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GROWTH OF ZNO-CH NANOSTRUCTURES ON ITO/GLASS
SUBSTRATES THROUGH ELECTROCHEMICAL ANODIZATION FOR
BIOSENSOR APPLICATION

ABSTRACT

In recent years, the utilization of nanotechnology rapidly developed for the wide
range of sciences. Nanomaterials shows unique properties and ZnO nanostructures
are the most suitable structures for biosensor applications due to their high surface
area and high electrochemical activity. In this project first, we have coated zinc film
on to Glass/ITO surface by electrochemical deposition method. Then we have
transformed the obtained zinc film to nanostructured ZnO by electrochemical
anodization method. At the end, we have tried to modify the ZnO nanostructured
surface with chitosan for potential biosensor applications.

viii



BiYOSENSOR UYGULAMALARI iCIN ELEKTROKIMYASAL
ANOTLAMA YONTEMIYLE ITO/CAM YUZEY UZERINDE ZNO-
KiTOSAN NANOYAPILARIN BUYUTULMESI

OZET

Gliniimiizde nanoteknoloji, nanomalzemelerin sundugu essiz Ozellikler sayesinde
cok genis uglumala alanlarna sahiptir. Nanomalzeler arasinda ¢inko oksit (ZnO)
nanoyapilar, yliksek yiizey alani ve elektrokimyasal aktiflikleri nedeniyle biyosensor
uygulamalar ig¢in en uygun yiizeylerdir. Bu projede ilk olarak metalik ¢inko film,
CanV/ITO yiizey iizerine elektrokimyasal kaplama yontemiyle biiyiitiliir. Ardindan
metalik film elektrokimyasal anotlama yontemi ile nanoyapili ¢inko oksite
doniistiiriilir. Son olarak, ¢inko nanoyapili yiizey,biyosensér uygulamalar igin
kitosanla modifiye edilir.



1. NANOTECHNOLOGY

Nanotechnology, as a word, derived from Greek word “nanos” which means “dwarf
or very small” combining with the word “technology”. In definition, nanotechnology
means the study of the materials or techniques of very small. In general,
nanotechnology is technology, science and engineering applications that concern the

nanoscale. Nanoscale refers to range of lengths between 1 to 100 nm (Figure 1.1).
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Figure 1.1: Nanoscale and its comparison to everyday objects.
Nanotechnology understands materials in nanoscale; controls and manipulates them
in atomic level in order to obtain new materials or features with a new or enhanced
functionalities. Over centuries, nature offers exclusive properties of natural beings

such as DNA or colors peacock feathers, due to the nanoscale [1].

The overall subject of nanotechnology goes back to ancient times. Archeological
findings show that ancient humans used silver nanoparticles in heads of arrows to

increase hardness.



In medieval era, metallic nanoparticles were actually used for colorings of cathedral
windows. The Lycurgus Cup (4™ century) displays color changes depending on
whether it is lightened externally or internally due to usage of gold nanoparticles
(Figure 1.2). Until the Middle Age, the colloidal gold was only known for
supernatural curative powers for diseases, such as heart and venereal problems,
dysentery and epilepsy [2]. However, discoveries of these unique structures and
applications and using them as novel science and engineering to improve quality of
life through nanoscience are new to the world.

Figure 1.2: Lycurgus Cup.

In the modern era, Nobel Prize winning Richard Feynman and chemists like James
C. Maxwell, K. Eric Drexler, Richard Smalley, are accredited for generating bigger
scientific awareness for nanotechnology. In 1959, Richard Feynman, the professor of
Californian Institute of Technology, brings up the concept of nanotechnology for the
first time at the session of the American Physical Society with his speech “There is
Plenty of Room at the Bottom”. In his speech, Feynman indicated that with
controlling and manipulating materials on a small-scale, extraordinary things can be

achieved and those leads science and technology to all new area [3].

In 1974, Japanese scientists Norio Taniguchi used the term “nanotechnology” for the
first time as a term in a paper on the super thin processing of materials with

nanometer accuracy and the creation of nano-sized mechanisms.



Ideas of nanotechnological strategy, which were put forward by Feynman, were
developed by E. Drexler in his book “Vehicles of Creation: The Arrival of the
Nanotechnology Era” published in 1986 [4].

In the 1980s, scientists were be able to investigate materials at never-before-seen
atomic level with the invention of scanning tunneling microscope (STM) and then
the atomic force microscope (AFM). Between late 1980s to the early 1990s,
nanotechnological discoveries and inventions increase by number, which lead an

important impact on the future of nanotechnology.

In 1985, Harold W. Kroto, Richard E. Smalley and Robert F. Curl, Jr. made a Nobel
Prize winning discovery. They invented the fullerene, a special type of carbon
allotrope, which is consist of 60 carbon atoms (C60) arranged as 12 pentagonal and
20 hexagonal faces by single and double bonds to form a hollow sphere — a design

that resembles a football, or soccer ball.

