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Silver microband electrode arrays (Ag-MEA) are fabricated by photolithography
for a fast and simple one-step analysis of H,0,. The fabricated electrodes are low-cost,
robust, reproducible, and require only a small volume of sample. No sample
preparation is required, eliminating the use of solvent and reducing analysis time.
Before the first usage of the electrode. The electrode activation, voltammetric
oxidation [Agy) — Ag*,q + € Jand re—debposition [AS e + € —> Agy), is only required
once before the first use. The effects of electrode sizes such as length, width, band-
to-band separation, and the height of the connection strip towards the voltammetric
responses of H,0, are evaluated. The developed method shows excellent repeatability
(RSD = 1.20% (n = 5)) and reproducibility (RSD = 1.12% (n = 5)) with the linear range of
0.0 - 10.0 mM, the sensitivity of 9.84 + 0.34 uA mM™?, and the limit of detection of
47.80 uM. The developed sensor has been successfully applied to detect H,O, directly
(without dilution of samples or addition of supporting electrolytes) in synthetic urine,
tap water, drinking water, and milk samples with the % recoveries close to 100% (within

+59%).
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CHAPTER |
INTRODUCTION

1.1 Research and background

Electrochemical measurements typically require the addition of supporting
(electrochemically inert) electrolytes of up to 100 times in excess of the redox analyte
at conventional macroelectrodes for diffusion to be the only mass transfer process in
the system (Dickinson, Limon-Petersen, Rees, and Compton, 2009; Toh et al., 2013;
Ward Jones, Campbell, Baron, Xiao, and Compton, 2008). Under insufficient electrolytic
supports, the analysis of electrochemical response is complicated due to the
contribution of migration. Significant distortion of voltammograms also occurs in the
absence of supporting electrolyte due to Ohmic potential drop and the alteration in
the electrical double layer, reducing the accuracy and sensitivity of the measurement.

In contrast to macroelectrodes, microscopic electrodes allow measurements
in low ionic strength samples (Huang, O'Mahony, and Compton, 2009; K. Ngamchuea,
C. Batchelor-McAuley, and R. G. Compton, 2018). Reduced Ohmic drop, high current
density, high mass transfer flux, low background charging current, and possibilities of
in-vitro and in-vivo applications are strong advantages of microelectrodes (K.
Ngamchuea, C. Batchelor-McAuley, and R. G. Compton, 2018; K. Neamchuea, C. Lin, C.
Batchelor-McAuley, and R. G. Compton, 2017). However, low magnitude of currents at
a microelectrode (typically pA — nA range) can be easily disturbed by electrical noises.
A more advanced instrument is required to measure the low currents at
microelectrodes. The signals at encapsulated microelectrodes can also be less
effective than theoretically predicted due to stray capacitance (K. Ngamchuea, C. Lin,

C. Batchelor-McAuley, and R. G. Compton, 2017).



These limitations can be overcome by the use of microelectrode arrays which enhance
the current responses and sensitivities of the measurements while maintaining the
beneficial characteristics of microelectrodes. Previous literatures have also reported
the use of bipotentiostat or multipotentiostat with microelectrode arrays to enhance
the current responses by redox cycling of the generated species at a collector
electrode and improve the selectivity of the sensor by distinguishing between
reversible and irreversible processes, for example, in the detection of dopamine
(Chuang, Lai, Ho, and Chen, 2013), clucose (Han et al, 2020), and oxygen
(Gondosiswanto, Hibbert, Fang, and Zhao, 2018).

Several techniques have been developed for the fabrication of microelectrode
arrays including screen printing (Tan, Metters, and Banks, 2013), 3-D printing (Yang,
Rahman, Du, Panat, and Lin, 2016), electrodeposition (Simm et al., 2005), nanoimprint
lithography (Ugarte et al., 2015), and photolithography (Huang et al., 2009). A number
of work has reported theoretical and experimental studies of microelectrode arrays of
various geometries including microdisc (Menshykau et al., 2009), microband (Streeter
et al, 2007), and interdigitated band electrodes (Barnes, Fernandez-la-Villa, Pozo-
Ayuso, Castano-Alvarez, and Compton, 2015). Microelectrode arrays made of metals
(Kannan, Hu, Morgan, Moshkalev, and Rout, 2016; Lee, Lim, Seo, Bishop, and Papautsky,
2007), metal oxides (D. Liu et al., 2021; X. Wang, Sun, Wang, and Shi, 2020), and carbon
materials (Ng, Lim, Low, and Loh, 2015; Seddon, Shao, and Girault, 1994; Zhang, Liu,
Zou, Zhang, and Xu, 2019) have been developed and employed in electrochemical
detection of analytes such as heavy metals (Seddon et al,, 1994), dissolved oxygen
(Lee et al,, 2007), pH (X. Wang et al., 2020), insecticides (W. Zhang et al., 2019), salicylic
acid (D. Liu et al,, 2021), dopamine (Ng et al., 2015), glucose (Frebel et al., 1997), L-
lactate (Frebel et al., 1997), and uric acid (Frebel et al., 1997). The electrode material
is chosen in accordance with the redox nature of the analyte, cost, robustness, intrinsic
noise, and ease of fabrication.

In this work, silver microband electrode arrays (Ag-MEA) were fabricated by
photolithography for direct detection of hydrogen peroxide (H,0,). H,O, is a potentially
toxic contaminant in water, foods, and the environment. The compound is widely used

in fuel cells (Yamada, Yoneda, and Fukuzumi, 2013), energy storages (Jia, Wang, and



Wang, 2015; S. Liu, Pan, Li, and Gao, 2015; Martins et al., 2020; Wessells, Huggins, and
Cui, 2011), bleaching reagents (Sulieman, Addy, MacDonald, and Rees, 2004),
disinfectants (Lubello, Caretti, and Gori, 2002), foods (Y. Li et al., 2020), and agricultural
products (Nurnaeimah et al,, 2020). Physiologically, H,O, acts as a redox transmitter
and is the product of several metabolic reactions (Winterbourn, 2013). An excess of
H,O, can cause damage to cells and tissues, leading to the development of diseases
(Pravda, 2020; Winterbourn, 2013). The analysis of H,O, is thus highly important in
industry, environment, and biomedical applications. We therefore need to develop a
H,O, sensor which can function in various types of samples.
The overall reduction of H,0O, is a two-electron two-proton process, as follows:
H,0, + 2H" + 2 — 2H,0 (1)
At silver electrodes, the most commonly proposed mechanism of the
electrochemical reduction of H,0O, in neutral condition is via the formation of OH,4s
intermediate (Cai et al., 2018):
H,O, + H" + e = OHqy + H,O (2)
H* + OHpgo + € — H,0 (3)
The electrochemical responses are strongly governed by the size of the
microelectrode and the distance between adjacent electrodes relative to the diffusion
layer thickness (Streeter et al., 2007). For microelectrode arrays, space should be used
efficiently. However, the electrode separation also has to be sufficiently large such
that there is no significant overlap of diffusional layers for the array to maintain the
characteristics of microelectrodes, giving rise to efficient analytical performances
(Chevallier et al., 2005; Trevor J. Davies, Banks, and Compton, 2005; Trevor J. Davies,
Moore, Banks, and Compton, 2004). In order to develop the most efficient
electrochemical sensors, it is important to also investigate the mass transport
properties of the system along with the development of electrodes and detection
methods. Herein, the effects of electrode adhesion layer, electrode activation process,
electrode width, band-to-band separation, electrode length, and height of the
connection strip towards the reduction of H,O, were investigated in detail before

application of the sensor in real samples.



