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ABSTRACT

In the first part of the present study, the effect of reaction conditions to the
crystal morphology of the Brochantite (Cus(OH)sSO4) crystal is investigated. Different
morphologies ranging from flowers, to bricks, belts and needles are obtained in different
temperatures and pHs under ultrasonic field. Sodium peroxydisulfate (Na,S,0s) is used
both as sulfate (SO4>) and hydroxyl anion (OH) source by ultrasonic and thermal
decomposition. Different characterization techniques are used to find the reaction
pathway and propose possible crystal growth mechanisms. The morphologies of the
products are found to be determined by the relative formation rates of the sulfate and
hydroxide anions.

In the second part of this study, silica and organically modified silica particles
are deposited onto titanium under ultrasonic field. The significance of the solvent to the
deposition process is demonstrated. Acetone is found to be the best solvent to obtain a
fully coated surface and to deposit larger particles. The effect of the ultrasonic field to
the deposition process is shown by changing the thickness of the coating with different
amplitudes of the ultrasonic waves. Time dependent study of the deposition process is
done to predict the structure of the produced films. The films are found to be composed
of layers of silica particles with different particle sizes. Organosilanes are used to
decrease the aggregation of silica particles and modify of the surface properties of the
coatings. The corrosion tests of the coated samples revealed that coated samples show

better corrosion resistance compared to bare titanium.
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OZET

Sunulan c¢aligmalarin  ilk kisminda reaksiyon sartlarinin  brokantit’in
(Cus(OH)6SOy4) kristal morfolojisine etkisi incelenmistir. Ultrason dalgalar1 altinda
degisik sicaklik ve pH degerlerinde reaksiyon yapilarak cigek, dikdortgen tugla, kusak
ve igne sekillerinde degisik kristal morfolojileri elde edilmistir. Sodyum persiilfat
(Na,S,05) hem hidroksil (OH") hem de siilfat (SO4>) anyonlarini radikal reaksiyonlari
aracilifiyla tiretmek i¢in kullanilmistir. Farkli morfolojilerin olusumunu ve reaksiyon ve
kristal bliylime mekanizmalarmi anlamak amaciyla degisik karakterizasyon teknikleri
kullanilmistir. Biitiin bu bilgilerin 15181inda farkli morfolojilerin olusumunu hidroksil ve
siilfat anyonlarinin olugsma hizlarina bagli olduklar1 belirlenmistir.

Arastrmanim ikinci kisminda ise, titanyum yiizeyi yliksek giicte ultrason
dalgalarin1 kullanarak silika ve organik katkili silika pargaciklari ile kaplanmistir.
Kullanilan ¢06ziiciiniin kaplama yapisma ve kalinligma o6nemli etkide bulundugu
gosterilmistir. Ortak ¢oziicli olarak aseton kullamildiginda titanyum yiizeyinin hicbir
kismi acikta kalmayacak sekilde degisik parcacik boyutlariyla kaplanmalar
yapilabilmektedir. Kaplamanm kalinlig1 ultrason enerjisine bagli olarak degistirilerek,
ultrason enerjisinin kaplamadaki rolii vurgulanmistir. Kaplama 6zellikleri zamana bagli
olarak caligilarak kalin kaplamalarin i¢ katmanlarindaki yapi gosterilmistir. Kaplanan
silika parcaciklarnin boyutu sisteme c¢ok az miktarda organosilan ekleyerek
arttirilabilmektedir.  Elektrokimyasal c¢alismalar, kaplamalarin korozyona Kkarsi

kaplanmamuis titanyumdan daha 1yi 6zellikler gosterdigini ispatlamistir.
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GENERAL INTRODUCTION

Sound is transmitted by longitudinal waves in any elastic substance via series of
compression and expansion cycles. During the compression and expansion cycles,
distance between the molecules will change. When the liquids are irradiated with
ultrasonic waves, at some point the negative pressure applied during the expansion
cycle becomes large enough to break the bonds that hold the liquid molecules together.
A small bubble called cavitation is formed in the solution. Once the bubble is formed it
oscillates with the oscillating ultrasonic field. During the oscillation the bubble grows
by taking energy from the environment. After a certain point, the bubble can not take
sufficient energy from the environment and it wildly collapses. During the collapse the
gas inside bubble is compressed, therefore locally very high temperatures and pressures
are formed. Cavitation phenomena is firstly introduced in 1895 by John Thornycroft and
Sidney Barnaby [1]. They investigated the reason of the damage which occurred quite
earlier than expected in the propellers of the ships. The mechanical motion of the
propeller separates the water molecules from each other and creates appropriate
conditions for the cavitation nucleation. The collapse of the cavitation near the propeller
surface is found to be the reason of the earlier damage of the propellers. The studies on
the cavitation phenomena is started to be understood after the significant developments
in the electric circuitry and transducers in 1940s. These developments lead to
applications of ultrasound to materials chemistry and a new area that is called
“Sonochemistry” was born. With the development of cheap and commercial devices,
the number of the papers published in sonochemical processes increased dramatically in

the last 30 years.



The first part of research summarized in this M.Sc. thesis is focused on the
synthesis of new nanostructures in a unique reaction environment under ultrasonic field.
The second part of the thesis consists of deposition of particles onto a hard substrate by
using the power of ultrasound. Introduction sections will introduce the major concepts
of sonochemistry, sol-gel chemistry and corrosion science in addition to review of the

related literature.



Chapter 1
Sonochemical Shape Control of

Copper Hydroxysulfates

INTRODUCTION

1.1 General Aspects of Sonochemistry

Sonochemistry is a research area that utilizes the ultrasonic waves (20 kHz-1
MHz) to create a unique environment for the chemical reactions. The wavelength of the
ultrasonic waves used in sonochemistry is far from the molecular dimensions (10 cm-
0.1 cm). Therefore, the chemical activity of the ultrasound does not originate from the
interaction between the sound waves and molecules as in the case of photochemistry.
Instead, the chemical activity is mostly based on the collapse of the cavitation. Suslick
et al.[2] performed series of ligand exchange reactions on different metal carbonyls in
order to estimate the temperatures inside the cavitation during the collapse. By using
the reaction rates and the Arrhenius equation, the temperatures inside and on the surface
of the cavitation are found to be 5200+650 K and ~1900 K respectively. These
temperatures are also verified with complementary techniques [3]. The temperature
increase is local and the surrounding liquid cools down the hot spot with a very high
cooling rate at the order of 10'® °C/s. Therefore, the ultrasonic activity in liquid
solutions produces a unique environment for the chemical reactions [4].

One of the most important features of the sonochemistry is the formation of the

radicals during the collapse of the cavitation. Makino et al. [5] is the first reporter of a



direct proof for the formation of OH- and H- radicals by the splitting of water under
ultrasonic field. They used spin trapping and electron spin resonance (ESR) to prove
their findings.

In order to form cavitation in the solution, a critical intensity of ultrasound is
required. The intensity of the ultrasound is proportional to the square amplitude of the
ultrasonic wave. The increase of the amplitude increases the cavitation formation.
However, extreme intensities may deteriorate the ultrasonic transducer very quickly.
Therefore, higher amplitudes should be applied only to solvents with high viscosities.
The viscosity increase in the solution increases the threshold intensity for cavitation
formation. This is due to the requirement of higher negative pressure to break apart the
solvent molecules during the expansion cycle. Also, the temperature of the reaction
must be carefully chosen depending on the solvent. The effect of the temperature is a bit
abrupt. The cavitation nucleation, growth and collapse rate increases with the increasing
temperature since the solvent interactions are weakened. However, the collapse of the
cavitation is reported to be less violent because more vapor is filled inside the bubble
[6]. The dissolved gases in the system also facilitate the formation of the cavitation.
They act as nucleation site for the cavitation nucleation. Dissolved gases are removed
from the reaction mixture in time, therefore bubbling gas through the reaction solution

increase the cavitation formation [7].

1.2 Ultrasonic system types

Ultrasonic baths and horns are used to irradiate the liquid solutions with
ultrasound. Ultrasound waves are produced by applying high AC voltage to a

piezoelectric material. The intensities of the ultrasonic baths used in many laboratories



are quite low. Therefore, the ultrasonic horns are used as reliable and intense sources of
ultrasound in most of the sonochemical reactions. A typical setup for the horn system is

given in Figure 1.1 [8].

Power supply

- Piezoelectric
transducer

Titanium horn

Collar & O-rings

~———@Gas inlet/outlet

—— Glass cell

"] Reaction
solution

Figure 1. 1 Experimental setup for sonochemical reactions

The ultrasonic horns are mostly made from titanium and its alloys. A cooling bath is
needed to control the temperature of the reaction since the gradual formation of

cavitations increases the temperature of the solution.

1.3 Applications to Materials Chemistry

Inorganic nanomaterials with desired sizes and morphologies have attracted both
technological and fundamental interest for morphology dependent properties and
possible wide range applications [9-11]. Wet chemistry is one of the promising methods
for the synthesis of nanoparticles with different shapes. This approach employs hard or
soft templates or utilizes the anisotropic crystal structure of solid materials without

using templates [12-14]. However, these reactions can be typically slow and may even



require a couple of days or a couple of weeks before the product is obtained.
Sonochemical method, on the other hand, is a quick alternative which has been utilized
for the synthesis of nanoparticles of metal oxides [15, 16], chalcogenides [17, 18] and
noble metals [19]. Recently, shape control of nanomaterials produced under ultrasonic
field has been demonstrated with ZnO [20, 21] and gold nanoparticles.

Copper hydroxysulfates are corrosion products of copper surfaces exposed to
natural conditions [22]. Synthetic crystals, namely Antlerite Cu3(OH)4SO4 and
Brochantite Cus(OH)sSO4 are typically synthesized by the stoichiometric mixtures of
sulfates and hydroxides [23, 24] at moderate temperatures. Hydrothermal conditions
(120-200 °C) have also been utilized for these stoichiometric mixtures from several
days to several weeks for growing large crystals [25-27]. Alternative routes such as
homogenous precipitation from solution by urea hydrolysis [28] and precipitation from
a mixture of sulfate and carbonate solutions [29] as well as the traditional methods
typically yield only the needle-shaped morphology.

Copper ions and complexes have been used for centuries as antibacterial and
antifungal agents in different applications such as medicine, agriculture, water
treatment, etc [30-32]. Bordeaux mixture (mixture of copper sulfate, lime and water)
has been used as fungicide over the world in agriculture since 1880s [32]. Standard
Bordeaux mixture contains brochantite, antlerite, posnjakite [33] and lately brochantite
itself was proposed as fungicide [34]. Recent studies show that the antibacterial
activities depend on the size as well as the shape of the particles in cuprous oxide and
silver [35-37].

Terephthalic acid has been used in photochemistry and ultrasound dosimetric

experiments as OH- radical trap [38-40]. Terephthalic acid itself is non-fluorescent. The



OH: radical reacts with the terephthalic acid to form 2-hydroxyterephthalate which
fluoresces in visible region. Although, there are several possible OH- radical addition
products, the only fluorescent species is the major stable product which is 2-

hydroxyterephthalate (Figure 1.2) [39, 41].

COCH COOH
)\\ -OH X OH
| -

COOH COOH

TPA HTPA
non—fluorescent fluorescent

Figure 1. 2 Formation of fluorescent 2-hydroxyterephthalate from terephthalic acid
In this study, synthesis of micron size Brochantite crystals in different morphologies is
synthesized by using an ultrasound assisted facile method. Ultrasonic field is used to
decompose peroxydisulfate anion in the presence of copper acetate in various pH and
temperatures. With this technique and precursors, Brochantite crystals can be obtained
even at acidic pH compared to the methods used in the literature which start with
stoichiometric amounts of copper sulfate and hydroxide anions and yield only a single
crystal morphology. Terephthalic acid is used as fluorescence probe to the compare
relative OH- yields qualitatively. The yields are used to propose possible reaction

pathway and crystal growth mechanism.



EXPERIMENTAL METHOD

The reactions took place in a custom glass sonication cell fitted with a water
jacket for temperature control. In a typical run, 0.749 g (3.752 mmol) copper salt and
0.446 g (1.874 mmol) sodium peroxydisulfate were dissolved in 50 mL deionized water
(18.2 MQ cm™ ). The solution was placed in the sonication vessel and purged for 30 min
with nitrogen gas to remove dissolved oxygen. The solution is purged also during the
sonication. The natural pH of this solution was around 5.5. Ammonia was used to adjust
the initial pH of solutions to 6.5, 7.5 and 8.5. The temperature of the solution was
adjusted to 5, 25, 60 and 80 °C with a circulating chiller. The solution was sonicated for
60 min. Then, the products from the reaction were separated by centrifuging, and
washed several times with deionized water and dried in oven at 80 °C. In separate set of
experiments, time evolution of products was observed by running the reactions for
shorter and longer periods. The thermally activated control reactions were carried out at
80 °C in temperature-controlled vessels.