Around same years, concepts of carbon nanotubes spoil among the scientist. In 1990,
Richard Smalley proposed the concept that if buckyballs get big enough, they
become carbon cylinders. Carbon nanotubes come with two varieties. They can
either be single-walled carbon nanotubes (SWNT) or multi walled carbon nanotubes
(MWNT). As described, an SWNT is just a single cylinder, whereas an MWNT

consists of multiple concentric nanotube cylinders.

First, MWNT is discovered in 1991 by Sumio lijima in REC’s Fundamental
Research Laboratory in Japan. lijima investigated material extracted from solids that
grew on the tips of carbon electrodes after being discharged under C60 formation
conditions and found that the solids consisted of tiny tubes made up of numerous
concentric “graphene” cylinders, each cylinder wall consisting of a sheet of carbon
atoms arranged in hexagonal rings. The cylinders usually had closed-off ends and

ranged from 2 to 10 micrometers in length and 5 to 40 nanometers in diameter [5].

Then, same method was used to produce SWNT with using cobalt-nickel catalyst. In
1996, a group led by Smalley used laser vaporization of carbon to produce SWNTSs

in high purity.



Despite the fact that both fullerene and carbon nanotubes are identified as forms of
if, graphene was discovered later than those were. Studies on graphene goes back to
1859 but it was the year of 2004 when single atomic layer of carbon is discovered
and isolated for the first time by Professor Sir Andre Geim and Professor Sir Kostya
Novoselov of the University of Manchester [6]. The pair received the Nobel Prize in

Physics in 2010 for their groundbreaking discovery.

Graphene is a two-dimensional (2D) crystal made out of carbon atoms arranged on a
hexagonal (honeycomb) structure (Figure 1.3). Graphene is the simplest structure of
carbon and it is really important for understanding the all unique properties of its and

all other allotropes’ with sp2 hybridization [7].

Carbon atoms Molecular bonds

~ 0.142 nm

Figure 1.3: Unique Structure of Graphene [8].

In the modern era, all industrialized nations participated in nanotechnology world

and nanotechnology activities rapidly increase worldwide.

Nowadays, nanotechnology is a multidisciplinary subject and grows widely based on
researches in scientific areas like biology, chemistry and physics, technological areas

like engineering and medicine.



1.1 Nanomaterials

Attraction to this new area comes up several new concepts on manufacturing and
materials. The rapidly developing field of nanotechnology creates size dependent
materials with unique properties and is becoming another source of display
nanosized materials. New unique techniques on producing nano-scale products

change the way of understanding the materials.

These techniques provided new perspectives about nanomaterial’s structures and
properties. Nanomaterials can identified as the substances, which are characterized at
least in one of three dimensions by nanometer scale. These nanomaterials have an
increased surface area: mass ratio, which greatly enhances their chemical/catalytic

reactivity compared to bulk-sized forms of the same substance [9].

The distinctive and often unique properties of nanomaterials offer the promise of
broad advances for a wide range of technologies. Nanomaterials have attracted many
of researchers in term of fundamental sciences and technological applications. It is
because their physical, chemical, electronic and magnetic properties show
impressive difference from their bulk counterparts’ [10]. These properties combined

make materials more enhanced and increased the potential applications.

Based on the dimension of their structural elements, nanomaterials can be
categorized into zero dimensional, one-dimensional, two-dimensional, and three-
dimensional nanomaterials [11]. This dimensionality indicates that the number of

degrees of freedom in the particle momentum.

Zero dimensional (0D) nanomaterials have all three dimensions are in the range of 1
to 100 nm. Quantum dots, hollow spheres and nanolenses are examples of 0D
nanomaterials [12-14]. For one-dimensional nanostructures (1D), the electrons are
free to travel in one direction and confined in the other two directions. Those
structures such as nanofibers, nanowires, nanotubes, and nanobelts have been

synthesized by several research groups [15-18].



In two-dimensional nanostructures (2D), two dimensions larger than 100 nm. The
electrons can easily move in that directions and are confined in one direction.
Nanocoatings and nanofilms are the most significant examples [19-23]. Three-
dimensional nanostructures (3D): usually have three dimensions larger than 100 nm,
but components of their structures are at nanoscale. Nanocrystalline or nanoporous

materials are useful examples [24-27].

Depending on the degree of confinement, the density of states is remarkably changed
for different type of nanostructures. Restriction in one, two, or three dimensions in

nanoscale leads nanomaterials to have different structures and shapes (Figure 1.4).

Figure 1.4: Different structures and shapes of nanomaterials [28].



