce functional metal
oxide thin films with the aforementioned properties with a single method.

This thesis focuses on finding suitable solutions for the fabricafibnmogenous,
uniform, costeffective and largscale selected TMO thin films for electrochemical
applications using the USD method and Joest metal oxide precursor materials.

The next four chaptsiim to achieve the following objectives:

Chapter 2: Optimization ofthedeposition parameters fire USD methodand thin

film deposition methods

Chapter 3: Investigating the fabrication of largeale \MOs thin films for

electrochromic devices,

Chapter 4: Wet chemical dposition of Co doped Mafhin films with advanced
electrochromic properties and its utilization in a full device (glass/ITO/Motgel
electrode/NiO/ITO/glass),

Chapter 5: Examining the deposition of nanomethick Mn:NiO and Co:NiO films

for the development of higherformance no®nzymatic biosensors,

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

fabrication methods.
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CHAPTER 2

OPTIMIZATION OF THE DEPOSITION PARAMETERS AND METHODS

Optimization of the deposition parameters for USD method isareigial to obtain
homogenous, uniform and crafilee thin films. Homemade systems are widely used
for the deposition of thin films by the USD meth&t3?142 On theotherhand,
SONOTEKExacta Coat USD System was utilizadhis thesigor metal oxide thin

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

2.1  Optimization of the Precursor Solution Parameters

To optimize the deposition parameters, the first step begins with the selection of the
appropriate solvent and solute metal dditride, acetylacetonate and chloriskts
are the best candidates for metal s@iswater and different types of alcolsauch
as methanol, ethanol and isopropanol can be used as sdivestitain acost
effective precursor solution for thin film productidgtowever, the precursor solution
molarity is the most critical paramefer optimization. Studies in the literaturecst
that researchers generally use relatively high molarity precursor solutiomsQ 1
to 1 M) for thehomemade USD systertf¥ 142 Yet, the precursor solution molarity
should be at millimolar levels to obtain highuality surface morphology without
any problems. As will be seen in the following sectidr@nogeneous and crack
free surface morphologies were obtaimédle usingmolarity values in the range of
10- 50 mMfor deposition of thin filns using SONOTEKEXxacta Coat System
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2.2  Optimization of the USD System Parameters

During the optimization of the parameters, morphology of the thin films was checked
by scanning electron microscopy (SEMAIl morphological analyzes were
performed using &El Nova Nano FEGSEM using20 kV beam energy

The most important optimization parameters are the substrate temperature, the
distance between the nozzle and the substrate and the flow rate of the solution for
SONOTEKExacta Coat systenfor instance MoOs thin films were deposited
utilizing the USD method, wherethe aqueous precursor solution was obtained from
MoCls salt. The molarity of the precursor solution was set to 10 Wi precursor
solutions were sprayed onto ITO/glass substrates using Exacta Coaf,ekanging

the ultrasonic Vortex nozzl®/hen the substrate temperature is (@w 100 °C) the
6co-f f ag isdbseradtordthe surface of the thin fijras shown in Figure

2.1 (a). Some otherregularities coverage problemsr cracks may appear for high
substrae temperature@> 200 °C)(Figures 2.1 (bd)). Also, the optimized substrate
temperatue changes depending on the solvent and solstedies with the
SONOTEKExacta Coat USD System have shown that the substrate temperature
between 1060 °Cresults ingoodfilm morphology without any cracks or partial

coating problems
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Figure2.1 SEM images of Mo®thin films deposited through USD method showed
ay6cof f ag a& folv depasition temperatiwwand b) coverage problem at
high deposition temperatlgeSEM images oMoOs thin films deposited through
USD method showed cyracks and d) neaniform morphology at high deposition

temperatures.

Optimizing the solution flow rate and distance between the nozzle and the substrate
are both critical in thin film formation by the USD meth@jtimization of these

two parameters is generally closely related to each othehomemade USD
systems, the deposition process is usually done by spraying the solution over very
long distances, such as 2@0 cm?88137.138 |n addition, relatively higher solution

flow rates such as 0.5 or 1 ml/mican be used due to thergerdistance betwen

the nozzle and the substrakéowever, it is not possible teposit thin filmswith

such a long distance between the nozzle and the substrate for the SONERAEK

Coat SystemIn this system, the maximum distance is approximately 13 cm,
depending on the height of the hot plate used. On the other hand, although a
maximum flow rate o#.64 ml/min can be used in this system, suchhhigtes are

not requiredlt has been observed that the ideal flow rate is in the range-6f2D.1
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ml/min for the deposition of metal oxide thin films with SONOTHEXacta Coat
System depending on the precursor solution aigtance between the nozzle and
the substratef-or instance, optimized spraying distance for the deposition©f V

thin films was 7 cm and the optimized flow rate was 0.1 ml/min. Yet, the spray
distance was increased to 9.5 cm and the flow rate to 0.2 ml/min for the deposition
of MoO:z thin films. In the light of this information, it can be thought that increasing
the flow rate will give better results as the distance between the nozzle and the
substrate increasddeverthelessoptimized values for NiO thin film production are
0.15 ml/min flow rate for 5.5 cm spray distandéerefore, it should be noted that

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

very closely related to each other.

Other system parametemich as the generated power of the nozzle, #he »r x

y stage speed amessure of the shaping gas, have less influence on the thin film
surface morphology among other optimization parametarshis thesis, itwas
determinedhat the ideal nozzle power for metal oxide thin film production should
be around % W, and the shaping gas pressure should be areGridP4. If the xy-

Z or xy stage speed is too high, full surface coverage problems may occur. As the
stage speed de@ses, the thin film thickness increas€Be idealstage speetbr
SONOTEKExacta Coat Systeshould bebelow50 mm/sdepending on the desired
film thickness However, the maximum stage speed can be 200 mm/s for
SONOTEKEXxacta Coat SystenThe maximum system parameter valtiegt can

be used for the SONOTEExacta Coat System can be seen in Table 2.1. On the
other hand, aummary of the optimized system parameters used for SONOTEK

Exacta Coat System can be seemable2.2.
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Table 2.1 The maximum system parameter valubst can be used for the
SONOTEKExacta Coat System.

Distance
Between the Pressure of X-y-z Stage
. Power of
Nozzle and | Flow Rate | Shaping Gas Ui . Speed
rasonic .
the (ml/min) (kPa) (cm/min)
Nozzle (W)
Substrate
(cm)
13 4.64 15 5.5 2

(*Depending on the height of the halate)

Table 2.2 A summary of the optimized system parameters used for SONOTEK
Exacta Coat System.

Distance Pressure X-y-Z
Substrate Bett:Iee ; Flow Of. Power of | Sta0®
Thin Temperature | Nozzle Rate | Shaping | yjrrasonic | SPeed
Film (0 and the (ml/ Gas Nozzle (c.m/
min) (kPa) (W) min)
Substrate
(cm)
V205 100 7.0 0.10 4 30
MoOs 160 9.5 0.20 40
NiO 120 55 0.15 40

47




It should be noted that, in addition to optimizing the deposition parameters, the
substrate to belepositel with thin films also has aignificantinfluence on the
morphology and film quality obtaineti.is easier to deposit metal oxides on ITO or

FTO coated glass surfaces instead of glass, because coated glass allows the new
coating to adhere better i3 surfaces. However, the surface morphologies of the

thin films produced with the same precursor solution siehtly differ according

to the substrategscan beseen in Figure .2 (a) and (b) for FTO and ITO coated

glass substrates, respectively

a)

Figure2.2 SEM images of Mo@thin films deposited on a) FTO/glass substrate and
b) ITO/glass substraigith identical parametenssing USDsystem
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2.3 Materials and Deposition Methods

2.3.1 Materials for Deposition of Vanadium Pentoxide Thin Films

The FTO/glass substrates wernachased from Hartford Glass Co. (sheet resistance
of 21 q/square). Vanadyl 99 %, Sigmaaldreh),y | ac et
vanadium pentoxide (MDs, O 98 %, Sigma Al drich) and

Merck) were used without any purification.

2.3.2 Deposition of Vanadium Pentoxide Thin Films

FTO/glass substrates with different dimensions (i.e., 2 cm x 2 cm, 3.5 cm x 9 cm
and 15 cm x 15 cm) were cut and cleagedsecutivelyby Hellmanexdetergent,
acetone, isopropanol, and deionized (DI) water for 20 min each at 50 °C using an

ultrasonic bathAt the end, samples were dried underfliiwv.

V205 films were deposited onto FTO/glass substrates using a commercial USD
system (Exacta Coat, Sofi@k). In the deposition protocdhe concentration of the
precursor solution was set to 12.5 mM by dissolving the necessary amount of
VO(acac) in 50 ml methanol. The metharlbhsed precursor solution was
continuously sprayed through the ultrasonic Vortex nozzle (operated at 120 kHz),
which produced stable and conical spray patterns for deposition ontwested
FTO/glass substrates (T = 100 *Che distace between samples and the spraying
nozzle was set at 7 cm. The solution flow rate was 0.1 ml/min and clean air was used
as the carrier gas at 4 kPa. The ultrasonic nozzle was moveg idirgction
following an Sshaped pattern with a 1 mm spacing and abnstant speed of 30
mm/s. Following deposition, films were annealed at three different temperatures of

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

V205 thin films deposited onto 2 cm x 2 cm FTO/glass substrates were used for

morphological, structural, chemical, electrical/electrochemical and optical
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characterizations. XDs thin films deposited on 3.5 cm x 9 cm and 15 cm x 15 cm
FTO/glass substrates were used for the fabrication of electrochromic devices with

METU logo and large area, respectively.

2.3.3 Materials for Deposition of Molybdenum Trioxide Thin Films

ITO/glass substrates were purchased from Delta Technologies LTD. (sheet
resistanceofd 2 q/ square). Mol y b é,eabaitil) chidfiyle chl or i de
hexahydrate (CoGlbH.0), nickel (1) nitrate hexahydrat®&l{(NO3)..6H20), lithium

perchlorate (LiCIQ, 98%), propylenearbonate (PC, 99.7%cetonitrile (ACN,

099.9%), acetone ( O9 eré pajchased fdom Sigama nol (O
Aldrich.Dei oni zed water (DI) (18.3 Mq) was used

used without any further purification.

2.3.4 Deposition of Molybdenum Trioxide Thin Films

ITO/glass substrates were cut into different dimensions (i.e., 2 cm x 2 cm, 0.8 cm x
2.5 cm) and cleaned consecutively with acetone and ethanol for 15 min each using

an ultrasonic bath. All substrates were then dried ungépiN.

The aqueous precursor solution was obtained UdioGls. Firstly, 10 mMMoCls
precursor solution was dissolved in 250 ml of DI water, and it was directly used for
the fabrication of Mo®thin films. To fabricate 5 wt. % Co doped Me®in films,
approximately 25 mg a€oChk.6H.O wasadded to the 250 ml of aqueous precursor
MoO:s salt solution. The precursor solutions were sprayed onto ITO/glass substrates
using Exacta Coat, Sofitek using the ultrasonic Vortex nozzle (operated at 120
kHz) that produces fixed and conical spray patterns for the deposition onto pre
heated substrat€$ = 160 °C). The distance between the samples and the spraying
nozzle was 9.5 cm. The solution flow rate was set to 0.2 ml/min and clean air at 5
kPa was used as the carrier gas. The ultrasonic nozzle was moved with a constant

speed of 40 mm/s in-x directions following an $haped pattern with a spacing of
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1 mm. The total deposition was finalized in 28 cycles. After deposition, all films
were annealed at 380 °C for 60 min under ambient conditions and furnace cooled to

room temperature.

NiO thin films were also deposited using the USD system according to the deposition
protocol described in Chapter 2. In brief, 50 mM Ni@®BH.O precursor solution

was dissolved in 100 ml of ethanol. The precursor solutions were sprayed ento pre
heated (T = 120 °C) ITO/glass substrates. The distance between the samples and the
spraying nozzle was 5.5 cm and the solution flow rate was set ton0rb. Clean

air at 5 kPa was used as the carrier gas. The ultrasonic nozzle was moved with a
constant speedf@d0 mm/s in xy directions following an Shaped pattern with a
spacing of 2 mm. Following deposition, all films were annealed at 350 °C for 90 min

under ambient conditions.

2.3.5 Materials for Deposition of Nickel Oxide Thin Films

Microscopic glass slides were purchased from ISOLABe ITO/glass substrates

were purchased from Delta Technologies LTD. (sheet resistancé @8 q/ squar e)

Et hanol (absolute, O 09. ©&uBB.3) BAsdorbcgen pe
acid (ACS read®gltuc®s®@9m@®nm) hy drate (anhy
%),DL-l actic acid (90%), oxalic acid dihydr

hexahydrate (Ni(Ng)..6H20), cobalt nitrate hexahydrate (Co(j&6H.0) and

manganese nitrate tetrahydrate (M©s)..4H.0) were purchased fronSigma

Aldrich. Sodi um hydroxide (pellets pure, O 9¢
Deionized water (DI) (18.3 Mq) was wused

without any purification.

2.3.6 Deposition of Nickel Oxide Thin Films

Microscopic glass slides ahitiO/glass substrates were cut with different dimensions

(i,e.,2cm x 2 cm, 0.8 cm x 2.5 cm and 15 cm x 15 cm) and cleaned consecutively
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with acetone, ethanol, and DI water for 20 min each using an ultrasonic bath. Then,

all substrates were dried under fidbw.

