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ABSTRACT

The superior material properties of carbon nanotubes (CNTs) such as high aspect
ratio, high surface area, superb mechanical properties, thermal and chemical stability
have generated enormous research activities to push for their potential applications.
This study focuses on the fabrication and characterization of CNTs synthesized by hot
filament chemical vapor deposition and evaluates their use as electrochemical
biosensor. The as grown CNTs were first characterized for their electrochemical
behavior in ferrocyanide redox reaction using cyclic voltammetric analysis. Then, their
use for dopamine detection was investigated. Well-established redox reaction current
peaks for dopamine/o-quinone and the secondary redox reaction current peaks for
leucodopominechrome/dopaminechrome were reproducibility observed with distinct
redox current peak increments as a function of the bioanalyte concentration. These
results were also confirmed by Cottrell and Nernst equations. In general, the results
have demonstrated that CNTs are better than graphite as biosensor electrode for the

detection of dopamine.
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CHAPTER |

INTRODUCTION

1.1 Electrochemical Biosensor

The biosensor concept was initially proposed and created by Leland C. Clark Jr. .
His first study was on oxygen detecting electrode in 1956. Later in 1962, Prof. Clark
turned his inspiring efforts on making biosensor which was able to sense glucose using
enzyme electrode [1]. Biosensors are analytical devices that are able to recognize
biochemical information of an analyte’s concentration or chemical structure and
transform it into a logical signal [2]. Since they deal with biologically reactive
compounds, biosensors are more specialized version of chemical sensors.
Electrochemical biosensors are categorized into two types as affinity and enzymatic
biosensors. Affinity biosensors employ DNA sequence, antibody or receptor protein
along with transducer to bind target species and produce electrical signal [3, 4]. On the
other hand, enzymatic biosensors use cells, enzymes or tissues for the recognition
process. In the biosensor, transducer utilizes the recognition process to output electrical
signal. Sensitivity of sensing depends on electrochemical reaction rate and
concentration of the target compound. In Figure 1.1, a basic schematic structure of a

biosensor is shown.
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Figure 1.1: Schematic diagram of an amperematic enzyme based electrochemical
biosensor [5].

Biosensors are usually equipped with magnetic, thermic, radioactive, optical or
electrochemical energy conversion abilities. In medical applications, electrochemical
biosensors are the most needed ones, which make use of a working electrode as
physico-chemical transducer. They are mostly used in health care and pharmaceutical
industries as well as environmental applications. This tendency for biosensing stems
from the facts that they are inexpensive, simple to put to practical use, sensitive, fast,

and responsive to many biochemical species.

Since 1962, attention to biosensors has been increasing as a research topic and
commercialized medical devices. In Europe, Asia-Pacific and North America, many

companies aimed at development and fabrication of biosensors were founded [6]. In



bio-sensing field, scientists have also shown keen interest to sense neurotransmitters,
enzymes, proteins, DNA, cells, antibodies, tissues, nucleic acids and many other

biological molecules and mechanisms.

As a catecholamine neurotransmitter, dopamine has a key physiological role in
transmitting chemical signals out of the cells [7]. Mostly abbreviated as DA, dopamine is
crucial for the sound working of cerebral functions, central nervous, renal,
cardiovascular and hormonal systems. It also has an important role in detecting the
emergence of Parkinson’s disease, drug abuse, and HIV infection of some cells [8, 9, and
10]. In addition, dopamine is usually presented in vivo with other electroactive
materials, and sometimes in very low concentrations; which make it harder to sense.
Therefore, electrodes that are capable of sensing low concentrations of DA in human
body, rapidly, accurately and reliably, are in great need. In means of dopamine sensing
technique, cyclic voltammogram (CV) is very appropriate because DA is very responsive

to CV when it is in electrochemical reaction.

Researchers have proposed and/or developed different types of electrodes for
dopamine measurement. Some of them are made of gold, carbon nanotubes, carbon
fiber, glassy carbon, graphite and diamond. In this work, vertical-aligned multi-walled
carbon nanotubes were used to sense dopamine. Besides, electrochemical activity of DA

was analyzed using cyclic voltammogram.

Recently, there is great interest of using nanotechnology approach for biosensor.