1.1.1 Carbon based nanomaterials

Carbon-based nanomaterials (CNMs) is known form distinct solid-state structured
allotropes with diverse structures and properties, such as sp2 bonded graphite and
sp3 bonded diamond (Figure 1.5). The origination and evolution of carbon

nanomaterials (CNMs) were started by discovery of fullerene.
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Figure 1.5: Carbon Based Nanomaterials.
Carbon nanotubes (CNTs), fullerenes, carbon black (CB), nanodiamonds (NDs),
graphite, graphene, and graphene oxide (GO) are major elements of carbon

nanomaterials.

CNMs are major elements in nanotechnology. Generally, carbon nanomaterials’
properties are affected by their atomic structures and interfacial interactions with
materials in other phases [29]. Functional CNMs exhibit improved chemical,
mechanical, optical and physical properties, including low chemical reactivity, good
thermal conductivity, chemical stability, super electroconductivity [30], and depends
on these exclusiveness, CNMs have attracted so many areas of research since the
very beginning of nanotechnology. CNMs show extraordinary potential in
environmental sciences, energy industry, biomedical technologies and material
sciences [31-34].



1.1.2 Metallic nanomaterials

Metals are type of materials that play fundamental role in materials science and
industrial applications. There is direct correlation between structure, size, shape and
composition of metallic nanomaterials and their properties and functions. Moreover,
with those distinct properties, MNMs have created new pathways and received much

popularity in nanotechnology.

Metallic nanoparticles firstly reported in 1857 by Michael Faraday which he
investigated the formation of ruby red solutions of colloidal gold in his famous work
[35]. He also studied on the optical properties of thin films prepared from colloidal
solutions and observed reversible color changes from bluish-purple to green of the
films upon mechanical compression. Approximately 100 years later, John Turkevich
used electron microscopic investigations to reveal that the ruby-colored colloids
made by Faraday’s method to produce gold nanoparticles with size of 6 nm

approximately [36].

In last two decades, scientists and researchers show great interest for metal
nanomaterials such as gold (Au), titanium (Ti), zinc (Zn) and silver (Ag) etc.,
because of their optical and physicochemical properties in nanoscale [37]. The most
important property of metallic nanomaterials is surface to volume ratio. High surface
to volume ratio allows MNMs to interact easily with other particles and make
MNMs more specific to various functional groups. High surface to volume ratio also
makes diffusion faster and is feasible at lower temperatures [38]. Because of these,
researchers have increased their attention on the production of novel nano-scale
metal oxides, noble metal-doped metal oxides, metal oxide-CNTs nanocomposites,

and metal oxide-polymer composites.

Specifically, metal oxide nanostructures are quite attractive for biosensor
applications with their intended physical properties (conductivity, luminescence and
absorbance) as well as biocompatibility. Using metal oxide nanostructures gives
biosensors some unique upgrades like immobilization of enzymes, retaining their
bioactivity due to the desirable microenvironment and the direct electron transfer

between the enzyme’s active sites and the electrode [39].



1.1.2.1 Zinc oxide nanoparticles

ZnO is an important material for the research community due to its novel properties
and characteristics. The lack of a center of symmetry in wurtzite, combined with
large electromechanical coupling, results in strong piezoelectric and pyroelectric
properties and the consequent use of ZnO in mechanical actuators and piezoelectric

sensors [40].

ZnO is a semi- conducting material that presents high surface area to volume ratio,
chemical stability and electrochemical activities with fast electron interaction. ZnO
is also suitable for biomedical application with high biocompatibility, and non-toxic
biosafety and biomimetic features. Combining with the easiness of growth, ZnO has
shown its novel advantages for the fabrication of electrochemical biosensors. More
importantly, with an isoelectric point about 9.5, ZnO nanostructures are highly
bioactive and stable surfaces for immobilization of proteins by electrostatic

interactions.

In addition, ZnO which is n-type semiconductor with wide band-gap (3.37 eV) and
high exciton binding energy (60meV) ensures intense ultraviolet (UV)
photoluminescence at room temperature. It makes ZnO suitable for short
wavelength, optoelectronic biosensor applications [40-43]. Also, ZnO has a diverse
shapes of growth morphologies, such as nanowires, nanocombs, nanocages,
nanorings, nanohelixes, nanosprings, nanobelts (Figure 1.6).

Figure 1.6: ZnO nanostructures.



Numerous biosensors with ZnO have been reported for biomolecules including

cholesterol, glucose, urea, phosphate, DNA etc. [43-50].

1.2 Fabrication of Nanomaterials

Nanomaterials are basically “structured” using hard and soft fabrication techniques.
These techniques can use “top-down” and “bottom-up” approaches (Figure 1.7).
Top-down approach refers to fabrication of bulk materials to get nanomaterials.
Opposite of that, bottom-up approach refers to the synthesis of nanomaterials using
atoms or molecules. Even though both approaches are very important in modern day

nanofabrication, each approach has advantages and disadvantages on their own.