The aqueous precursor solution was obtained using nickel nitrate salt
(Ni(NO3)2.6H20). To fabricate 5 wt. % doped M:NiO thin films, specific amounts

of different salts, which were Co(NI.6H.0 and Mn(NQ)..4H>O were added to

the precursosolution. Firstly, 1.454 g of (Ni(N§)».6H.O) was dissolved in 100 ml

of ethanol to prepare NiO salt solution and it was directly used for NiO deposition.
To prepare Mn and Co doped NiO precursor solutions, 0.076 g of MjMEO

and 0.072 g of Co(N§k.6H.O were added into 100 ml of NiO salt solution,
respectively. The precursor solutions were sprayed onto glass and ITO/glass
substrates using a commercial USD system (Exacta CoatT&d)ousing the
ultrasonic Vortex nozzle (operated at 120 kHz), whiatdpces stable and conical
spray patterns onto preeated substrates (T = 120 °C). The distance between
samples and the spraying nozzle was 5.5 cm. The solution flow rate was set up at
0.15 ml/min and clean air was used as a carrier gas at 5 kPa. Teenittnaozzle

was moved with a constant speed of 40 mm/syirdiections following an Shaped
pattern with a spacing of 2 mm. Following deposition, all films were annealed at 350

°C for 90 min under ambient conditions.
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CHAPTER 3

MULTICHROMIC VANADIUM PENTOXIDE THIN FILMS THROUGH
ULTRASONIC SPRAY DEPOSITION

3.1 Introduction

Multifunctional thin films have garnered substantial interest, driven by their
promising technological application¥ransition metal oxide thin films have been
studied in various fields owing to their tunable optical, physical and electrochemical
properties. Among them, vanadium pentoxided) offers rich oxidation states and
long cyclic stability in electrochemical applicatiort$'44 Moreover, \6Os thin film
electrodes show high chemical stability and reversible elatching properties. In
addition to the promising intrinsic properties ofQé thin film electrodessuch as
tunable optical band gap, surface porosity and stability undey tiggt performance

can be alterethy changing the morphology and decreasing the grain size down to

the nanometescale.

Due to the high electrochemical stability of TMOs, they are used in the fabrication
of electrochromic deviceé$® Typical examples include, but not limited to, tungsten
(V1) oxide (WQs) 145146 nickel (I1) oxide (NiO)**"'*8and molybdenum (V1) oxide
(MoOs) 88149 Electrochromic properties of,®@s have gained importance due to its
multichromism, where a rapid color change occurs from yellow to blue and green
150 This rapid color change is associated with the swift intercalation/deintercalation

of Li* ions within \.Os layers, leading to reversible anodic and cathodic coloration
115,151

Vanadium oxides contain vanadium with oxidation states between +2 to@5isV
the most stable phase owing to its large oxyevanadium (O/V) ratio and it shows

athermochromic phase transition at 2&71°21%3 Amorphous VOs thin films can
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be obtained at deposition temperatures below 3G0, #hile these disorderecb®@s

thin films can be crystallized by a simple pds{position annealing process:04

was investigated extensively in the literature due to its unique semiconductor to
metal transition behavior, wide optical band gap, high chemical and thermal stability
with favorable thermoelectric propertigs®®. Prototype devices such as gas sensors
4041 patteries!™, electrochromic device$>*4 and supercapacitor$46->° have
already been demonstrated. These electronic applications require the deposition of
thin, homogeneous, and nporous films with low resistance and high carrier
diffusion length. Different deposition techniques have been utilized to fabrigate V

thin films such as thermal evaporatibfy magnetron sputterinf*® pulsed laser
deposition®%°1:1%6 chemical vapor depositiott®31° sokgel >*°5 spray pyrolysis

%6.57 and ultrasonic spray deposition (UST¥°. However, most of the deposition
methods offer limited scalabilitgnd arenot compatible for deposition over large
areas. There are only a few studies on large area deposition of different types of
materials. For instance, Chen et & demonstrated a continuous robhating
method for the production of durable Y@anocomposite coatings for smart, energy
saving window applications. Utilized method was conducted at a relatively low
temperature (240 °C), allowed deposition of films over large areas using solution
based precursors. Ramarajan et &f. reported the deposition of large area

( 10 T2 Sbboper ®n@thin films via USP technique, which was followed by
morphological, optical and electrical characterization of the thin films with their
thermal stability.The large area spray depositedd®iped Sn@thin films showed
significant enhancement of the optical and electrical properties with appreciable
thermal stability. Nonetheless, to date, none of the previous studies about large area
deposition have investigated the use of USD method for the depasitiarge area

V205 thin films. Among solutiorbased m#ods, USD stands out as a simple,
inexpensive, and highly advantageous method allowing the deposition of thin films
over large areas. Moreover, it offers unique benefits associated with its high material
utilization and capability to utilize ambient defims conditions without any need

for low pressures (i.e., vacuum) or elevated temperatures. Besides, it allows
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reproducible deposition of high purity thin films. Briefly in the USD method, first a
liquid precursor solution is pumped to an ultrasonically excited nozzle. Then, static
waves form in the liquid layer on the surface of the nozzle. These waves eventually
become unstable and collapse, causing the formation of fine droplets of the precursor
solution. Finally, the atomized material is carried by a controlled gas flow towards a

heated substrate, where it undergoes thermal decomposition to yield the desired fil

The use of USD method for the deposition of electrochromic thin films has already
been demonstrated for Ni®'®""and WQ 10163 However, to date, only a few
studies have investigated the use of USD method for the depositiogOgthih

films 859 Wei et al. studied electrical and optical properties gDahin films
prepared via USD, where a precursor solution containing hydrogen peroxide and
V20swas used®. Furthermore, these films were found to contain mixed phases of
V20sand VQ, displayinga noruniform morphology due to the stacking of #idce
particles. Tadeo et al. reported synthesis, characterization and humidity sensing
properties of polycrystalline XDs thin films deposited on quartz substrates by
ultrasonic nebulized spray pyrolysis of aqueous combustion mixfur@he
fabricated humidity sensors based ofO¥thin films showeda highly promising

response.

In this work, a direct deposition route for tladrication of \6Osthin films via USD
method onto FTO/glass substrates with a homogeneous, crystalline;freck
nature was presented. Surface structural, morphological, optical, and electrochromic
properties of these single phasg¥thin films were comprehensively investigated.
The effects of film morphology on electrochromic properties of thin film electrodes
and asymmetric cells were explored. This study clearly demonstrates that USD
method is an extremely versatile technique fbe tdeposition of miform,
reproducible, high quality, multichromic, and nanostructure®s\thin films over

large areas using vanadium salt as a precursor solution.
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3.2 Characterization of Thin Films

3.2.1 Structural characterization techniques

The crystal structure of the deposited films was examined using Rigaku UNfima
grazing incidence Xay diffraction (GIXRD) system equipped with Ca Kadiation

(at a wavelength of 0.154 nm) from 10 to % a scan rate of Anin. X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy were used to examine
the surface chemistry and the oxidation state of the elements present in the deposited
films. XPS analyses were conducted using a monochromatie Xy source (15

kV, 400 W) with a SPECS PHOIBOS hemispherical analyzer. The nominal binding
energy (B.E.) of the C 1s signal at 284.68 eV was used as a B.E. reference. Raman
spectra were recorded with a BRUKER FRA 106/S spectrometer using a 532 nm
Nd-YAG laser excitation sourceA spectroscopic ellipsometewas used to
determine thehickness of the thin films on Woollam, M2000V instrumentin

order to improve fitting precisiomata were collected at 3 different angles of 65, 70
and 75.

3.2.2 Morphological characterization of thin films

Scanning electron microscopy (SEM) analyses were conducted in order to
investigate the microstructure of the deposited thin films using an FEI Nova Nano
FEG-SEM equipped with an energy dispersiveay (EDX) analyzer operated at 20

kV. A thin Au layer wasleposited onto the samples prior to SEM and EDX analysis.
Atomic force microscopy (AFM) was used to monitor the surface morphology of the

films via a Veeco MultiMode V AFM operated in tapping mode.
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3.2.3 Electrical and optical characterization of thin films

The Halleffect measurements were conducted at room temperature using an Ecopia
HMS3000 system to determine the charge carrier density and charge mobility of the
thin films on quartz substrates. Wsible light transmission of the films was
recorded within 200 1000 nm using a PG T80+ UVis Spectrophotometer, where

FTO/glass substrates were used as a background.

3.24 Electrochemical characterization of thin films

A Biologic VMP3 potentiostat/galvanostat system was utilized for the
electrochemical characterization. To understand the electrochemical behavior of
V205 thin films, cyclic voltammetry (CV) analyses were performed inede8trode

setup within a potential range 2.0 V to 2.0 V relative to Ag/AgCI reference
electrode in saturated potassium chloride (KCI). Platinum foil was used as the
counter electrodera 1 M lithium perchlorate (LiClg) in propylene carbonate (PC)
was used as the electrolyte. Potensibstimpedance analysis (PEIS) was conducted

at a frequency range of 200 kHz to 50 mHz with an amplitude of 20 mV and an
applied potential of 0.05 V. Spectroelectrochemical studiesO thin films were
carried out using lithium perchlorate (LiCielectrolyte via a Varian Cary 5000

UV Vis spectrophotometer.

Two electrode system was utilized to fabricate electrochromic cells to check the
cyclic stability and largescale colorations. Cycling performance of thgOythin

films was monitored by assembling an asymmetric cell, whefas thin films
depositecbn FTO and bare FTO acted as the anode and cathode, respectively. These
two layers were assembled using a 3M VHB band, which also ensured the
encapsulation of the cell. Then, 1 M LiGI@ PC was filled into the encapsulated

cell with the help of a syringe to finalize the assembly of an asymmetric
electrochromic cell. Same protocol was utilized in the fabrication of 15 cm x 15 cm

electrochromic cells.

57



To pattern \¢Os thin films by ablating excessX®@s and FTO on the glass substrates,
FiberLAST-NanoMark Energy Series (20 W, 1064 nm wavelength, 100 ns pulse
length) nanosecond laser marking system was used. Exg@g& VO was removed

with a power, frequency and marking speed of 10 W, 50 kHz, and 100 mm s
respectively. Then, 4 W of power with same frequency and marking speed as before
was used to remove 2@s overcoat to expose the FTO contacts for separate
colorations of the letters. Lastly, two electeacasymmetric cells were fabricated with

the same procedure as above for colorations.

3.3 Results and Discussions

3.3.1 Structural properties

The average thicknesses ofdeposited and M0s thin films annealed at 450, 500,
and 550 C were determined usingllipsometry as 62, 69, 74 and 76 nm,
respectively. The thickness of the thin films was found to increase with the annealing

temperaturé®. The increase in film thickness was attributed to grain growth.

XRD patterns of the MOs thin films, provided in Figre3.1 showed that adeposited

films were amorphous, while thin films annealed at 450, 500, andG53&d an
orthorhombic structure (PDF @11 4 2 6 ) wi t h 15248 2033 RlLAe s o f
and 31.1° indexed to (200), (001), (101), and (400) planes, respectivefs.
Furthermore, annealed films showed-axis preferred orientation, where the (001)

planeday parallel to the substrate.
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Figure 3.1 XRD patterns of asleposited ¥Os thin films and films annealed at

different temperatures.

The crystallite sizestrain,and dislocation density, obtained from XRD profiles using

(001) peakare tabulated and provided in TaBl&. The average crystallite sizé3)(

of annealed YOs thin films at temperatures of 450, 500, and 550 °C were found to
increase slightlyfror2 0. 1 to 22.3 nm, which were cal
equation0 TR TX ¢ ). Herein_ refers to the wavelength of therdy,f is

the full width at half maximum (FWHM) and-is the Bragg angle. The slight

increase in crystallite size with increasing posposition annealing temperatures

mi ght be attributed to the grain growth g
(0) were calcul art efdAifGs hand|r eofa t*f, o n's
respectivelyThe gener al name of al |.Vahadiathin f i | ms
film annealed at 450 °C (i.e., the best performing thin film in the current work)
showed the highest values of strain and dislocation density as compared to the rest

of the investigated films.
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Table 3.1 Microstructural parameters for 2@s films annealed at various
temperatures.
A i Strai Dislocation
nnealing T rain _
(hk) Crystallite Size Density
T (°C) (nm) (102 lin.2m-%) ,
(10*4in.m"?)
450 (001) 20.1 1.8 24.7
500 (001) 21.1 1.7 22.4
550 (001) 22.3 1.6 20.0

The vibrational structure of the deposited vanadia films on FTO/glass substrate along

with that of a commercial 305 powder benchmark sample were studied using

Raman spectroscopy (kige3.2). It can be seen in Rige 3.2 (@) that V.Os powder

benchmark sample and the vanadia thin films revealed similar Raman features
located at ca. 144, 196, 283, 404, 481, 527, 701, 996 Considering the fact that

the currently deposited vanadia thin films had a thickness withi88®m, one can

argue that the Raman spectra of the currently investigated thin films contained both

surface and bulkelated Raman signals. In a detaileddgtilBaddowHadjean et al.

reported that crystalline 2Os thin films with athickness of 600 nm (i.e., much

thicker than the currently investigated vanadia films) revealed the following

experimentally detectable Raman signals: i) 994" ¢a(V-0), Ay, stretching), ii)
700 cm? (3(V-0), Bigand By, stretching), iii) 526 cm (3(V-0), Ay, stretching), iv)
480 cmt (li(V-0-V), Ag bending), v) 403 cm () (V=0), Ag, rocking), vi) 302 crrt
(1(V=0), Ag, rocking), vii) 282 crmt(j (V=0), Bigand By, rocking), viii) 195 cm
(ti(O-V-0), Agand By, bending), and ix) 144 cn (li(O-V-0), Bigand By, bending)

where theassignments were based on the buBOMattice structure!’t. Raman

spectra of the vanadia thin films givenkigure3.2 (a)indicate close resemblance
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to these modes suggesting the presence of alikalk/>Os structure in the films.

This is also evident by the strong Raman signal at1B®cm' (Figure3.2 (g and

(b)) suggesting the presence of leragge structural ordéf. On the other hand, the
unique frequency shift in this latter Raman signal for the vanadia thin film annealed
at 450 °C (which is also the best performing thin film structure in the current work)
reveals important structural dissimilarities as comparedaltoother currently
investigated vanadia thin filmg&igure 3.2 (b). Based on the literature datd, it

can be argued that the unique shift in this Raman signal can be associated with the
structural differences and relative disordering in the vanadia thin film annealed at
450 °C due to variations in the shear motion of the vanadia laddérs., Bi,gmode)

and the alterations in the rotations of the ladders along theit @xes., Bsy mode).