The OH- radical yields were compared by the fluorescence spectroscopy using
terephthalic acid as the marker. In a typical procedure, aqueous solution containing 2
mM terephthalic acid (Alfa Aesar, 98%+), 1 mM sodium peroxydisulfate and 4 mM
sodium acetate (Merck, 99% anhydrous) was prepared. The pH of the solution was
adjusted with ammonia and/or acetic acid. The experimental procedure was the same as
above except copper ions were not present in solution. Reaction times were limited to
30 min. The reactions were run at pH 5.5, 6.5 and 7.5 at 25 °C, and at pH 7.5 at 80 °C

under ultrasound irradiation. For comparison, thermal decomposition of peroxydisulfate



was tested at pH 5.5 and at 80 °C. Cavitation induced OH- radical production in pH 5.5
water was also tested at 25 and 80 °C.
Instrumentation

An ultrasonic probe (Bandelin HD 3200 model , 20 kHz, 200 W at 30%
efficiency) with 13 mm TiAlsV4 alloy tip was used. The average intensity was on the
order of 50 W/cm®. Copper acetate monohydrate and sodium peroxydisulfate were from
Merck and were used as received (>99%). The scanning electron microscopy (SEM)
studies were carried out in a Zeiss Evo 40 SEM furnished with a LaBg electron source.
The crystals were cast on aluminum stubs from alcohol suspensions and were not coated
for analysis. The powder X-ray diffraction (XRD) measurements were performed using
a HUBER-G670 diffractometer utilizing a Germanium monochromator and Cu Ka
radiation (A = 1.5406 A). The thermo gravimetric analyses (TGA) were performed using
a SII Seiko SSC/5200 thermal analysis instrument with TG/DTA 220 module under
argon flow. The samples were heated up to 1050 °C at a rate of 5 °C/min in ALOs3
holders. The optical emission measurements for concentration determination were
carried out with a Spectro Genesis inductively coupled plasma optical emission (ICP-
OES) spectrometer using solutions of products dissolved in hot nitric acid. Standard
stock solution of Cu®" was prepared by dissolving the appropriate amount of
Cu(NOs3),-3H,0 in 3% nitric acid solution. Standard solution of sulfur was prepared
from sulfuric acid solution. In each case, a 5-point calibration curve was used to cover
the concentration range of interest. A Horiba Fluoromax-3 spectrometer was used for
fluorescence experiments. 2-Hydroxyterephthalic acid was excited at 315 nm and the
emission between 350 and 550 nm were collected. The reported spectra are corrected

for the excitation intensity and dilution factors.



RESULTS and DISCUSSION

In Table 1.1 ultrasonic reactions performed in different conditions are given. The
reactions below pH 5.5 do not yield any product since the hydroxyl ion (OH") reacts
with a proton instead of a copper ion. The reactions above pH 7.5 yield mixed crystals
of brochantite and copper oxide (CuO) which is proved by XRD (not shown in here). At
high concentration of OH  and low concentration of sulfate ion (SO4>) copper
hydroxide (Cu(OH),) forms and turns in to CuO with the chemical dehydration reaction.
This conversion is reported in the literature and it is used to produce CuO from

Cu(OH); in very low temperatures[10, 13].
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Table 1. 1 Summary of the reaction conditions and morphologies for sonochemically synthesized

Brochantite
" Reaction . . Crystal
Sample # Initial pH Tem(;(a)ecr)ature Final pH % Yield Morphology
USI 5.59 5 4.56 3.5 Brick
US2 5.55 25 4.98 8.2 Brick
US3 5.55 60 4.09 16.5 Flower
US4 5.54 80 3.91 11.8 Lumps
USs 6.51 5 6.23 59.0 Lumps
UsS6 6.50 25 5.59 66.0 Lumps
us7 6.50 60 5.11 68.4 Needle
US8 6.50 80 4.99 77.8 Needle
US9 7.50 5 7.25 87.3 Belt-Needle
US10 7.52 25 6.45 82.5 Belt
USI1 7.50 60 5.19 73.1 Needle
US12 7.51 80 4.96 51.9 Needle
US13 8.50 5 6.67 68.8 Lumps
US14 8.51 25 6.03 553 Lumps
USIS 8.50 60 5.54 46.9 Lumps
US16 8.50 80 5.21 60.3 Lumps

The yield calculation is based on the initial copper amount and stoichiometric

composition of brochantite by assuming it is the only solid product, except the reactions

at pH 8.5. The yields of the reactions at pH 8.5 are calculated from CuO. The pH of the

solutions at the end of the reaction is always lower than the initial pH. Increasing
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temperature increases the difference between the initial and final pH. Different crystal
morphologies from irregular lumps to flowers, brick, belt and needle forms are

observed.

1 pm EHT = 10.00 kV Signal A = SE1 | Probe = 20 pA
WD =15.0 mm Filament Type = Kimball Mag = 30.00 KX

Figure 1. 3 SEM image of Brochantite crystals synthesized at pH 5.5 and 25 °C for 1 hour (Sample US2)

Low temperatures and low pH yield rectangular shape bricks (samples
US1,US2). SEM image of the US2 is given in Figure 1.3. The bricks with dimensions of
1.0 x 0.7 um are oval at the corners. Also small platelets with smaller dimensions can be
seen. The pH of the reaction decreases below pH 5 after 1 hour. Therefore, increasing
the reaction time leads to dissolution of the crystal rather than growth of the crystal.
However, with the dissolution of the crystal, the corners of the bricks sharpened and
monodisperse perfect crystals are obtained (Figure 1.4). Thermal reaction at low

temperatures can not be performed since persulfate can not be activated. Thermal
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reaction at 80°C and pH 5.5 does not yield any defined morphology. Therefore,
rectangular shapes of brochantite crystals can be obtained only by sonochemical
methods. The unique environment of the ultrasonic field and the formation of the

cavitation is the key factor to obtain these nanostructures.

1 Hm EHT = 12.00 kV Signal A= SE1 | Probe =20 pA
|—| WD =13.5mm Filament Type = Kimball Mag = 23.58 KX

Figure 1. 4 SEM image of Brochantite crystals synthesized at pH 5.5 and 25 °C for 2 hours

When temperature is increased to 60 °C at pH 5.5 the formation of flower
shaped structures are observed which are composed of two dimensional subunits. SEM
images of the early reaction products are given in Figure 1.5A and 1.5B in addition to
the SEM image of the sample. At the early stage of the reaction, 2-D structures with
sub-micron dimensionalities are formed in the reaction solution. Due to interactions

between these structures, they assemble in a flower shaped manner to form imperfect
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crystals. The dimensions and the shape of the subunits are quite similar to building
blocks of the flower shaped structure. Therefore, it is concluded that these new
structures are formed by those subunits observed at the early stage of the reaction. The
organization of the nanomaterials into larger structures is known in the literature as
“oriented attachment”[42]. The primary nanostructures can join together to form new
ones if the crystallographic requirements are provided. The organization of the subunits
is accomplished by the desorption of the solvent and reactant molecules and the
formation of the chemical bonds between these subunits. The most common reason for
this is the surface energy. The elimination of the interface between the solvent
molecules and the subunits decreases the total surface energy. Oriented attachment is a
recently introduced phenomena and different structures such as nanosheets,

nanoellipsoids , nanoribbons are already reported in the literature [10, 43].

-

Mag = 10.00K X EHT = 7.5 kv |8
WD=170mm Fill= 1.895A Signal A= SE1
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1pm Mag = 10.00K X EHT = 7.50 kv

H WD=170mm  Fill= 1895 A Signal A = SE1

2 um EHT =11.00 kv Signal A = SE1 | Probe = 20 pA
WD =155 mm Filament Type = Kimball Mag = 10.00 K X
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Tum  EMT=1100kV SignaIA=S1 I Probe= 20 pA
| WD =155 mm Filament Type = Kimball Mag = 30.00 K X
Figure 1. 5 Evolution of flower shaped Brochantite crystals at pH 5.5and 60 °C A) 20 min B) 40 min C)
1 hour D) high magnification image of flower shaped crystals

Increasing the pH and the temperature reveals new structures. After the pH is
raised to 6.5, the products at 5 and 25 °C are still irregular lumps of nanoparticles.
However, at 60 °C, we begin to observe micrometer sized needle-like structures (not
shown in here). The particles dimensions are around 1.6 x 0.3 um. These particles are
intermediates between the belt and needle shapes discussed below. As the temperature
increases, the crystals get longer and narrower, and uniformity in size and aspect ratio
increases. At 80 °C the crystal size changes to about 2.1 x 0.2 um. At this pH, the yields

are over 50% with the tendency to increase with increasing temperature up to 75%.
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WD =16.0 mm Filament Type = Kimball Mag= 5.00 KX A WD =16.0 mm Filament Type = Kimball Mag = 35.00 KX

Figure 1. 6 SEM image of the belt and needle shaped crystals A) Low B) High magnification images of
the belt morphology C) Low D) high magnification images of the needle crystals

At pH 7.5, low temperatures favor the formation of individual belt like structures
whereas formation of needle shaped nanostructures are observed at higher temperatures
(Figurel.6A and 1.6B). At 5 °C, 4.6 x 0.6 um belt like structures are observed. As the
temperature increases to 25 °C, the belt sizes get smaller with dimensions 2.6 x 0.5 pm.
Further increase in the temperature increases the size and changes the shape from belt to
needle (Figurel.6C and 1.6D).The tapered ends measure as small as 100 nm across,
while the thickest part is about 400 nm wide. In the SEM image of the early reaction
stages of reaction US10 and US12 (not shown in here) shapeless small particles are
observed. This shows that the synthesis of these monodisperse polycrystalline materials
involves the nucleation of primary particles followed by the aggregation. Once the

particles nucleate and reach to critical size, the growth proceeds with the dissolution and
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addition of these small particles to larger particles. The polycrystalline nanostructures
are composed of randomly oriented primary particles. Thermal activation leads to
formation of needle type crystals at higher pH values as in the case of the studies
reported in the literature [28, 29]. It must be noted that the thermal activation of
peroxydisulfate below 50 °C is considerably slow [44, 45]. Therefore, some of the
crystal morphologies reported in this work can only be obtained with the assistance of

the ultrasound irradiation.
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Figure 1. 7 XRD patterns of the products with brick, belt and needle forms in the same
scale.

In Figure 1.7, XRD patterns of the selected samples with different morphologies (US2,
US10 and US12) are given in addition to theoretical peaks. In XRD diagrams of the
samples, there are small differences between the peak positions and intensities. When
the peaks are normalized with respect to most intense peak at 35.63° the needle form

has higher peak intensities at 13.69° [200], 16.39° [210], 22.70° [220] and 33.43° [420].
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The intensity difference is a result of the excessive growth in certain crystallographic
directions. This shows that subunits that form the polycrystalline structure are quite
different from each other. In addition to the structural differences between subunits,
with the effect of the reaction environment, these subunits aggregate to form different
morphologies.

The crystal structure of brochantite is reported in the literature [25, 26]. The
crystal structure with the orientation of crystallographic planes is given in Figure 1.8.
Double chains of copper octahedrons are connected to each other via corner sharing in b
direction whereas they are connected to each other via edge sharing in c¢ direction.
These connected octahedrons form corrugated planes roughly parallel to bc plane.
Copper ions are at the center of the octahedrons and surrounded by the oxygen atoms at
the corners. The black spheres stand for sulfur atoms and the corrugated planes are

connected to each other with sulfate groups.
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Figure 1. 8 The crystal structure and facets with Miller indices for Brochantite crystal. Oxygen atoms are at the
corners of the polyhedra, sulfur atoms are shown as black spheres. Copper ions are located in the centers of each
polyhedra.
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Growth of the corner shared double octahedrons in b direction needs OH™ anions,
whereas both SO4* and OH™ anions are needed to connect the corrugated planes. When
we compare the XRD diagrams, needle form has higher peak intensities at [200] and
[210] peaks. By looking at the crystallographic orientation and the crystal structure in
figure 1.8, one can see that these planes corresponds to [100] and [210] planes.
Therefore, differences in these intensities originate from differences in growth rates in
these directions. We can speculate here that the needle form has the highest sulfate

amount per mole of copper among these morphologies.