Top-down Bottom-up
Lithography Cutting,Etching, Grinding Chemical synthesis Self-assembly  Positional assembly
\ J \ J
| [
1 AN _ 4 TX)
=) 1 ql‘ﬂ- {:}{:}-.oo
A — — - /{ .
Bulk Powder Nanoparticle Clusters Atoms

Figure 1.7: Top-down and bottom-up approaches for nanomanufacturing.

With the fact that top-down approaches, like lithography and milling, have well-
developed techniques, they have limitations in terms of tool or wavelength of a light.
In addition, they can cause imperfection of surface structure and significant
crystallographic damage. On the contrary, bottom-up approaches, like chemical
synthesis and physical assembly, are able to build smaller structures with desired
surface properties and suitable for parallel manufacturing. However, biggest
obstacles in front of bottom-up approaches are requirement of compatible molecules
and fewer tools to manipulate them. Also, bottom-up techniques generally have

much more higher costs then top-down techniques.
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Some techniques adopt one approach in definition but use both top-down and
bottom-up approaches simultaneously. For instance, in electrochemical anodization,
while bulk metal is removing from surface, oxidized metal particles are building up

to form nanostructures. (Figure 1.8)

(a) TiO. (b)

(c) (d)

Figure 1.8: Anodization process going through (a) to (d).
1.3 Applications of Nanotechnology

In the recent years, new developments in nanotechnology have eased the way for
producing increased number of new materials and new devices of desirable

properties [51].

Depends on various size, structure and production methods, nanoparticles are used
wide range of areas from health sciences to aerospace engineering, from textile to
defense industry. QLED screens, space elevator, targeted drug delivery systems,
nanobiosensors, smart clothes, self-cleaning surfaces and non-impact soldier wests

are just some examples of commercial usage of nanotechnology.

Nanomaterials have major enhancements on renewable energy. For example, light
and stronger nanomaterials can be used in wind turbine’s rotor blades. This improves
wind energy efficiency. Using nanocoatings in tidal energy equipment prevents the
corrosion that affect surfaces in harsh seawater conditions. Nanocomposite materials
are used to make more fatigue-resistant drilling machines for geothermal energy
[52].

11



Nanotechnology has many applications on food industry. Polymeric nanocomposites
are used in food packaging as a barrier to prevent food from spoiling. Also,

nanomaterials used for antimicrobial effect on food [53].

Nanostructures have applications for environmental sciences and wastewater
treatment. Photocatalytic effect of metallic nanostructures is used for water
purification as a surface coating or dye. Quantum dots used for optical and

electrochemical detection of pollution [54].

In textile industry, nanomaterials have wide application areas from smart clothes to
antibacterial hospital covers. Hydrophobic surfaces of nanostructures are used in
water-repellent clothes. Covers that are used in hospitals show certain degree of

sterilizing effect due to antibacterial properties of nanoparticles [55].

1.3.1 Sensor applications of nanotechnology

With reduction in size, novel morphological, structural, electrical, chemical, and
optical properties are introduced and these novel properties of nanostructured
materials make them as a principally remarkable and innovative choice for
biomedical applications [56]. In addition, the surface effects in nanostructures are
caused by their low size, surface structure, charge; wettability and high surface-to-
volume ratio overcome the challenges for biosensing applications. Also, the
researchers have taken an interest in nanomaterials since their dimensions are the
same scale as the dimensions of the bio-components, which form a bioselective layer
[48].

Ruecha et al. developed a cholesterol biosensor based on
graphene/polyvinylpyrrolidone/polyaniline nanocomposite [57]. Another biosensor
for detection of cholesterol was developed based on multi walled carbon
nanotubes/gold nanoparticles by Cai et al [58]. This cholesterol biosensor has a high
sensitivity, wide linear range and low detection limit due to using novel
nanocomposite and leads to an alternative way to clinical detection of cholesterol by
successfully applied for the detection in human serum. However, these materials
does not show satisfactory features in terms of sensitivity and selectivity. They have
high costs, and lose their activities because of adsorption and accumulation of
intermediates [39; 59].

12



On the other hand, nanostructured metal oxides have high sensitivity due to the
increased surface-to-volume ratio and show exceptional selectivity when coupled
with biorecognition molecules [59]. Novel analytical devices based on metal oxide
nanomaterials has simple designs and low costs for fabrication point of view.
Especially, ZnO nanostructures show high isoelectric point (IEP), excellent
biocompatibility, and easy synthetic procedure for nanostructure that enables reliable

immobilization of enzymes.