This argument is also consistent with the difference in the FWHM value of this
feature for the vanadia thin film annealed at 450 °C (i.e., FHWM = 10:%) am
opposed to that of the films annealed at 500 °C and 550 °C (i.e. FHWM =8)8 cm

In light of a recent comprehensive reviéi we can also briefly discuss the possible
contribution of VQ surface functionalities in the Raman spectra givefigare3.2.
Particularly, the high frequency Raman signals at >800 can be informative
allowing the unambiguous identification of the various xV&dirface functional
groups (e.g., V@ orthovanadate; D7, pyrovanadate; (V€» metavanadate;
V10028, decavanadate; and.®s nanoparticles, NP). Along these lines;O/
stretching signal at 996 chin the Raman spectra Figure3.2 (a)may also suggest

the presence of Xs NP and \4Os microcrystallites'’2. The characteristic Raman
mode at 996 cmh has been typically observed for both hydrated (i.e., exposed to
ambient conditions before spectral acquisition) or dehydrated (i.e., annealed in the
absence of air and not exposed to ambient conditions before spectral acquisition)
V205 films containing ordered vanadium pentoxide NPs deposited on numerous
metal oxides (e.g. TIZrO,, Sidxetc.)®2173175 Occurrence of verweak shoulder
signals at 1005 and 1010 értFigure3.2 (c) for the vanadia thin film annealed at
450 °C suggests the possible presence of decavanadat@gjVand/or isolated

monoc-oxovanadate (V@) surface functional groups as additional minority species,
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respectively:’>, where these features are not expressed for the films annealed at 500
°C and 550 °C.
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Figure 3.2 (a-c) Raman spectra of commerciat® powder and YOs thin films
annealed at different temperatures.

Vanadia thin film anneal ed at 450 was
investigate its electronic structure in det&igure3.3). XPS method is extensively

used to characterize vanadia thin films in the literat(#&2 The most intense XPS
signal of vanadia overlayers is th&Vfeature. Due to the complex electronic
interactions (hybridization effects or2@and the closely located1@signals’® as

well as the existence of additional loss and satellite feat(fjemterpretation of the
vanadium oxidation state via XPS is not trivial. In a comprehensive study by
Silversmit et all’® it was reported that 2fs/2 signals for \?*, V4, v3*, v2* /0

states were observed at 517.2, 515.8, 515.3, 513.7, 512.4 eV, respectively.
Furthermore, it was shown by Zimmerman et &lthat the binding energy (B. E.)
difference between B and V2o state i . e . , B9 - B.E.®2pde).could O

also be used as an additional effective parameter for the reliable assessment of
various vanadium oxidation states. In the light of this informatio2ysy¥ XPS

spectrum of the vanadi a Figutef3 (auambea |l ed at
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interpretedFigure3.3 (a)shows that in addition to the majol.€signal at 529.9 eV,

three different \2p XPS signals are observed at 524.6, 517.1, and 515.7 eV, which
can be attributed to ¥2p1z, V°*2ps2, and VW*2ps2 states in very good accordance

with the literature, respectivelf®. It should be emphasized that in addition to the
particular B.E. position of the¥2ps/2 signal aevalue of 12.8 eV as well as the spin

orbit splitting between ¥2py2 and \P*2ps2 signals (i.e., 7.5 eV) are also in perfect
agreement with the assignment that the predominant vanadia phase of the film
anneal ed a®sreveslifg avanadisim dxidation state of 5 While the

V>* state (i.e., ¥Os) is by far the most prominent featureFigure3.3 (a) there also

exists a very weak yet discernible shoulder feature at 515.7 eV which can be assigned
to the presence ahiniscule quantities of ¥ species. This is also in excellent
harmony with the currently presented Raman data of thisHiguare3.2 (b and(c)
revealing slightly disordered 2@s NP as the predominant species along with
decavanadate (¥O2g) and/or isolated moroxovanadate (V@) surface functional
groups as minority species. Thus, based on the XPS data giFegune3.3 (a) it

can be argued that the vanadia thin film

comprised of V* species with an extremedynall contribution from ¥* species.

Additional information can also be gathered by analyzing tt&XP'S signals of the
vanadia thin film prepared by pestn neal i ng FRgure 335(0). (
Deconvolution of the asymmetricl®signal inFigure3.3 (b)yields three distinct
Olsfeatures at 529.9, 531.0, 532.4 eV. The most promingasiQnal at 529.9 eV

can be readily assigned to-® species in the vanadia filfd%182 The shoulder
feature appearing at 531.0 eV has been discussed in detail by Silversmiteinal.

can be attributed to a*2ps. satellite. It should be noted that thés3ignal at 531.0

eV can also have a minor contribution from the Segkecies of the FTO substrate
183 Finally, the minor feature with a high B.E1€}ignal at 532.4 eV can be assigned

to C=0/GO(H) residual organic oxygenates on the surface, whose origin is most
likely associated to the anionic component (or its oxidized forms) oitadyl (IV)

acetylacetonatprecursor used in the thin film synthesis.
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Figure3.3 XPS data of the¥Ost hi n f i Il m anne?2plareldls &) 450

Olsbinding energy regions.

3.3.2 Morphology of thin films

SEM and AFM analyses revealed the surface morphology of the deposited vanadia
films (Figure 3.4). SEM image of the adeposited film Figure 3.4 (@) is almost
featureless with a relatively smooth surface. This characteristic amorphous surface
has a low root mean square (rms) roughness value as shdwgure 3.4 (b) and

(c). Upon annealing the films at 450, 500, and 550 °C, as a result of oxidation and
sintering, corrugated features started to appear as shdviguires 3.4 (d), (g), and

(), respectively. Observations of ordered nanorod structures in SEM images are
consistent with the XRD, Raman, and XPS resultsuffeig3.1-3.3). 3D AFM
profiles aml phase maps for thin films annealed at 450, 500, andG%0e shown

in Figures3.4 (e-f), 3.4 (h-i), and3.4 (k-1), respectively. The size of the nanorods is
found to increase with the annealing temperature. At an annealing temperature of
550 C, morphology of the nanorods started to degrade, where they coalesced with
each other. The rms roughness values for theepssited as well as 450, 500, and
550 C annealed YOs films are measured as 5.2, 12.5, 15.8, 17.2 nm, respectively.

With an increase in the annealing temperature from 450 to G58ms roughness
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values of the films are found to increase. The AFM images are in good agreement
with the currently presented characterization resultsu(Egg.1 - 3.3), suggesting

that the crystalline domains form at an annealing temperature of 450 °C, and grow
in size with increasing annealing temperature. It should also be noted that in addition
to its simplicity and structural uniformity of the deposited filmsha&t microscopic
level,the USDmethod enabled deposition of thin films over large areas (e.g., 15 cm
x 15cm), as shown ifigure3.5.
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Figure3.4 Surface morphology of deposited® thin films via SEM are shown in

the images on the left column. Images in the middle column show 3D AFM maps,

while images on the right column present AFM phase maps) &deposited
sample, samples annealed af)(d50 C, (gi) 500 C, and (jl) 550 C.
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during heat treatment [45]. The degree of crystallization in thin filr
i the ic (EC)

structure as the conduction of ions oceurs betwee

= (f cost)/4 [46] and & = 1/D? [47). respectively. Thin
ved relatively low values of strain and dislocation density, This
“°C contains lower density of micro defects compared to

or V30 thin films deposited onto FTO/glass substrates are shown in Fig. 1 (b)
commercial V2Os powder is also provided for comparison. The peak positions
sial V20 powder and thin films are found to be in good agreement with each orher
‘Ihl'lﬂiicl in the literature [48-50]. Only slight (1-2 ¢m') shifts at some peak
ns were registered between thin films and the commercial powder. The shift is generally
assigned to either structural disorder or stress development in the films [S1]. The high-
trequency Raman peak at 995 cm ' is related to the vanadyl mode corresponding to the
stretching of V=0, which results from unshared oxygen [52]. The presence of this peak proyed
the structural guality of the deposited V20Os thin films. Peaks at 530 and 705 em ! are assigned

1o thy i adpenkeat 204 andd8d.amsl Shentiad of

the V-O-V bridging bonds. Peaks
V=0 53

from distorted trigonal hipyramidal coordination polyhedra of oxygen atoms around vanadium

=

Figure3.5 Photograph of the edeposited, large area (15 x 15 cm) vanadia thin film

on FTO/glass substrate.

3.3.3 Electrical and optical properties

Hall-effect measurements were conducted at room temperature to evaluate charge
carrier concentration, resistivity, and mobility of the deposited thin films. Obtained
results are tabulated and presented in TaBleMeasurements showed that all films
weren-type semiconductors. Adeposited thin films showed a relatively low carrier
concentration (6.85 x ¥#®cm?), but high mobility (5.80 cAiV s), and resistivity

(157 x1®® q ¢ m) compared to the annealed
resistivity values aréound to be quite simildao the \LOsfilms annealed at 450 and

500 C. Upon annealing at 55, carrier concentration is found to increase almost
four times and resistivity was found to decrease slightly. Mobility increased with an
increase in the annealing temperature. Variations in resistivity, carrier concentration
and mobility values might bexplained by the changes in dislocation densities upon
annealing. As dislocation density increases, various types of defects trap the carriers

and lower the free carrier concentration and mobifi®'8 Thus, carrier
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concentration increased dramatically for theO¥ films annealed at 550C.
Furthermore, crystallite size calculated using Scherrer equation from XRD increased

with the annealing temperature, which resulted in an increase in carrier mobility.

The optical transmission spectra of the films are provideigure 3.6. At a
wavelength of 600 nm, optical transmittance ofdaposited thin films was
approximately 92%, while that of annealed films at 450, 500, and 550 °C were 83%,
73%, and 69%, respectively. Besides, approximately-#&o5increase in the
transmittance was sbrved for all films in the neanfrared region. As discussed
through the AFM images, annealing temperature increases the surface roughness,
which eventually increases light scaitbgrand decreases the optical transmittance

%6 Moreover, annealing temperature dependent increase in film thickness and grain

size can also lead to a decrease in the transmittance of thé®fifi#fs'8’

Table 3.2 Hall-effect measurement results ofdeposited and annealead®é thin

films.
- Carrier
Annealing Mobility
concentration X Resi sti v]Type
T (°C) (cm?) (cm4/V.s)
As-
_ 6.8 x 162 58x 10 1.6 x10 n
deposited
450 7.9x 167 6.0 x 10 13.3 n
500 9.8 x 147 6.8 x 10 9.4 n
550 3.5x 108 1.2x16 3.9 n

68



The optical band gap values of®¥ films were determined via UVis spectroscopy

measurements using Taucds relation,
|12 0 0O

, Wherea is the absorption coefficient obtained from Lambert formblajs the
incident photon energyA is the characteristic constant independent of photon
energy,Eq is the optical band gap amdis an index that can have different values
such a9j ¢, gj ¢, 2 or 3 depending on the nature of the electronic transitions. The
variation of(ahr)? versushn for V,Os films annealed at 450, 500, and 5%D are
provided in the inset oFigure 3.6. Eg values of the films are estimated through
extrapolating the linear portion of the plots. Band gap values of 2.69, 2.63 and 2.58
eV are obtained for films annealed at 450, 500, and B50espectivelyEy values

are found to decrease only marginally with increasing annealing temperature, and
Yelsani et al. and Madhuri et al. reported similar behavior of optical band gap.
Yelsani et al. showed the decreasé€emvalues from 2.40 to 2.14 eV, upon post
annealing treatment of 2@s films deposited via spray pylysis method 8,
Moreover, Madhuri et al. showed that the increased substrate temperature decreased
band gap of ¥YOs films deposited by electron beam evaporation metfod
Reduction in the optical band gap values might be tentatively attributed to increased
average crystallite size and decreased strain upon increasing the annealing

temperature.
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Figure3.6 Transmittance spectra for-depositedind annealed XDsthin films. Inset

shows corresponding Taulots obtained from UWIS spectroscopy
measurements.

3.34 Electrochromic properties

Electrochromic performance of thex®5 thin films was investigated both in- 3
electrode and asymmetric ceditup to understand the effects of porous morphology,
where \Os and bare FTO were utilized as positive and negative electrodes,
respectively. Cyclic voltammograms of theQé films annealed at 450, 500 and 550

“C in 3electrode setup are obtaineBigure 3.7) in order to understand the
electrochemical behavior of the films after 5 cycles. For the annealed films, color of
the electrodes was initially yellow and then turned into blue at the reduced state. The
change in the color occurred according to thetrea given below, which includes
intercalation/deintercalation of Lions into/from \4Os thin films. Note that source

of the Li* ions was the lithium perchlorate (LiCIDin propylene carbonate (PC)

solution, which was used as the electrolyte in the electrochemical setup.

w0l ®WQaaémIQ ®@Q 0D@O 6a6Q@WMQQE
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Photos of color changes are provided as insets within the CV curves provided in
Figure3.7 (@). Cathodic peaks (aroundl.5 and-0.4 V) in the voltammograms were

due to Lf intercalation into the ¥Os structure, while the anodic peaks (around 1.2
and 1.7 V) were attributed toLdeintercalation from the film$8 While the anodic
region contained only 4 and \P*, first cathodic reduction aroun@.5 V resulted in

a mixed state of ¥, V4" and \#*, which turned the adeposited ¥Os into olive
green*3. Reduction via Lf insertion into \éOs structure lowered the valence of as
deposited yellowish pentavalent vanadiun?*jMo a mixed state of 4/ and \#*,

with an increased ratio of ¥ after-1 V, resulting in a blueish green cof# *°%,
Increased cathodic polarization up #b.5 V brought further conversion to3V
valence state, resulting in a conversion of green color into a blueish green. Upon the
application of anodic potentials, conversion to yellow color (similar to the color of
asprepared YOs) occurred, indicating the deintercalation ofO¢ crystal. Further
polarization around 1.7 V increased the oxidation state of vanadium ions with a

brownishorange coloratiof®.