Nanotechnology is an emerging science/technology about the understanding and



control of matter’s structure in a scale of billionth of a meter. Since it mostly deals with
the matter itself in the atomic scale, this makes nanotechnology applicable to many
materials. According to Nalwa et al, nanostructured materials have many novel
applications based on their fabrication and production techniques. The potential
applications of nanotechnology have been demonstrated in many areas such as
aerospace, batteries, automotive, optoelectronics, medicine, pharmacy, and other
areas. [11] Among these, biomedical science takes the advantages of nano-scale
structures for variety of applications such as biosensing, drug delivery, medical
diagnostics, microelectromechanical systems (MEMS), bio-molecular patterning and so
forth [12]. In this thesis, CNTs and graphite nanostructured material are used for DA

detection.

1.2 Carbon Nanotubes and Graphite

Carbon nanotubes (CNTs) were first discovered in early 1990s by Sumia lijima.
They have remarkable mechanical and electrical properties. Since their first discovery,
CNTs have gained much interest in material’s science, electronics, computing, etc.
Although CNTs are not widespread in mass production, their unique properties have
made them arbiter in materials science for chemical and biological separation,
purification and catalysis, energy storage (fuel cells, lithium battery), composites for
filling, structural materials and coating. In devices’ side, CNTs have shown promising

applications for sensors, actuators, transistors, logic devices, and field emission



cathodes of x-ray instruments, displays, and other vacuum nanoelectronics. The most
important benefits of CNTs for these applications are low cost, lightness, energy

efficiency, high performance, and small size [13].

The electronic structure of CNTs consists of sp2 hybridized carbon atoms (Fig.
1.3-a). The sp2 orbited carbon atoms aligned in honeycomb lattice form graphene (Fig.

1.2), which is single-layer graphite.

Figure 1.2: Honeycomb binding of sp2 carbon atoms forms graphene [14].

On the other hand, graphite consists of multiple graphene sheets laid on top of each
other (Fig. 1.3-b). Finally, CNTs are made of rolled graphite sheets. If one graphite sheet
is rolled over, the shape is single-walled CNT (SWCNT) (Fig. 1.4-a), while rolling two or

more sheets of graphite is yielding multi-walled CNTs (MWCNT) (Fig. 1.4-b).



a b

Figure 1.3: Bonding structure of graphite. a) sp? bonding of carbon atoms, b) three
graphene sheets overlaid to form graphite [13].

Scientists define multi-walled CNTs as concentric and closed graphite tubes with many
layers of graphite sheets separated from each other by ~ 0.34nm, and forming a center
hole of 2 to 25nm diameter. In addition, single-walled CNTs are cylinders with a

diameter of 1-2 nm [15].



Figure 1.4: Schematic diagram of CNTs made of rolled graphene (graphite sheet) a)
Single walled CNT, b) Multi-walled CNT [15].

Depending on its rolling directions, a carbon nanotube can be classified into
three categories: armchair, zigzag, and chiral (Fig. 5). The explanation for this is as

follows. By definition, graphene is rolled across a chiral vector (Fig. 1.5) defined as



\ Zig-Zag N
N

Figure 1.5: Schematic diagram of graphite sheet and the chiral vector.

- -
where @, and a, are basis vectors, 8 is the chiral angle, and carbon atoms are located at
the vertices [15]. While employing Equation (1), taking m as zero and n as an integer
value shapes zigzag nanotube, m=n shapes armchair nanotube, and n>m>0 shapes

chiral nanotube (Fig. 1.6)
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Figure 1.6: Rolling hexagonal graphene sheets in different directions gives three types of
SWCNTs: armchair, zigzag, and chiral [13].

1.3 Electronic Properties of Carbon Nanotubes and Graphite

Electronic properties of nanotubes had much interest since their discovery. CNTs
actually behave like quantum wires and this makes them have unique electronic
specialties. Nanotubes’ electrical properties rely on the n and m values of the chirality
vector and thus, on the chirality and diameter. (m, n) indices determine SWCNTSs to be
either metal, semiconductor or small-gap semiconductor. If n=m, CNT is metallic [15].

Besides, n— m = 3 x integer equality makes CNTs have a very small energy band gap and

9



behave metallic (at room temperature). For the rest of n and m values, CNTs become
semiconductor with a finite gap. Scientists have also proven that armchair nanotubes

are metallic, whereas zigzag nanotubes are either semiconductor or metallic depending

on their chiral angle and diameter [15].

1.4 Cyclic Voltammogram (CV)

Cyclic voltammetry is the mostly used technique for determining qualitative

information about electrochemical reactions, and thus, for biosensors as well [3]. It

comprises of ceaselessly scanning the potential of a stationary working electrode

operating under a triangular potential waveform (Fig. 1.7).