Muahmmed et al. produced a biosensor for detection of DNA immobilization using
ZnO nanorods/APTES structures over SiO2 thin film [60]. Wang et al. manufactured
ZnO nanorods by hydrothermal methods to detect H2S at low concentration [61].
Rex et al. established a high sensitive detection method for Hg?* ions based on
changes in aspect ratio of gold nanorods [62]. Gold nanoparticles also used by Choi
et al, in an immunoassay biosensor for detection of PSA [63]. Ahmad et al. growth
aspect ratio controlled ZnO nanorods directly on electrodes for detecting glucose
[64]. Tereshchenko et al. prepared ZnO nanofilms using atomic layer deposition for
optical biosensor to detect Grapevine virus A-type proteins [65]. Anusha et al.
developed an enzymatic glucose biosensor using ZnO porous nanostructure with
platinum and chitosan layers to increase sensing properties [66]. Wei et al. also used
ZnO nanostructures in enzymatic glucose biosensor with low detection limit and
high sensitivity [39]. Umar et al. produced ultra-sensitive biosensor with using low-

grown ZnO nanoparticles for cholesterol monitoring [67].

13



2. SURFACE COATING TECHNOLOGY

Materials can be found in three phases in nature: solids, liquids and gases. Solids are
composed of a bulk material covered by a surface. Surface properties are extremely
important for materials. They can determine some important characteristics of
materials. For that reason, surface modification plays huge role in materials
engineering in order to achieve surfaces with specific properties for specific
applications. Surface modifications can be done directly on bulk materials surfaces’
or with additional coatings.

Coating is the cover to the surface of a bulk material, generally referred as the
substrate. The coatings can be functional, decorative or both. They can cover the
substrate completely, or parts of the substrate. Decorative coatings usually applied
to change the appearance. Functional coatings can change the surface properties of
the materials, such as wettability, corrosion or wear resistance and adhesion. Else,
the coatings can add all new properties such as electrical conductivity, selectivity
and magnetic response. Functional coatings form an essential part of finished

products.

Coatings form a layer of material, called thin film, over the substrate. Thin films
range from nanometer to several micrometer in thickness. For that, for applications
of thin films, it is a fundamental to produce thin films controllably due to the

following reasons:
e Create entirely new products
e Give revolutionary solution to existent problems
e Improve properties of existing products; functional and decorative
e Produce nanostructured coatings with specific design

e Efficient use of source materials

14



2.1 Surface Coating Techniques

Based on type of applications and type of materials, there are different techniques for

surface coating. These techniques can be grouped under four main headings (Table

2.1): Atomic Deposition, Particulate Deposition, Bulk Coatings and Surface

Modification.

Table 2.1: Surface coating techniques.

Surface

Atomic Deposition IP;amc;l_ll_ate Bulk Coatings
eposition
*Electroplating *Thermal Spraying *Painting
*Electroless Plating *Plasma Spraying *Dip Coating
*Jon Beam *Fusion Coating *Electrostatic
Deposition *Screen Printing Spraying
*Laser Ablation «Jet Printing *Spin Coating
'Mqlecular Beam *Electrophoretic *Cladding
Epitaxy *Impact Plating *Overlaying
*Sputter *Weld Coating
Deposition
*Atomic Layer
Deposition
*Spray Pyrolysis

Modification

* Anodization
*Chemical-Liquid
*Chemical-Vapor
*Thermal

*Plasma
*Leaching
*Mechanical
*Bulk Sputtering
*Jon Implantation

As seen above, there are wide ranges of techniques that each has unique processes.

Therefore, it is important to choose suitable technique for each application.

Several criteria are taken into consideration for selection of the techniques;

e Properties of deposition materials

e Limitation caused by the substrates

e Deposition rate

e Adhesion of film to substrate

e Equipment requirement and availability
e Safety considerations

e Process stability

e Manufacturing considerations and cost
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Electrochemical methods stand out among all thin film coating techniques with
obtaining superior surface properties and ease of transfer to industrial applications
[68]. Electrochemical deposition method offers continuous, uniform metallic thin
films on conductive surfaces. With electrochemical anodization, which usually
applied on metals with passive oxide layer, nanostructured metal oxides can be
growth over metal surfaces. Nanostructured surfaces that obtained with

electrochemical anodization have increased total surface area.

2.1.1 Electrochemical Deposition

Electrochemical deposition process is a surface coating process for producing a
dense, uniform, and adherent coating in presence of electric current. Electrochemical
deposition is usually applied to metals or alloys. The coating is usually produced for
enhancing specific properties of the surface or decorative or protective purposes.

The core part of the electrochemical deposition process is the electrolytic cell
(electroplating unit). (Figure 2.1) In the electrolytic cell, the current is passed from

cathode to anode through ion containing electrolyte bath.