The degree of crystallization in thin films is of great importance in determining the
electrochromic (EC) performance. EC performance depends on the crystal structure
as the conduction of ions occurs between the octahedral sites of the cryst#&line V
Broad reduction and oxidation peaks can be attributed to the nanostruct@ed V
thin films. Here, decreased current density of the intercalation/deintercalation peaks
for the 500 C annealed film with respect to that of 4&Dshows the reduced activity

of vanadium sites. Especially annealing the samples atG%6sulted in narrower
intercalation/deintercalation peaks, further confirming the decreased performance
due to degradation of the nanorod morphology. Using the cyclic voltammograms, it
was possible to deduce that the film annealed at @58ad the highest number of
active vanadium sites, which corresponds to an increased diffusion coefficient of Li

according to the equation beldw:

QU @ mEO0 6T
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,where'Qis the peak current or peak current density (A or i is the electrode

area (cr), O is the diffusion coefficient of Liinto the \LOs structure (crs?), 6

is the ionic concentration in the electrolyte (mol)mandu is the potential scan

rate (V sb). According to this equation, it is evident that the increased current density

of the W.0Os corresponds to an increased diffusion coefficient for thé Li
intercalation/deintercalation. By using cyclic voltammograms, the diffusion
coefficient of Li"ions intothe ¥VOst hi n f i Il ms anneal ed at 450
be 3.01 10°cn? st at a scan rate of 100 m\AsThis is one of the best values
obtained recety 1192194 | ow diffusion coefficient for Li ions resulted in a
decrease in peak currents for the samples annealed at 500 ar@, 58tich were
estimated to be 2.14 10°and 1.87 10°cn? s?, respectively. The decrease in
diffusion coefficient with temperature was attributed to the bulky structure©f V

upon annealing at higher temperatures, as discussed through Raman results and the
degradation of nanorod morphology at elevated temperatures as verified by the AFM
and SEM imagedgure3.4).

V205 films were laser ablated to obtain individual letters to conceptualize the
multichromic behavior. The steps and the photographs of the assembly and
coloration of the patterned film are provided Figure 3.7 (b) Following the
formation of the letters via laser ablation, bare FTO was also laser ablated to divide
it into 4 parts to obtain 4 separated cells, each containing a single lettertAehen,
enclosectell was filled with electrolyte, ultimately forming an electrochromic cell,
where \LOs and bareFTO act as anode and cathode, respecti@bnsequently,

each letter was subjected to a constant voltage to obtain different colors. Applied
voltagesarel,-3 and 3 V to |l etters AEO0, ATO, and
left in the asprepared condition for comparison. To practice the bdagiof USD
method for fabricating large scale electrochromic filWisOs thin films were also
deposited over large areas (15 cm x 15 cm), and the coloring was practiced through
a large bare FTO substrate las tathode. The assembled asymmetric cell was again
filled with 1 M LiClO4 in PC electrolyte. Photographs of the colored states of the

electrochromic film are provided irigure3.7 (c) While the largescale coloration
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was successfully achieved, homogeneity of the films{prapared, blue and green
states were assessed by evaluating the RGB (red, green, blue) color codes in pre
defined areasHigure3.8). By calculating the mean and the standard deviation of the
RGB color codes, coefficient of variation was calculated and providédale3.3.

A maximum coefficient of variation of 9.1% observed in these measurements,
confirming the uniformity and homogeneity of the thin films deposited through USD

method over large aas.
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Figure 3.7 (a) Cyclic voltammograms of XDs thin films annealed at different
temperatures at a scan rate of 100 mV/s inede8trode setup. Insets show the
photographs of thin films at different oxidation states. (b) Schematic representation
and photographs of patterned electrochromic film ined#ft states and final
coloration states of X0s thin film demonstrating the potential of the USD method
and multichromic ¥Os. (c) Photographs of the large area (15 cm x 15 cm)

electrochromic films in aprepared (left) and colored states (middle ancdtyigh
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Figure3.8 Photographs of agrepared and colored large area (15 cm x 15 ci@® V
thin film deposited onto FTO/glass and the corresponding RGB codes obtained via
Adobe Photoshop 2020.

75



Table 3.3 Calculated RGB codes for -psepared and colored films provided in

Figure 3.8.
As-prepared Film Blue Colored Film Green Colored Film
Mean and o Mean and o Mean and | Coefficie
Coefficient Coefficient
Standard ¢ Standard ‘ Standard nt of
o] o]
Deviation o Deviation o Deviation | Variatio
Variation Variation
H d H d H d n
207.9 107.1 175.9
Red 2.5% 6.7% 3.2%
5.1 7.2 5.6
189.5 124.1 177.4
Green 3.1% 6.9% 2.8%
5.9 8.6 4.9
110.8 123.4
Blue 9.1% 7.9% 914 4.8 5.3%
9.1 9.8

Figure3.9 shows the PEIS results of-dsposited and annealed® films at 45Q

500 and 55CC. The starting point of the high frequency region in the spectrum
corresponds to the series resistancg (Ris evident that annealing the-deposited

film lowers its resistance, offering better conductivity (inset ofuFeg3.9).
Annealing a450and 500°C offersthe bestesults in terms of conductivity, while
annealing at 550C causes the resistance to increase again. When compared, thin
film annealed a#t50 C has a very small sernircular region, proving its better
kinetic activity when compared to the film annealed at®Ddrom the slope of the

low frequency region, it is possible to deduce that the electrochromic reactions in as

deposited film is more limited with diffusion to annealed ones.
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Figure 3.9 Impedance spectra for-deposited and 450, 500 and 53D annealed
V20sthin films.

Transmittance changes of the films were monitored in colored (obtained with 2 V
bias) and bleached (obtained wih V bias) statesHigure 3.10). There was no
change in the transmittance for amorphous films in accordance with the former
studies in the literature, where electrochromic response was reported only for the
orthorhombic crystal®>1% A maximum transmittance change of 18% was obtained

at a wavelength of 900 nm for the films annealed at @5@€hanges in transmittance
values were found to decrease with increasing annealing temperature. Maximum
transmittance changes of 11% and 7% were obtained for the films annealed at 500

and 550 C at a wavelength of 900 nm, respectively.
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Figure3.10 Transmittance spectrarf (a) asdeposited and (b) 450, (c) 50&nd (d)

550 C annealed YOsthin films in colored and bleached states

Cyclic stability test of the coloration of2®s thin films annealed at 450,500 and 550

~C was evaluated by switching between bleached and colored states at a wavelength

of 405 nm.Figure3.11 shows the switching behaviors ot@esposited and 450, 500

and 550 °C annealed:¥s thin films. There was no significant transmittance change

(T) bet ween bl eac hedbpogteddhindilmd as pravided mt at es f o
Figure3.11(a) On t he other hand, ®@T was observed
thin films annealed at 450, 500 and 550 °C, respectively. The stabilitastedfor

300 s over 25 switching cycles. The annealed thin films showed consistent
transmittance v a-tepasiedthinWilimedeceeased gepduallg.in a s

addition, Table3.4 shows the comparison of important electrochromic parameters

with those in literature. Our results are comparable with the other sttidié&®,
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Figure 3.11 Electrochromic cyclic stability test results and changes in optical
transmitance for (a) 450, (b) 508nd (c) 550 °C annealed.®s thin films upon

switching between bleached and colored states.

Table 3.4 A comparison of electrochromic parameters in terms of transmittance

change, switching cycle life and wavelength. (*: This work)

Material T (| Switching Cycle Life Wavelength | Ref.
(hm)
V205-450 17 over 25 cycles during 406 *
300 s
V205-500 15 over 25cycles during 405 *
300 s
V205-550 4 over 25 cycles during 407 *
300 s
V>0sNanowires 37 3 cycles for 200 s 415 a4
V05 Nanowires 36 200 cycles 400 197
V,0s Nanowire 45 300 s 700 198
Array
V,Os-Liquid 25 100 cycles during 1200 450 199
Crystal

Chronocoulometric and chronoamperometric (CC & CA) measurements were used
to directly compare the charge efficiencies entbnoamperometric behavior during
the insertion and extraction of lithium ions. Each electrode was first biased at +2.0

V versus a Ag/AgCl reference electrode to remove the adsorbamhkion electrode
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surface. The polarity was then switched immediately2t6 V to initiate lithium
intercalation, then switched back to +2/Qo observe the deintercalation behavior.
The change in both the charge and current densities were collected and provided in
Figure 312.As shown in the graphs, 45Q shows the highest charge density in the
same time domain, further proving its higher diffusiviBrgures 3.12 (a), (c) and

(e)). This case is further demonstratedrigure3.13 (a) where the CC comparison

of 2" cycle of intercalation and deintercalation is provided. While the difference
between 450C and 500 C is smaller (which is consistent with the CV curves
provided in Figire 3.7 (a)), 550 C shows much less charge densitighis can be
attributed to the aforementioned degradation in the nanorod morphology with the
increase in annealing temperature. The reversibility of the films in terms of charge
efficiency can be calculated as the ratio of deintercalated chHa#g¢o(intercalated

charge Q) in the fim as below:

@I WO QAL doep T

Charge efficiencies were calculated by averaging the charge densities of intercalation
and deintercalationprovided in Table3.5. Again, \»Os film annealed at 450C
shows the most promising result as the charge efficiency is approximately 99% with
the highest intercalation and deintercalation charge densities reachiatto67

mC.cm?.
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Table 3.5 Comparison of chronocoulometric data in terms of intercalation and

deintercalation charge density

: Deintercalation
Intercalation
. Charge Density . Charge
Annealing T Charge Density Efficiency (%)
-2
(mC.cm®) (MC.cm?)
4503 67.71 1.45 67.12 1.44 99.12 0.08
5003 58.78 2.94 57.05 2.78 97.06 1.07
5503 28.08 0.08 27.65 0.13 95.75 0.70

CA curves of the thin films annealed at 4500 and 550C arealso provided in
Figures3.12 (), (d) and ¢) in tandem with the relevant CC figuregspectively

While 500 C shows the highest deintercalation current densities, @58sults in

a broader charging and discharging curves. This also indicates that the accumulated
charge densities during "Linsertion and disinsertion is higher for 450 (Figure

3.13 (a). All these results support the transmittance changes provideglire3.10,
confirming that the higher charge density and efficiency for 45@lso results in

the best transmittance change.
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Figure 3.12 Chronocoulometric and chronoamperometric measurenesattsfor

V205 samples annealed at (a,b) 450, (c,d) 500, and (e,f)G50
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Figure3.13Chronoamperometric (CA) curves recorded fe@¥thin films annealed
at (a) 450 (b) 500and(c) 550 C. (d) Chronocoulometric (CC) curves recorded for
V205 thin films.

Following the electrochemical and optical tests, thin film electrodes were assembled
into asymmetric electrochromic cells to monitor their cycling stability. Cyclic
voltammograms of asymmetric electrochromic cells were obtained at a scan rate of
200 mV s! and provided irFigure3.14. Cyclic performance of the cells up to 1000
cyclesis also given inFigure3.14. For all samples ifrigures 3.14 (a) andc), it is

evident that the structure stabilizes and converges to a steady state in the first 100
cycles such that the area within the cyclic voltammograms increases substantially up
to 1000 cycles. The sample annealed at 456howed promising CV characteristics

in 3-electrode setup and showed the best performance and stability as can be seen
from Figures 3.14 @ and (d). Moreover, Li extraction voltage is lowered

throughout the 1000 cles as shown ifigure3.14 (a) which can be attributed to
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an enhanced Liextraction capability®® This is probably due to the higher porosity,

unique crystalKigure3.1), vibrational Figure3.2), electronic Figure3.3) structure

and the finer nanorod morphologyigure3.4) of the sample annealed at 43D as

compared to the rest of thenvestigated samples. Continuous * Li

intercal ation/deintercalation within the st
through opening or activating new vanadium sites for the reaction, thus enhancing

the electrochemical process. Lower intercalation voltage of the sample annealed at

450 C compared to other samples after 1000 cycles can be sEguir3.14 (d)

supporting this hypothesis.
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Figure3.14 Cyclic voltammograms of asymmetetectrochromic cells at a scan rate
of 200 mV/s for \éOs samples annealed at (a) 450, (b) 500, and (c)65@) Cyclic

voltammograms of the samples following 1000 cycles.
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3.4 Conclusions

In this work, homogeneous, crystalline, multichromic and single phae ttfin

films weredeposited using USD method onto FTO/glass substratedepasited

films were amorphous, while films annealed at-$50 C showed orthorhombic
phase o¥20s. Microstructural and morphological analyses revealed that the average
crystallite size of nanostructured films increased slightly from ~20 to 22 nm upon
increasing the annealing temperature. The optical band gaps of thin films were found
to decrease from.@9 to 2.58 eWvith an increase in the annealing temperatded!-

effect measurements showed ttreg deposited YOs thin films weren-type. Upon
annealing the films, the carrier concentration was found to increase drastically, while
mobility decreased only slightly. Raman and XPS results indicated that the best
performing film (obtained by postnnealing at 450C) composed of predominantly
V205 domains with a vanadium oxidation state of +5 in addition to extremely small
amount of minority species with®7/states revealing decavanadateo(s) and/or
isolated monebxovanadate (V&) surface functionalgroups. Homogeneous
coloration with three different color states were observed for large area (15 cm x 15
cm) V205 films upon electrochemical measurements. Electrochromic devices
fabricated using ¥Os/ FTO electrodes postnnealed at 450C were found to be
highly stable up to 1000 cycleResultsobtained hereinndicatal that the USD
method is highly suitable for the functionadl® thin films over large areas
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CHAPTER 4

COBALT -DOPED MOLYBDENUM TRIOXIDE THIN FILMS AND DUAL -
BAND ELECTROCHROMIC DEVICES WITH EXCELLENT CYCLIC
STABILITY

41 Introduction

By utilizing EC technology, smart windows offer the convenience of controlling both
transparency and color through the application of a low volti§é®%. EC
technology uses a variety of materials such as transition metal oxides (TMOs),
conjugated conductive polymers and Prussian Blue systénfg?110.111,203,204
Among these materials, TMOs are mostly preferred due to their fast response, high
coloration efficiency, good chemical stability and leiegm durability*12113 A wide
variety of TMOs have been used in electrochromic applications such as tungsten
trioxide (WQs) 2°9297 vanadium pentoxide @0s) 22115 nickel oxide (NiO)?°8:209
titanium dioxide (TiQ) 21° and molybdenum trioxide (Mof) 8821 The high
coloring efficiency, fast response and lelegm stability of WQ have led to
extensive research on EC applications using this matét#f However, MoQ is

an alternative material to W(as it exhibits superiarolor-memory performance as

well as more intense andiform light absorption in its colored state compared to
WO3 213.