Cus(OH)6SO4 —» 3CuO+CuSO4+3H,0 Reaction 1.1

3CuO0+CuSO4 —» 4CuO+S0; Reaction 1.2

TG and ICP-OES analyses are used to determine the relative amounts of sulfate
and hydroxide in these structures. In figure 1.9 TG curves of the brick, belt and needle
(US2, US10 and US12) forms are given. The first mass loss in the TG curve
corresponds to physically bounded water. The second step which starts around 280 °C
stands for the chemical dehydration process (Reaction 1.1). In this step belt and brick
forms loses 2.5 mol of water whereas the needle form loses 3.1 mol of water. This step
ends up around 450 °C and further increase of the temperature results in the
decomposition of the sulfate groups as it is shown in Reaction 1.2. The decomposition
of the sulfate group finishes around 730 °C and the needle form loses the highest
amount of sulfate group. The O/S ratio based on these results are given in table 1.2 with

the Cu/S ratio calculated by ICP-OES.
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Figure 1. 9 Thermogravimetric analysis of brick (red), belt (green) and needle (black) forms of
Brochantite

By looking at the Table 1.2 the effects of pH and temperature to the compositions of the
crystals can be argued. Needle and belt forms are produced at the same pH but different
temperatures. Needle form has smaller OH/Cu ratio than belt form. Low temperatures
favor relatively higher hydroxyl content in the final product. On the other hand, Brick
and belt forms are synthesized at same temperatures but at different pH. The OH/Cu
ratio of the brick form is the highest among the three morphologies. These findings can
be summarized as follows; the crystals grown at the high pH and high temperature
conditions have the smallest relative amount of hydroxides, and conversely have the
highest relative amount of sulfates compared to the crystals grown under different
conditions. The XRD results also show that the needle form has highest peak intensity
at peak [220]. Therefore, the needle form is mostly composed of chains of copper
octahedrons connected via sulfate group. In the belt and brick forms the connection of

these chains by edge sharing is favored to form a plane.
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Table 1. 2 Compositions of the brick, belt and needle forms of Brochantite determined by TGA and ICP-

OES analyses

Sample Morphology O/S molar ratio | Cu/S molar | Estimated = OH/Cu
from TG | ratio from | molar ratio

(Number,pHinitial,

' Analysis ICP-OES
temperature in °C) oY S 4 S
Analysis E a - a

Brochantite Cus(OH)sSO4 10.0 4.0 1.5

Brick (US2; 5.5 ; 25) 10.51+£0.03 5.19£0.02 | 1.25£0.01

Belt (US10; 7.5 ; 25) 9.33£0.03 5.80£0.02 | 0.92 £0.01

Needle (US12; 7.5 ; 80) 8.38 £0.03 5.04 £0.02 | 0.87 £0.01

The emission spectra of 2-hydroxyterephthalate is presented in Figure 1.9 as a semi-
quantitative measure of the OH- radical where it yields under the same pH and
temperature conditions discussed above. It should be noted, however, in order to avoid
undesired reactions, the peroxydisulfate and consequently the terephthalic acid

concentrations were kept much smaller compared to the actual runs.
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Figure 1. 10 The emission spectra of 2-hydroxyterephthalate under various experimental conditions. A)
Ultrasonic decomposition at the presence of peroxydisulfate anion at pH 7.5 and 80 °C (black), pH 7.5
and 25 °C (blue), pH 6.5 and 25 °C (red), pH 5.5 and 25 °C (green). B) Ultrasonic decomposition at the
presence of peroxydisulfate anion at pH 5.5 and 80 °C (black), thermal decomposition at the presence of
peroxydisulfate anion at pH 5.5 and 80 °C (red), ultrasonic decomposition at the absence of
peroxydisulfate anion at pH 5.5 and 25 °C(blue), pH 5.5 and 80 °C(green)

In Figure 1.10A, the effect of pH on OH- radical production yield at constant
temperature of 25 °C is shown. In a series of experiments, an increase in the yields of
the OH- with increasing pH is clearly observed. For comparison, the emission spectrum
from 2-hydroxyterephthalate produced at pH 7.5 and 80 °C is also shown. While the
yield of the OH- radical increases moderately with increasing pH, the effect of
temperature is more significant. In Figure 1.10B, the effect of temperature and the
presence of ultrasonic field are demonstrated at constant pH of 5.5. it is shown that
although sonication of water alone is enough to generate OH- radicals, the yields are

smaller than the solutions containing peroxydisulfate anions. Furthermore, the
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fluorescence intensity decreases for water samples sonicated at higher temperatures.
This is an expected result and it is discussed in the next section. In the same figure, we
also compare the emission spectra of the solutions where peroxydisulfate anion was
decomposed thermally and ultrasonically both at 80 °C and a pH of 5.5. As expected,
ultrasound accelerates the OH- radical production rate, as evidenced by the almost 100%
increase in the emission intensity of 2-hydroxyterephthalate. One can also conclude that
with increasing temperature, the contribution of water cleavage to the overall OH-
radical production decreases.

The morphologies of the crystals are controlled by both structural and kinetic
effects (growth and dissolution). If the crystal structure is highly anisotropic, the
differences in monomer addition rate to the different facets of the crystal could lead to
different morphologies. In a similar way the difference of the availability of the
monomers for the growth in different facets of the crystal could create many crystals
with different morphologies. The facets [100], [210] and their variants are aligned with
the crystallographic a-axis. These facets require both SO, and OH™ anions to grow. On
the other hand, growth in the b-direction requires only OH™ anions. Contrary to the
expectations, peroxydisulfate anion does not only act as the source of sulfate anions, but
it generates the hydroxide anions through radical reactions, as well. In addition to
reported reactions of the peroxydisulfate anion in the literature, the homolytic cleavage
of the water and brochantite formation reactions are given in Reaction 1.3 to 1.10. The
reported rate constants for sonochemical decomposition of peroxydisulfate ranges from
8.5 s at 25 °C to 150 s at 75 °C. Below, for the decomposition of peroxydisulfate, we
used the value at 75 °C for the ultrasound assisted rate constant [45]. Other rate

constants are the reported rate constants for thermal reactions [46-48]. The thermal and
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ultrasonic decomposition of persulfate yields sulfate radical (SO4™) below pH 7

(Reactionl.3).

8,0, 52507 k=150 M""s"' (Reactionl.3)
280; 58,07 k,=4x10°M"s" (Reaction 1.4)
SO; + 8,07 —5 580 +8,0; k,=6.1x10°M"s" (Reaction 1.5)
SO; +OH —% 507" + HO®  k,=6.5x10" M's’ (Reaction 1.6)
SO; + HO—»8507 + HO* + H*  k,=2x10"Ms" (Reaction 1.7)
HO" + 8,07 — 5 O0H +8,0; k,=12x10"M"s" (Reaction 1.8)
H,0—“ 5 HO" +H* k,=33x107 M's’ (Reaction 1.9)
4Cu® + SO} + 60H~ — Cu,(OH), SO, (Reaction1.10)

The sonolytic cleavage of water to OH- and H- (Reaction 1.9) has been studied
extensively to optimize the best ultrasonic irradiation conditions. Even though the 80%
of the produced OH- and H- radicals has been estimated to recombine [49] , the rate or
yield of this reaction is reported by the hydroxylation of terephtalate [39, 40] ,
degradation of organic compounds[50, 51], Fricke dosimetry [52] and H,O, yield [53].
It was reported that OH- radical and H,O, production rate constants at 20.2 kHz in the
presence of saturated O, are 0.0699 and 0.204 uM min’1, respectively[54].

Once the SO, radical is formed, it can participate to the Reactions 1.5, 1.6 and
1.7. Reaction 1.6 occurs mostly in basic medium and the OH- radical concentration is
reported to be higher than SO4™ radical above pH 9. The Reaction 1.7 is a quite slow
reaction and the rate is independent of pH [46]. The OH- radical formed in Reactions

1.7 and 1.9 reacts with persulfate ion to form OH™ anion by reaction 1.8. The reaction
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1.5 produces SO4> anion by the reaction between SO4~ and persulfate anion. The crystal
morphology is determined by the formation rate of the OH™ anion and SO,”. Therefore,
the rate of these reactions in different pHs and temperatures influence the morphology
of the crystal.

When we look at the effect of pH the Reaction 1.6, it is more sensitive to change
of pH. Since OH" is one of the monomers that compose the crystal, the competition
between the precipitation reactions (Reaction 1.10) and Reaction 1.6 may affect the
morphology of the crystal. The increase of the rate of the Reaction 1.6 as a function of
pH is reported in the literature[46]. Thus, increase in pH may increase the production
rates of OH- radical and SO4* anions. This behavior is observed in both terephtalate
reactions and TG analyses. Increase in pH increases the OH- radical yield (Figure 1.9A)
and the relative sulfate content of the samples produced at high pH are higher. At low
pH, the rate of the reaction of the SO,* radical and OH may decrease and the OH may
lead in to the precipitation reaction to form OH™ rich crystals. When the rate of the
Reaction 1.3 and 1.5 is not fast enough at high pH, the OH™ anion reacts with copper to
form copper oxide by chemical dehydration.

When we look at the effect of the temperature, the first thing stands out is the
higher differences between initial and final pH at high temperatures. This difference
may be due to the increase in the rate of reaction between the SO, radical and water
(Reaction 1.7). The higher emission at high pH and high temperatures of 2-
hydroxyterephtalate and the higher sulfate content of the needle form supports this
result. At low temperatures the persulfate is decomposed only by ultrasonic effect. Also,
at high temperatures, the collapse of the cavitation is less violent and it decreases the

OH- radical yield [7]. 2-hydroxyterephtalate emission in water without addition of
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persulfate decreases with the increasing temperature (Figure 1.9B). However the
production of the OH- radical by the Reaction 1.6 is increased since the decomposition
rate of the sulfate radical is increased.

To sum up, the relative rates of the reactions that yield OH™ and SO,*" anions
may influence the morphology of the final product. At high temperatures and high pH
the total organic content is higher but the relative amount of the OH™ compared to SO,
amounts is lower. This fact can be seen both from the XRD and TGA results. A possible
reaction mechanism for this is the competition between the precipitation reaction and

the reactions that contain SO42' radical.

CONCLUSIONS

In this part of the thesis, we utilize ultrasound to synthesize crystals with
different morphologies without using any surfactants. New morphologies such as brick,
belt and flower are not reported previously in the literature by any other method. The
morphologies of the products are controlled by changing the reaction kinetics. A
possible crystal growth and reaction mechanism is given by using X-ray diffraction,
thermogravimetric analysis and fluorescence probe. Peroxydisulfate is used as a source
for both sulfate anion and hydroxide anion. The different morphologies of the crystals
are explained by both crystal growth models and the kinetic of the reactions. The
reaction mechanism is quite different from the reactions used to synthesize copper
hydroxysulfates in the literature. With this reaction mechanism, these morphologies of
the brochantite can be obtained only by using ultrasound. The products from this study
can potentially be used to investigate the antibacterial and antifungal properties of

different morphologies of Brochantite. We would like to thank Hiiseyin Enis Karahan
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for his idea of analyzing the effect of morphology to the antibacterial and antifungal

properties of brochantite.
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Chapter 2

Sonochemical Deposition

of Silica Particles on Titanium

INTRODUCTION

2.1 Properties of Titanium

Titantum received its name from the Titans that are the powerful sons of the
Earth in Greek mythology. It has an atomic number of 22 and an atomic weight of 47.9
g/mol. Titantum has high strength to weight ratio. i.e. has similar strengths as steel but it
has weight nearly half of steel. Some of the physical properties of titanium are given in
Table 2.1 [55]. Titanium is found in the nature in the form of oxides such as Ilmenite
(FeTiOs), Rutile (TiO»).

Table 2. 1 Summary of physical properties of titanium

Property Value

Density (g/cm’) 4.54

Thermal Expansion Coefficient, at 20 °C (K") | 8.4x10°

Thermal Conductivity (W/(m.K)) 19.2
Melting Temperature (C°) 1668
Modulus of Elasticity (GPa) 105
Yield Strength (MPa) 692
Ultimate Strength (MPa) 785
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Titantum and its alloys are used extensively in aerospace applications,
automotive industry, and medical and dental applications [55-59]. As biomaterials, they
are used in the replacement of the damaged or diseased parts of the body such as bones
and teeth. One of the most important properties of a biomaterial is the interaction with
the surrounding tissue. The tissue and biomaterial must coexist without any undesirable
effect on each other. Titanium is a biocompatible metal which performs effectively as a
host in the body. In addition to this, low modulus and high corrosion resistance
compared to the most of the metals make titanium a very suitable implant material [55,
56].