Power Supply
1 |

-+

cathode — -l anode

Electrolyte
M-, e

Figure 2.1: Electroplating unit.

The cathode is the substrate that wanted to be coated. The substrates have to be

conductive because it has to be electrically charged to attract ions in electrolyte.
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The anode, however, is used for complete electric flow. The anode can be two types.
First one is sacrificial anode, which is made of a metal, that wants to be deposited on
cathode. It dissolves in the electrolyte during the deposition process to provide metal
ions to replace what has been removed from the solution. Second one in permanent
anode. The permanent anode has to be inert in the process. It is used only for

completing the electrical circuit.

Electrolyte is the electrical conductor that contains negatively and positively charged
ions. Electrolyte completes an electric circuit between two electrodes. The current is
carried by those ions in the electrolyte. The positively charged ions move toward the

cathode and the negatively charged ions move toward the anode.

The metallic ions the electrolyte are positive charged. When the electrical current is
applied, metal ions are attracted by negatively charged cathode. When they reach the
cathode, the cathode provides electrons to reduce those positively charged ions to
metallic form. This is the main mechanism of deposition of metal film onto the

surface of the substrates.

Various reactions take place at the electrodes during electron transfers in deposition
process. This electron transfer reactions are called oxidation/reduction reactions. The
cathode is attached to the negative side of the electric source. Reduction reactions
take place at cathode. In its simplest form, the reduction reaction in aqueous medium
follows equation 2.1:

M™ +ne” - M 2.1)
On the contrary, an anode is connected to the positive side of the electric source;

therefore, it accepts electrons from the electrolyte. The oxidation reactions takes

place at the anode. Oxidation reactions follow given equation 2.2:

M - M™ + ne” (2.2)
Results of these equations, electrolyte always contains metal ions and electron during

the process.
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Thin films thickness is important for applications. Thickness of the deposited layer

on the substrate is influenced by several factors [69];
1. Deposition time
2. Current density and waveform
3. Composition and concentration of solution
4. Bath temperature
5. Properties of surface
6. The presence of impurities
With accurate parameters, electrochemical deposition gives perfect thin films with
requested thickness and surface properties.
2.1.2 Electrochemical Anodization

Anodization is an electrochemical process that converts the metal surface into an
anodic oxide finish. Anodizing means electrochemical oxidation of a metal —the
controlled version of a naturally occurring phenomenon. The process takes its name
from that the part to be coated becomes the anode in the system. It is different from
electroplating, where the coated part the cathode.

Power Supply
] |I
iy

Working Counter
Electrode Electrode

Anodization
Bath

Nanostructures

Figure 2.2: Anodization bath.
18



Anodization process occurs in an acidic electrolyte bath and passing an electric
current between two electrodes through the medium (Figure 2.2). The cathode acts as
an inert electrode and the metal that wanted to be anodized acts as an anode, hence
the origin of the term anodizing. Oxygen ions are released from the electrolyte to

combine with the metal atoms at the surface of the part being anodized.

Anodizing is a “conversion coating”, which means the surface of metal converted
into metal oxide, and is very different than paints, plating and other common
coatings on metal surfaces [70]. While paints and plating place on top of the surface
of the bulk metal, anodizing converts the outer layer of metal to coating, so the
coating is fully integrated with the metal substrate. The coating penetrates in to the
base materials as much as it builds up on the outside. The thickness of structure
consist of both penetration and build-up (Figure 2.3).

- 1

Build-up
¥ Anodized Layer Coating
Original Aluminum Surface Thickness

Figure 2.3: Coating Thickness in Anodization
Electrochemical anodization process is affected by different medium and operating
conditions. Concentration and composition of the electrolyte and presence of any
additives are changing for different applications. Operating conditions such as
temperature, voltage, and amperage are effective on nanomaterials structures [71].
Current density, which is the amount of electric current traveling per unit cross-
section area, is the leading factor both growth and monitoring of the growth of
nanoparticles during electrochemical anodization process. Current density curves can
be obtained simultaneously during the anodization process. Even each application
has specific curves, generally, all current density curves look like the one is given in

figure 2.4.
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t (min)

Figure 2.4: Current density — time curve in anodization process.

Beginning of the process, the current density has a high value (1), which encounters

rapid drop to jmin point (2) depending on rapid formation of barrier oxide layer. Then,

current density starts to increase (3) and continues until reaching jmax (4). From this

point onwards, the anodization steps in to form nanoparticles that proves slow rate

decrease of current density (5). At last, the oxidation becomes higher than the

dissolution and current density become constant (6). This results limitation of

nanoparticle growth [72].

Unique situation of anodizing brings more advantages to the application include:

1.

2.