MoOz is an important TMO due to its optoelectronic properties and promising
chemical/physical stabilitylt possesses distinct crystal structures, encompassing
orthorhombic, monoclinic, and triclinic arrangemerité?!> The orthorhombic
phase i dvoQ, avhidheasdheriodynamically the most stable phase and
consists of distorted bilaydronded Mo@ octahedrg*421¢ In addition, h e -MaDs
phase has a layered structure and shetyp@& semiconductor behavior. Besides EC

applications, Mo®@has been used in various applications in many fields such as
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photochromics’*”-2*® thermochromicg'®, solar cells??>??L organic light emitting
diodes (OLEDsY??, capacitorst32?23 gas sensor&€+?25 and lithiumion batteries

226221 There are only a few studies investigating the electrochromic properties of
MoOs. For instance, Hsu et al. reported a Hesated electrochromic MaGilm
with the highest col or at i®Tureletcat usedrai ng at
sequential deposition method including ultrasonic spray pyrolysis (USP) and thermal
evaporation for the deposition of Me@in films 88, The electrodes prepared by the
sequential deposition method showed the highest coloration efficiency ¢33 Hm
among other samples fabricated only with USP and thermal evaporation methods
and maintained their stability with cyclingJntil now, the highestrecorded

col orati on -KdOjfis 65.R5cm €'Y actiiewved thidugh the utilization

of pulsed laser depositiagechnique??®,

The optical and electrochromic properties of the TMOs can be tuned via doping
Many studies have shown that the electrochromic properties of various TMOs are
improved by doping with different elements. For instance, Barawi et al. fabricated
Nb-dopedTiO2 nanocrystals, whichchieved a large optical transmittance variation

in the neafinfrared region, reaching values of 64% in the spectral range between 800
and 2000 nnt?°, Co-doped NiO nanoflake arrays were synthesized on fluorine
doped tin oxide (FTO) using lotemperature chemical bath deposition process by
Zhang et al?*. Compared with bare NiO, NiO:Co nanoflake array film showed large
transmittance modulation (88.3 % at a wavelength of 550 nm), high coloration
efficiency (47.7 crh C'Y), fast switching speed (3#r colorationand 5.4 sfor
bleaching, good reversibility and cyclic stabilityVei et al. prepared ¥doped \LOs

thin films that showed better cyclic stability and higher transmittance than pOge V
films 18 Bathe et al. synthesized ruthenium (Ru) doped¥Wid films using a facile
surfactantfree acid precipitation method and then fabricated thin fifh&u-doped

WO;3 films showed promising electrochromic performance with a coloration
efficiency of 67cm? C'tand fast switching time for coloration and higher cyclic
stability (up to 100&ycleg as compared to the W4OOn the other hand, there are
only a limited number of studies in the literature addressfegtrochromic
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properties of doped MoQ@. Dhanasankar et al. have reported improved
electrochromism with maximum change in optical transmission and better cyclic
stability in Cedoped MoQ@thin films prepared using Saelanddip coatingmethod

232 Electrochromic investigationon M@gOW t hin fil ms reveal ed
doped film exhibits maximum coloration efficiency and optimum electrochemical
stability?*3 In addition, Nbdoped Mo@%**, Ti-doped MoQ?*and Lidoped MoQ@

238 thin films showed increased reversibility and electrochemical stability compared

to the bare ones. The electrocatalytic activity of Md@n films is enhanced by the
alteration in the electronic structure of Meotbrough Co doping!#¥’. To the best

of available knowledge, no research has been undertaken to date regarding the

electrochromic properties of electrodes and devices based-doggd MoO3.

In this work, a direct deposition route for the fabrication of homogeneous and crack
free bare and GdopedMoO:z thin films via a coseffective USD method was
presented. The  morphological, structural, chemical, optical and
electrochemical/electrochromic properties of these thin films were comprehensively
investigated. The effects of @twping on electrochromic pregies of thin film
electrodes and dusland ECDs using NiO as a counter electrode were explored. This
study not only investigates the propestd these devices, but also demonstrates the
potential of the USD method to produce uniform and {ggality thin film

electrodes suitable for electrochromic applications.

4.2  Experimental Details

42.1 Fabrication of Dual-Band Electrochromic Device

Complete duaband ECDs were fabricated utilizing MegGo and NiO thin film
electrodes and gel electrolyte. 1 M LiGl@el electrolyte was prepared to enclose
the allsolid-state electrochromic devices with a sandwich structure in
ITO/M0Os:Co/LICIOs gel electrolyte/NiO/ITO configuration. First, LiCkOwas
dissolved in ACN and PC mixture. Then, PMMA was slowly added to prevent
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agglomeration. Finally, the ACN (acetonitrile) was evaporated on a hot plate, set to
70°C, while ensuring proper ventilation under a fume hood. The evaporation of ACN

resulted in the formation of a highly transparent and conductive gel.

4272 Characterization of Thin Films

4.2.2.1 Structural, morphological and optical characterization

The crystal structure of the deposited films was examined using a Rigaku D/Max

2000 diffractometer with Cu KU radiation op
0.154 nm) from 10 to 70at a scan rate of Anmin. X-ray photoelectron spectroscopy

(XPS) was used to examine the oxidation states of the elements present in the

deposited films. XPS was conducted using a SPECS PHOIBOS hemispherical

energy analyzer wi t h-raypexcitatiom socrbetdkvid50i ¢ Al K U
W). The nominal binding energy (B.E.) thie C 1s signal at 284.8 eV was used as a

B.E. reference.

Scanning electron microscopy (SEM) was conducted to investigate the
microstructure of the deposited thin films using an FEI Nova Nano-EER
equipped with an energy dispersivaay (EDX) analyzer operated at 20 kV. A thin

Au layer was sputtered onto teamples prior to SEM analysis.

The thickness of the bare and MoCo thin films andNiO thin films on the
ITO/glass substrates was measured using a Woollam M2000V spectroscopic
ellipsometer at three angles of incidence (6@redb70°). The measurements showed
that the thickness of bare Me@nd MoQ:Co filmswas around 180 nm, while the
thickness of the NiO filmsvas around 140 nm.

UV-Visible light transmittance of the films was recorded within a wavelength range
of 200- 1000 nm using a PG T80+ WVis Spectrophotometer, where ITO/glass

substrates were used as a background.
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4.2.2.2 Electrochemical characterization

Electrochemical measurements of thin films were performed using a-3MP
Biologic potentiostat/galvanostaystem Cycling voltammetry measurements were
conducted in a-&lectrode configuration, where thin films were working electrodes,
pure silver (Ag) wire was the pseudeference and Pt foil was the counter electrode.
3-electrode measurements were taken using i®MO4 in PC electrolyte. For the
case of device assembly, LiCl@ased gel electrolyte containing acetonitrile (ACN),
poly(methyl methacrylat§PMMA) and POwereused. The cycling performance of
MoOz:Co thin films was monitored by assembling a dbahd ECD, where
depositedMoOs:Co thin films acted as the anode and bare NiO was used as the
cathode. Potentiostatic impedance spectroscopy (PEIS) was conducted at a
frequency range of 200 kHz to 50 mHz with an amplitude of 20 mV and applied
potential of 0.05 V. Spectroelectrochemical measureméiisdilms were carried

out using LiCIQ in PC electrolyte with the help of PG T80+ WX
Spectrophotometer.

4.3 Results and Discussions

43.1 Morphological and Structural Properties of Thin Films

SEM was performed for the morphological analysis of bare ardibed MoQ thin

films (Figures 4.1 (a, b)). It was observed that the morphology of the films was
homogeneous, uniform and craitke, completely covering the ITO/glass surface.
SEM images also indicated slight changes in morphology upon Co doping. Bare
MoOs thin film had platelike structures (Figure 4.1 (a)). On the other hand, the-plate
like morphology was conserved, while the size of the plates was found to decrease
for MoOz:Co thin films (Fgure 4.1 (b)). In addition, some irregular structures were

also observed for Mo£Xo thin films.
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XRD was performed to investigate the structural properties of thin films. The XRD

patterns of polycrystalline bare Me@nd MoQ:Co thin films are provided in Figure

4.1 (c).All diffraction peaks of the bare Mafand Cedoped MoQ films can be

indexed to the or t-Mo®@3y(CBDSbcard Nos@b508)¢% ur e of U
Moreover the strong peaks at around 12.9, 25.8 and 3208 indexed to the (020),

(040) and (060), respectivelyndicating the presence of a layered growth structure

29 No peaks correspondi-Mo@sand®iMo®s, tor€s phases,
atoms/intermetallics were observed. This indicates that Co atoms were incorporated

i nt o t h e-MdOawithout significaritly chhnging the crystal structéf®242

On the other hand, no detectable shifts were observed for diffraction peaks of

MoOs: Co t hin fil m-Mo@sthip&m. Sidce thevionib radii ef GdJ

is smaller than that of M6 243244 they can be inserted into the Mo@tahedron.

This finding aligns well with recent studies on dopddOs films, which have

reported similar observations with the incorporation of various dopants, including

copper?45249
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wavelength of the Xay,! is the FWHM and—is the Bragg angle. The crystallite
size of bare Mo®@thin film was observed to be larger than MdOb thin film. Co

atoms can behave as obstacles and limit the growth of crystallites in doped MoO

thin films due to the |l attice strain. The
and 1.6 .16 lin.2m™*f or {MaQsand MoQ:Co thin films, respectively, which
were calculated using relatior AT Q. Di sl ocation densit.i

calculated using relatign  pfO .

Table4.1 Microstructural properties of bare and MoQo thin films.

Crystallite Size . _ _ . .
Mi cr os t | Dislocation density( UX
(hkI) (D)
(x 103 103 (nm?)
(nm)
MoOs | (020) 31.2 1.1 104
MoOs:Co | (020) 25.0 1.6 12.9

X-ray photoelectron spectroscopy (XPS) measurements were condugteditor

the chemical states of the fabtied thin films. Figures 4.2 (d) show the high
resolution XPS spectra of Mo 3d for bare Mo&ahd MoQ:Co thin films. The
deconvoluted Mo 3d spectra for bare Mdfin films showed that the characteristic
peak could correspond to Mfaloublet, the M8&" 3ds2and MJ* 3dk/2 orbital electron
components located at the binding energies (BE) of 232.9 and 236.0 eV, respectively.
On the contrary, Mo@©Cothin films showed that the two peaks could be itkd

with an intensive M® doublet and a very weak Modoublet. The doublet centered

at 232.9 and 236.0 eV could be assigned to th&" Bds2 and MJ* 3ds/2 orbital
electrons for Mo@) respectively. The very weak doublet centered at ca. 231.1 and
234.4 eV were attributed to the R@ds2and MO* 3ds/2 orbital electrons for Mog)
respectively. This indicates that MY is still the predominant oxidation state at the
surface. Based on these resultgey small fraction of M&'i n-MdDs was reduced

in MoQOs:Co thin films, which might be localized to form Rfacenters and oxygen
vacancies most likely due to the Co dopfa$?®>. Therefore, Mo@Co thin film
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was very close to the exact Mg§€oichiometry with very few oxygen vacancies. On
the other hand, it means that bare Mdilns had fewer oxygen vacancies than
MoQOz:Co thin films®®. The unexpected outcome proved advantageous in enhancing
the intrinsi eMo@s.oThisiwas supperted by theoconfiration that
parti al |-WoOs ehdracenzed byJoxygen vacancies, exhibited improved

electrochemical performanée? 28,

High-resolution XPS spectra of O 1s for bare Madd MoQ:Co thin films are
provided in Figures 4.2 (c, d). Both spectra consisted of peaks related to oxides and
other types of chemisorbed oxygen species. The peak at 530.0 eV was associated
with the oxygen atom bonding with the Mo ions (M) %2> whereas the peaks

that occur around 532.0 eV were associated with the oxygen vacalees®®

Also, the relative concentrations of oxygen vacancies according to the deconvolution
of the highresolution O 1s XPS spectra were analyzed using the peak at 532.0 eV.
MoOs:Co thin film was found to have a higher relative concentration of oxygen
vacancies (~20.6%) compared to bare Ma@dn film (~12.4%). In light of this
result, it can be concluded that the oxygen vacancies are much stronger31€bloO

thin films than in bare Mog&xhin films, which could be attributed to the generation

of abundant oxygewacancies caused by the partial reductfSn

The highresolution Co 2p spectrum of the Mg@Oo thin film was mainly
deconvoluted into two peaks (Figure 4.2 (e)). The two characteristic peaks of Co
were observed at 779.8 and 796.3 eV, respectively, corresponding to thg-@odp

Co 2p/2 orbitals, accompanied by two satellite peaks. The XPS spectra revealed that
the surface of the MofCo thin film was composed of mixedlence compounds,
which possessed a composition containing*@MoQCs:Co 31261262 Moreover, the

XPS survey spectra presented in Figure 4.2(6vided strong evidence for the
successful doping of Co atoms into Mo@in films. The spectra clearly
demonstrated the presence of two distinct signals fordu@@xhin films, which can

be attributed to Co atoms integrated within the Ma@trix.
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The optical transmission and reflection spectra of the films are provideidune

4.3 (a).At a wavelength of 400 nm, the optical transmittance values of bareg MoO
and MoQ:Co thin films were 53% and 70%, respectively. In addition, it was
observed that the transmittance value of the bare Mi® gradually increased
above 400 nm and reached 77% at a wavelength of 800 nm. Similarly, the same
transmittance trend was also obtained for the MGO® thin film and the
transmittance value was found to be arod@®o at a wavelength of 800 nm. On the
other hand, similar reflection properties were also seen in all films, and the
reflectance value was around %14 and %16 in the8000nm wavelength region

for bare MoQ and MoQ:Co thin films, respectively.
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In Figure 4.3 (b)the optical band gap values of thin flms were extrapolated from

the curv¥®esofhgUhsgording to the foll owirt

U=-1In

(1)

(thg)*? =A(hg  Ey) )

, wheredis the thickness of thin filmslis the absorption coefficiert, gs the photon
energy, Eg is the optical band gap value, aidis the characteristic constant
independent of photon energy. The optical band gap values of 3.49 and 3.42 eV were
obtained for bare Mo®and MoQ:Co thin films, respectively. Gdoping in the

MoO:s film leads to the formation of new energy levels near the valence band edge
of MoOzs, which ultimately leads to a reduction in the energy required for the
transition from the valence bd to the conduction band and hence a decrease in the
optical band gap®. Previous studies have also reported a decrease in the optical
band gap of Mo®upon doping33:248:268267
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Figure4.3 (a) Transmittance and reflectance spectra of bare Mao@® Cedoped
MoOQs thin films. (b) Tauc plots were obtained using WS data for bare Mo®
and Cedoped Mo@thin films.