Introduction to Corrosion

Corrosion is the deterioration or change in physical or chemical properties of a material
due to chemical or electrochemical processes. The corrosion process in the environment
occurs by the direct reaction of the metals with its surrounding materials. Coupled
oxidation and reduction reactions occurring at the surface of the metal change the
chemical composition which alters the physical properties of the metal. The oxidation
and reduction reactions can be separated into half reactions in electrochemistry to study
and understand the corrosion process. Cathodic and anodic reactions that are usually

observed are given below.

Anodic process: M> M ™ + ne” Metal Oxidation
2H,0-> O, +4H" +4¢ Oxygen Evolution
Cathodic process: 2H' +2¢ > H, Hydrogen Evolution
0O, +2H,0 +4e > 40H Oxygen Reduction
M™+ne > M Metal Reduction
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In order to have any corrosion process, one of the anodic and cathodic reactions given
above must be present.

The corrosion processes of the metals are mostly examined with Open Circuit
Potential (OCP) and Cyclic Voltammetry (CV) measurements. Open circuit potential of
the metal 1s mostly studied to monitor the changes at the surface of the metal in the long
run or to reach a quasi-equilibrium state before the cyclic voltammetry measurements.
OCP is the potential difference between the metal and of a reference electrode when
there is no current passing through the system. From the changes in the potential to the
negative or positive directions, corrosion behavior of the metals in the desired medium
can be predicted. The negative change in OCP measurements is observed due to release
of metal ions in to the solution. Release of positive metal ions leave a more negative
metal behind when they go in to the solution. The change in negative direction is
observed due to formation of protective oxide layer at the surface of the metal. In CV
measurements, the potential of the electrode is changed linearly versus time with a
desired scan rate (mV/s). The current change is recorded and plotted versus potential.
The anodic polarization leads to dissolution of metal ions in to the solution (Metal
oxidation reaction). The dissolved ion may react with water to form oxides and
hydroxides and adhere to metal to protect it from further corrosion. On the surface of
the inert counter electrode, hydrogen gas evolution or oxygen reduction reactions occur
depending on the pH and concentrations of the reactants. The CV curves are used to
predict the corrosion behavior of the metals or evaluate the quality of the coatings on

metals [60].
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2.2 Corrosion of Metals

Corrosion is one of the major problems when an implant is introduced into the
body. Human body fluid has ~0.9% salt content at pH 7.4 and temperature of 37+1 °C
which is very corrosive environment for the metals. The metal has active and passive
sites at the surface. When it is in the corrosive environment the surface oxide goes
through partial dissolution and repassivation cycles. If the partial dissolution rate is
larger than the repassivation rate, metal ions are released into the solution [61].
Dissolution of the metals is accelerated at the presence of proteins and amino acids.
Even though the mechanism for the acceleration is not clear, the releases of the ions are
accelerated by the increased rate of dissolution. The dissolved ion in the body does not
always combine with the biomolecules. It may react with the water immediately to form
oxides, hydroxides or inorganic salts which lead to decrease the toxicity [62]. Even
though titanium has high corrosion resistance in human body fluid, in the presence of
chloride ions and proteins titanium is unstable which causes the release of titanium ions
[58, 62-64]. In addition to this the oxide formation is more difficult since the oxygen
content in the body fluid is one fourth of the air. Therefore, the corrosion behaviour of
titanium has been studied extensively with electrochemical methods including long and
short term open circuit potential measurements, voltammetry and electrochemical
impedance spectroscopy in the literature[65-67]

None of the metals are totally corrosion resistant even they have protective oxide
layer at the surface that kinetically decreases the corrosion rate. The best known

corrosion types are pitting corrosion, crevice corrosion and galvanic corrosion.
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2.2.1 Pitting corrosion

Pitting corrosion is a type of localized corrosion that causes formation of small
holes or cavities on the surface of the metal. The pitting corrosion occurs at the naturally
weak points of the metal surface with the local breakdown of the oxide film especially
at the presence of chloride ions. Even though other parts of the metal surface is
unaffected by this corrosion process, pitting corrosion can initiate stress-corrosion
cracking. [68]

Exact mechanism for the pitting potential is not known however there are three
mechanisms proposed for the process. The first one is the penetration mechanism in
which the chloride ion diffuses through the oxide film and dissolves the titanium. In the
second mechanism the chloride ions adsorb on to the metal surface and form complexes
with the film. These complexes may dissolve into the solution which causes local
breakdown of the film. With this mechanism, the film gets thinner locally in time and
pitting corrosion is initiated. In the last mechanism which is known as rupture
mechanism, the chloride ions penetrate through the oxide layer from the cracks and

reaches to the metal [69].

2.2.2 Crevice corrosion

Crevice corrosion occurs due to geometrical conditions in the metal. The oxygen
near to the metal surface is depleted quickly. When some parts of the metal are shielded
from the environment, the consumed oxygen can not be refreshed as easy as the parts of
the metal open to the environment. Since oxygen participates into the

oxidation/reduction reactions at the surface, the potential of metal is more negative
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when it is exposed to oxygen. Therefore the shielded parts of the metal become more

prone for corrosion (Figure 2.1)[60].
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Figure 2. 1 Crevice corrosion of iron [60]

2.2.3 Galvanic corrosion

Galvanic corrosion occurs due to the potential difference between the two
different metals in contact. The current flows from the more active metal to the more
noble metal. The reason for the galvanic corrosion is not only the potential difference
between the metals but also the contact areas of the metals with the liquid. Since in
practical applications the contact of two different metals is inevitable, the galvanic

corrosion occurs occasionally and it should be considered carefully[70].

2.3 Surface modifications of Titanium

Biocompatibility and corrosion resistance is very essential for implant materials
to perform appropriately in the long run. However, the current hot topic in the literature
is to bring to the biomaterials another important biological function that is called tissue

regeneration or ossointegration [59, 71-75]. When an implant is introduced into the
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body, new bone cells grow on the implant surface. After proliferation and differentiation
process, the ossointegration completes and the implant is accepted by the body. On the
other hand, because of the weak interaction and micromotions of the implant, fibrous
tissue can be generated instead of bony interface. This may retard or prevent the
ossointegration [76]. It is recently found that the tissue regeneration strictly depends on
surface properties such as chemical composition, roughness and topography [77-80].
The composition, roughness and topography of the surface can be modified by
coating films onto the metals with chemically inert materials. Since the interaction with
surrounding environment is determined by the surface properties of the film, the
density, thickness, chemical composition of the film plays an important role in the
corrosion resistance, bioactivity and biocompability of the implant. Therefore, various
techniques are used to produce films or change the surface properties of the implants in
the literature. These methods can be divided into mechanical, chemical and physical

methods depending on the film formation mechanisms.

2.3.1 Mechanical Methods

Grinding, polishing, blasting are the common methods to obtain specific surface
topographies, roughness and they are used to clean the surface contamination. These
methods also can help to increase the adhesion of the film to the metal surface. Even
though grinding and polishing are practically similar methods, grinding is mostly used
to obtain relatively rough surfaces and for faster polishing. Polishing is performed
mostly with high grade abrasive papers and combined with lubrication to end up with
very smooth surfaces [81]. Blasting is done by sending high velocity particles to the

surface. Shot blasting is one of most frequently used methods for surface cleaning and
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roughening in the literature. The cell adhesion and differentiation are reported to be
stimulated at the presence of shot blasted particles [82]. In addition to this, the
heterogeneity of the surface can lead to excellent corrosion resistant properties [83].

The chemical methods for the modification of the surface are based on the
reaction between the solution and the surface of the titanium by using acids, bases,

hydrogen peroxide, and inorganic precursors.

2.3.2 Acid treatment

Acid treatments are used to clean the contaminations from the surface.
Hydrochloric acid is one of the best decontamination agent used in the literature. These
pre-treatments lead to formation of thin oxide layers below 10 nm [84]. On the other
hand, recent reports show that the acid treated metal surfaces show much better
bioactivity since it changes the surface roughness and topology dramatically [80].
Introducing hydrogen peroxide into the system results with the formation of amorphous
titania gel at the surface and these surfaces induce the formation of hydroxyapatite at the
surface [85, 86]. Mixture of H,SO4 and H,O,, known as piranha solution, is used to
create chemical interaction between the deposited films and titanium and modify the
surface topography of the metals [87]. Piranha treatment of titanium yields an
amorphous and porous titania layer on titanium. The oxygen to titanium ratio is found to
be around 2 and 2.65 for piranha treated titanium and polished titanium respectively
[88]. The difference is attributed to the contamination of carbon compounds. Therefore,
piranha activation not only yields a pure titania film on the surface but also cleans up
the surface. The piranha treated surface is reported to be much more reactive compared

to the untreated surface [89]. Martin et al. used aminopropyltriethoxysilane (APTES) to
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functionalize the surface of titanium and they observed that the number of Si-O-Ti

bonds dramatically increased with the piranha treatment [90].

2.3.3 Sol-Gel Coatings

Sol-gel chemistry has been proven successful for the synthesis of ceramic
oxides, sol-gel silicate powders, organic-inorganic hybrid materials, and sol-gel thin
films [91-94]. The method can also be used for coating materials. It has several
advantages such as low cost, low temperature production, large variability in products
and environmentally friendly synthesis conditions. These advantages make the sol-gel
coatings a viable choice compared to the physical vapor deposition, chemical vapor
deposition, electrochemical deposition, and plasma spraying techniques [95].

First preparation of silica particles from tetraalkyl orthosilicates ranging 500 nm
to 2 um is introduced by Stober et al. in 1968 [96]. Basically in this reaction, tetraalkyl
orthosilicates undergo hydrolysis and condensation reactions in the presence of water,
forming siloxane network in neutral pH. This reaction can be accelerated in the basic or
acidic conditions. Single hydrolysis, water and alcoholic condensation reactions can be

written as follows respectively [97].

= Si-OR+H,0— =Si-OH+ROH Reaction 2.1
= Si-OH + = Si-OH — = Si-0-Si= +H,0 Reaction 2.2
= Si-OR + = Si-OH —=Si-O-Si =+ ROH Reaction 2.3

After the hydrolysis and condensation reactions; dimers, trimers, oligomers and rings

are formed (Figure 2.2). When sufficiently large number of Si-O-Si bonds is formed
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they are called colloidal particles or sol. The colloidal particles can be extracted from
the solutions as powders. Further reaction leads to formation of three dimensional
networks of colloidal particles by the crosslinking between particles. This macroscopic
structure is called “gel”. The crosslinking depends on the stability of the colloidal
particles or polymeric structures. The stability of these colloids is provided by the static
charges at the surface depending on the pH. Since in low and high pH the surface is
positively or negatively charged the crosslinking between the colloids are slow

compared to the neutral pH [98].
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Figure 2. 2 Systematic illustritation of formation of dimers trimers, rings and chains from Tetraethyl
orthosilicate [98].

The kinetic of this reaction or the functionality of the silica particles can be
changed by using organosilanes. Organosilanes such as aminopropyltrimethoxysilane
(HoN(CH»)3S1(OCH3)3), dimethyldichlorosilane (Si(CH3)2Cl) methytriethoxysilane
(CH;3S1(OCH3)3) ete. contain one or more groups connected to silicon atom that can not

be hydrolyzed.
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Inorganic coatings, organic-inorganic coatings, inorganic mixed coatings are
used to coat metals to improve corrosion resistance and bioactivity [97]. Inorganic
coatings are the first type of coatings that are made in the literature such as TiO,, ZrO,,
Si0; [99, 100]. The titania coating was reported as an effective coating for inducing the
hydroxyapatite, calcium phosphate formation which can increase the binding of the
implant to the bones and corrosion resistance [85, 101, 102]. Li et al. coated NiTi by
using sol-gel dip coating technique with titania. The film thickness is around 200 nm
and it enhances the corrosion resistance significantly. Titania precursors for the coatings
are obtained from titanium alkoxides by the hydrolysis and condensation reaction.
However, great care must be taken in handling titanium alkoxides, since they hydrolyze
very fast at the presence of water [97]. Silica coatings are reported as an effective
coating to induce the nucleation and growth of hydroxyapatite [103]. The silanol groups
are responsible for the growth of hydroxyapatite at the surface of the films since they
attract the CaO and P,Os. Vasconcelos et al. [104] reported silica coatings with
thicknesses ranging from 50 to 120 nm which improves corrosion resistance. The
corrosion current density decrease when the annealing temperature is increased. Cracks
are formed when thick sol-gel films are produced and annealed at high temperatures.
These cracks lead to local breakdown of the film by pitting corrosion. If the thermal
expansion coefficient is quite different from the coating, cracks are formed even in very
thin coatings[105]. On the other hand, the inorganic coatings have very good adhesion
with the metal via van der walls interaction. Covalent bonds can be formed by annealing
the sample[106].