— Cycle 1—

l":-final

= Reverse

+ scan

L.

o

o

Einitial v

Switching
potential

Time

Figure 1.7: lllustration of potential-time stimulation signal of the cyclic voltammetry [3].
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When the voltage in Figure 1.7 is applied to the working electrode, two
electrochemical reactions take place: oxidation and reduction. Oxidation, which is
indicated in the leftwards direction of electrochemical reaction stated in (2), is the loss

of electron(s).

On the other hand, reduction is the gain of electron(s) and it occurs in the forward scan
as described in Fig. 1.8. The resulting currents seen on the triangular potential scan are

cathodic for the forward scan, and anodic for the reverse scan.

In the cyclic voltammogram, current amplitude is affected by the chemical
reaction rate, voltage applied, and the analyte. In addition, current peak is formulated

with Cottrell Equation

i, =(2.69x10°)n*?ACD"*v"?

where n is the number of electrons, A the electrode area (in cmz), C the concentration in
(mole/cm?), D the diffusion coefficient, and v the potential scan rate (in V/s) [3]. In a
fixed experimental setup which has a stagnant solution; the electrode area,
concentration of the species, and the number of electrons remain constant. As a result,
square root of scan rate directly changes the current peak during most CV

implementation.
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Figure 1.8: Current vs. Potential in a cyclic voltammetric analysis of a reversible O + ne
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Before any voltage is applied to the reference electrode, there is equilibrium at the
working electrode surface. In this condition, two forces balance each other: diffusion
and the electrical force. That is, initial diffusion of ions into cell creates an electric field,

making inside of the working electrode negative. Therefore, ions are repelled by the like

charge in the electrode. This situation is called thermodynamic equilibrium and

Potential
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preserved during the redox process [16]. The state of equilibrium is explained with

Nernst Equation:

2R 00 ) e (4),
nF °C,(01)

E=E°
where E is the applied voltage (between working electrode and reference electrode), E°
the standard electrode potential, n the number of electrons, F the Faraday constant, R

the reaction rate, and Co(0,t) and Cg(0,t) the concentrations on the electroactive species

in oxidation and reduction reactions, respectively [3].

So as the potential is swept from Ejnjtias t0 Efinas (forward scan), a diffusion layer
occurs and current starts flowing. After the current reaches a peak value, the
equilibrium converges to full conversion of the reactant at the surface of the working
electrode. Getting closer to Eing, current decreases until a very low value for the reason
that the diffusion layer becomes vast and the flux of the reactant to the surface is not

big enough to satisfy Nernst Equation [17].
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1.5 Objectives of the Research

The goal of this study is based on the cyclic voltammetric (CV) analysis of
dopamine in phosphate buffered saline (PBS) using vertical-aligned carbon nanotubes
which are grown in hot filament chemical vapor deposition machine (HFCVD).

Prominent research goals include:

Growth of CNTs using Co catalysts on a Si substrate.

e Characterization of the material property of CNTs

e Implementation of CNTs as biosensor electrode for CV in a glass cell

e Analysis of sensed signals of DA according to varying concentrations and
potential scan rates

e Comparison of CNTs’ and graphite’s DA sensing capability

14



1.6 Organization of the Thesis

Chapter 1 presents brief introductions to electrochemical biosensor, carbon
nanotubes and graphite materials and their electronic properties,
nanotechnology approaches for biosensors and the use of cyclic voltammetry
method for electrochemical sensor characterization.

Chapter 2 gives an elaborated information on the growth and characterization of
CNTs

Chapter 3 reports the use of CNTs and graphite on DA sensing experiments
Chapter 4 gives an overview and conclusion of the research and experiments
described in Chapters 2 and 3

Chapter 5 presents information about future work related to this study.

15



CHAPTER Il

GROWTH AND CHARACTERIZATION OF CNTs

In this chapter, techniques used for carbon nanotube fabrication and
characterization are explained in detail. The necessary techniques utilized are intended
to give multi-walled nanotubes, which are previously described as having a conductive
property. The important parameters in the vast majority of nanotubes’ variation are

their diameter, length, and alignment depending on their synthesis methods.

In making of CNTs, scientists had accepted catalysts [18], chemical gases [19],
substrates [20], and temperature [21] as key factors. After analyzing previous studies
about these factors, silicon (Si) and CH4-H, gas mixture were used as substrate and gas
for the CNT growth, respectively. The technique used is Chemical Vapor Deposition
(CVD). According to Wong et al., temperature affects the growth rate of CNTs [22].
Besides, gas flow rate, pretreatment time, and metallic buffer layer thickness influences

the alignment of CNTs and their structure.