1.2 Research objectives

This work aims to develop silver microelectrode arrays for electrochemical
application. The objectives are as follows:

1.2.1 To develop an electrochemical sensor for the determination of H,0.,.

1.2.2 To fabricate the silver microelectrode array.

1.2.3 To study the mechanism and diffusion regime of H,O, reduction and the
electrochemical behaviour of H,O, at microelectrode array.

1.2.4 To study the effects of electrode size, electrode length, and electrode
separation distance towards the voltammetric response of H,O,.

1.2.5 Application of the developed sensor for the determination of H,0, in real

samples such as tap water, synthetic urine, drinking water, and milk sample.



CHAPTER Il
LITERATURE REVIEWS

2.1 Hydrogen peroxide

Hydrogen peroxide is a chemical which compound composed of two hydrogen

atoms and two oxygen atoms, with a chemical formula of H,O,. The redox reaction of

hydrogen peroxide (H,0O,) has an important role in many fields such as

Fuel cells: H,O, is used for catholyte i.e. It has a role for electrolyte and
cathode (Yamada et al., 2013),

Energy storages (Wessells et al,, 2011, Liu et al., 2015),

Bleaching reagents (Sulieman et al., 2004),

Disinfectants (Lubello et al., 2002),

Foods (Li et al., 2020),

Agricultural products that used H,O, for controlled pets such as aphids and red
spider mites (Nurnaeimah et al., 2020),

Dairy industry that used H,0, for the preservation milk to destroy the enzyme
lactoperoxidase. Lactoperoxidase has been proven to be effective against
bacteria (Arefin, Sarker, Islam, Harun-ur-Rashid, and Islam, 2017).

In many countries, H,O, is used for many fields such as the USA approved to

use H,O, for the preparation of whey, preservation of milk intended for cheese

production, and dried egg products. In Canada, H,0, is used in the production of beer

and used for decolorizing and maintain pH in dried whey products (Uchida and Ono,

1999). According to US Environmental Protection Agency (EPA) recommendations,

drinking water should have a residual H,O, of 25 to 50 ppm (Watkins, 2009). The

Australia New Zealand Food Standards Code allows to use H,O, as processing aid in

food industry. Food Standards Australia New Zealand set the maximum level of

residual H,O, in the final product to be 5.0 mg/kg.



When used incorrectly or in high concentration, hydrogen peroxide can be toxic
and have a variety of negative effects on living organisms.

Toxicity to skin and eyes: The concentration of hydrogen peroxide can irritate
and corrode the skin, eyes, and mucous membranes. Skin contact with hydrogen
peroxide can result in skin redness, itching, burning, and even chemical burns. Direct
contact of hydrogen peroxide with the eyes can cause severe eye irritation, redness,
and tearing. In some cases, it can also damage the cornea and result in vision loss.

Toxicity of hydrogen peroxide with inhalation: When hydrogen peroxide enters
the body through inhalation, its vapors can cause respiratory irritation, coughing, and
difficulty breathing. Inhaling high concentrations of hydrogen peroxide can also cause
lung damage leading to inflammation and swelling of the lung tissue.

Toxicity of hydrogen peroxide with ingestion: Ingesting hydrogen peroxide can
result in irritation of the stomach, nausea, vomiting, and abdominal pain. Ingestion of
high concentrations of hydrogen peroxide can result in more severe symptoms such
as internal bleeding and metabolic acidosis.

The release of hydrogen peroxide into various water sources can decrease
oxygen levels, which can have negative effects on aquatic animals. Additionally,
hydrogen peroxide can react with other chemicals in the environment, producing
harmful byproducts that can be detrimental to the environment.

In previous studies, hydrogen peroxide has been shown to be toxic to animals.
The LD50 value in mice for intraperitoneal, intravenous, oral, skin, and subcutaneous
exposure routes are 880, 50,000, 2,000, 12,000, and 1,072 mg/kg, respectively
(Abdollahi and Hosseini, 2014).

2.2 Current electrochemical methods for H,O, detection

Table 2.1 shows the previous research about the determination of H,0, with

the electrochemical method.



Table 2.1 Previous research for the electrochemical method for H,O, detection.

Electrode Method Linear Limit of Samples Ref.
range detection

Platinum Amp 1.0x107° to not Activated (Carriere,

microelectrode 1.0x10° M  reported  macrophages Rodrigues,

array 6.743 Tan,
pA/uUM for Arumugam,
sensitivity and Poh,

2021)

Ruthenium Amp 20x10°to  3.3x10®M Brain tissue (Ledo,

purple-modified 5.0x10™* M of rat Fernandes,

carbon fiber Brett, and

microelectrodes Barbosa,

2020)

Platinum- Amp not 2.0x10"M Blood cells  (Hellmann

black/sealing reported and from swine et al,,

platinum wires 2.1x107" M with induced 2020)

and trauma

Prussian

blue/sealing

platinum wires

rGO/GO hybrid Amp 1.0x10°to = 1.8x10°"M - (J. Zhang

microelectrode 1.0x1073 M et al,,

array 2019)

Silver Amp 0to 4.5x107" M - (Yang et

microelectrode 3.7x107* M al., 2016)

array




Table 2.1 Previous research for the electrochemical method for H,O, detection

(Continued).
Electrode Method Linear Limit of Samples Ref.
range detection
Platinum/carbon  CV 4.4x107° to  4.4x107"M U87 cells (Chen, Lj,
fiber 1.2x1072 M Jiang, and
Wang,
2016)
Platinum-back Amp 1.0x10%to  1x10°®M  Mitochondria  (Ben-Amor
microelectrode 4.0x10™° M et al,,
array 2014)
Enzyme/carbon  Amp 50x107°to 2.0x10°M  Brain slices  (Sanford et
fiber 2.5x107* M al., 2010)
Copper disc Amp 1.5x10” to  2.8x10°M  Whitening (Dantas,
microelectrode 1.8x107° M commercial Castro,
products Pefia, and
Bertotti,
2014)
MoS,/GCE vV 1.0x10° to  1.1x107° M - (Haritha,
1.0x10* M Vijayan,
Kumar,
and Rakhi,
2021)
AuCu/polypyrene  SWV 7.1x10°to  6.7x10° M - (Ma and
/MOF/GCE 2.4x1072 M Zheng,
2020)
PEDOT/Prussian ~ Amp 50x107"to  1.6x107" M Milk (J. Wang,
blue /GCE 8.4x10™* M Wang, Cui,
Xu, and

Luo, 2017)




2.3 Electrode fabrication: Photolithography

Photolithography is an optical method used to create detailed patterns on a
substrate in microscale for microdevice. All the photolithography techniques consist
of 3 steps. First, the photosensitive material known as photoresist is spin-coated to
cover the substrate. Next, the photomask of pattern is placed on the substrate and
then the substrate is exposed to a pattern by intense light. The exposed areas of the
photoresist become either more or less soluble in a developer solution, depending on
the type of photoresist used. The developer solution is then applied to this substrate
to remove unexposed areas of photoresist (Yilbas, Al-Sharafi, and Ali, 2019). The design
of microdevice can subsequently be producing the patterned on surface by other
technique such as etching, depositing, or sputtering. A schematic diagram of

photolithography processes is presented in Figure 2.1.