The composite coatings are formed by using an organosilane or a polymer in

addition to metal alkoxide precursor. The major advantage of the composite coatings is
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production of thick, crack free films upon annealing. The thickness of the film is
reduced with the increasing annealing temperature. This is a result of further water and
alcoholic condensation reactions. The crosslinking also creates stress in addition to the
capillary pressure due to solvent vaporization. The groups than can not be hydrolyzed in
organosilanes prevent the formation of new M-O-M bonds (M:Si, Ti, Zr etc..) which
will decrease the stress on the film. The stress evolution upon annealing on silica and

silica-organic (MTES) composite films is given Figure 2.3[107].
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Figure 2. 3 Stress evolution on silica films upon annealing measured by optical deflection [107]
2.4 Sol-gel Coating Techniques
Dip coating is one of the oldest techniques used to coat materials mainly for
research purposes. The microstructure can be controlled by controlling the liquid
precursor sol properties. In this technique, basically, the sample is dipped into the
solution and withdrawn with a constant speed. After gravitational draining and solvent
evaporation the film is deposited onto the sample. Nazeri et al. coated stainless steel

with titanium and cerium oxide mixed coating by using dipping technique[108]. In
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order to prevent crevice or pitting corrosion, the samples are heat treated. Heat treated
samples show better corrosion resistance compared to bare steel. Metroke et al. coated
aluminum alloy substrate with a composite coating using an organosilane and TEOS as
precursor[ 109]. Dip coated samples which are annealed at 600 °C shift the corrosion
potential to the more positive direction and the sample microstructure is controlled by
controlling the precursor solution properties.

Spin coating is another widely used method to coat flat surfaces. In this
technique, basically, the precursor sol placed onto the center of the substrate and the
substrate is rotated at very high speeds. The centrifugal force spreads the liquid to the
other parts of the substrate homogenously and thin film is formed on substrate. The
properties of the precursor sol such as viscosity, surface tension, vapor pressure of the
liquid and the spinning conditions such as rotation speed, acceleration will affect the
final thickness and properties of the thin film [97]. Fallet et al. prepared silica, titania
and mixed silica-titania coatings on steel substrate by using spin coating method[110].
By using cyclic voltammetry technique, they found that the silica and titania coatings
form a better barrier to the release of titanium ions compared to the composite coatings.
Chen et al. used spin coating method to prepare different inorganic nanostructured
coatings on aluminum [111]. Alumina, SiC, zirconia coatings show excellent corrosion
resistance in 1 N sodium hydroxide and 1N potassium chloride and corrodes in IN
hydrochloric acid after 1 hour.

Dip and spin coating techniques are relatively simpler techniques but they can
not be used to coat substrates with complex shapes. Therefore they are mainly used for
research purposes. Electrochemical deposition is a very promising technique to produce

sol-gel coatings. The microstructure and the properties of the final film can be
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controlled by controlling the pH, precursor solution properties, deposition voltage and
current density. By using electrochemical deposition crack free, thick films can be

produced on complex shaped substrates [112].

2.5 Sonochemical Approach

Tarasevich reported a sol-gel reaction in the absence of common solvent by
irradiating the water and TEOS mixture with high power ultrasound in 1984 [113].
Ultrasonic waves can induce the formation of small bubbles, i.e. cavitations in the
liquid, which collapse and create local high temperatures and high pressures [114].
Under these conditions, the hydrolysis and condensation reactions can occur rapidly to
form a homogeneous sol. The gel that is formed from this sol is called as “sono-gel”.
The sono-gel is dense due to the increase in hydrolysis rate and crosslinking [115].
There are many studies to analyze the structural properties of these sonogels in different
inorganic materials such as SiO,, TiO; and ZrO; [115-119]. However, these studies are
concentrated onto the gels and no sonochemical approach is reported to prepare sols or
powders in the literature.

The cavitational collapse at the neighbourhood of a solid boundary is quite
different from the collapse in the pure liquid. The collapse occurs non-spherical near the

solid surface and drives high-speed jets of liquids into the surface (Figure 2.4).
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Figure 2. 4 Unsymmetrical collapse of the cavitation near a solid surface
Highly reactive surfaces and newly exposed areas are created when the accelerated jet
crashes onto the surface. However the non-spherical collapse of the bubbles occurs if
the length of the surface is several times larger than the resonant size of the bubble
which is few microns. Therefore, this effect can not be obtained when colloids are
present in the solution [120]. When the colloids or powders present in the solution, the
shockwaves and turbulent flow lead to high velocity inter-particle collision. The
particles collide in such velocities so when they collide, melting occurs at the interface

and the particles fuse together (Figure 2.5) [4].

Figure 2. 5 Fusion of Zinc colloids under ultrasonic field [4]
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When the solutions are irradiated with ultrasound, acoustic pressure is exerted on
the molecules in addition to the hydrostatic pressure. The mean position of the
molecules changes when the liquid is irradiated with ultrasound. The acoustic pressure
applied to the molecules change with applied intensity of the ultrasound. In order to find
the change in acoustic pressure during the compression and expansion cycles following

relation can be used.

¥

i

[ = A Equation 2.1

2pc

Where I is the intensity of the sound wave, P, is the amplitude of the acoustic pressure,
p is the density of the solution, ¢ is the velocity of the sound in the medium. The
maximum velocity as a function of pressure amplitude and the displacement amplitude

are given by the Equation 2.2 and 2.3.

T Py Equation 2.2
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The acceleration amplitude can be written in terms of displacement amplitude by the
following equation.

ag = 51?{2 f:‘};lfq; Equation 2.4
By using the Equations 2.1, 2.2, 2.3 and 2.4, maximum velocity, displacement and
acceleration of the particles can be found if the intensity of the ultrasound given into the

solution is also known [121]. To give an insight about the velocity and acceleration that
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the particles can reach under ultrasonic field, the Equations 2.1 to 2.4 are used to
calculate the pressure amplitude, maximum velocity, displacement amplitude and
acceleration of the particles. If ultrasonic field with intensity of 50 W cm™ and a
frequency of 20 kHz is applied to water solution, the acoustic pressure changes twenty
thousand times per second from 12.25 atm to -12.25 atm which is calculated by using
Equation 2.1. By using the equation 2.2, 2.3 and 2.4 the maximum velocity,
displacement amplitude and acceleration are found as 0.82 m/s, 6.5 um and 10° m s
respectively. The acceleration of the particles under ultrasonic field is approximately10*
times higher than the acceleration due to gravity. The particles are accelerated and
decelerated in micron size distances by the effect of the ultrasonic field.

The synthesis and deposition of different particles can be combined under
ultrasonic field in a one pot reaction. The first depositions by utilizing ultrasound have
not performed on substrates as expected. The ultrasonic deposition process is first used
to coat or deposit particles onto the submicron particles [122-126]. Pol et al. deposited
silver and gold nanoparticles on the silica spheres by using ultrasound. The silica
particles and silver particles are synthesized separately and dispersed in the same
solution for the deposition process. However, the deposition and synthesis of gold
nanoparticles are performed in the same solution. Uniform silver and gold coatings are
obtained in relatively short amount of time [122, 126]. Dang et al. coated magnetite
particles with silica by using ultrasonic irradiation. The ultrasonic irradiation provides
better dispersion of magnetite particles and accelerates the hydrolysis and condensation
reactions. Hydrolysis and condensation reactions of the silica occur simultaneously with

the deposition process. Coating highly dispersed magnetite particles lead to formation of
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single core-shell silica coated nanoparticles. The method is specified to be an easy,
effective and quick way to produce silica coated magnetite particles.

The deposition of particles onto larger substrates i.e. plates, foils, papers

emerged immediately afterwards [127-130]. Kotlyar et al. deposited silver nanoparticles
on polymeric chips by using sonochemical method [127]. The silver particles penetrated
from the surface 20 nm into the polymer chip. The chip is homogeneously coated with
silver nanoparticles in a very short amount of time by a one pot reaction. The adherence
of the silver nanoparticles to the chip is reported be very high since they are partly
buried inside the chip. Perkas et al. deposited silver nanoparticles onto the glass by
using sonochemical methods [129]. The silver nanoparticles deposited on the surface
homogeneously and the thickness can be changed as a function of time and as a silver
concentration in the solution. The synthesis and deposition of silver nanoparticles are
performed simultaneously. The deposited nanoparticles are buried into the glass around
60 nm which increases the adhesion even though there is no chemical bonding.
These examples show the success of ultrasonic deposition process on/in to the soft
samples. There is only one study published recently applying sonochemical deposition
on hard substrates. Soloviev et al. applied the sonochemical deposition process on steel
by using silver nanoparticles [131]. However, the adherence of the nanoparticles is not
as good as it is in the soft samples. They can be wiped out easily by a tissue paper. The
paper emphasizes the importance of the distance between the sample and the ultrasonic
horn for a full coverage at the surface.

To the best of our knowledge, there is no study published in the literature that
utilizes ultrasound to coat titanium or any other metal with sol-gel coatings. In this

study, silica and organically modified silane coatings on titanium by sonochemical
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method for the first time are reported. The effects of reaction kinetics, reaction time,
precursor sol, solvent and amplitude of the sound wave to the deposition of sol-gel
particles are studied with reflectance measurements, X-ray photoelectron spectroscopy
(XPS) and Scanning electron microscope (SEM). The corrosion properties of coated
samples are analyzed with open circuit potential (OCP) and cyclic voltammetry (CV)

measurements.

2.6 Simulation of Reflectance Spectrum

Reflectivities of the thin films are used to determine the thickness of the thin films
especially for multilayer optical films. Therefore, the measurement of the film thickness
using the reflected light is a well established technique. In this technique, basically the
light is sent to the coated substrate and the reflectance spectrum is recorded. Then the
recorded reflectance spectrum is compared with simulated spectrum with the known

thickness to estimate the coating thickness.
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Figure 2. 6 Interference in multilayers
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When the light is sent to the substrate, some of it will be reflected from the surface.
Some of the light travel inside the coating and reflected back from different levels of the
coating (Figure 1.6). The different portions of light will travel different distances so
when they are reflected back they will form an interference pattern depending on the
thickness and refractive index of the coating[132].

Mathematical Treatment

The reflectance coefficient for a thin film is given by Equation 2.5 [133].

Y}}m 11 §E}}i iy = THigy = }';?3”1{1:2

= — - (Equation 2.5)
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with n‘o and n‘S being the effective refractive indexes and can be calculated as

¥
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#
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Where 6y and 65 is angle of incident of medium and substrate respectively. ng and ng are
the refractive index of the incident medium and refractive index of the substrate. The

incident angle of the each medium is calculated by Snell’s law. The m;;, m;,, my;, my;
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are the elements of the characteristic matrix, M. If there are p number of layers, the

characteristic matrix is shown by Equation 2.

M = MM,....M, = [’”“ mﬁ] (Equation 2.6)

sy e

Individual characteristic matrix for a layer is given by the following matrix.

M, — [ cosd, (isind,)/Y ] (Equation 2.7)

1Y, sind, cosd,

The term Jy stands for phase shift. The phase shift of the wave in xth layer with

thickness (dy) 1s given by Equation 2.8.

2n,.d, cosl, .
&, = ky (Equation 2.8)

Further simplification of the Equation 2.5 lead to Equation 2.9;

Ny -+ TN mys = Moy = 1 Moo (Equation 2.9)
£ ¥ ¥
ngmyy + ngnmis -+ may +ngmay

P oo

This matrix is a complex matrix, thus the reflectance coefficient is an imaginary
quantity. The reflectance can be obtained by multiplying reflectance coefficient with
complex conjugate.

The refractive indexes are calculated for each wavelength collected during the

reflectance measurement by Sellmeier equation given below [134].
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Where B, B,, B;, Ci, C, andC; are the Sellmeier constants for the material, A is the

wavelength and n is the refractive index.
EXPERIMENTAL PROCEDURE

2.7 Materials and Specimen Preparation

All chemicals were analytical grade and used without further modification.
Sulfuric acid (H2SO4, 96%-97%), hydrogen peroxide (H,O, 30%), nitric acid (HNO;3,
%65), absolute ethanol (C;HsOH), Ammonium hydroxide (NH4OH, 25%), were
purchased from Merck. Tetraethyl Orthosilicate (TEOS,98%), Dodecyl
triexthoyxysilane (DTES, 95%) were purchased from Alfa Easer. Acetone ((CHj3),CO,
%99) 1s purchased from Honeywell. Grade 2 titanium is purchased from Bag-San A.S
and cut in to pieces by using water jet.