In the experiments, hot-filament CVD system was used to grow CNTs. The system
also includes a substrate heater to provide the required temperature to the substrate
for better control of CNTs synthesis. Si substrate used is selected as N* type and its
surface was etched using buffered oxide etch (BOE) before deposition of buffer and
catalyst layers on the substrate. BOE cleans any native oxide on the Si substrate. The use

16



of N* type Si substrate is to provide better conductivity, thus smaller substrate
resistance. The cleaned Si surface was first coated with titanium (Ti) as a buffer layer
followed by cobalt (Co) as the catalyst material for CNTs synthesis. The buffer (Ti) and
catalyst (Co) thicknesses obtained are 15nm and 5nm, respectively. The Ti buffer layer
hinders direct interaction of Co and Si that poison the catalytic activity of Co during

CNTs synthesis at high temperature.

To synthesize CNT arrays on the Si substrate, hot filament chemical vapor
deposition machine (HFCVD) was employed. Methane (CH;) gas was chosen as the
carbon source for the CNT growth. Before introduction of methane, the substrate was
pretreated with NHs gas which helps i) to remove any oxide formation on the Co catalyst
due to non-ideal fabrication conditions such as Co exposure to air during substrate
transferring between fabrication systems, and ii) conditioning of the Co catalyst layer
into smaller particles, thereby favorite CNT growth [13]. In the experiments, an
optimum pretreatment time of 40 min at NHs flow rate of 100 sccm was used in the
pretreatment step. After the pretreatment, CH4 was turned on in the HFCVD machine to
grow CNTs on the Si substrate. This process was applied for 4 minutes. During the
nanotube growth process, carbon containing specie reacts with the catalyst at high
temperatures. In addition, hydrogen gas was used to keep the chamber temperature

stable during growth process.

After growing CNTs, their tube diameter, vertical alignment and length were

examined utilizing a scanning electron microscope (SEM), branded Hitachi 4200. In

17



Figure 2.1, SEM picture of CNTs grown after 4 min CH,4 flow in HFCVD machine is shown.
The length of nanotubes is nearly 19um. Besides, it is clear that their alignment is

vertical.

I12.85m

5.8 kV X2.58K

Figure 2.1: SEM picture of CNTs on N* type Si wafer. 4 minute flow of methane (CHa)
yielded nearly 19um long nanotubes.

2.1 Raman Spectra of CNTs

Raman spectra of CNTs is used to identify nanotubes. In this way, one can
understand whether carbon nanotubes are single walled or multi-walled, and their

diameters and quality. In general, three prominent features of Raman spectra were

18



utilized: Radial breathing Mode (RBM), the G-band, and the D-band. All these features

are created by formations of (n,m).

In RBM, carbon atoms move along the radial direction. Therefore, it is used to
estimate nanotubes’ diameters. The G-band refers to the vibrations in sp2 carbons and
indicates if the nanotube is metallic or semiconducting. Besides, the D-band is attributed
to the dispersive disorder of nanotube formation, which yields clues about the

impurities and asymmetry of CNTs [23].

In the analysis of Raman spectra of CNTs, Wong’s previous studies have been
referred. In his studies, Wong fabricated CNTs in our laboratories using microwave
plasma CVD (MPCVD) and thermal CVD machines [24]. In Figure 2.2, typical Raman
spectra of CNTs grown in our labs are shown. The spectra of thermal CVD grown CNTs
demonstrates two intensity peaks: one at the raman shift of 1322 cm’, and the other
one at 1591 cm™. The first and second peaks are associated with the D-band and G-

band, respectively.
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Figure 2.2: Raman spectra (Intensity vs. Wavenumber/Raman shift) of the MPCVD and
thermal CVD grown CNTs [24].

It is clear from the figure that D-band’s signal intensity, I(D) is higher than I(G), G-
band’s signal intensity. In addition, I(D)/I(G) ratio higher than 1 indicates considerable
amount of impurities/defects in nanotubes. In Figure 2.2, this ratio exceeds 1, showing
significant defects on CNTs. However, this is indicative of the potentially very high

biosensing capability of CNTs, especially if growth with little defects.
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CHAPTERIII

IMPLEMENTATION OF CNT AND GRAPHITE FOR ELECTROCHEMICAL
BIOSENSING OF DOPAMINE

In the following sets of experiments, dopamine was attempted to be detected in
a biosensor setup. The setup consists of a reference electrode and a counter electrode
which are hang vertically in a glass cell, and a working electrode laying underneath
solution, and between folds of glass cell. The counter electrode is the wire made of
platinum, which is a noble metal resistive to corrosion and oxidation. It is used to
provide a potential difference through the working electrode. The reference electrode is
a wire made of Ag/Agcl. It consists of a thin glass tube filled with 1M KCL and an AgCl
coated Ag wire inside the tube. The bottom of the glass tube is porous, each pore having
microns of diameters. The reference electrode is used for the measurement of the
potential during a CV scan. It has very big impedance, therefore not drawing any
considerable amount of current from the electrical connection of the working and

counter electrodes.