UV light source

Masking film )
Photoresist

coating Alignment [ E— |
Substrate ——— Substrate of mask
o Substrate
Stripping Etching
Substrate -— Substrate g — Substrate

Figure 2.1 Photolithography processes (Yilbas et al., 2019).

Positive and negative photoresists are two types of photoresists that are
commonly used in this process. Positive photoresist is a type of photoresist that
becomes more soluble in a developer solution when it is exposed to light. When
positive photoresist is exposed to the light, the areas of exposition are more soluble
in developer solution. On the other hand, when using negative photoresist, the

exposed areas are less soluble or insoluble in the developer solution. (Figure 2.2)
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radiation
(UV, e, X-ray, ions)
mask

—
. regist
Si0,
——Si-substrate

AN

Develop
| . |
Etching
&
Stripping

Positive Resist Negative Resist

Figure 2.2 Comparation of positive and negative photoresist (Wei).

2.4 Electrode characterization

2.4.1 Cyclic voltammetry

Cyclic voltammetry (CV) is one of the electrochemical techniques which is used
widely to investigate the oxidation and reduction processes of redox species. Cyclic
voltammetry is invaluable to study electron transfer-initiated chemical reactions. CV is
performed by cycling the potential of a working electrode and measuring the current.
The applied potential of electrochemical cells is swept linearly with time (Figure 2.3a).
The potential in the forward scan reaches at a certain point which is the point where
the potential is sufficient to have caused oxidation or reduction of a species of interest.
Backward scan potential will get back to the initial potential. The cyclic
voltammograms were obtained from the measurement of current of the working

electrode during the potential scan. (Figure 2.3b)
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a) b)

Potential (V)
Current (A)

Times Potential (V)

Figure 2.3 a) A plot of the applied potential with time in CV. b) Cyclic voltammogram.

2.4.2 Scanning electron microscope

Scanning electron microscope (SEM) is an electron microscope that uses a
focused beam of high-energy electrons to investigate materials instead of light beam
because wavelength of electron beam is smaller than lisht beam. Therefore, SEM has
high magnification. A focused beam is utilized in SEM to scan a surface of material and
produce a SEM image. The electrons in the beam interact with the materials. SEM
image is useful for describing information about the surface morphology of materials.

The principle of SEM is presented in Figure 2.4. The top part of the SEM is an
electron gun which is used to produce electrons. Then, an electron moves in the
column by accelerating voltage (0.0 — 30.0 kV). Electron mobility and the amount of
electrons are controlled by electromagnetic lens and aperture, respectively. The first
electron lenses are condenser lenses which are used to define the size of the electron
beam from electron source. Objective lenses are the last lens that are used for focusing
electron beam to the surface of the material. Objective lenses have a scan coil to help
the scanning electrons beam toward the material within the framework. The signal is

detected by the detector to create an image in the program.



Electron Electron Gun

LT

‘ ‘ “‘ M agnetic

i 4—Lens

ToT¥
Scanner

Secondary
Electron
Detector

specimen

Figure 2.4 Principle of scanning electron microscope (SEM) (Swapp, 2017).
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CHAPTER IlI
THEORY AND SIMULATION

3.1 Fundamentals of electrochemistry

Electrochemistry is the study of chemical reactions which involve electrons
transfer processes at an electrode-solution interface.

3.1.1 Equilibrium electrochemistry

Equilibrium  electrochemistry is an electrochemistry which deals with
electrochemical reactions that occur under conditions of thermodynamic equilibrium.
When a metal electrode is immersed in a solution containing redox species A and B,

the metal electrode acts as a source or sink of electrons causing oxidation or reduction

reaction, refer to equation 3.1.

- — . 0
A(aq) + € (eta) = B (aq) Ef (3.1),

where A is a oxidizing species, B is a reducing species, and E]9 is the formal potential

of the reaction.

h
Fermi level ——
LUMO I— Lumo E)
e- transfer o
e
—H— HOMO —H— HOMO
A B
Electrode Solution Electrode Solution

Figure 3.1 Schematic diagram of energy levels of a metal electrode and redox

species A and B.
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The electron transfer process is shown in Figure 3.1. Electrical charges are
accumulated at the electrode/solution interface. The net charge separation at
equilibrium between the electrode and the solution phase gives rise to an electrode
potential. These relationships are described by the Nernst equation, which relates the
electrode potential to the concentrations of the species involved in the reaction.

E=E+—In (%) (3.2),
where E is the applied potential, Efo is the standard potential, R is gas rate constant,
T is temperature, F is faraday’s constant, and C is the concentration at the electrode
surface of species i.

This is the Nernst equation used to describe electrochemical equilibrium at the

electrode surface.

3.1.2 Dynamic electrochemistry

When applying potential to the electrode, the energy of the Fermi level is
disturbed. That makes the rates of oxidation and reduction unequal. If a positive
potential is applied, the Fermi level decreases causing electrons transfer from the
metal electrode to the solution. The oxidation of B is thus enhanced relative to the
reduction of A. If negative potential is applied, the reduction of A is enhanced relative
to oxidation of B.

As a result, there is a non-zero net flux of electrons between the electrode
and the redox species because the rates of oxidation and reduction are not equal.

The net flux (J) at the electrode is described by equation 3.3.

J= kredCA,O - koxCB,O (3.3),

where k,.4 and k,, are the electrochemical rate constant of reduction and
oxidation, respectively and c; o is the concentration at the electrode surface of
species i, which may difference from that in the bulk solution.

The number of electrical charges flowing across the entire electrode surface

per unit time (current, 1) is given by
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I1=FAJ (3.9),

where A is the electrode surface area.

Combining equations 3.3 and 3.4, the current is thus calculated by

I = FA(krech,O - koxCB,O) (3.5),

According to the Butler-Volmer kinetic model (Butler, 1924)
Krea = k0e=c)Fn (3.6),

Koy = kOe~cFn (3.7),

where 11 is the over potential and 1 is the number of electron transfer.

Therefore,

(n—x¢c)Fn —acFn
I =nFky(cpe RT — cge RT ) (3.8),

This is Butler-Volmer equation which used to predict how current varies as a

function of electrical potential (1) and cathodic transfer coefficient («,).

3.1.3 Mass transport in solution
When the working electrode is immersed in a stationary solution containing the
redox species and excess of supporting electrolyte. The electron transfer reaction takes
place on the surface of the working electrode when suitable potential is applied. The
redox species can transfer from bulk solution to the electrode surface with three
modes mass transport:
i. Diffusion occurs in all solutions and resulting from concentration gradients.
The random movement of species from high concentration to lower concentration.
ii. Migration is the movement under the electric field gradients.
ii. Convection is the movement of species by external mechanical force such as

stirring or flowing of solution.
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Figure 3.2 Schematic of typical mass transport (Kelly, 2009).