In a typical procedure, 25mm x 25mm titanium piece is wet polished with 240A,
400A, 600A, 800A silicon carbide papers in increasing grit number. Polished titanium is
cleaned in ultrasonic bath for 15 minutes with ethanol and 15 minutes with water.
Cleaned titantum piece is dried with a tissue paper and put into piranha solution
composed of 70%/30% sulfuric acid and hydrogen peroxide (30%) by volume. The
piranha solution is open to atmosphere and extra cooling or heating is not applied to the
solution. After 30 minutes of treatment, titanium piece is taken by teflon tweezer and

rinsed with excessive water.
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2.8 Coating of Titanium via Ultrasonication

For the deposition processes in water, piranha treated titanium piece is placed
into the vessel with jacket to control the temperature during the experiment. Then water,
ammonia and TEOS are added to reaction vessel respectively. In all experiments, the
total volume 1s fixed approximately to 44 ml. The distance between the ultrasonic horn
and the titanium piece is 1 cm for all experiments. The catalyst type and amount,
water/TEOS ratio and reaction times are varied and the corresponding amounts are
given in Table 2.2.

For the deposition processes in ethanol and acetone the solvent is added into the
beaker with ammonia and TEOS. Then the reaction is allowed to run for one hour under
magnetic stirring. After 1 hour the reaction solution is put into reaction vessel and the
deposition process is started. For the composite coating preparation, TEOS and DTES
are added to the solvent and ammonia mixture simultaneously. The total volume is fixed
to 44 ml and the distance between ultrasonic horn and titanium piece is adjusted to 1
cm. The reaction time, amplitude of the sound wave, catalyst amount is varied and
corresponding amounts are given in tables 2.4 and 2.5.

After all deposition processes, titanium piece is taken out from the solution and
put into a beaker filled with water. In order to clean the loosely bounded particles and
the reactants adsorbed on titanium, it is sonicated and washed with fresh distilled water
for few minutes. Then titanium piece is dried with nitrogen gas and characterized with
reflectance spectroscopy, X-ray photoelectron spectroscopy (XPS), electron microscope

and electrochemical methods.
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2.9 Instrumentation

An ultrasonic probe (Bandelin HD 3200 model, 20 kHz, 200 W) with 13 mm
TiAlgV4 alloy tip is used for the deposition process XPS spectra are recorded with
Thermo Scientific K-Alpha spectrometer. Al-K a radiation is used as x-ray source and
flood gun is turned on to avoid charging during the measurement. The pressure of the
vacuum chamber changes between 10 7 to 10™® Torr during the measurement. All of the
spectra are corrected by using Cls binding energy 285 eV as reference. In electron
microscope studies Zeiss Ultra Plus Field emission scanning electron microscope (FE-
SEM) is used. Reflectance spectra are recorded with Ocean Optics HR4000
spectrometer between 500nm-900nm with respect to a silver mirror at a normal
incidence. LS-1 tungsten halogen lamp is used as the source of radiation. Light is sent to
the substrate and detector by using optical fibers with core diameters of 200 um and 50
um respectively. The experimental reflectance spectra are used to estimate the
thicknesses of the films by comparing with the simulated reflectance spectra. The
reflectance spectra are normalized in order to get rid of the intensity loss due to
roughness of the sample. The simulation program and its details are given in Appendix.
The simulation is composed of one function and a script that uses that function. Inside
the function, the experimental spectrum is imported and the difference between the
experimental and simulated spectra is calculated. The script minimizes the differences
between the simulated and experimental spectra. The program is fed with possible
minimum and maximum thicknesses of silica and titania layers in addition to the angle
of incidence and refractive index of the incident medium. Program simulates the
reflectance spectrum for each thickness of titania and silica layers and compare it with

the experimental spectrum. Electrochemical characterization is done by using Princeton
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Applied Research -EG&G Model 273 Potentiostat in a home made special cell. The
characterization is done in 0.5 M NaCl (pH 6.5) solution purged with argon for at least
30 minutes. Open circuit potential (OCP) measurements are conducted for 30 minutes.
The cyclic voltammetry measurements are done between open circuit potential value
and 2.4 V with a scan rate of 10 mV/s. In all measurements, Ag/AgCl in saturated KCI

is used as reference electrode and platinum is used as counter electrode.

RESULTS and DISCUSSION

2.10 Deposition in Water: Sono-gel Approach

Even though this procedure is called as sono-gel approach, the reaction
parameters are adjusted to avoid gel formation because the travelling of ultrasonic wave
in gels can not create cavitation. Therefore, the deposition process is stopped when the
sol turns into gel. There are tremendous numbers of studies in sol-gel science including
colloids, powders and gels. However, the studies on sono-gel approach are limited to
gels. Thus, the discussions will be based on the literature of gels prepared by sono-gel
approach.

Series of reactions for base catalyzed, acid catalyzed and not catalyzed reactions

are given Table 2.2. (SG stands for Sono-gel)
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Table 2. 2 Reaction parameters for ultrasonic deposition in water

No | Temperature | Amplitude | Duration | Water/TEOS | Catalyst Catalyst
(°C) (Min) | (Mole ratio) Amount(ml)
or pH

SG1 25 70% 60 95 Ammonia 33
SG 2 25 70% 120 95 Ammonia 3.3
SG3 25 70% 30 40 Ammonia 33
SG 4 25 70% 60 40 Ammonia 3.3
SG 5 25 70% 120 40 Ammonia 33
SG 6 60 70% 120 20 Ammonia 3.3
SG 7 60 70% 120 20 - -
SG 8 60 70% 120 20 - -
SG9 60 70% 120 20 HC1 pH 1.5
SG10 60 70% 120 10 HC1 pH 1.5
SG11 60 70% 120 20 HC1 pH 1.5
SG12 25 70% 15 40 Ammonia 3.3
SG13 25 70% 120 40 Ammonia 3.3

spectra. Unfortunately none of these samples are fully covered at the end of the process.

Below in Figure 2.7, photos of bare, piranha treated, and coated titanium pieces

(SG3,SG4) with the reflectance spectra are given.

The characterizations of these samples are done by using XPS and reflectance
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Figure 2. 7 Photo and reflectance spectra of the samples SG3 (C) and SG4 (D) in addition to polished
(A) and piranha treated (B) samples.
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The reflectance spectra simulations give 8 nm titania, 60 nm silica coatings for
both of samples. Decreasing sonication time to 15 minutes or increasing it to 120
minutes did not change the optical properties of the samples indicating that the
thickness of the samples can not be changed with increasing sonication time. XPS
analyses of these samples show that there is a silica formation on the surface (Figure
2.8B). However, the photoelectrons ejected from the titania layer which is below the
silica layer can be still detected (Figure 2.8 A). The peaks in Figure 2.8 A are assigned to
Ti2p1, and Ti2ps, of positive titanium with oxidation number of 4 [135]. The

photoelectrons are ejected from the titania layer formed during the piranha treatment.
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Figure 2. 8 Ti2p and Si2p scans of the sample SG4

The mean free path of the electrons changes 1-5 nm depending on the kinetic energy of
the electron. Therefore, by combining the reflectance simulations and XPS results,
instead of a thin very thin coating formation (1-5nm) it is concluded that there is not a
full coverage of the surface.

Ultrasound increases the reaction and mass transfer rate between two immiscible
liquids. Therefore it is used in many heterogeneous liquid-liquid reactions and
extraction processes [6]. TEOS and water are immiscible liquids and can be reacted by

using a co-solvent at the absence of ultrasound. The unique environment of ultrasound
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first increases the hydrolysis rate that occurs at the interface of water and TEOS. With
the release of alcohol as a product, rate of hydrolysis and condensation reactions
increases since TEOS and water mix at the presence of alcohol [136]. The reported gels
produced under ultrasonic irradiation are quite dense compared to conventional gels
produced with sol-gel process. In addition to this the gel times are decreased
dramatically with the sono-gel approach. The reason behind these observations is the
high condensation rate and the high crosslinking density between the produced
polymers or colloids [115]. Therefore, during deposition processes the silica particles
are deposited at the early time of the reaction and with the start of crosslinking between
particles it stops. The formed crosslinked structure may be so large to be deposited with
acceleration under ultrasonic field. The displacement amplitude in water for ultrasonic
waves with intensity of 50 W cm™ is found 6.5 um. Therefore, the size of the highly
crosslinked structure may be the limiting factor. When the size of the crosslinked
structure is comparable with the displacement amplitude, the particles may not be

accelerated under ultrasonic field.

Table 2. 3 Some of the physical properties of water, ethanol, acetone

Surface Tension at | Viscosity at 25 °C Boiling point
20°C (mN/m) (mPa.s) (C9)
Water 72.8 0.891 100
Ethanol 22.3 1.074 78
Acetone 23.7 0.306 56

In many sonochemical processes water is used as a solvent to synthesize new colloids,
polymers, ceramics etc [137]. Also the deposition processes onto soft substrates are
shown where water is used as solvent [123, 127]. However, the viscosity and surface

tension of the water is relatively high. Also increased viscosity with the formation of
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silica particles or polymers could inhibit the cavitation formation. In addition to these
the vapor pressure of the water is relatively low which could also increase the cavitation
threshold intensity. Therefore, we continued our research by using ethanol and acetone
as a solvent in order to fully coat the sample and increase the thickness of the coating.
The surface tension, viscosity and boiling point of water, ethanol and acetone is given in

Table 2.3.

2.11 Deposition of Silica Particles in Ethanol

When the colloids or powders present in the solution, the shockwaves and
turbulent flow lead to high velocity inter-particle collision [4]. Perkas et al. reported the
aggregation of silver nanoparticles during ultrasonic deposition [129]. Also, aggregation
of silica particles prepared via Stober method under ultrasonic field is reported. During
the silica synthesis, in addition to the ultrasonic effect, the presence of silanol groups at
the surface of the silica particles accelerated the aggregation [138]. Running the
reactions directly under ultrasonic field causes aggregation very fast especially when
acetone is used as the solvent. Aggregates that can be removed easily with tissue paper
stick onto the titanium surface and block the further deposition. The particles aggregate
before they reach particle sizes that can be deposited. Therefore, in order to prevent the
aggregation at the early stage of the reaction, the reaction is allowed to run under
magnetic stirring for 1 hour before the deposition process in all experiments. It is
worthwhile to mention here that the reaction proceeds also under ultrasonication.

In Table 2.4 series of reactions performed in ethanol is given. All of the

parameters are fixed while the reaction time is varied in Ethl, Eth2, Eth3. All of the
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reactions are catalyzed with ammonia. The thickness is calculated from reflectance

spectrum.

Table 2. 4 Reaction parameters for the deposition process in ethanol

T Durati Catalyst Extra TEOS TiO, SiO,
No imp. Amplitude uration |- golvent aralys Water | Amount | Thickness | Thickness

O (Min) Amount(ml) | it | (mi) (nm) (nm)
Ethl | 25 70% 30 Ethanol 2 - 2 11 67
Eth2 | 25 70% 60 Ethanol 2 - 2 12 75
Eth3 | 25 70% 120 | Ethanol 2 - 2 11 72
Eth4 | 25 70% 120 | Ethanol 0.5 - 2 8 45
Eth5 | 25 70% 120 | Ethanol 4 - 2 12 85

The reflectance simulations of the samples are given in figure 2.9 and experimental and

simulated spectra are matching. Corresponding titania and silica coating thicknesses are

also given Table 2.4. The produced films are 15 nm thicker than the films produced via

sono-gel approach.
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Reflectivity vs Wavelength
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Figure 2. 9 Photo ( A: Polished Ti, B: Etl, C: Eth2, D: Eth3) and reflectance simulations of the samples
Eth1 Eth 2 and Eth 3. (ES: Experimental spectrum, SS: Simulated spectrum)

Stober method is a universal and versatile method to produce monodisperse
silica particles. The monodispersity of the particles results from the nucleation of the
particles at the early stage of the reaction. The growth rate is not affected by the particle
size and it continues with the addition of the monomer to the particles which lead to
spherical particles. Hydrolysis is the rate determining step even at high water
concentrations. Addition of ammonia to the system increases hydrolysis rate since the
attack to the silicon is much more rapid at the presence of hydroxyl. Condensation rate

is also increased with the addition of ammonia since silanol groups are deprotonated.
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Deprotonation of the silanol group also increases the stability of colloids since it creates

static charges at the surface of the particles [97].
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Figure 2. 10 Ti2p Scans of the samples irradiated with ultrasound for A) 30 min B ) 60 min
C) 120 min (Samples Eth1, Eth2 and Eth3)