The working electrodes used in the experiments are graphite and carbon
nanotubes, separately. In the setup, counter and reference electrodes are hang
vertically and separated from each other. They are immersed into the solvent and are

placed ( ~4mm above) close to the working electrode to reduce resistance, which can

21



yield a small decrease in the current (Fig. 3.1). The working electrode is placed on the
copper line, and a plastic o-ring is put on top of it. The plastic ring enables the working
electrode to get in touch with the electrolyte, while preventing the electrolyte from
leaking outside the functional part of the working electrode. The effective sensing area

of the working electrode is therefore defined by the o-ring opening.

counter electrode

> oo working electrode

glass cell

Figure 3.1: Biosensing setup with three electrodes inside a glass cell. The electrodes are
connected to faraday cage and a current amplifier system through wires.

During the biosensing experiments, the glass cell was put into Chi Faraday Cage

to keep any electromagnetic distortion away from the setup. All the electrodes were

22



then connected to CHI-200 Picoamp booster, which amplifies very small currents
flowing through the working electrode. Following that, CV scan and analysis of the

measurements were conducted in CHI 660 electrochemical analyzer.

Before measuring the dopamine sensitivity of the biosensor setups, the quality
of the working electrodes was tested and then the electrodes were characterized. To
perform the test, ferrocyanide ( Fe(CN)Z™* ) redox couple was used in a 0.1 M KCL
solvent [25]. Ferrocyanide is a very popular compound which is used for testing the
redox reaction quality of the electrodes in biosensing experiments. The reversible redox
reaction involves oxidation of ferrocyanide ( Fe(CN); ) to ferricyanide ( Fe(CN) ) and
reduction of the latter to the first one. Since the ferrocyanide couple includes single
electron transfer and no chemical reactions, it shows a nearly ideal quasireversible
characteristic. Furthermore, ferrocyanide redox couple is very appropriate for testing
carbon electrode since the ions of the solution sticks trivially to carbon [26]. Besides, 0.1

Mole (M) potassium chloride (KCL) is used as the electrolyte, which is utilized as an

electrically conducting solution.

In the experiments, scan rates of 10, 50, 100, 200 and 500mV/s were used. Initial
step of all the biosensing experiments include running cyclic voltammetry only with the
electrolyte itself. The recorded signal is called the background signal. Then, reactant
solution is added into the electrolyte and the CV analysis aimed at examining the
electrode sensitivity for the target specie is performed. The resulting curve contains

data regarding the electrolyte and the reactants. Hence, background curve is subtracted
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from that hybrid curve and a simple curve concerning only the target species’ CV

analysis on the specific working electrode is obtained.

First bunch of experiments was conducted using graphite working electrode at 5
different scan rates (10, 50, 100, 200, and 500mV/s). In addition, 5 different
ferrocyanide concentrations (1, 2, 3, 4, and 5mM) were tested. However, only 10, 50,
200, and 500mV/s scan rates were used for 5mM ferrocyanide, where 100mV/s was
applied to all 5 concentrations. The potential window used is between -0.5V and +1V. In
Figure 3.2, 5 concentrations of ferrocyanide were swept at 100mV/s and the resulting
curves were overlaid on top of each other. From the figure, it is observable that
Equation 3 is accommodated. It is also clear that the redox current peaks are observed
and the peak height increases with higher concentrations of ferrocyanide. The CV curves
are also reversible for all concentrations. 5mM ferrocyanide gives the highest current

peak amplitude (~0.2mA), which is remarkable.
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Figure 3.2: Voltage sweep curves of 1, 2, 3, 4, and 5mM Fe(CN)g' on graphite electrode
at 100mV/s.

Moreover, concentration of the reactant increases the current peak
proportionally, as shown in Figure 3.3. The curves for oxidation and reduction indicate a
linear correlation between the current and concentration. Thus, graphite is proven to be

capable for further biosensing experiments.