In this thesis, the main mass transport of redox species to the electrode surface
is dependent on diffusion. The movement of redox species under the concentration
gradient can be described by Fick’s law of diffusion.

Fick’s 1°* law explains how the flux (J) through a unit area in a unit time is

related to the concentration gradients (equation 3.9):

] = —DVc (3.9),
where D is the diffusion coefficient and Vc is the concentration gradient.

Fick’s 2" law describes the changes in concentrations with time (equation

3.10):

dc

Pl DV?c (3.10),

where c is the concentration and t is the experiment time.
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Consider the linear diffusion in the direction perpendicular (x-axis) to the plane
(yz-plane) of area 'A, see Figure 3.3. There is an infinitesimally thin thickness (6x) of
solution that including particles (such as ions, molecules) with concentration ¢; and
cyon the left and the right of the plane, respectively. At the yz-plane, the
concentration is constant. The particles are random movement in solution and move
across the interest plane with random walk process. The particles have an equal

chance to moving to the left and to the right of the compartments. The number of

c,Adx

particles moving to the left of the plane is and the number of particles moving

c1Abx
L in time scale dt.

to the right of the plane is

(%]
=
A
A Y
-
A Y
“
‘}----- --‘

v

Ca Adx

c1Adx

»

AN
“
~
A

e e e e o

S

r
A
r

ox ox

Figure 3.3 The model used in the explanation of Fick’s law of diffusion.

The net number of particles (N) passing through a plane of area ‘A’ in time &t

is thus
—Cy)AS
N = M (3.11),
2
The flux (J) of particles is
1 Aébcdx
] =— (3.12),

Adt 2
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where §c = ¢; — ¢,

__505x

J =5 (3.13),

By multiplying 6x/8x and approximating 6c/dx as dc/dx, egn. 3.13 can be

written as

(8x)2 9¢
26t 0x

] = (3.14),

The negative sign reflects the movement of particles from high to low
concentrations.

From the Einstein-Smoluchowski equation mention the mean-square of the
distance ((x?)) travelled by a particle in time t is related to the diffusion coefficient

(D) (Bockris, Reddy, and Gamboa-Aldeco, 1998)
_(x®) _ (6x)?

D= =&
2t 26t

(3.15),

Substituting equation 3.14 into equation 3.15 thus yields the Fick’s first law as
given in equation 3.9, connecting the microscopic random walk process to the
macroscopic law of diffusion.

At the beginning of the electrochemical experiment, there is only species A in
the entire solution. When a suitable potential is applied, species A is converted to
species B at the electrode surface. At the near electrode surface, the concentration of
species A decreases, and the concentration of species B increases. Consequently,
species A diffuses from the bulk solution to the electrode surface. Species B diffuse

away from the electrode surface.

3.2 Electrochemical cell
The electrochemical measurements including the three electrode system (refer
to Figure 3.4):
. A working electrode (WE) is where the redox reaction of interest takes place.
Il. A counter electrode (CE) is a conductor that completes the cell circuit.

lll. A Reference electrode (RE) is used to measure and control the WE potential.
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Cyclic voltammetry is the electrochemical technique that is used in this thesis.
In this technique, the potential is applied to the working electrode causing currents of

the redox reaction to be measured.

R
&)

©

Figure 3.4 An electrochemical three-electrode cell set-up.

3.3 Microelectrode

Microelectrodes have at least one dimension in the order of microns. A
microelectrode can be defined as an electrode that has a characteristic surface
dimension smaller than the thickness of the diffusion layer on the time scale of the
electrochemical experiment. The diffusion regime of microelectrode can be described
by two-dimensional (2D) diffusion in which the redox species diffuse from bulk solution
to the electrode surface in all direction (Figure 3.5a), in contrast to the diffusion regime
of macroelectrode which followed the one-dimensional (1D) diffusion or planar

diffusion (Figure 3.5b).

a) b)

N\ i

Figure 3.5 Diffusion regime of a) microelectrode and b) macroelectrode.
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Microelectrodes allow the measurements in low ionic strength samples
(Ngamchuea et al.,, 2018a, Huang et al,, 2009). Reduced Ohmic drop, high current
density, high mass transfer flux, low background charging current, and possibilities of
in-vitro and in-vivo applications are strong advantages of microelectrodes (Ngamchuea
et al.,, 2018b, Ngamchuea et al., 2017b). However, low magnitude of currents at a
microelectrode (typically pA — nA range) can be easily disturbed by electrical noises.
The signals at encapsulated microelectrodes can also be less effective than
theoretically predicted due to stray capacitance. A more advanced instrument is thus
required to measure the low currents at microelectrodes. These limitations can be
overcome by the use of microelectrode arrays which enhance the current responses
and sensitivities of the measurements while maintaining the beneficial characteristics
of microelectrodes.

The diffusion processes of microelectrode arrays can be grouped into 4
categories (Figure 3.6).

Category 1: the diffusion layer thickness is much smaller than both the
electrode width and the separation distance of electrode. The diffusion of the redox
species to the electrode is dominated by linear diffusion or planar diffusion.

Category 2: the diffusion layer thickness is higher than the electrodes width.
The electrodes are still sufficiently well separated. This regime provides non-linear
diffusion or radial diffusion.

Category 3: the separation distance of electrodes is no longer enough to
prevent overlap of adjacent diffusion zones.

Category 4: this represents the limiting of category 3 when adjacency diffusion

zones overlap to such an extent that the overall concentration profiles is planar.
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- e . individual diffusion layers:
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Figure 3.6 Schematic diagram of the four categories of a diffusion process at

microelectrode arrays (T. J. Davies and R. G. Compton, 2005).

3.4 Mathematic model and numerical simulation
This section describes the modeling of the simple reduction in equation 3.16

in a cyclic voltammetry at a microband electrodes.
A+e- = B (3.16),

The electron transfer process is described by Butler — Volmer kinetic model at

the electrode surface as

dcy (n—x¢c)Fn —acFn

g=ano(CAe RT  — Cge RT ) (3.17),

At initial condition, only species A in the solution. Thus, concentration of redox
species A at the electrode surface is equal to the bulk solution (csq = c4). Redox
species A occurs the reaction at the electrode surface and redox species A from the

bulk solution is diffuse to the electrode surface.
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Following the diffusion regime of the microelectrode arrays in categories 1 and
4, the current response is described by linear diffusion or 1D diffusion which is one-
dimension problem that easy to solve the problem. The diffusion regime of category
2 is a phenomenon of an isolated microband electrode, which has also been
thoroughly investigated and simulated by a variety of two-dimensional approaches.
Category 3 is more challenging to solve the two-dimensional problem due to the band
is inisolation which diffusion regime is overlap. However, the problem is simplified by

i

identifying diffusionally independent “unit cells” in an approach analogous to that
used for microdisc arrays and partially blocked electrodes.