In Figure 2.10, XPS spectra of the samples Ethl, Eth2, Eth3 is given. Even after
120 minutes reaction time, photoelectrons coming from Ti*" can still be detected. The
signal of titania decreases with the increasing reaction time which can be interpreted as
homogenization of the coating. The thickness of the coating does not change
significantly after 30 minutes. Instead, the coating is slowly homogenized with a low
rate of deposition. FE-SEM image of Eth3 also shows that titanium is coated with 25
nm particles and it is not fully covered (Figure 2.11). The expected particle size is

around 50 nm at the end of the reaction [96]. It can be seen from the FE-SEM image
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that the size distribution of the deposited particles are quite narrow and larger particles
sizes can not be deposited. This is also obvious from thicknesses calculated from
reflectance spectra. Viscosity of the solution and the aggregation of the particles may
play an important role here. It is known that the viscosity of the sol-gel reactions
increases during the reaction and near the gel point it increases dramatically [107]. Even
though we are far from the gel point, the viscosity still could increase dramatically due
to crosslinking under ultrasound. Created environment only allows certain particle sizes

to be deposited onto the surface.
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Figure 2. 11 FE-SEM image of the sample irradiated for 120 min (Eth3)

The sizes of the particles hugely depend on the nucleation rate of the particles. High
nucleation rate leads to formation of smaller particles whereas low nucleation rate gives

larger particles since the growth is favored. Therefore, it is important to know what
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factors affect the nucleation and growth. The nucleation is hugely dependent on the
hydrolysis rate. We can define nucleation as the reaction between two monomers. Thus
increased monomer concentration will result with a high nucleation rate. Therefore, in
order to stop nucleation and favor the growth, the hydrolysis rate must be slowed down.
The factors that inhibit the hydrolysis will inhibit the nucleation, and favor the growth.
Low water concentration favors larger particles since the hydrolysis will be slow. High
water concentration favors small particle formation since the hydrolysis rate is fast, or in
other words nucleation takes place more rapidly. Increasing ammonia concentration is a
little bit challenging. Increase of the ammonia concentration increases the nucleation but
also the growth of the particles and lead to formation of larger particles. The faster
addition of the monomers to the nucleated particles decreases the nucleation rate since
the hydrolysis rate is slow compared to the condensation [139].

Decreasing the ammonia concentration, sample Eth4, decreases the thickness of
the coating and does not yield a fully covered surface (Figure 2.12). Since the ammonia

and water concentration is very low, the reaction proceeds so slowly. The number of
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Figure 2. 12 Si2p, Ols and Ti2p scan of the samples as a function ammonia concentration Column A: 0.5
ml (Eth4), Column B: 2 ml (Eth3), Column C: 4 ml (Eth5)

available hydroxide groups to bind chemically to the substrate is small. Increasing
ammonia concentration, EthS, lead to formation of fully covered surface with silica
particles. The disappearance of the titanium and oxygen signal (TiOx) with the increase
of ammonia concentration points out homogeneously coated and fully covered surface.
Silica particles have an average particle size of 45 nm determined by FE-SEM (Figure
2.13). Since the thickness calculated from the reflectance spectra for Eth 5 is 85 nm, it

can be interpreted that the coating is composed of layers of silica particles.
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Figure 2. 13 FE-SEM image of the sample Eth5 at low (A) and high (B) magnification
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In addition to these, the chemical compositions of the coatings are found to be different
at the side and in the middle part of the substrates. An overlaid spectrum of the Si2p
scans for the middle and side part of the coatings are given in Figure 2.14. The shoulder
of the silicon peaks at the side part of the film has lower binding energy. The electron
donating ability of the groups bounded to silicon can be put into descending order as -
OCH,CH3, -OH, -OSi [97]. Therefore, it can be concluded that the number of Si-O-Si
bonds under ultrasonic horn is higher than the other parts of the film. This shows that
hydrolysis and condensation rate is higher at the parts close to the ultrasonic horn. Since
there is not much difference between the particles in the solution, this shows that the

reaction continues within deposited particles under ultrasonic field.
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Figure 2. 14 Si2p scans taken from the middle and side part of the substrates

2.12 Deposition of Silica Particles in Acetone

The diffe

rent reaction conditions are summarized for the deposition processes

performed in acetone in Table 2.5. Ammonia is used as the catalyst in all experiments.

The reaction conditions are optimized in order to prevent aggregation. Increasing
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ammonia or water amount lead to deposition of loosely bound silica particles that block

the further growth of the film (Act4, Act5, Act6).

Table 2. 5 Reaction parameters for the deposition process in acetone

No Temp. | Amplitude | Duration Solvent Catalyst Extra TEOS TiO, SiO,
O (Min) Amount(ml) | Water | Amount | Thickness | Thickness
amount (ml) (nm) (nm)
Actl | 25 70% 30 Acetone 2 0.5 2 12 75
Act2 | 25 70% 60 Acetone 2 0.5 2 12 163
Act3 | 25 70% 120 Acetone 2 0.5 2 11 247
Actd | 25 70% Gel | Acetone 2 1 2 - -
Act5 | 25 70% Gel | Acetone 2.5 - 2 - -
Act6 | 25 70% Gel | Acetone 3 - 2 - -
Act7 | 25 20% 120 Acetone 2 0.5 2 13 88
Act8 | 25 40% 120 Acetone 2 0.5 2 14 160

The reflectance spectra of the coated samples for 30 minutes, 60 minutes, and 120

minutes are given in Figure 1.12. The corresponding thicknesses for titania and silica

layer are given in Table 1.4. The thickness of the coatings can be changed as a function

time. The experimental and simulated spectra match perfectly in each sample. The

change in the thickness is also clear from the color of the samples. After 60 minutes, no

signal is detected from titania layer below the silica in XPS spectra (not shown in here).
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Figure 2. 15 Photo ( A: Polished Ti, B: Actl, C: Act2, D: Act3) and reflectance simulations of the
samples Acl Act 2 and Act 3. (ES: Experimental spectrum, SS: Simulated spectrum)

The FE-SEM images of the samples (Figure 1.13) support the reflectance and XPS
results. The sample coated for 30 minutes (Actl) is composed of 25 nm silica particles.
The sample is not coated homogenously and detection of titania signal below the silica
layer is not surprising. Increasing the deposition time to 60 minutes increases the
particle size and homogeneous coatings are obtained. Further increase of the deposition
time increases the thickness but does not change the deposited particle size

dramatically.
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Figure 2. 16 High (A1,B1,C1) and low (A2,B2,C2) magnification FE-SEM images of the samples Actl
(A), Act2 (B) and Act3 (C)
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These results indicate that at the starting time of the deposition, small silica
particles stick onto the titanium. The silica particles continue to grow in the solution and
simultaneously deposit onto the surface. Therefore, the coating is composed of layers of
silica particles with different particle sizes. As the number of the layers of the silica
particles increase, the particles size increases. In addition to this, the deposited silica
would act as a seed for the growth of the film and contribute to the growth. Even though
the thicknesses of the films increase in time, the particle size reached at the end of the
reaction duration is much larger. Therefore, the particles formed in the solution towards
the end can not be deposited homogeneously. In Figure 2.17 FE-SEM image of the
sample Act3 is given. Nearly micron size aggregates composed of larger particles
randomly deposited on to the substrate can be seen in low magnification FE-SEM

images.
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Figure 2. 17 Low magnification FE-SEM images of the sample Act3
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The amplitude of the ultrasonic source determines the ultrasonic intensity
applied to the system. The increase of the ultrasonic amplitude increases the ultrasonic
activity and the cavitation formation. Depending on the conditions, a critical intensity is
required to break the intermolecular forces of the liquid and form cavitation. The sound
intensity is proportional to the square of the amplitude of the sound wave. The increase
of the intensity increases the pressure difference between the expansion and
compression cycle. Pressure difference determines the velocity and acceleration of the
particles under ultrasonic field. Previous research on the deposition of different
nanoparticles onto different substrates is purely based on the ultrasonic activity since
there is no chemical interaction between the substrate and the deposited particles [129,
130]. Among the published papers only deposition onto steel is reported as a hard
substrate. The adhesion problem of the nanoparticles is reported on hard substrates since
the collision velocity of the nanoparticles onto the substrate is not fast enough to adhere
to the surface strongly [131]. To overcome this problem, a chemical interaction between
the substrate and the deposited particles are created. Since there is a chemical
interaction between the substrate and the deposited particles, the amplitude of the sound
wave is varied in order to see the effect of the intensity of the ultrasonic field to the
deposition process (Samples Act3, Act7, and Act8). The reflectance spectra and
corresponding silica and titania thicknesses for these films are given Figure 2.18 and

Table 2.5 respectively.
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Figure 2. 18 Photo ( A: Act7 B: Act8, C: Act3) and reflectance simulations of the samples Ac7 Act 8 and
Act 3. (ES: Experimental spectrum, SS: Simulated spectrum)

The thicknesses of the silica film are increasing with the increase of the amplitude of the
sound wave. The color of the samples also indicates the thickness difference between
the samples. Even though the particles have a chemical interaction with the piranha
treated surface, the acceleration under intensity of the ultrasonic field determines the
final thickness of the silica films. Therefore, in addition to the chemical interaction
between the particles and the substrate the intensity of the ultrasonic field plays an
important role during the deposition. The particles are accelerated to the substrates
under ultrasonic field and collide with the substrate. The pressure amplitude for 50 W
cm” intensity ultrasonic field in acetone is calculated as 9.25 atm (Equation 2.1). The

pressure amplitude for the same energy of ultrasound in water is 12.25 atm. Therefore,
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the acceleration due to ultrasonic field is higher in water compared to acetone.
However, the cavitation formation is expected to be higher in acetone due to low
surface tension, viscosity and boiling point of acetone. Therefore cavitation collapse
plays an important role in the deposition process. The deposition process is mostly
determined by the collapse of the cavitation at the neighborhood of the solid boundary.
This collapse leads to formation of microjets which throws the formed silica particles on
to the titanium surface [140]. It is important to specify here that the ACT3 is not a fully
reproducible coating since the reaction conditions are extreme (Out of 6 experiments 3
of them has pink color, 2 of them has yellow color). Further increase of water or

ammonia amount results in aggregation which blocks the further growth of the film.

2.13 Deposition of organically modified silica particles

Incorporation of organic molecules into the coatings is mostly used to reduce the
stress during the annealing process within the matrix by reducing the crosslinking [107].
The utilization of organosilanes in this study has a different purpose. Organosilanes are
used in this study to solve our primary problem, aggregation. Aggregation under
ultrasonic field is inevitable. Since the aggregation is accelerated by the chemical
interaction between the particles, an organic group that has weak interaction with the
particles can decrease the rate of aggregation. Reactions performed by using TEOS and
DTES as precursors are given in table 2.6. In all of the reactions ammonia and acetone

is used as the catalyst and solvent, respectively.
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Table 2. 6 Reaction parametrs for the deposition of organically modified silica particles

Temp. | Amplitude | Duration Mole Catalyst Extra TEOS TiO, SiO,
O (Min) Percent(TEOS- | Amount(ml) | Water | Amount | Thickness | Thickness
DTES) amount (ml) (nm) (nm)
Compl | 25 70% 120 95-5 2 2 2 16 184
Comp2 | 25 70% 120 95-5 3 2 2 9 228
Comp3 | 25 70% 120 95-5 3 - 2 15 150
Comp4 | 25 70% 120 95-5 4 - 2 10 254
Comp5 | 25 70% 120 95-5 5 - 2 12 204
Comp6 | 25 70% 120 90-10 3 - 2 12 166
Comp7 | 25 70% 120 85-15 3 - 2 - -