25



Current (mA)

0.8 *
0.2
@ oxidation
0 T T T T T 1
1 2 3 4 5 ¢ 0 reduction
-0.2 \.\
o \.\
o \
-0.8 L |
-1

Concentration (mM)

Figure 3.3: Concentration versus current curves for the redox reactions obtained after
the CV scan of ferrocyanide on graphite electrode at 100mV/s.

In Figure 3.4, CV sweep curves of all the scan rates for 5SmM Fe(CN)S™*  were

plotted. Since increasing \/V (whereV is the scan rate (SR)) increases the peak current
according to Cottrell Equation (3), the values of these two parameters are proportional

to each other.
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Figure 3.4: 5mM Ferrocyanide CV scans with the scan rates of 10, 50, 100, 200, and
500mv/s (from red to navy blue) where KCL background CV curves for the respective
scan rates are subtracted.

After obtaining gradual increase in the |-V curves of the CV scan with respect to
enhancing scan rates, Figure 3.5 was obtained. It concurs to the Cottrell Equation,
showing the linear increase in the cathodic and anodic peak currents with the increase

in the square root of the scan rate.
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Figure 3.5: \/SR versus redox peak current of 5mM ferrocyanide on graphite electrode
where SR refers to scan rate (10, 50, 100, 200, and 500mV/s).

Afterwards, Ferrocyanide sensing was performed using a CNT working electrode.
Figure 3.6 (a) and (b) show the corresponding CV and calibration curves in various
ferrocyanide concentrations, respectively. In Figure 3.6 the concentration linearly
increases the peak current of the redox reactions. The highest oxidation peak current is
0.5 mA, which is higher than [27] at higher ferrocyanide concentrations. In addition, the
effect of scan rate on the peak current (Fig. 3.7) is again proved as expected for multi-

walled CNT electrode.
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Figure 3.6: Concentration (1-5mM) versus current curves for the ferrocyanide redox
reactions on CNT electrode, operating at a constant scan rate of 100mV/s. (a) CV curves,
and (b) calibration curves.

Before performing ferrocyanide experiment on graphite electrode, the optimum
potential window was determined by using a big window (-2V to +1.5V) at slow scan
rate (10mV/s). From this experiment, a lower potential window, which ranges from -
0.5V to +1V was selected. Shrinking the potential window facilitated the progress of the
experiment. In this way, the potential sweep time was reduced and the solution was
protected from further oxidation. However, the use of bigger window beforehand had
already changed the surface of the graphite electrode. Its surface blistered with the
exposition to high potential for a long time (caused by the slow scan rate). Hence, the
graphite electrode had bigger surface to volume ratio than its normal condition. As a

result, higher surface area allowed graphite electrode with more electrons and thus,
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draw higher redox currents. This behavior is verified in Figures 3.3 and 3.5 for
comparative concentrations and voltage scan rates in Figures 3.6 and 3.7, respectively.
Therefore, altered surface of graphite can yield higher currents than CNT in CV

experiments.

1.0

0.8 ' 500ﬁ1V/s' (a) r

06 - 200mV/s - 8

o  100mv/s. _
50mV/s

0.2 i -

10mV/s

Current (mA)
o

-0.6 -04 -0.2 0 0.2 04 0.6 0.8 1.0
Potential (V)

31



1.5

(b)

@ Oxidation

25 M Reduction

Current (mA)

-1.5

VSR (square root of scan rate in mv/s)

Figure 3.7: ~/SR versus redox peak current of 5mM ferrocyanide on CNT electrode
where SR refers to scan rate (10, 50, 100, 200, and 500mV/s). (a) CV curves, and (b)
calibration curves.

After verifying the feasibility of graphite and CNT electrodes for electrochemical
biosensing experiments, dopamine neurotransmitter was used as target specie for the
pursuing biosensing experiments. In these experiments, phosphate buffered saline (PBS)
was used as an electrically conductive electrolyte. The PBS concentration was selected
as 0.1M and the same bunch of voltage sweep rates was employed. However, voltage
window was altered to a different one as -0.5V to +0.8V, which is almost same as the

first one.
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The first group of DA sensing experiments was conducted on graphite working
electrode. Utilizing a smaller potential range did not change the surface of the graphite
significantly. Therefore, a better comparison of graphite and carbon nanotube

electrodes can be done in DA sensing.