A band of microband electrode arrays have symmetry along with horizonal axis.
A symmetry plane is found at the center between two adjacent bands. For all four
categories of diffusion regime, there must be a net flux transfer across these surfaces
is zero. Therefore, their symmetry plane defines a diffusionally independent unit cell
to form the boundaries, which is replicated across the surface of the microelectrode
array. Only a one unit cell to be considered for simulation of diffusion to the electrode

surface. Figure 3.7 shows a cross section of the unit cell. The width of unit cell is half

the electrode size (r) and is half of the electrode separation distance (d).

a) b)

dimensionless
unit cell

Unit cell

[ insulator

X
insulator W e\ec:trode insulator

— 2 —+—d2 —

electrode

Figure 3.7 a) cross section of the xz plane of the microband electrode. b) unit cell.

The parameters which affect the voltammetric responses at a microband
electrode array include the electrode width (r), electrode length (), electrode
separation distance (d), and the height of the connection strip (h) which leads to

connection with a potentiostat. The symbols are defined and illustrated in Figure 3.8a.
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To evaluate the effects of the designs of microband electrode arrays towards the
electrochemical responses, the voltammograms of diffusion-only systems were

simulated.

The net flux (/ mol m? s !) at the electrode was calculated by

J= krech,O - koch,O (3.18),

where kpoq and koy are the electrochemical rate constants of the reduction and

oxidation processes, respectively:

—aF(E-E?
kieq = kPexp {%} (3.19),
-0
ko = k%exp {%} (3.20),

where k9 is the standard electrochemical rate constant, C; o Is the concentration at
the surface of the electrode of species I, and E — E]9 is the overpotential.
Provided that diffusion is the only mode of solution-phase mass transport, the

flux of the redox species to the electrode is described by Fick’s laws of diffusion:

J = —DVc (3.21),
dc 2
12 DV<c (3.22),

where | is the flux through a unit area per unit time (mol m™ s™), D is the diffusion
coefficient, and Vc is the local concentration gradient.

The symmetry of the system allows the model to be reduced to 2-dimensional
(Streeter et al,, 2007). In theory, the voltammetric peak currents thus increase linearly
with the length of the electrode () and the height of the connection strip (h), provided
that the electrode material is sufficiently electrically conductive.

The effects of the electrode width (r) and electrode separation distance (d) are
evaluated by simulation using the boundary conditions which are illustrated in Figure
3.8b and described below.

At the insulator surface and the symmetry boundary, the net flux is zero:

aCi
0z lz=9

=0 (3.23),
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aCi
0x lx=0

=0 (3.24),

where ¢; is the concentration of species i. X and Z are the axes defined in Figure 3.8b.
The height of the simulation space in the Z-direction (z,,,x) Must be larger than
the distance of the diffusion layer over the timescale of the experiment (ty,ax) and

therefore is set to (R. G. Compton, Laborda, and Ward, 2013):

Zmax — 6\/ Dtmax ; (3.25),

At z = Zyax , the concentrations of each species are thus equal to their bulk

concentrations:

Ci(Z = Zmax) = C; (3.26),

Parameter of boundary condition for simulation of cyclic voltammetry at a

microband electrode array show in Table 3.1.

b) z=6VDt
G=¢"
[y & B electrolyte % _,
dax ox
Butler-Volmer de 0 z
or Nernst equation 9z I
electrode inert substrate X
Connection to potentiostat T/2 dar

Figure 3.8 a) Illustration of a microband electrode array (MEA) and the definitions of
symbols: electrode size (r), electrode separation distance (d), electrode length (1), and
height of the connection strip (h). b) Boundary conditions for the simulation of cyclic

voltammetry at an MEA in a 2-dimensional unit cell.
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Table 3.1 Parameter for boundary conditions.

Parameter Value
Concentration of species A 1.0 mM
Diffusion coefficient 134 x 10 m’/s
Time 200 s

Scan rate 0.01 V/s

Zovax (67 D) 3106 pm

k® for electrochemical reversible 10°

k for electrochemical irreversible 107

£° 0.0V

Potential range -1.0Vto 1.0V

3.5 COMSOL Multiphysics

COMSOL Multiphysics is software which is widely used to describe and simulate
physics-based processes. It enables the simulation and analysis of the behavior of real-
world devices, systems, and physical phenomena under various conditions. The
software uses finite element analysis (FEA) and other numerical methods to solve
complex problems.

Finite element analysis is the numerical method used to solve partial
differential equations (PDEs) that describe physical phenomena such as heat transfer,
structural mechanics, and electromagnetics. The concept of FEA is to divide the large
pieces into smaller parts with geometric shapes such as triangles, squares, circles and
then approximating the solution to the PDE within each element by a simpler function
that can be easily computed. The division of the workpiece into smaller pieces in the
geometry, or spatial domain, is meshed.

The term "mesh" refers to the discretization of the computational domain into
a set of smaller elements or subdomains, which are connected at points called nodes.
The accuracy and reliability of the FEA solution depends on the quality and density of

the mesh. A finer mesh with more elements can capture the details and complexities
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of the system more accurately than a coarser mesh with fewer elements. In this thesis,

triangles are used as a mesh to simulate voltammetry shown in Figure 3.9.
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Figure 3.9 An example of triangles mesh.

3.6 Convergence study

Convergence in FEA refers to the state when the solution resolved by the FEA
method becomes stable and consistent as the mesh density. The mesh convergence
process includes the reduction in the element size and a study of the impact on
solution precision. In practical terms, the computation solution of the FEA does not
significantly change as the number of elements growth.

In this thesis, the free triangular mesh was used throughout the simulation
space with the maximum expansion ratio of 1.1. At the electrode surface, the free
triangular mesh was set to be extremely fine with the maximum element size of r/500
and the maximum element growth rate of 1.1. The convergence of the chosen spatial
and temporal grid sizes was tested by comparing the simulated result with the
theoretically predicted peak current at a single microband electrode according to the
following equation by Aoki et al. (Aoki and Tokuda, 1987; D. Li, Lin, Batchelor-McAuley,
Chen, and Compton, 2019):

0.614p

I
*— = 0.439p + 0.713p"*%% + (1+10.9p2)

nFc*Dl

(3.27),

where [}, is the voltammetric peak current, n is the number of electrons transferred, F

is the Faraday constant (96,485 C mol™), ¢* is bulk concentration of the redox analyte,
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D is the diffusion coefficient, and [ is the length of the microband electrode. The

parameter p is as follows:

p = (nFur?/RTD)'/? (3.28),

where U is the voltage scan rate, R is the molar gas constant (8.314 J K! mol™), and

T is the absolute temperature.



4.1 Chemical reagents

CHAPTER IV
EXPERIMENTAL

All chemical reagents were of analytical grades and used as received without

any further purification. All solutions were prepared using deionized water (Suranaree

University of Technology, Thailand). The chemicals and solvents used in this work as

shown in Table 4.1 and Table 4.2.

Table 4.1 List of chemicals used in this work.

Chemical name Formula Purity Sources
Hexaammineruthenium (II)

RU(lINNH)Cls 98% Thermo Scientific
chloride
Hydrogen peroxide H,0, 35% ANaPURE
Potassium chloride KCl > 99% Siema-Aldrich
Sulfuric acid H,SO4 95 -97% Merck
Nitric acid HNO; 65% Merck
Boric acid H-BO5 99.8% CARLO ERBA Reagents
Potassium hydroxide KOH 85% KemAus
Chromium pieces Cr 99.95% Kurt J. Lesker Co. Ltd
Silver pieces Ag 99.99% Kurt J. Lesker Co. Ltd
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Table 4.2 List of chemicals used to prepare synthetic urine (Jiang et al., 2016).