A very thin coating compared to paints and powder coat.
Extremely durable, hard, abrasion resistant and long lasting.
Excellent corrosion protection.

Environmentally friendly finish.

Good electrical insulator.

Inexpensive.
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3. MATERIALS & METHODS

3.1 Materials

All equipment and materials in this project are used with permission of izmir Katip
Celebi University. DC power supply is used for creating electrical current for
deposition and anodization processes. Magnetic stirrer is used for aqueous solutions
homogeneity. Multimeter is used to control current throughout electrochemical
processes. Owen is used for heat treatment. XRD and SEM are used for

characterizations.

All laboratory supplies are used from “Nanomedicine and Biosensor Laboratory” in
Central Research Laboratories of IKCU. ITO coated glass substrates are bought from
TEKNOMA in IYTE.

All chemicals that are used in this project are obtained in different ways. Distilled
water taken from Central Research Laboratories. Potassium bicarbonate, high-
density chitosan and acetic acid are bought from Sigma-Aldrich. Zinc based
deposition solution which is used commercially in zinc coating are taken from a

factory. Anodization solution is prepared based on KHCOa.

3.2 Methods

For this project, several surface coating techniques were used to form proposed
hierarchical structure for this project is given in figure 3.1. Electrochemical
deposition and electrochemical anodization techniques are used back-to-back firstly,
to form zinc layer on Glass/ITO then to grow ZnO nanostructures on zinc layer. This
two-step electrochemical method is a novel and simpler way to produce ZnO
nanostructures on glass/ITO surfaces. After obtaining ZnO nanostructures, dip
coating method is used to seed chitosan over ZnO nanostructures. Chitosan increases
immobility of biomolecules on the surfaces [REF]. This modification to the surface

makes the ZnO nanostructured electrode more suitable for sensor applications.
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Figure 3.1: Desired layered surface structure.

Literature review of the studies that are similar to this project is given in table 3.1.

Table 3.1: Literature Review.

Electrode Structure Coating Technique | Sensor for | REF.
Au-ZnO Hydrothermal Cholesterol [39]
ITO/ZnO Thermal Glucose [43]

ZnO—CuO HNC Electrospinning Glucose [49]
ZnO/Pt/Chit Dip Coating Glucose [66]
Ti-ZnO Dip Coating Glucose [73]

Cam/ITO-ZnO-Chit Spin Coating Cholesterol [74]

Au-ZnO P. Absorbtion Cholesterol [75]

ITO/nano-ZnO Dip Coating Cholesterol [76]
GCE-GR-CNT-ZnO Dip Coating Glucose [77]
Si/Si02/Au/ZnO Hydrothermal Glucose [78]
Zn0O-GR Direct Growth Glucose [79]
ITO/ZnO/AUNPs Spin Coating Glucose [80]
ITO/ZnO-CuO PLD Cholesterol [81]
AU/ZnO RF Sputtering Cholesterol [82]
Ag/ZnO Chemical Sol-Gel Cholesterol [83]
Pt-Au@ZnONRs Hydrothermal Cholesterol [84]
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As seen from the review, some studies are using same structure as this project.
However, current project stands out because of its unique two-steps electrochemical
method for growing ZnO nanostructures over Glass/ITO surfaces. Electrochemical
deposition and electrochemical anodization methods are used as a new way to
produce nanostructures over electrically conductive surfaces. In this project, ITO
coated glass is chosen as conductive substrates and zinc oxide is chosen as coating

material.

Furthermore, besides biosensors, this two-steps electrochemical process envisioned
that with using of conductive, flexible materials as a substrate, antibacterial, self-

cleaning textiles and flexible photocatalytic surface applications.
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4. EXPERIMENTAL PROCEDURE

ITO coated glass substrates were first annealed at 200°C for 18 hours in order to
treat surface roughness. Then, substrates were cut into 2.5 x 2.5 cm pieces.
Substrates were cleaned ultrasonically for 10 minutes in acetone, isopropanol and

distilled water, respectively (Figure 4.1).

Figure 4.1: Ultrasonic bath.
First, electrodeposition process is applied. Deposition process took place in
commercial ZnCI2 aqueous solution (Figure 4.2). Bulk 2.5x10 cm Zn plate was used

as cathode. DC power supply was used in order to create voltage.

Figure 4.2: Electrochemical deposition setup.
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Cleaned substrates were electrochemically deposited in commercial ZnCl, aqueous
solutions under different deposition durations (2.5 — 5 — 7.5 — 10 min) with constant
voltage (0.4V) at ambient temperature to investigate time effect on production of
thin Zn layer.

Then, electrochemical deposition process was applied again under different voltage
values (0.1 - 0.2 - 0.3 — 0.4 V) with constant time (5 min.) at ambient temperature to

investigate voltage effect on production of thin layer.