On the other hand, NiO thin films were fabricated toassgharge storage layers for
duatband electrochromic device (ECDyhe USD methodwas used for their
deposition withthe same deposition protocol and parameters reported in CRapter
Detailed characterization of NiO thin films can be seen in Chépter

4.3.2 Electrochromic properties

The electrochromic performance of the thin films was investigated through
intercalation/deintercalation of Lions both in a 2lectrode and asymmetric cell
setup. Figures 4.4 (a) and (b) show the cyclic voltammetry (CV) performances of the
MoOz and MoQ:Co thin film electrodes with scan rates of 5, 10, 25, 50, 100 and
200mV s' 1. Note that the source of the'libns was the lithium perchlorate (LiCID

in propylene carbonate (PC) solution, which was used as the electrolyte in the
electrochemical setut.was obvious that there were pair peaks in all the CV curves
due to the redox reactions of Mo atoms at théasarof the electrod&€® Upon Co
doping, the current density was found to increase for thin film electrodes compared

to the bare counterparts (Figures 4.4 (a) and (b)). To observe the difference clearly,
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the CV comparison of Mogand MoQ:Co thin film electrodes at a scan rate of 5
mV st are provided irFigure 4.5 The maximum current densities of MeOo were

much higher than those of Ma@Ondicating improved activity and performance due

to the introduction of Co. In addition, the lower values of intercalation and
deintercalation potentials for Ma@o might be an indication of easier
intercalation/deintercalation process. The maximum capacitance values far MoO
and MoQ:Co at a scan rate of 5 m\A svere 26.7 mF cri and 33.0 mF cri
respectively. Within the +0.5 te0.8 V potential window, a color change was
observed only at negative potentials, resulting in a dark blue color. However, after
switching to a positive potential, the film exmerced bleaching and reverted to its
nearly original transparent state. This color change and subsequent reversal were
attributed to the intercalation and deintercalation dfidms during the negative and
positive potentials, respectivelyf. The observed reversibility of the deposited films

confirmed their electrochromic behavior.

Figure 4.4 (c) shows CV curves at scan rate of 200 M\vithin the potential
window of +0.5 t0-0.8 V up to 5000 cycles for baMoOs thin films. The cyclic
stability of the MoQ@ thin film electrodes was observed to decrease with increasing
number of cycles. Despite some slight fluctuations, capacitance retention after 5000
cycles for bare Moexhin film electrodes was 54 % (Figure 4.4 (e)). On the other
hand, Cedoped MoQthin films showed excellent cyclic stability up to 5000 cycles
under the same coitidns, as shown in Figure 4.4 (d). The enhancement of the
electrochemical properties by Co doping in Makin films was highly evident. The
specific capacitance of the M@Qo electrode gradually decreased to 86% of its
original value after the first 2000 cycles and then increased to about 92 % over the
last 3000 cycles (Figure 4.4 (f)). This observation confirmed that Co doping plays a
significant role in enhancing the etemchemical stability and performance of thin
films, ensuring the longerm durality and suitability of the electrodes for cyclic

use. Moreover, this finding supports the idea that Co doping induces the formation
of oxygen vacanci es eVio@s, lepding ttoi improved e d u ct |

electrochemical performance. This can be attributed to the lower

99



intercalation/deintercalation potentials observed in Figure 4.5, confirming the idea
of improved electrochemical performance due to Co doping. This was consistent
with the XPS results showing that the presence of Co improved the electrochemical
propertiesof Co-doped MoQ@ thin films. Therefore, further electrochemical and

electrochromic measurements were conducted only edoped MoQ thin film
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Figure4.4 CVs of (a) MoQ and (b) MoQ:Co thin films with different scan rates in
1 M LiClO4in PC. CV curves at 200 mV'sup to 5000 cycles for (c) baemd (d)
MoOs:Co thin films. Capacitance retention of (e) Madd (f) MoQ:Co electrodes
recorded at 200V s't.
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Further investigation on electrochemical properties of thin films was made through
galvanostatic charge/dischar@@CD) and PEIS analyseBigure 4.6 (a) shows the
GCD curves of the Mo&Co thin film electrodes at different current densities within
a potenti al wi rnvdNowclean $ignal & dishargeo plat@ausd was
recorded in the GCD curves, reflecting the representative pseymdmitive
characteristic of the electrodes distinguished from battgry electrodes. Passive
electrochemical impedance spectroscopy (PEIS) we@sducted to reveal the
performance of the Mo£Co thinfilm electrodes in their aprepared, colored and
bleached states (Figure 4.6 (b}l states of theMoOs:Co thin film electrodes
showed similar propertie§he starting point of the higliequency region in the
spectrum corresponded to the series resistéfick the lowfrequency region, the
presence of the nevertical lines was assigned to a diffusion limited proé&&ss

Chronoamperometric (CA) and chronocoulometric (CC) measurements were

conducted to directly compare the charge efficiencies and CA behavior during the
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insertion and extraction of lithium ions, results of which are provided in Rguge

(c) and(d) for MoQs:Co thin film electrodes. All electrodes were first biased to +0.5

V (versus an Ag/AgCl reference electrode) in order to remove the adsoftiedd.i

from the electrode surface. The voltage was then switched immediatBl ¥ to

initiate lithium intercalation, then switched back to +0/%5to observe the
deintercalation behavior. The change in both the charge and current densities was
collected anghown in Figure4.6 (9 and(d). The reversibility of the films in terms

of charge efficiency was calculated as the ratio of deintercalated cl@syeo(

intercalated charg€X) in the film as below:
F@i Q00 Q% c:()ooup T

Charge efficiencies were calculated by averaging the charge densities of intercalation
and deintercalation of Lfor MoOs:Co thin films.Qqi andQ; values were found as
29.35 + 0.48 and 29.66 + 0.47 mC:émespectively and the charge efficiency was
calculated as 98.95% for Ma@o thin films. The coloration efficiency (CE) is
another crucial parameter for determining the performance of the electrochromic

smart windows and devices. CE is given by following equation below:

wL O

y
80 ~—h w(Oaé:
w0 ‘ Y

.where w0 ‘Cand w 0 refer to optical density and intercalated ionic charge,
respectively. The unit for CE unit is ér@?, at a given wavelength. Ma@o thin

films showed a promising CE value of 52.6%dn" at a wavelength of 700 nm.
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Figure4.6 (a) TheGCD curves of Mo@:Cothin film electrodes at different current
densities within a potenti al wi ndow from
MoOz:Co thin film. (c) CA and (d) CC measurements for M thin film.

Transmittance changes of the films were monitored in colored (obtained with 0.5 V
bias) and bleached (obtained with8 V bias) states (Figures 4a&) and (b). Inset
photos show the color of the thin films at colored (dark blue) and bleached (blueish
white) states. A maximum transmittance change of around 35% was obtained at a
wavelength of 700 nm for bare Me@in films, while changes in transmittance were
found to increase upon Co doping. A maximum transmittance change of
approximately 40% waacquired for Mo@Co thin films at a wavelength of 700

nm. Figure 4.7 (c) and (d) show the dynamic transmistsoea (TT) variations in a
kinetic measurement mode during potential sweeping in the CV measurements of

b a r-MoOiand Cedoped MoQ thin films at a wavelength of 700 nm. Maximum
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observed, respectively. It is clear that the stability of bare Mua® film decreased

with time, but MoQ:Co thin film remained stable over time. In addition, it was also
evident from the CV results that the cyclic stability of bare N film decreased
with increasing cycle number, but @oped MoQ thin film retained its cyclic
stability over time (Figures 4.4 (c) and (d)). In light of these results, the maximum
T w ard tofinorease by Co doping in Mg@Oo thin films, which is attributed

to the reduction of the very small fraction of Méo Mo®* i n-MdDs, as explained

with XPS results. Following the reduction of a very small fraction of‘ oMo,

MoOz:Co thin films showed better electrochromic performance.
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Figure4.7 Transmittance spectra for (a) bare and (b) M&0thin films in colored
and bleached states. Insets show the photos of the electrodes in colored and bleached
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To demonstrate the full potential of Me@in films, following electrochemical and
optical tests, a complete duadnd ECD was fabricated utilizing Ma@@o and NiO

thin film electrodes and gel electrolyfeschematiaiagram of fabricated dudland

ECD is providedin Figure 4.8. In this device, only Ma@o thin film electrodes

were employed as the electrochromic layer because they showed the best
electrochemical and electrochromic performance compared to the bargetMoO

film electrodes. 1 M LIiCIQPCPMMA gel was used as an electrolyte in the dual
band ECD. The purpose of the NiO electrode in this device was to serve as a charge
storage layer without any visible coloration. Similar to previous studies, no
observable color change was detected in the &l@trode within the visible range

due to the use of LiCI@PC/PMMA gel?%%270 Characteristic CV curves of NiO
electrodes with different scan rates are provided in Figure 4.9.

Glass/ITO/MoO,:Co/LiC10/PC/PMMA/NiO/ITO/Glass
Dual-Band Electrochromic Device

L ITO/Glass

Nio

LiCl10,/PC/PMMA Gel Electrolyte
MoOj:Co
ITO/Glass

Figure4.8 Schematic diagram of fabricated diaind ECD.
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Figure4.9 CVs of NiO thin films with different scan rates in 1 M LiGl( PC.

Figure 4.10 (a) shows the CV performances of the-daatl ECD with different

scan rates within the voltage range-&f0 to +1.6 V. Duaband ECD showed
excellent cyclic stability performance up%600 cycles, as shown Figure 4.10 (b).
The cyclic stability of the ECD was observed to decrease to approximately 97%
initially but increased again to about 99% over the last 1000 cycles (Figure 4.10 (c)).
In Figure 4.10 (d)the GCD curves of the device at different current densities within

a potential window from1.0 to 1.6 V are provided. The GCD curves did not exhibit
distinct batterylike discharge plateaus for ECD similar to MoQo thin film
electrodes, but rather have a region indicating the cleistat pseudocapacitive
behavior of the device. This pseudocapacitive behavior was mostly due to the
intercalation/deintercalation mechanism ofdris2°®. CA and CC measurements of

the MoQ:Co/NiO ECD showed the charge efficiencies and chronoamperometric
behavior during the insertion and extraction of Li ions, as shown in Figure 4.10 (e)

and (f), respectively.
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Figure4.10 CVs of (a) duaband MoQ:Co/NiO device with different scan rates
using 1 M LiCIQ/PC/PMMA gel electrolyte. (b) CV curves at 200 m\} gp to

5000 cycles for the ECD. (c) The capacity retention of the ECD with scan rate of 200
mV si (d) The GCD curves of the ECD at different current densities within a

potential window of 1T1.0 to 1.6 V. (e) C/

Figure 4.11 (a) shows the dynamic TT variations in a kinetic measurement mode
during potential sweeping in the CV measurements Mo@NiO at a wavelength

of 700 nm. Maxi mum @T was observed arou
coloration {c) and bleaching timedsj of the dualband ECD were found to be 13.0

s and 9.5 s, respectively, between +1.6-4m@lV (Figure 4.11 (b)). In addition, dual

band ECD showed remarkable CE value of 140.7 €rhat 700 nm wavelength.

Also, photos of both bleached andlored states of dudland ECD are shown in
Figures 4.11 (c) and (d), respectively. The properties of various ECDs utilizing
MoOs and/or NiO thin films in the literature are summarized and provided in Table
4.2. Our study yielded results that are comparable to those presented in these
previous studies. In this study, highest cyclic stability (5000 cycles) and capacitive
retention (9%) are obtained in the device fabricated with M&®0 thin films.
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Remarkable cyclic stability and capacitive retention properties forlzhred ECD is
attributed to theenhanced electrochromic properties of-doped MoQ films. In
addition to MoQ, we believe that this approach of enhancing the electrochromic

properties of ECDs through doping during solution processing can be extended to
other transition metal oxides (TMOSs).
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Figure4.11(a) The dynamic TT at a wavelength of 700 nm variations foroaiadl

ECD. (b) Enlarged dynamic TT variations for ciaind ECD. Photographs of dual
band ECD (c) irbleached and (d) colored state.

4.4 Conclusions

In this work, homogeneous, crystalline, crdide and electrochromic bakoO3
and MoOz:Co thin films were deposited onto ITO/glass substrates using USD
method The USD method emerges as a remarkable technique for theffeasive
deposition of doped thin film electrodes using wet chemistry. The XPS results
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demonstrated that a small fraction of Mo n-Md®s underwent reduction, leading

to the presence of a minor amount of Malongside the predominant Bfan the
MoOs:Co thin films This reduction is likely attributed to the doping of Co, which
not only caused the minor formation of Mbut also led to improveelectrocatalytic
activity. MoOs:Co electrodes showed higher maximum transmittance change and
cyclic stability than bareMoOs electrodes. Due to the enhancement of the
electrocatalytic performance by Co doping, the ECD with NiO electrodes was also
fabricated. ECD showed outstanding cyclic stability up to 5000 cycles and a high
capacitive retention around 99%. A maximum transnide change of
approximately 23% with fast bleaching (~9.5 s) and coloring (~13.0 s) times was
obtainedMoOsz:Cothin film electrodes produced using this eeffective approach
showed great potential for effective use in4lédelEC applications
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CHAPTER 5

NANOMETER -THICK MANGANESE AND COBALT DOPED NICKEL OXIDE
FILMS FOR HIGH PERFORMANCE NONEZYMATIC BIOSENSORS

51 Introduction

The demand for biosensors has increased in the last decade due to the worldwide
increase in the number of diabetes patients. Diabetes is a chronic disease that
increases the level of glucose in the blood. If left undiagnosed and untreated, it can
be very @ngerous for health and ultimately result in dedth In this respect,
accurate, reliable and rapid detection of blood glucose level is of vital importance in
diabetes. Conventional glucose biosensors require the use of enzymes; however,
enzymatic glucose sensors have some limitations due to the intriusice rof
enzymes, which can easily be affected by changes in pH, temperature, humidity and
by the presence of other chemicals. In addition, they have high cost andlfehort

due to thedenaturation of enzymé$?274 Over the past years, the development of
nonenzymatic glucose sensors with fast response and high accuracy has taken place
to overcome these limitations. Amperometric detection of various analytes with
enzymeless methods became possible with the useeciraatalytic materials.
Similar to glucose, excess hydrogen peroxideOdi may lead to serious health
problems as diabetes, cardiovascular disorders, cancer, and concerning
neurodegenerative diseases. An accurate, rapid and reliable method to geiect H

is also of great importanc€® Thus, it is necessary to develop nonenzymatic
electrochemical sensors with high sensitivity, low cost, and stghility for both

glucose and kD, detection.