Unlike ferrocyanide in KCL, four different peaks were observed after every cyclic
voltammetric experiment which was targeted at sensing dopamine in PBS (Fig. 3.8). The
reason for this behavior is based on the reactions taking place in the CV scan. The
reactions involved are called ECE reactions [28]. ECE reaction mechanism consists of
electrochemical, chemical, and electrochemical reactions again, in order. Two
electrochemical reactions, which are presented in the experiments and also relevant to

ECE mechanism, are as follow:

dopamine — o-quinone + 2H" + 2¢’ 3.1,

and

leucodopaminechrome — dopaminechrome + 2H" + 2e 3.2.

On the other hand, the chemical reaction involves cyclization of o-quinone to indole.
Following that, indole oxidizes into leucodopaminechrome [28]. Therefore, this chemical

reaction breaks the thermodynamic equilibrium of the system.
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Figure 3.8: Voltage sweep curve of 400uM dopamine on graphite at 100mV/s. Four
separate redox peaks (labeled with numbers 1-4) can be seen.

In Figure 3.8, four oxidation/reduction peaks correspond to the following reactions are

observed:
1: leucodopaminechrome - dopaminechrome + 2H" + 2¢”
2: dopamine > o-quinone + 2H" + 2e
3: o-quinone + 2H" + 2e” > dopamine
4. dopaminechrome + 2H" + 2e” > leucodopaminechrome

Thus, dopamine neurotransmitter engaged reactions are related to second peak of

oxidation and the first peak of reduction. In the forward CV scan’s (-0.5V to +0.8V)
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second peak, dopamine diffuses onto the working electrode and releases electrons,
which are caught by the working electrode. Then, o-quinone is released outward of
working electrode. In the reverse scan (+0.8V to -0.5V), o-quinone is reduced to
dopamine. Throughout this process, o-quinone diffuses onto the working electrode and
captures electrons from the working electrode. This results as the flow of anodic current

through the working electrode.

In DA sensing experiments, 5 different DA concentrations (100, 200, 400, 600,
and 800uM) were scanned in 0.1M PBS solution (Fig. 3.9). The CV scans gave gradually

increasing redox current peaks with the increasing DA concentrations.
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Figure 3.9: Voltage sweep curves of 100, 200, 400, 600, and 800uM dopamine on
graphite at 100mV/s.
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This two-sided increase is verifiable by Cottrell Equation (3) according to Figure 3.10.

That is, the straight lines’ correlation coefficients are very close to 1.
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Figure 3.10: Concentration (100, 200, 400, 600, and 800uM) versus current curves for
the redox reactions obtained after the CV scan of dopamine with graphite electrode at
100mV/s.

In case of analyzing the effect of square root of scan rate on the redox current
peaks, 200uM of dopamine was selected. The scan rates employed were same as the
first bunch of experiments: 10, 50, 100, 200, and 500mV/s. Referring to Figure 3.11,
graphite is counted as an efficient working electrode. The lowest oxidation peak current
involving dopamine at 10mV/s is nearly 21pA, where the highest one at 500mV/s is

85UA. This current range for graphite is higher than the ones seen in [29].
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Figure 3.11: VSR versus redox current peak height of 200uM dopamine on graphite
electrode where SR refers to scan rate (10, 50, 100, 200, and 500mV/s). (a) CV curves,
and (b) calibration curves.

The last group of CV experiments was conducted using multi-walled CNT
electrodes for dopamine detection in 0.1M PBS solution. Firstly, 5 different
concentrations of DA were exposed to CV scan at 100mV/s. Figure 3.12 (a) and (b) show
the corresponding CV and calibration curves in various DA concentrations, respectively.
The resulting curves showed a progressive increase in the redox peak current with

respect to DA concentration.
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Figure 3.12: Concentration (100, 200, 400, 600, and 800uM) versus current curves for

the DA redox reactions at CNT electrode, operating at a constant scan rate of 100mV/s.
(a) CV curves, and (b) calibration curves.

In Figure 3.12, as the DA concentration increases, redox current peaks increase.
However, this increase is slightly deviated from the linearity. The slight distorting effect

needs to be further explored.

From Figure 3.13, it is clear that CNT gives higher peak currents than graphite for
different concentrations of dopamine. Therefore, CNTs can be accepted as better
electrodes than graphite for detection of dopamine from low to higher concentrations.
The reason for this is CNTs’ higher surface area, which enables more electrons to be

transferred during redox reactions between dopamine and o-quinone.
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Figure 3.13: Comparison of concentration (100, 200, 400, 600, and 800uM) versus
current curves for the redox reactions obtained after the CV scan of dopamine with CNT
and graphite electrodes, separately at 100mV/s. Dashed and solid lines correspond to
graphite and CNT working electrodes, sequentially.