Coated substrates were compared in terms of film continuity and adhesion. It is
important for following processes that thin film must be continuous all over the
surface and cannot peel off from glass surface.

After deposition parameters are determined, new sets of substrates are coated for
electrochemical anodization process. 5x10 cm platinum mesh plate is used as anode.

Same DC power supply was used in order to create voltage.

Electrochemical anodization process also was carried out under different parameters
for each substrate. First, anodization took place in glycerol-based solution under
various voltages (2 — 4 — 6 — 8 V) with constant 15-minute durations. Then,
anodization took place in KHCOz based solution under same parameter (Figure 4.3).

Figure 4.3: Electrochemical anodization setup.
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After anodization parameters are set, new sets of samples were prepared for further
steps. The samples were covered with chitosan to increase immobilization of
enzymes. Dip coating method was used for seeding chitosan on surface. Process took
place in chitosan-acetic acid based solution.

The samples were characterized by SEM and XRD to evaluate the structure and the

morphology of the Glass/ITO/ZnO nanostructures, respectively.
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5. RESULTS AND CONCLUSION

You can see the first deposited samples with different durations in figure 5.1. As you
can see, for 2.5 min duration, zinc film is not continuous through the surface. For 5
min, Zinc film is continuous and strongly adhesive on the surface. Over 5 min

durations, zinc films peel off from the surface.

Figure 5.1: Coatings under different durations.
In figure 5.2, you can see photos of deposited substrates under different voltages. For
lower voltages, zinc film continuously deposited over the surface. However, when

the voltages are higher, zinc layer is peeled off with ITO coatings from the surface.

Figure 5.2: Coatings under different voltages.
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In figure 5.3, you can see the surfaces of samples anodized in glycerol-based
solution under 2V, 4V, 6V and 8V, respectively. Glycerol based solution did not

serve as suitable medium for this anodization process.

Figure 5.3: Samples anodized in glycerol.
And in figure 5.4, you can see the surfaces of samples anodized in KHCO3 based
solution under same parameter.

Figure 5.4: Samples anodized in potassium bicarbonate.
As seen in the pictures, anodization process took place successfully in potassium
bicarbonate based solution. Oxidation did occur in every samples. But only in
samples that were deposited 10 minutes has the surface with ZnO nanostructures.
This shows that if the deposition time were shorter than 10 minutes, as coated Zn
layer would not be thick enough for growth of ZnO nanostructures.
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At this point, we ordered new sets of Glass/ITO substrates. The new substrates have
different surface properties and better coatings than previous ones. However,
optimization for anodization process was not done again for new substrates.

Approximate parameters were selected and applied for all substrates.

New substrates investigated again for deposition time for 2.5, 5, 7.5 and 10 min.,

respectively. Then electrochemical anodization was performed for all substrates

under 2.0V voltage for 15 minutes.
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Figure 5.5: XRD graphics of [A] glass/ITO, [B] glass/ITO/Zn, [C] glass/ITO/ZnO
samples;
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We have studied surface characteristics and morphology of ZnO nanostructures. The
XRD results of glass/ITO, glass/ITO/Zn and glass/ITO/ZnO electrodes are shown in
figure 5.5 [85].

As seen in the graphics, Zn layer was successfully coated on glass/ITO substrates
after electrodeposition process. Likewise, ZnO nanostructures were successfully

grown on zinc layer.

Figure 5.7: SEM image of ZnO nanostructures on glass/ITO/Zn substrates.
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SEM images of the zinc layer and ZnO nanostructures are shown in figure 5.6 and
figure 5.7, respectively. As seen in the images, zinc layer was continuous trough the

surface and ZnO nanostructures formed as nanoflower like shapes.

After obtaining ZnO nanostructured surfaces, we have attempted to seed chitosan
layer over those surfaces. SEM image for one substrate is shown in Figure 5.8. As
you can see, sizes of chitosan nanoparticles are around 100 nm, which is too big for
ZnO nanostructures underneath. The chitosan coating process has not been attempted

again.

Figure 5.8: SEM image of chitosan coated glass/ITO/ZnO surface
5.1 Conclusion

Proposed 2-steps electrochemical process is faster, cheaper and simpler way to
produce ZnO nanostructure. This process can easily applicable to other surface
conductive materials like flexible PET/ITO and opens new application areas. Process

also can be industrialized with low setup costs.

Deposition time is important on film thickness and thickness of zinc film directly
affect growth of ZnO nanostructures. Surfaces covered with ZnO nanostructures can
be obtained by using proper parameter. These surfaces are highly active for bonding
with other particles. Depends on that, surface modification can be done for various
applications. This makes ZnO nanostructures suitable for enzymatic biosensors to
detect diseases like cholesterol and diabetics.
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