Chemical name Formula Concentration  Purity Sources
Sodium L-lactate C3HsNaOs 11.0 mM > 99.0% Sigma-
Aldrich
Citric acid (HOC(COOH)(CH,COOH), 2.0 mM 99.5% QReC
Sodium hydrogen NaHCO; 25.0 mM 99.8% QReC
carbonate
Urea NH,CONH,, 170.0 mM > 99.0% Sigma-
Aldrich
Sodium chloride NaCl 90.0 mM > 99.0% Sigma-
Aldrich
Magnesium sulfate MgSQOq 2.0 mM > 98.0% Tokyo
Chemical
Industry
Sodium sulfate Na,SOq4 10.0 mM > 99.0% Sigma-
Aldrich
Sodium phosphate NaH,POq 7.0 mM > 99.0% Sigma-
monobasic Aldrich
Sodium phosphate Na,HPO, 7.0 mM >99.0%  Sigma-
dibasic Aldrich
L-ascorbic acid CeHgOg 1.7 mM > 99.0% Sigma-
Aldrich
Dopamine Sigma-
(OH),C¢H5CH,CH,NH,-HCL 3.0M > 97.5%
hydrochloride Aldrich

Uric acid CsHgN4O5 2.0 mM > 99.0% QReC
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Tap water sample was collected onsite at Suranaree University of Technology,
Thailand. Drinking water was obtained from Mont Fleur, Saha Pathanapibul Public
Company Limited. Milk sample was from Dutch Mill Selected UHT Milk, Dairy Plus
Company Limited.

4.2 Electrode fabrication and characterization

The microband electrodes were fabricated by photolithography technique on
a glass slide (BOROFLOAT® 33, SCHOTT Technical Glass Solutions GmbH), refer to
Figure 4.1. First, the glass slide was cleaned by nitrogen gas and plasma for 10 minutes.
The glass slide was spin-coated with positive photoresist (AZ 1512 HS Photoresist,
Microchemicals GmbH) at 500 rpm for 10 s to spread the photoresist and continue the
spin-coating at 3000 rpm for 30 s. Photoresist solvent on a glass slide was evaporated
by heat at 90 °C for 90 s. The photoresist was then patterned via UV radiation exposure
through a photomask (anti-reflective chrome on soda lime) manufactured by Delta
Mask B.V., Netherlands. The electrodes were deposited by e-beam evaporation of 10
nm-thick chromium (Cr) as an adhesion layer followed by 100 nm-thick silver (Ag) on
the developed patterns of the photoresist mask in a vacuum: a base pressure of
3x107° Torr, operating pressures in the range of 8x10~° Torr to 1x10™° Torr, and the
maximum currents of 10 mA and 35 mA for Cr and Ag, respectively. Finally, the lift-off
process takes place in acetone to remove the photoresist mask.

The size and homogeneity of the microband electrode were analyzed by laser
scanning confocal microscope (LSCM, Nikon A1Rsi, Japan). The thickness of the
electrode was determined by a 3D optical profiler (Bruker, ContourGT-K (Automated)).

The electrode array consisted of 100 microbands. The width of the microband
(r) was either 20 um or 50 um. The adjacent electrode separation distance (d) was
varied from r to 5r. The length of the microband () was either 2.0 mm or 5.0 mm. The

height of the connection strip (h) was either 6.5 mm or 11.7 mm.
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1 Coating photoresist
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. Ag electrode
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Figure 4.1 Silver microband electrode array (Ag-MEA) fabrication by photolithography.

1 Mask 1 e-beam evaporation
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4.3 Electrochemical measurements

Electrochemical experiments were performed with an Autolab PGSTAT302N
potentiostat (Metrohm, Netherlands) using a standard three-electrode setup in a
Faraday cage thermostated at 25 °C. A silver microband electrode array (Ag-MEA), a
silver/silver chloride (Ag/AgClin 3.4 M KCl, ItalSens), and a platinum sheet were used
as working, reference, and counter electrodes, respectively. Before the measurements,
Ag-MEA was activated by cyclic voltammetry (£ = 0.0 V to +1.0 V to -0.8 V vs. Ag/AgCl)
in 0.10 M KCl at the scan rate of 100 mV s~ . All three electrode systems were

immersed in H,O, solution to measure the current signal.

4.4 Application to real sample

The fabricated sensor was applied to direct detection of H,O, in various real
samples such as synthetic urine, tap water, drinking water, and milk sample using the

standard addition method. 5.0 mM of H,O, in samples used as stock solution. The
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standard solution and samples were prepared without the addition of supporting

electrolyte as shown in Table 4.3.

Table 4.3 Preparation of sample and standard solution.

Solution Stock solution (mL) Sample (mL)
Sample 0.00 10.00
0.25 mM standard H,0, 0.50 9.50
0.50 mM standard H,0, 1.00 9.00
1.00 mM standard H,O, 2.00 8.00
1.50 mM standard H,0, 3.00 7.00
2.00 mM standard H,0, 4.00 6.00

All of the solutions were measured for their current signal using cyclic
voltammetry. A graph of peak current versus the added analyte concentration (i.e., the
concentration of the standard minus 0.25 mM H,0,, which was used as the spiked
concentration) was plotted. The intercept of the curve gives the signal of the sample

in the absence of added analyte.



CHAPTER V
RESULTS AND DISSCUSION

5.1 Simulation results

The parameter which affects the voltammetric responses at a microband
electrode array include the electrode width (r), electrode length (), and electrode
separation distance (d). The effect of parameter was investigated by simulation in this
section.

Figures 5.1a and 5.1b demonstrate the simulated voltammograms at varied r
and d for electrochemically reversible (fast electron-transfer kinetics) and irreversible
processes (slow electron-transfer kinetics), respectively. In both cases, the
voltammetric peak current densities (i) increase with the electrode separation
distances and then reach a maximum value (a theoretically predicted value for a single
microband electrode) at sufficiently large distance (d/r ~ 10 for the employed
conditions), refer to the inlays in Figures 5.1a and 5.1b. Examples of the concentration
profiles at the potential £ — £, = 0 V are shown in Figure 5.1c (reversible, kO = 10° and
Figure 5.1d (irreversible, k® = 1077). At short electrode separation distances (e.g. d/r =
1), the diffusion layers strongly overlap, resulting in mainly planar or 1D diffusion which
lower the mass transport efficiency. At wider electrode separation (large d/r values),
the diffusion becomes convergent with a small extent of overlapping, and hence give
rise to higher current density.