Altough studies showed that emergent materials can fulfill the necessary sensitivity
to glucose, there is an increasing interest in the fabrication etdstvelectrodes

with transition metals such as coppét?’s, nickel?’” and transition metal oxides
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such as copper oxidé®, titanium oxide€?’®, nickel oxide?8%281282 cobalt oxide® to
construct nonenzymatic glucose biosensors. The properties of nonenzymatic sensors
such as sensitivity, detection limit, response time, selectivity and stability highly
depend on the types and morphology of the mateffat&®. The performance of the
nonenzymatic sensors may be increased using different nanostructuresRifie Pt
alloy 287, PtAu alloy 288 Pt/Au surface®®, Ag-Pt coreshell NWs?%° Ni-Cu alloy

291 and PtAg/Cu alloy?®2 Further, nanostructured materials typically show better
analyte detectioperformancesince they provide more surface area for reactions to
occur. Analyte selectivity is a crucial factor for biosensors because glucose coexist
with lactic acid, urea, proteins, salts and so on. Traditionally, the prepared
nanostructured materials are droptedsonto a conductive substrate with a binder.
The electrical conductivity of the materials eventually decrease due to the loss of
binder, introducing contact resistan®>. Poor adhesion of the materials to the
substrate is another problem. Therefore, these techniques are not suitable for the
efficient and coseffective production of amperometric sensors. Alternatively,
solutionbased deposition methods for the formatibfunctional thin films are cost
effective for the mass production of biosensor electrodes with high surface area and
high stability.

In particular, Ni and Nbased nanomaterials exhibit high electrocatalytic activity for
glucose in the alkaline medium due to the Ni(&N)OOH redox couple, while
glucose is directly oxidized to gluconolactoffé. Similar to glucose detection,
NiOOH / Ni(OH). redox couples are demonstrated feOkisensing, when Nbased
nanomaterials are used as nonenzymatic active materials. There are numerous
examples of Nbased nonenzymatic glucose andOH sensors constructed by
modifying the substrate with nickel nanopatrticles, nic&atbon hybrids, NICNT
composite, Nigraphene composites, Ni(O#f} nanoparticles, LaNi©nanooxide
etc,277293301302303 |t has also been demonstrated that the sensor characteristics may
simply be tuned via doping the electrochemically active thin films. Ding et al.
fabricated a novel amperometric nonenzymatic glucose sensor based on Au doped

NiO nanobelts’®. The hybrid nanofiber modified electrode showed significantly
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lower initial potential, lower detection limit, higher sensitivity and broader linear
range than those obtained for the NiO nanofiber modified electrodes due to increased
electrocatalytic activity for the oxidation of glucose upon Au doping. Gao et al.
syrthesized tremelkike Mn-doped NiO nanomaterials (Mn:NiO) and utilized them

for biomimetic glucose sensing in an alkaline mediitnMn-NiO-based sensors
demonstrated high sensitivity, fast response time, low limit of detection and long
term stability for glucose detection compared to Mi&3ed sensors. On the other
hand, there are only a few studies about bare NiO thin films foogfie® 31° and

H.0, 306311312 higsensors. Although the biosensor performance of doped NiO
nanomaterials have been explored, to date, to the best of our knowledge doping of
NiO thin films to enhance their sensing properties in glucog®/Hiosensors has

not been explored.

In this work, a direct deposition route for the fabrication of homogeneous and crack
free, bare and Mn and Co doped NiO thin films was presented. The structural,
morphological, chemical, optical and electrochemical properties of these thin films
were compehensively investigated. The fabricated thin film electrodes were utilized
as nonenzymatic amperometric glucés€), biosensors. The sensitivity, limit of
detection, response time and linear raoighe electrodes were determined. A large
area (15 cm x 16m) thin film was used to demonstrate the functionality of the USD
method for electrode preparation, which allowed obtainment of more than 250
electrodes in a single deposition. This study clearly demonstrated that the USD
method is a versatile technigéer the deposition of uniform, reproducible, high
quality bare and Mn and Co doped NiO thin film electrodes for high performance

biosensing applications.
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5.2 Characterization of Thin Films

5.2.1 Structural characterizations

The crystal structure of the deposited films weamined using Rigaku D/MaX000

di ffractometer with Cu KU radiation operat:i
nm) from 10 to 70 at a scan rate of 0.5nin. X-ray photoelectron spectroscopy

(XPS) was used to examine the oxidation state of the elements present in the

deposited films. XPS was conducted using a SPECS PHOIBOS hemispherical
energy analyzer wi t h-rayexcitatiom socrberflik\imadsoi ¢ Al K U
W). The nominal binding energy (B.E.) of the C 1s signal at 284.8 eV was used as a

B.E. rekrence. A spectroscopic ellipsometer was used to determine the thickness of

the thin films on a Woollam, M2000V instrument. To improve fitting precision, data

were collected at three different angles of 55, 60 and 65°.

5.2.2 Morphological and optical characterization

Scanning electron microscopy (SEM) analyses were conducted to investigate the
microstructure of the deposited thin films using an FEI Nova Nano-SER
equipped with an energy dispersivaay (EDX) analyzer operated at 20 kV. A thin

Au layer was sputterednto the samples before SEM analysis. Atomic force
microscopy (AFM) was used to monitor the surface morphology of the films via a
Veeco MultiMode V AFM operated in tapping mode. W&ible light transmission

of the films was recorded within 200 1000 nmusing a PG T80+ UW:is
Spectrophotometer, where glass substrates were used as a background.

523 Electrochemical characterization

Electrochemical measurements were performed using a -¥MBiologic

potentiostat/galvanostat. Cycling voltammetry measurements were conducted in a
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threeelectrode setup, where thin films were working electrodes (with dimensions of
0.8 cm x 1.5 cm), Ag/AgCI (in saturated potassium chloride) was the reference and
Pt foil was the counter electrode. The potential range of CVs varied-@@V to

0.8 Vand the scan rates were 5, 10, 25, 50 and 75 mV/s in a 0.1 M aqueous sodium
hydroxide (NaOH) electrolyte. The CVs were compared both in the absence and
presence of glucose at a scan rate of 50 mV/s, where 1 ml of 1 mM glucose was
added into a 15 ml of OMI NaOH electrolyte, where the final glucose concentration
was 62.5 g M. Sleatmodé setup was budt fort therammerometric
sensor measurements. Ag/AgCIl was used as the reference electrode, a Pt wire was
used as the counter electrode and &Gated thin films were used as the working
electrodes. Measurements were conducted using a 0.1 M NaOH electrolyte, where
pure nitrogen gas was purged into te&ectrolyte a few minutes prior to
measurement s. During the gl Wwaesle mMdensor
agueous glucose solution were added into a 15 ml electrolyte with equal time
intervals under constant stirring (500 rpm) and +0.68s\Ag/AgCl was applied.

Similar to the glucose sensor measurementf).Hsensor measurements were
conducted using the sameed ectrode configuratix@xn. 25
solution were added into 15 ml electrolyte at an applied potential of +0x6 V
Ag/AgCI. Electrochemical impedance spectroscopy (EIS) measurements were
performed with a 5 mV amplitude ihé 1 MHzi 0.1 Hz frequency range. Before

EIS measurements, the thin film electrodes were stabilized at an applied potential of
0V (vs.Ag/AgCl) for 60 s.CV measurements were conducted in 0.2 M KCI solution
containing 10 mM K[Fe(CN)] with different scan rates from 200 mV/s to 10 mV/s

in the potential range of 00.6 V to determine the electrochemically active surface
area (ECSA) of the fabricated NiO, Co:NiO and Mn:NiO thin film electrodes. In all
measurements, the geometric are¢hefelectrodes dipped into the electrolyte was
fixed to about0.1 cn¥.
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53 Blood Serum Process

Blood samples were collected into vacusealed centrifuge tubes in Middle East
Technical University Medical Centre. After tubes were filled with human blood, they
were centrifuged at 5000 rpm for 5 min. Then, blood serum was collected and used
as a glucos source for amperometric measuremeAtaperometric detection of
glucose in human serum was followed in a tkeketrode setup, where thin films
were working electrodes, Ag/AgCIl (in saturated potassium chloride) was the
reference and Pt foil was the coeinelectrode. Measurements were conducted in 0.1

M KOH electrolyte at an applied potential of +0.6%8/Ag/AgCl under continuous
stirring and 25 ¢l of human serum was intr
addition. Commercial OPTIMA Blood Glucose Meter (Model: -Q8) with strip
electrodes (OK Biotech Co., Ltd.) was also used to measure the blood gksgise |

in comparison.

54 Results and Discussions

54.1 Characterization of NiO Thin Films

The average thicknesses of bare NiO and M:NiO thin films were determined using
ellipsometry as 140 £ 5 nm. All thin films were found to be approximately the same
thickness due to the same deposition and annealing conditions. The Cauchy model

was followed 0 determine the thickness of the thin films.

XRD was conducted to reveal the phases and crystallographic information of

fabricated bare and doped thin films. XRD patterns of the bare NiO, Mn:NiO and

Co:NiO thin films, provided in Figurb.1 (a), showed that all thin films had a cubic

structure of NiO (PDF 0047-1049). XRD patterns of both bare N&Dd doped thin

films had distinct di37T.3ARA3Ednd 62H°Iindexedkos at 2 d
(111), (200) and (220) planes of cubic NiO structure, respectively. No other peaks

for both cobalt oxide and manganese oxide or intermetallics and other impurities
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were presented, indicating that Co and Mn doping did not change the original cubic

NiO structure. On the other hand, no detectable shifts were observed for diffraction

peaks of Co:NiO and Mn:NiO thin films compared to bare NiO thin film. In addition,
upondoping with Mn and Co, the XRD profile showed a slight increase in the full

width haltmaximum (FWHM) of the thin films. The ionic radii of N¥j Mn*?, Mn*3
andMri*are 0.69 , 0.67 , 0% bB@tothe sndhlleGoni& 3 j , |
radius of Mn ions compared to Nons the substitutional doping of Mn ion is

possible on the Ni ion site. This is also in excellent harmony with the currently
reported Mn:NiO studied'¥ 38 Similarly, the ionic radii of C6ar e 0%,65 |

smaller than N, which proves substitutional dopift 32°.

The average crystallite sizes, microstrain and dislocation density values calculated

for (111) plane from the XRD profiles are giveriiable5.1. The average crystallite

sizes D) were found to be 35.4, 33.5 and 30.7 nm for bare NiO, Mn:NiO and

Co: Ni O, respectivel vy, which wer €O cal cul a
o TN @£ ). Herein_refers to the wavelength of therdy, is the FWHM and

—is the Bragg angle. The crystallite size of Mn:NiO and Co:NiO thin films were
observed to be smaller than bare NiO thin films. Mn and Co atoms might act as
obstacles and prevent the growth of crystallite size due to the lattice strain in M:NiO

thin fims. The microstrain (U) and dislocation
relationsrR 1 T tOA T3 and] p¥O 70 respectively. Compared to the bare

NiO thin films, the dislocation density increases with a reduction in particle size for

M:NiO thin films. Since the microstrain generally is at the same trend with

dislocation density, it increased as the crystallite siecreased.
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Table5.1 Microstructural parameters for deposited NiO and dopedfiNi(S.

Crystallite Size Strain Dislocation Density
Sample | (hkl) _ )
(nm) (10%1lin.”m™) (10'°lin.m"?)
Bare NiO | (111) 35.4 3.2 0.8
Mn:NiO | (111) 33.5 3.4 0.9
Co:NiO | (111) 30.7 3.7 1.1

X-ray photoelectron spectroscopy (XPS) measurements were conducted to reveal the
exact chemical states of the fabricated bare NiO and doped thin films. Figlres
(b-f) show the higkresolution XPS spectra of the Ni 2p and O 1s. The deconvoluted
Ni 2p spectra for all thin films, given in Figusel (b), showed distinctive multiplet

split signals for 22 and 2p,2 with their corresponding shake satellites. The spin

orbit coupling for 2p2 and 2,2 domains correspond to binding energy values in the
range of 8568869 eV and 87@85 eV, respectively. There are Satellite 1, Satellite 2
and main peak for 2p, and Satellite 3 and main peak for,2pTrhe Ni 2p/2 for bare

NiO thin film is centered at 853.6 eV, whereas those for Co and Mn doped NiO thin
films are 853.7 and 853.9 eV, respectively. Similarly, the N 2pr bare NiO thin

film is centered at 870.7 eV, whereas those for Co and Mn doped NiO thin films are
at 870.8 and 871.0 eV, respectively. As provided in Figutgc), there are slight
shifts to higher binding energy levels. NisZpeaks shifted by 0.1 eV for Co:NiO

and 0.3 eV for Mn:NiO, which is attributed to the partial substitution of Ni sites in
the crystal structure to the dopant atoms. This substitution results in a decrease in the
electron density and an increase in theda electrons by the nucleus. As a result,

Ni 2p spectra with doping shift to higher binding energy values compared to that of
bare NiO. In addition to Nf signals, the shoulders occurred at 855.3, 855.6 and
8557 eV belong to bare NiO, Co:NiO and Mn:NiO, respectively, due to the presence
of a small quantity of Ni on the surface as in the form of®5. The deconvoluted
spectra of O 1s is provided in Figuies (d)(f) and the peak positions are tabulated
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and provided iTable5.2.1n all cases, four peaks are corresponding to lattice oxygen
in the form of NiO octahedral bonding (Rl), lattice oxygen due to the presence of
Ni2Os compound (Ni"), surface hydroxyl groups QH) and absorbed molecular
oxygen present in deposited thin films. Similar to Ni 2p, there are shifts in the peak
positions of lattice oxygen (Kf) to higher binding energy values, which reveals the
change in the electron configuration. When XPS survey of the bare NiO thin film
was examined at the binding energy values-680 eV and 80575 eV, which
corresponding to Mn 2p and Co 2p, respectivéityg XPS signal levels at the
background level for dopants compared to the sitgals achieved for Mn:NiO

and Co:NiO thin films, respectively (Figur& (a) andb)). In addition to Ni 2p

and O 1s spectra, deconvoluted XPS spectra of dopant elements (Mn, Co) are
provided in Figure$.2 (c) and (d), respectively. As XRD implies that there are no
additional phases and dopant atoms placed in the positions of substithiisitas,

the XPS spectra revealed that the surface of the Mn:NiO and Co:NiO thin films
composed of mixed valence compounds, which possessed a composition ggpntainin
Co?* at 779.8 eV with satellite peak at 783.4 eV for Co:NKi®and Mrf*at 637.1

eV, Mr" at 640.8 eV and Mtiat 643.6 eV for Mn:NiG?2
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Figure5.1 (a) XRD patterns of ITO, NiO, Co:NiO and Mn:Ni@in films, (b) XPS
spectra of Ni 2p, (c) enlarged spectra of Né¢/2and deconvoluted higresolution
XPS spectra of O 1s for (d) NiO, (e) Co:NiO and (f) Mn:NiO thin films.
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Figure5.2 (a) XPS survey of NiO and Mn:NiO thin films in the range of 632
eV. (c) XPS survey of NiO and Co:NiO thin films in the range of-8@5 eV.
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Table5.2 Peak positions of deconvoluted O 1s spectra.