Besides, the effect of the scan rate, which is another effective variable in the
current peaks was analyzed with vertically aligned multi-walled CNTs taking role as
working electrode. The scan rates used are same as the ones used in the experiments
performed for ferrocyanide sensing. In Figure 3.14 (a) and (b), redox current peaks are
remarkable ranging up to nearly 1.03mA and 1.02mA for oxidation and reduction,

respectively.
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Figure 3.14: +/SR versus redox peak current of 200uM dopamine on CNT electrode
where SR refers to scan rates (10, 50, 100, 200, and 500mV/s). (a) CV curves, and (b)
calibration curves.

After proving nanotubes as efficient electrodes at varying scan rates in the sensing of
dopamine, a comparison of them with graphite was graphed on Figure 3.15. On the
figure, it is clear that CNT is a lot more efficient in progressive scan rates in detecting

dopamine in electrochemical reaction than graphite
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Figure 3.15: Comparison of \/S_Rversus redox peak current of 200uM dopamine with
CNT and graphite electrodes, separately, where SR refers to scan rates (10, 50, 100, 200,
and 500mV/s). Dashed and solid lines correspond to graphite and CNT working
electrodes, sequentially.
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CHAPTER IV

CONCLUSION

In the first experiments, multi-walled CNTs were grown on Si substrate. Multi-
walled CNTs were utilized for the electrochemical biosensor experiments because of

their good electrical conductivity, high surface area, and chemical stability.

Following their growth on the highly conductive N* type Si substrate, CNTs were
first characterized by SEM and Raman spectroscopy to verify their material and
electronic properties. Then, they were used as working electrodes for the biosensing
experiments. In this group of experiments, sensing capabilities of graphite and CNT were

observed for both ferrocyanide and dopamine.

After the CV scans of both CNTs and graphite in a KCL electrolyte solution, curves
of redox peak current versus potential were seen. For both electrodes, the curves
looked like rectangular with rounded edges at currents where potentials started
changing from Ejnitial 10 Efina, and Efinal 10 Einitia, respectively. When ferrocyanide was
added to 0.1M KCL solution, graphite gave higher redox current peaks than CNT due to
surface blistering in high voltage (-2V to 1.5V) CV scans. The random blistering of
graphite surface enhances the electrode sensitivity but reduces the cycle life.
Ferrocyanide experiments also showed that graphite and CNTs both give promising
cyclic voltammograms. It was found that the ferrocyanide concentration and scan rate
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had directly proportional relation with the amplitude of redox current peaks abiding by

the Cottrell Equation. Both electrodes gave reversible ferrocyanide redox reactions.

Dopamine sensing experiments had different behavior than ferrocyanide ones.
There were four peaks observed, where only 2 of them were related with the presence
of dopamine: oxidation of dopamine to o-quinone, and reduction of o-quinone to

dopamine. Also observed in the CV was the redox reaction of leucodopaminechrome.

In conclusion, CNTs have provided themselves as efficient materials to be used
as working electrodes in DA sensing experiments. Led by their very high surface area,
CNTs are electrically better working electrodes than graphite, and give higher redox
current peaks at same potentials. Compared to graphite made of superposed graphene
sheets, CNTs also have a more stable structure in biosensing experiments. The bonding
of nanotubes with the substrate provides stability and thus high cycle life in biosensing

experiments.

CNTs have high redox current peaks for dopamine, which are better than other
electrodes developed by other scientists [30, 31, 32, and 33]. This can again be

attributed to the high surface area of CNTs and their very low resistance.
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CHAPTER V

RECOMMENDATIONS

This study has demonstrated that graphite and CNTs are promising electrode
materials for DA detection. Taking the results into consideration, many innovative ideas
could be applied on the biosensing systems regarding working electrode, the most

important part of a biosensing setup:

e Synthesis of CNTs on flexible conducting substrate to improve the form factor
and provide better conductance of working electrode with the electrochemical
analysis device’s input.

e Modification of graphite’s surface so that the surface becomes more stable, as
well as effective.

e Conducting DA detection experiments in the presence of ascorbic acid and uric
acid, which are present with dopamine in real environments.

e Modification and functionalization of CNT surface to enhance the detection of
other types of biochemical.

e Design and implementation of signal processing unit to boost the biosensor’s

micro-scale current and transmit it to an analysis device.
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