Substitution of alkoxy groups in silicate precursors with alkyl chain affects the
kinetics of the reaction by inductive effects. The electron donating ability of the alkyl
groups increases the electron density on silicon and decreases the hydrolysis rate in
basic conditions. Since the hydrolysis rate is rate the determining step in low
concentration of water, the reactions proceed slower. However, the ammonia and water
concentrations can be increased when an organosilane is introduced in to the reaction
solution. Even though the ammonia and water concentrations are increased, none of the
reactions in the table end up with aggregates on titanium that blocks the further growth
of the film. In reaction conditions of Comp3, silica particles aggregate quickly (sample
Act6). Even though the reaction proceeds slower in composite system (under same
ammonia and water concentration), further increase of ammonia (samples Comp4,
Comp5) concentration do not cause a dramatic increase in aggregation rate. The
thickness and the color of the sample are similar with the thickest coating obtained by
the acetone. The FE-SEM images of the sample Comp4 (Figure 2.19) show that the
deposited particles are larger (around 200 nm) compared to the pure silica sample
(Act3). Therefore, by introducing an organosilane to the reaction, it is possible to

decrease the aggregation rate and deposit larger particles.
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Figure 2. 19 Low (A1) and High (A2) magnification FE-SEM images of the sample Comp4.
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Since the thickness of the sample Act3 and sample Comp4 is nearly same, it can be
concluded that the composite film is composed of layers of larger particles compare to
the silica film. The increase of viscosity limits the deposition process. This is also clear
when the ammonia concentration is increased further (Comp5). The thickness of the
film decreases although the ammonia amount in the reaction is increased. Increase in
particle size increases the viscosity so much that the particles can not be deposited. The
FE-SEM images of sample Comp2 (Figure 2.20) also shows rarely deposited aggregated
large particles on titanium surface. These results show that viscosity of the solution
plays an important role on deposition process and the addition of 5% percent

organosilane can not deplete the aggregation totally.
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Figure 2. 20 Low (A1) and high (A2) magnification FE-SEM images of the sample Comp2

The morphology of silica particles as well as the size of the particles can also be
affected by the addition of the organosilane into the system. Depending on addition time
of organosilanes, amount of organosilanes in the system the morphology of the system
changes from spherical to lamellar structure [141, 142]. In Figure 2.21, FE-SEM images
of the films prepared by different TEOS/DTES ratios are given. With the increasing
amount of organosilane ratio in the system, the spherical morphology reduces. The films
are no more composed of fused individual spherical particles, instead they form an
integrated structure that is not composed of individual defined morphologies. The
thicknesses of the samples calculated from the simulation of reflectance spectra are
given in Table 2.6. Even though the available sites for the chemical interaction is
reduced, the thicknesses of the films seems to be unaffected by the increasing

organosilane ratio in the reaction solution. Further increase of organosilane amount may
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also influence the thicknesses of the films. Using organosilane increases the
reproducibility of the reaction. However, one must be careful during the addition of

DTES since it has high viscosity.
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Figure 2. 21 FE-SEM images of the samples prepared with different TEOS/DTES mol ratio (A:Comp5,
B:Comp6, C: Comp7)
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2.14 Electrochemical characterization

The sol-gel coatings are usually annealed to enhance the stability of the films. The
produced films with ultrasound are stable in electrolyte solutions without annealing. In
addition to this, there is no report in the literature on sol-gel coatings prepared with
ultrasound. Therefore, the electrochemical characterization is also done without
applying any heat treatment. In Figure 2.22 and 2.23, OCP and CV measurements of the
piranha treated, polished samples in addition to the coated samples Actl, Act2, Act3 are
given. OCP measurements of the samples are monitored before the polarization
measurements for 30 minutes to reach a quasi-equilibrium state and to detect the
changes at the electrode/solution interface. The change in OCP values of the sample
could indicate the change at the surface. Substrates with positive OCP values are called
noble materials. After the immersion of the sample in to the electrolyte solution the
OCP value may drift depending on the changes in the interface. The change in positive
direction is related to the formation or thickening of the oxide layer. The change in

negative direction is interpreted as release of metal ions into the solution.
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Figure 2. 22 OCP of the samples prepared as a function of time
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Figure 2. 23 CV of the samples prepared as function of time

The polished bare titanium has the most negative OCP value at the starting point. In
time, titania layer is formed in the electrolyte solution and the OCP values move
towards noble direction. The piranha treated sample already has a thin titania layer on
the surface and has the most noble OCP value among all of the samples. The OCP
values of all coated samples start around -0.360 V and they change only #40 mV during
30 minutes exposure time. OCP of the fully coated samples (Act2, Act3) slightly moves
toward the negative direction whereas the OCP of the partially coated sample (Actl)
slowly increases in the positive direction. The slight changes of the OCP values indicate
the stability of the coatings.

The cyclic voltammetry measurements are started from the final OCP values
after 30 min. Polarization in the positive potential results in corrosion in all samples.
The corrosion rate can be calculated by Tafel extrapolation when the process is charge
transfer controlled. In case of charge transfer controlled process the semi-logarithmic
plot of the current-potential graph gives a linear region in both cathodic and anodic

direction slightly above the OCP value. However the existence of the oxide layer SiO,
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coated samples case lead to diffusion controlled process and the curve flattens out. At a
certain potential, increase of the potential does not increase the current density. This
potential is called passivation potential and the low current density at this potential
indicates the corrosion resistance of the substrate. A passive film is formed at the
surface of substrate that prevents the metal from further corrosion. The metal then
passes through a passive region where the current density does not change with the
increase of the potential. This current is known as passive current density. The OCP
values after 30 minutes, passivation potentials, current densities at passivation potentials

are given in Table 2.6.

Table 2. 7 OCP, passivation potential, passivation current density, passive current density of the samples

Open circuit | Passivation Passivation Passive current
potential(mV) | potential current density(uA/cm?)
(mV) density(uA/cm?)
Only Pol. -356 286 88.0 86.0
Piran. Tre. -236 745 86.0 86.0
Actl -356 560 56.4 56.2
Act2 -392 561 61.9 52.4
Act3 -439 747 56.8 56.1
Comp2 -431 628 60.4 58.5
Comp4 -457 617 55.1 52.1

The passivation current densities of the coated sample are 2/3 of the bare sample. This
indicates that the coated samples by using sonochemical methods improve the resistance
against corrosion. The active and passive behaviors of the samples are similar. When
the potential is further increased, the different behaviors are observed between bare
titanium and other samples. After the passive region, there is an increase in the current
density in piranha treated and coated samples. This behavior in the literature is
explained with the difference in conductivity and porosity of the oxide layer. The oxide

layer conductivity and porosity on piranha treated and coated samples may be higher
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than the anodically formed oxide layer in bare titantum during polarization [143]. If the
current density increases as a result of local breakdown of the film, the reverse scan
current densities would be higher than the forward scan current densities. All the
coatings are stable and there is no sign of a local breakdown in the coatings. The OCP
of the composite coatings are slightly negative compare to pure silica and cyclic
voltammetry behaviors are very similar since the reactant solutions contain only 5% of

organosilane (not given here).

CONCLUSIONS

Primary focus of this study is to produce films that would increase the corrosion
resistance of titanium by using the power of ultrasound. For this purpose, different
reaction conditions and different solvents are used to find the optimum coating
conditions. Acetone with lower viscosity and low boiling point is found to be best
solvent for the deposition process. In each solvent, the deposition processes continue
until critical size i1s reached and then the deposition rate decreases dramatically. By
varying parameters such as reaction time, amplitude of the sound wave, the thicknesses
of the coating are controlled. The thicknesses of the coating are determined by using a
reflectance simulation program. In addition to control of the film thickness, the
deposited particle sizes are changed by changing the solvent or adding an organosilane
to the reaction mixture. The corrosion behavior of the bare and coated titanium is
analyzed by OCP measurements and CV. Even without annealing, the coatings are
proved to be a better barrier to corrosion compared to natural oxide layer on bare

titanium.
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APPENDIX

Simulation Program

The Matlab program is composed of a script and a function. In the script, the theoretical
reflectance is simulated and compared with the experimental spectrum. The program is
fed with possible minimum and maximum thicknesses of the silica and titania layers in
addition to the incident angle and refractive index of the incident medium. The indices
of refraction for silica and titania layers are calculated using Sellmeier equations using
literature data. By using the function, the program first calculates the incidence angles
for each layer by using Snell’s law. Then, in the function, the theoretical reflectance
spectrum is simulated by using the equations given in introduction part [144]. For each
titania and silica thicknesses, the difference between theoretical spectra and
experimental spectra is calculated. The script minimizes the difference between the
theoretical and experimental spectra by using this function and reports the
corresponding titania and silica thicknesses in the command window.

Script
clear all
close all

clc

dlmin= input ('Enter the min bound thickness of the first layer (nm):
")
dlmax= input ('Enter the max bound thickness of the first layer (nm):

")
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d2min= input ('Enter the min bound thickness of the second layer (nm):
")
d2max= input ('Enter the max bound thickness of the second layer (nm):

")

dli=mean ([dlmin dlmax]);

d2i=mean ([d2min d2max]) ;

%d_layer2 = input ('Enter the thickness of the second layer (nm): ');
Incident Index = input('Enter the index of the incident medium = '");

theta incidentl = input('Enter the incident angle (in degree) = '");

warning off

fmincon (@ (x)

reflectivity funwithoxidenorml2 (x,Incident Index,theta incidentl), [dli
d2i],[1,101,101,1[1, [dlmin d2min], [dlmax d2max])

Function

Function

err=reflectivity funwithoxidenorml2(d layer, Incident Index,theta incid
entl)

exp data=load (NAME.txt');

maxexp=max (exp data(:,2));

exp reflec=exp data(:,2)/ (maxexp);

lambda all=exp data(:,1)*1le-9;

d layerl=d layer(1l);

d layer2=d layer(2);

87



o)

% Converting input wavelength to nm

d layer?2 d layer2*1E-9;

d layerl = d layerl*1E-9;

Reflectivity = [];

Wavelength = [];

for lambda = lambda all'

Index 1 = 3.84289E+24*lambda”4 - 8.89053E+18*1lambda”3 +
7.63319E+12*lambda”2 - 2.92418E+06*lambda + 1.88774E+00;

Index 2= 7.79631E+23*lambda”™4 - 2.48333E+18*1lambda”3 +

3.00772E+12*1lambda”2 - 1.66202E+06*1lambda + 2.84520E+00;

Substrate Index = 1.34601E+38*lambda”6 - 5.77644E+32*lambda”5 +
9.85540E+26*lambda”4 - 8.55160E+20*lambda”3 + 3.98215E+l4*lambda”2 -
9.12645E+07*lambda + 9.11703E+00 - i*( 6.92246E+37*lambda”6 -
2.88996E+32*1lambda”~5 + 4.81931E+26*lambda”4 - 4.07524E+20*lambda”3 +

1.78471E+14*lambda”2 - 3.28383E+07*lambda + 3.09298E+00) ;

% After converting the angle to radians, the incident angle at each
interface can be calculated by

% utilising Snells Law, that is, nlsin(thetal) = n2sin(theta2)

theta incident = theta incidentl*pi/180;

theta 1 asin(Incident Index/Index l*sin(theta incident));
theta 2 = asin(Index 1/Index 2*sin(theta 1));

theta s

asin(Index 2/Substrate Index*sin(theta 2));
% working out the optical admittances of the layers
Y = 2.6544*1E-3;

admittance layerl = Index l*cos(theta 1)*Y;

admittance_ incident = Incident Index*cos(theta incident) *Y;
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admittance layer2 = Index 2*cos(theta 2)*Y;
admittance_ substrate = Substrate Index*cos(theta s)*Y;

% Caluculating the phase factor "del" for the layers.

dell (2*pi*Index 1*d layerl*cos(theta 1)) / lambda;
del2 = (2*pi*Index 2*d layer2*cos(theta 2)) / lambda;
% Calculating the characteristic matrix (B C) for layer 1

bl = [cos(dell), (sin(dell)/admittance layerl)*i];

cl

[ (admittance layerl*sin(dell))*i, cos(dell)];
M1l = [bl; cl];

% Calculating the characteristic matrix (B C) for layer 2

b2 = [cos(del2), (sin(del2)/admittance layer2)*i];
c2 = [(admittance layer2*sin(del2))*i, cos(del2)];
M2 = [b2; c2];

M = M1*M2;

% Calculating the reflectance

c = M(2,1) + M(2,2)*admittance substrate;
c_conj = conj(c);

b = M(1,1) + M(1,2)*admittance substrate;

b conj = conj(b);

Reflectance numerator = admittance incident*b - c;
Reflectance denominator = admittance incident*b + c;
rl = Reflectance numerator/Reflectance denominator;
r2= conj(rl);

Reflectance = rl*r2;

Lambda = lambda*1E9;

Sfprintf ('sf, %f, %$f\n', Reflectance, Lambda, Phase)
Reflectivity(x) = Reflectance;

x=x+1;

Wavelength (y) = Lambda;

&9



y=y+1l;

end

maxref=max (Reflectivity);
Reflectivity=Reflectivity/maxref;

cla;

plot (Wavelength, Reflectivity,Wavelength, exp reflec);
title('Reflectivity vs Wavelength');

xlabel ('Wavelength (nm)"');

ylabel ('Reflectivity');

Output (:,1) Wavelength;

Output (:,2) Reflectivity;
dlmwrite ('Fitl.txt',Output, '\t")
hold on;

grid on;

drawnow

err=norm(Reflectivity-exp reflec')
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