The simulation results show that if considering only the current density, it is
preferable to use microelectrode arrays with large separation distances. However, in
practice, we need to compromise between the current density, the total current, the
use of space and correspondingly the amount of sample required to cover the
electrode in the analysis, while also trying to maintain the advantageous characteristics
of microelectrode that is the lower requirement of supporting electrolyte. This will

be further investigated by experimental studies in the following sections.
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Figure 5.1 Simulated cyclic voltammograms at microband electrode array in 2D
simulation space of a 1-electron process (A + e~ = B): a) Reversible (k° = 10°), and b)
Irreversible (k° = 1077). Concentration profiles at E - E; = 0 V of A: ¢) Reversible (k° =

10°), and d) Irreversible (k® = 1077).r=20 pm, v =50 mV's }, a = 0.5, T = 298 K, D, =

3 3

Dg=10"7"m?s % ca* =1 molm 2, cg* = 0 mol m™ . mmmm: Electrode. mmm: [nsulator. The

images are in proportional scale.
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5.2 Cyclic voltammmetry of H,O, at Ag macroelectrode

First, the Ag macrodisc electrode (diameter = 2.0 mm) was subjected to
voltammetric measurements in 10.0 mM H,O, in the presence of 0.10 M KCl at the
scan rate of 10 mV s~ *. Tafel analysis (equation 5.1) using currents in the range of 15 —
50% of the peak currents (to avoid the influence of diffusional mass transport) revealed
the cathodic transfer coefficient (a) of H,O, at an Ag macroelectrode to be 0.47 + 0.02
(and hence n' = 0), refer to Figure 5.2a.

dlnl _ (n'+ap41)F
0E RT

(5.1),

where [ is the electrical current, E is the applied potential, n' is the number of
electrons transferred before the rate determining electron transfer step (RDS), @41 is
the cathodic transfer coefficient of the RDS, R is the molar gas constant (8.314 J K™
mol™), T is the absolute temperature (298 K), and F is the Faraday constant (96,485 C
mol™) (Batchelor-McAuley and Compton, 2012; Richard G Compton and Banks, 2011).

The voltammetry of H,O, was next performed at varied scan rates (Figure 5.2b).
The analysis of the linear dependence of the H,0O, cathodic peak currents with vv
according to equation 5.2 yielded the diffusion coefficient of H,0, of 1.44x107° =+
0.02x1077 m? s,

FvD

I, = 0.496,/n + a,  nFAc* — (5.2),

given that @41 = 0.47, n = 0,1 = 2, c* is the bulk concentration of H,O, (c* = 10.0
mM), A is the electrode surface area (A =7.07x107° m?), R = 8.314 J K™ mol™!, T = 298
K.
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Figure 5.2 a) CV of 10.0 mM H,O, in 0.10 M KCl at Ag macroelectrode (2.00 mm
diameter) at the scan rate of 10 mV s~ *. The inlay shows the plot of In |I] vs. E in Tafel
analysis. b) CV of 10.0 mM H,0O, in 0.10 M KCLl at varied scan rates. The inlay shows the

plot of peak potentials () vs. square root of scan rates (V).

5.3 Characterization of Ag microband electrode arrays (Ag-MEA)

Next, silver microband electrode arrays (Ag-MEA) were fabricated for H,0O,
detection. The successful adhesion of silver to the substrate and the homogeneity of
the electrode sizes and separation distances of the fabricated Ag-MEAs were confirmed
by confocal microscopic images in Figure 5.3. The actual sizes of the electrodes were
summarized in Table 5.1. The morphology of the Ag-MEA was studied by scanning
electron microscope (Figure 5.3m). Homogeneous distribution of spherical silver grains
(13.5 — 5.7 nm diameter) was observed throughout the electrode surface. The
thickness of the chromium adhesion layer and the silver electrode layer were
determined to be 10 nm and 100 nm, respectively. The employed thickness has been
reported to yield electrical conductivity close to that of a bulk silver (ca. 4 x 107 Qm)
(Shiva, Ayachit, and Udachan, 2019) and give rise to reproducible and well-defined

voltammograms, presented in the later sections.
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Figure 5.3 Microscopic images of Ag-MEA with r = 20 um (a-e) at different electrode
separation distances: a) d = 20 um, b) d = 40 um, ) d = 60 um, d) d = 80 um, e) d =
100 pm. f) Photo of an Ag-MEA (r = 20 um, d = 20 um). Microscopic images of Ag-MEA
with r = 50 um (g-k) at different electrode separation distances: ¢) d = 50 ym, h) d =
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100 ym, i) d = 150 um, j) d = 200 um, k) d = 250 pm. ) Photo of an Ag-MEA (r = 50
um, d = 50 um) and m) SEM images of the Ag-MEA (r = 20 um, d = 20 pm) at different

magnification.

Table 5.1 Measured sizes of the fabricated Ag-MEAs.

r (um) d (um) Measured r (um) Measured d (um)
20 20 19.50 + 0.13 20.78 + 0.20
20 40 2066 + 0.17 39.83 + 0.30
20 60 20.28 + 0.88 60.10 + 0.57
20 80 2052 + 0.64 80.03 + 0.51
20 100 2026+ 0.36 100.27 + 0.51
50 50 5136 + 0.28 49.14 + 0.29
50 100 49904034 99.93 + 0.72
50 50 4986+ 046 148.90 + 0.46
50 200 4991+ 040  199.98 +0.72
50 250 5048 +0.83  249.94 + 1.66

5.4 Requirement of adhesion layer and electrode activation

Due to the poor adhesion between silver and the glass substrate, an adhesion
layer is required. The two common adhesion materials, chromium and titanium, were
tested. Figure 5.4a showed that there was no significant difference in the voltammetric
responses caused by the adhesion layer. Chromium was thus chosen for the
production of Ag-MEA due to its lower cost.

The electrodes showed poor electroactivity without electrode activation
possibly due to contamination from organic solvents used in the washing and cutting

processes in mass production of the electrodes. The optimal activation procedure
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which yielded reproducible well-defined voltammograms with high current densities
was done by the voltammetric oxidation [Ag) = Ag*,q + € ] and re-deposition [Ag*(,q)
+e > Agyl of the electrode which can be performed in a blank 0.10 M KCl electrolyte

or directly in the tested H,0, sample, as shown in the inlay of Figure 5.4b.

a) b) 3009 o2
-1004 2004 2 0.0 Inactivated
1E Activated
1004 ~-0-2
%‘-h _200 _ % 0 ] 0.8 EO(\OI) 0.8
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Figure 5.4 CV of 10.0 mM H,0, in 0.10 M KCl at the scan rate of 50 mV s™! at Ag MEA
(r =50 pm, d = 100 um, L = 2 mm). a) Different adhesion layers: Ti (red) vs. Cr (black).
b) Without activation (blue) vs. With activation (black). The inlay in b) shows the

stripping and re-deposition of Ag in the activation of the electrode.

5.5 Effects of electrode size (r), separation distance (d), length ({), and
height (h)

The current densities at Age-MEA were higher than that measured at an Ag-
macroelectrode (e.g. i, = 25.7 A m™* at Ag-MEA (r = 20 pm, d = 20 pm, [ =2 mm, h =
6.5 mm) vs. iy = 20.5 A m™ 2 at Ag-macroelectrode for [H,0,] = 10.0 mM) due to the
more efficient diffusion of the redox analyte to the electrode surface. These current
densities at Ag-MEA depend on several parameters such as electrode size (1),
separation distance (d), length (1), and height (h).