Lattice Lattice Surface Surface
Oxygen Oxygen Hydroxyl Absorbed
(Ni%%) (Ni®%) Groups (-OH) Oxygen
NiO 529.1 531.0 532.2 533.0
Co:NiO 529.3 530.8 531.7 532.6
Mn:NiO 529.5 530.9 532.0 532.8
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SEM and AFM analyses revealed the surface morphology of the deposited bare NiO
and doped thin films (Figure3). SEM image in Figurg.3 (a),showsthat bare NiO

thin film had a relatively smooth surface. This smooth surface has a low root mean
square (rms) roughness value as provided in corresponding 3D AFM maps in Figure
5.3 (d). Nanosized spherical particles started to appear following addition of Mn and
Co dopant atoms, as shown in Figuses (b) and(c), respectively. No significant
cracks were seen for the thin films. Observations of ordered nanostructures in SEM
images are consistent with the XRD results (Fidufe(a)). 3D AFM profiles for

bare NiO, Co:NiO and Mn:NiChin films are provided in Figures3 (d), (e) and

(f), respectively. The rms roughness values for the bare NiO, Mn:NiO and Co:NiO
thin films are determined as 1.4, 16.4 and 10.1 nm, respectively. Upon adding dopant
atoms, rms roughness values of the films were found to increase conpaiae t

NiO thin film. In addition to the SEM and AFMenergy dispersive Xay analysis
(EDX) was conducted to bare NiO and doped thin film electrodes. EDX results
which aretabulated inTable5.3, revealed that bare Ni®Jn:NiO and Co:NiO thin

films contain similar Ni (wt%) and Mn:NiO and Co:NiO thin films have 5.82 wt.%

of Mn and 5.59 wt% of Co, respectively.

(a) (b)

05 “0s 05 05

Figure5.3 SEM images of fabricatg@) NiO, (b) Co:NiCand (c) Mn:NiO thin films
and the 3D AFM maps fdd) NiO, (e) Co:NiO and (f) Mn:NiO thin films.
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Table5.3 EDX results of fabricated thin film electrodes.

Ni (wt%) O (wt%) Co (wt%) Mn (wt%)
NiO 77.87 22.13 - -
Co:NiO 79.47 14.94 5.59 -
Mn:NiO 78.78 15.40 - 5.82

The optical transmittance of bare N&hd doped thin films within a wavelength
range of 300 to 1000 nm is shown in Fighi (a). It is clear that all fabricated films
exhibited high transmittance values above 500 nm wavelength, with average
transmittance values lying between 70 % and 95 %. Yet, low optical transmittance
was seen near the UV region (30000 nm) due to the strong absorption behavior

of thin films. Upon doping, the transmission of the Co:NiO and Mn:NiO thin films
decreased in the visible region compared to the bare NiOiliminThe decrease in
transmittance for doped thin films may be attributed to the changes in their surface
morphology*?3. These findings are in good agreement with the transmittance results
for doped NiO thin films in the literatuf*32

XPS results suggested that electronic structure of NiO thin films were altered with
Co and Mn doping. To confirm the change in electronic structure, one can compare
the optical bandgaps of the NiO, Co:NiO and Mn:NiO thin films. In this regard, the
optical bandgap values of all fabricated films were determined viaVisv

spectroscopy measurements using Taucos
I 6 O

, Wherea is the absorption coefficient obtained from Lambert formbfajs the
incident photon energyA is the characteristic constant independent of photon
energy,Eq is the optical band gap amdis an index that can have different values
such a9j ¢, gj ¢, 2 or 3 depending on the nature of the electronic transitions. Plot
showing variation ofahs)? versushrn for bare NiO, Mn:NiO and Co:NiO films are

provided in Figure5.4 (b). E; values of the films were estimated through
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extrapolating the linear portion of the plots. Bandgap values of 3.74, 3.55 and 3.52
eV were obtained for bare NiO, Mn:NiO and Co:NiO films, respectivéhe
reduction in the bandgap due to Mn and Co doping in NiO film may be due to the
formation of some additional energy levels in the NiO near the valence band edge,
resulting in a reduction of the energy associated with the transition from the valence
bandto the conduction barf@®. Moreover, it is related to the structural modifications

of NiO upon doping. Previous studies have also reported a decrease in the optical
band gap of NiO upon dopirfg® 328

(a) i (b) Bare NiO

<y 90 Co:NiO
E\, 80 | Mn:NiO
[}] 70k Bare NiO Thin Films Bandgap (eV)
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Figure5.4 (a) Transmittance spectra for bare NiO and M:NiO (Mn, i) films.
(Inset shows the photos of thin films on METU logo). (b) Tauc plots obtained from
UV-VIS measurements for NiO and M:NiO (Mn, Gb)n films (Inset shows the
bandgap values of thin films).

54.2 Electrochemical and Glucose/HO2 Sensor Properties of NiO Thin
Films

The cyclic voltammetry (CV) measurements were conducted to reveal
electrocatalytic behaviors of NiO and M:NiO (M = Co, Mn) thin film electrodes.
Figures5.5 (a) - (c) show the CV curves of NiO, Co:NiO and Mn:NiO thin film
electrodes within the potential range-06f2 V to 0.8 V in 0.1 M NaOH electrolyte.

The scan rates were increased from 5 to 75 mV/s. In each measurement, redox peaks
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were found to occur betweenNiand NF* according to the following reversible

reaction:

NiO + OH £ NiO(OH) + e

Insets ofFigures5.5 (a) - (c) showedthat there are linear relations between both
anodic and cathodic peak currents with the square root of scan rates. These results
indicated that the redox reaction is a diffusaamtrolled electrochemical process
where the electrocatalytic reaction is doated by the diffusion of glucoséigures

5.5(d) - (f) show the CV comparison of NiO, Co:NiO and Mn:NiO thin film in the
absence and presence of the glucose to investigate the electrocatalytic activity of the
thin films towards glucose. The reactions in the presence of the glucose in electrolyte

are as followg 3%

NiO + OH # NiO(OH) + e

NiO(OH) + Glucosé NiO + H.O2 + Gluconolactone

During the CV measurements,?Noxidized to N#* due to aqueous electrolyte and
Ni* acted as catgst for glucose. Glucose was oxidized by reducingf Mi Ni?*,

When gluconolactone was formed, it was rapidly converted into gluconic acid, which
reacted with water molecules to form hydronium ion$)(lMpon adding glucose

into the electrolyte, there occured significant enhancements in both anodic and
cathodic peak current values and slight shifts towards more positive glucose
oxidation potentials. Initiayl, there was a dynamic balance in®NiNi?* and
hydroxyl ions at the anodic peak potential. Then, a new balance occurred at the
electrode and electrolyte interface with the reaction betwegraNd hydroxyl ions

as NF*was consumed by glucose. In order to forrfir Ni more anodic potential was

required due to the presence of hydroxyl concentration polariz&iom Figures
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5.5 (d) - (f), the oxidation of Ni* occurs at ca. 0.65 V vs. Ag/AgCl both in the
absence and presence of glucose for all thin film electrodes, therefore, amperometric
biosensor measurements, both glucose as@. lHensors, were conducted at an
applied potential of 0.65 V vs. Ag/AgCI.
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Figure5.5 CVs of (a) NiO, (b) Co:NiO and (c) Mn:NiO thin films with different scan
rates in 0.1 M NaOH (Insets show linear fittings of the anodic and cathodic peak
currentsvs. square root of scan rates). CV comparison of (d) NiO, (e) Co:NiO and
() Mn:NiO thin films in the absence and presence of glucose at a scan rate of 50
mV/s.

Electrochemical impedance spectroscopy (EIS) was conducted to reveal
performance of the thin film electrodes. The Nyquist plots of NiO, Co:NiO and
Mn:NiO thin film electrodes are provided in Figusé. At high frequency region,
there were similar bulk electrolyte resistance and resistance of the eleétfo@es

the other hand, at low frequency region, presence of thevertical lines was

assigned to ion transport limitation in the bulk electrolyte to electrode siffface
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Therefore, electrochemical measurements usii@, Co:NiO and Mn:NiO thin

films were diffusion limited.
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Figure5.6 Nyquist plots for NiO, Co:NiO and Mn:NiO thin film electrodes (Inset

shows the high frequency region).

Electrochemical active surface area (ECSA) of the thin film electrodes were

calculated using Randl&evcik equation:

Q= 2.686 x10x&32xHx02x§x /2

, Where'Qs the peak current (A), n is the number of electrons transferred, A is the
electrode area (cf)) D is the diffusion coefficient (cffs) (6.5 x 16 cn/s for
K4[Fe(CNY]) (Electrolyte: 0.2 M KCI solution containing 10 mMVufce(CN)]), C

the concentration (mol/cihand is the scan rate (V/s). From Figl& (a), increase

in the area of the CV curve at 50 mV/s scan rate indicates that the doping elements,
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both Co and Mn, enhance the electroactive surface area. From the slope of the peak
current vs square root of scan rate graph shown in Figuréb), calculated ECSA
values according to the RandiBsvcik equation were 0.1094 €for NiO, 0.1223

cm? for Co:NiO and 0.1214 cfnfor Mn:NiO thin films. This highlighted the
improvement of sensor response with the increase in ECSA, thanks to the use of Co

and Mn doping elements.
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Figure5.7 (a) CV results of NiO, Co:NiO and Mn:NiO thin film electrodes in 0.2 M
KCI solution containing 10 mM KFe(CN)] at a scan rate of 50 mV/s within the
potential window of €0.6 V. (b) Corresponding peak current vs. square root of scan
rate plots for NiO, Co:NiO and Mn:NiO thin film electrodes.

Nonenzymatic glucose sensor measurements were conducted using bare and doped
NiO thin film electrodes using constant potential chronoamperometric detection. It
was previously reported that doping NiO with transition metals changes the
electronic structuref the NiO and enhance its electrocatalytic activity due to the
formation of norstoichiometric compound$? 233 Figure5.8 shows the schematic
illustration of the reactions that occur during amperometric glucose sensing, where
reactions were explained in detail for CV measuremdntszigure 5.9 (a), the

amperometric current responses of the NiO, Co:NiO, and Mn:NiO thin film
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electrodes are depicted in relation to the sequential addition of glucose solution,
carried out every 100 secontigithin the provided concentration range, all thin films

started from a similar initial current, and then, upon the addition of glucose solution

to electrolyte medium, they gave a stepvasgent changeesponse to the glucose.

It is obvious inFigure5.9 (a),that the current response obtained using NiO thin film

is smaller than those with Co:NiO and Mn:NiO thin films. In order to compare the

actual performance of the sensorskigure5.9 (b), calibration plots obtained from
amperometric current response of the thin film sensors were linearly fitted. The

linear regression equations for NiO, Co:NiO and Mn:NiO thin film sensors were
determi nédd =j (4. /5/5¢+m . 441 [ Glucose]/ eM (with
= 0.99863%, =j 3e./M/3ctm. . 6 7Ff GO ue2s &) Aa=Md ( R( ¢ £
5.44+1. 231 [ G =u0.99%4k Jrespedilely( Rhe sensitivities of the

sensors, obtained fromtheslspe of t he regressi onfcrquati ot
for Ni O, fnP6dr ¢@d :cMNMi O atondforMn:RiG thia ik & M
sensors. The limit of detection (LOD) was calculated based on 3xS/N, where S was

the standard deviation of fitting and N was the slope of the fitting line. LOD values

were 623 nM, 231 nM and 404 nM for NiO, Co:NiO and Mn:NiO thin fdemsors,
respectively. The response time of the fabricated thin film sensors was determined

as 8.3 s, 5.4 s and 6.4 s using 90% of the initial stepgehianthe current and the

response times for NiO, Co:NiO and Mn:NiO thin film sensors, respectively. A
performance comparison table for the fabricated NiO, Co:NiO and Mn:NiO thin film

sensors with other NiDased studies in the literature for amperomegticcose

sensors provided iffable 5.4. Considering the obtained amperometric thin film

sensor results, best performance was obtained from Co:NiO thin films compared to

NiO and Mn:NiO thin films in terms of sensitivity, LOD and response time. The
enhanced glucose sensing performance was achicetbping with Mn and Co

because the doping altered the electronic structure of the NiO thin films, which cause

increase in the electrocatalytic effects on glucose.
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Figure 5.8 Schematic illustration of the reactions occuring during amperometric

glucose sensing.
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Figure5.9 (a) Amperometric current response of NiO, Co:NiO and Mn:ti@film
electrodes upon successive 1 mM glucose additions, (b) their linear calibration plots
for current responses.glucose concentration, (c) Calibration plots of NiO, Co:NiO
and Mn:NiO thin film electrodes upon successive 10 mM glucose addition (inset
shows amperometric current response). (d) Amperometric current response of 5
different Co:NiO thin film electrodes op successive 1 mM glucose addition. (e) 5
amperometric current response measurements on a Co:NiO thin film electrode upon
successive InM glucose addition and (f) amperometric response of Co:NiO thin
film electrode upon addition of human serum. (0.65 V vs. Ag/AgCl was applied in

all measurements.)
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