Figure 5.5a compares the voltammograms of 10.0 mM H,O, at different
electrode separation distances (d = 50, 100, or 150 um for r = 50 ym, { = 2 mm, h =

6.5 mm). The peak currents increased with increasing separation distances due to less
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overlap of diffusion layers resulting in more efficient diffusion of H,0, to the electrode
surface.

Figure 5.5b demonstrates the effects of the electrode width (r). At the small
separation distance (r = d), the peak current densities of r = 20 um and r = 50 um were
not significantly different due to strong overlap of the diffusion layers resulting in the
voltammogram which closely resembled that of a macroelectrode. At larger separation
distances, the peak current densities at r = 20 um were higher than that at r = 50 um
due to the more convergent nature of the diffusion regime of the former.

The effects of the length of the electrodes (() and the height of the connection
strip (h) are demonstrated in Figures 5.5¢ and 5.5d, respectively. The peak current
densities are not significantly affected by the parameters [ and h, as theoretically
predicted. The results further confirmed that the fabricated electrodes were
sufficiently electrically conductive such that the voltammograms were not significantly
altered when the values of ( and h changed, provided that the area of the electrode

which is exposed to the solution is controlled.
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Figure 5.5 CV of 10.0 mM H,O, in 0.10 M KCl at the scan rate of 50 mV s~ ! at silver
microband electrodes with a) different d: (black) 50 um, (red) 100 um, (blue) 150 pm;
fixed r = 50 um, L = 2.00 mm, h = 6.5 mm. b) different r: r = 20 um, d = 20 pm vs. r =
50 um, d = 50 um vs. r =20 pm, d = 100 pm vs. r = 50 pm, d = 100 pm. ¢) different L:
(black) L = 2.00 mm vs. (pink) 5.00 mm (fixed r = 20 pm, d = 20 um, h = 6.5 mm). d)
different h: (black) h = 6.5 mm vs. (yellow) h = 11.7 mm.

In addition to the currents and current densities, in practice we need to
consider the amount of sample required in the analysis. The sample volumes of ca. 5,
13, and 20 pL are required to cover the Ag-MEAs (100-band, r = 20 pm) with d = 20,
40, and 60 um, respectively. Meanwhile, ca. 25, 40, and 50 pL are required to cover
the Ag-MEAs (100-band, r = 50 um) with d = 50, 100, and 150 pm, respectively. Due to
the small volume required and its sufficient ability to detect H,O, in complex samples

(demonstrated in the later section), we chose the Ag-MEA with r = 20 ym and d = 20
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pum as a paradigmatic example to demonstrate the advantages of microelectrode
arrays in H,O, detection. The analytical performances of this electrode were

investigated next.

5.6 Reproducibility tests

The reproducibility was tested for both within (intra) and between (inter)
electrodes. The relative standard deviation (RSD) of voltammetric peak currents at an
Ag-MEA (r = 20 um, d = 20 ym, L = 2 mm, h = 6.5 mm) of 10.0 mM H,0O, was 1.20% (n
= 5), indicating excellent repeatability within the electrode. The Ag-MEA electrode can
be used up to 10 times with RSD <5% and the electrode activation is only required
once before the first use. The measurements of 10.0 mM H,0O, at five different Ag-MEA
electrodes of the same size yielded the relative standard deviation (RSD) of 1.12% (n

= 5), demonstrating excellent reproducibility between electrodes.

5.7 Calibration curve

Figure 5.6 shows cyclic voltammograms of varied concentrations of H,O, in 0.10
M KCl at an Ag-MEA (r = 20 um, d = 20 um, { = 2 mm, h = 6.5 mm) at the scan rate of
50 mV s~ 1. The linear range, sensitivity, and limit of detection were determined to be

0.0 - 10.0 mM, 9.84 + 0.34 yA mM™%, and 22.69 UM, respectively.
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Figure 5.6 CV of varied concentrations of H,0, at the scan rate 50 mV s™*. Ag-MEA (r =
20 um, d = 20 pm, L = 2 mm, h = 6.5 mm) in 0.10 M KCL.

5.8 Applications in synthetic urine, tap water, drinking water, and milk

samples

The developed method was applied in the direct analysis of H,O, in synthetic
urine, tap water (Suranaree University of Technology, Thailand), drinking water (Mont
Fleur, Saha Pathanapibul Public Company Limited), and milk samples (Dutch Mill
Selected UHT Milk, Dairy Plus Company Limited) without dilution or addition of
supporting electrolyte. The proposed method was evaluated by spiking and recovery
tests (standard addition) of 250.0 uM H,0, in the samples. The spiked samples were
subjected to cyclic voltammetry at an Ag-MEA electrode (r = 20 um, d = 20 pm, l = 2
mm, h = 6.5 mm) at the scan rate of 50 mV s 1. The observed % recoveries were 97.6%
(RSD = 4.4%), 97.7% (RSD = 3.6%), 98.6% (RSD = 2.4%), and 95.8% (RSD = 2.5%) in
synthetic urine, tap water, drinking water, and milk samples, respectively. The ~100%
recoveries showed that the fabricated electrodes and the developed method
exhibited excellent tolerance to interferences present in the synthetic urine, tap water,

drinking water, and milk samples.
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Table 5.2 Spike and recovery tests of H,O, in synthetic urine, tap water, drinking

water, and milk samples

Sample H,O, added (uM) H,O, found (UM) RSD (%) Recovery (%)
Synthetic urine 250.0 244.0 4.4 97.6
Tap water 250.0 244.3 3.6 97.7
Drinking water 250.0 246.5 24 98.6
Milk 250.0 239.6 2.5 95.8
a) . b) 04
10
—_— ,I" _— -20 ,“
2 By 2
— ’ - — -30—
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Figure 5.7 Cyclic voltammograms of a) synthetic urine, b) tap water, c) drinking water,

and d) milk spiked with different concentrations of H,O, in the recovery studies by

standard addition method at an Ag-MEA electrode at the scan rate of 50 mV s~ .



CHAPTER VI
CONCLUSION

In this work, we fabricated silver microband electrode arrays (Ag-MEA) by
photolithography technique for a one-step analysis of H,O, without dilution of sample
or addition of supporting electrolyte. A more efficient mass transport to the
microelectrode surface resulted in large current densities and lowered the requirement
of electrolytic support, allowing direct detection of H,O, in the samples. The fast (ca.
36 s) and simple sensor is convenient and easy to use which can facilitate routine
testing of H,O,. The effects of the electrode width, band-to-band separation, electrode
length, and the height of the connection strip towards the voltamsmetric responses of
H,O, were evaluated. The developed sensor showed excellent reproducibility,
sensitivity, and limit of detection. The sensor was tested in the presence of various
interfering species present in synthetic urine, tap water, drinking water, and milk
samples. The ~100% recovery indicated high selectivity of the sensor and the
robustness of the Ag-MEA electrodes. This shows that the sensor can be potentially
used for the analysis of H,O, which is an important biomarker of oxidative stress in
biological fluids as well as the detection of H,0, in food and environmental samples.
The successful application of the sensor in milk further highlighted the advantage of

electrochemical measurement in the analysis of opaque samples.
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