Mechanistic Electrochemistry:
Investigations of Electrocatalytic
Mechanisms for H2S Detection
Applications

Hongkai Ma

Homerton College

Department of Chemical Engineering and Biotechnology
University of Cambridge

November / 2016

This dissertation is submitted for the degree of Doctor of Philosophy

Preface
The work presented in this thesis was carried out in the Department of Chemical
Engineering and Biotechnology, University of Cambridge between October 2012 and
September 2016. The result in this thesis is my own work and includes nothing which
is the outcome of work done in collaboration except where specifically indicated in the
text. The work has not previously been submitted for any other degree, diploma or
qualification. This thesis contains less than 150 figures and 65,000 words including
appendices, references, tables and equations.

I

Summary
Mechanistic Electrochemistry:
Investigations of Electrocatalytic Mechanisms for H2S
Detection Applications

Hongkai Ma

This thesis describes the development of electrochemical analytical approaches for the
investigation of sulphide detection in stagnant and fluidic environments. The project
reports the use of Fourier transform large amplitude alternating current voltammetry
(FTACV) as a novel analytical technique for the investigation of sulphide sensing.
Novel reactor technology and FTACV measurements carried out using macro and
microelectrodes in stagnant and fluidic conditions are reported for the first time. The
novel strategy adopts the use of an electrocatalytic (EC) mechanism by using a redox
mediator to facilitate the reaction with sulphide in aqueous solutions. In order to support
the analysis of FTACV, other electrochemical analytical techniques, cyclic
voltammetry (CV) and linear sweep voltammetry (LSV), were also employed to
support the observations from FTACV.

Chapter 3 reports the application of the CV and FTACV for the detection of sulphide
in stagnant conditions at a macroscale electrode. A split wave phenomenon, which is
related to the reaction with sulphide, was observed both in the CV and FTACV. By
measuring the current behaviour of the split wave, sulphide content in aqueous solution
can be determined. Importantly, the split wave phenomenon of the FTACV is the first
documented observation using macroscale electrodes. These observations highlight the
II

potential of FTACV to support the detection of sulphide detection. Numerical models
of the system are also presented from the calculation to support the experimental
interpretation of the voltammetric responses of the CV and FTACV.

In Chapter 4 measurements were focused on the voltammetric response of sulphide
containing aqueous solutions using microelectrodes. In conventional CV measurements,
the split wave behaviour observed at macroelectode disappears from the DC signal;
however, for the FTACV measurements, the split wave can still be observed in the
higher harmonics providing a clear and simple strategy for detecting sulphide. The
results achieved in the FTACV are the first documented observation under the steady
state at microelectrodes. Again numerical simulations are reported for this case to
support the experimental results.

Chapter 5 extends the FTACV measurements for sulphide detection to hydrodynamic
environments. The design, development and application of a microfluidic
electrochemical system are reported. Split wave characteristics were for the first time
detected in both dc and FTACV measurements. The results support the possibility of
using dc and ac voltammetry to detect sulphide, while also being used as a guide to
assess the split-wave behaviour of the EC mechanism under fluidic conditions.
Numerical models were used to support the analysis of the experimental measurements.
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Abbreviations
Abbreviation

Meaning

AC

Alternating current

CNT

Carbon nanotube

CV

Cyclic voltammetry

CVD

Chemical vapour deposition

DEPD

Diethyl-p-phenylenediamine

E-beam

Electron beam

EC

Heterogeneous electron transfer coupled with homogenous
chemical reaction

EC

Electrocatalytic reaction

FAD

Flavin adenine dinucleotide

FCA

Ferrocene carboxylic acid

FFT

Fast Fourier transformation

FTACV

Fourier transform large amplitude alternating current
voltammetry

LIGA

Lithographie, Galvanoformun, and Abformung

LSV

Linear sweep voltammetry

MEMS

Microelectromachanical system

MRIM

Micro reaction injection molding

PDMS

Poly(Dimethylsiloxane)

V

Pe

Pelect number

PMMA

Poly(methyl methacrylate)

RDE

Rotating disc electrode

RIE

Reactive ion etching

SEM

Scanning electron microscopy

UV

Ultraviolet
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Common Symbols
Symbol

Definition

Unit

A

Effective area of electrode

cm2

Cdl

Double-layer capacitance

F

Co

Concentration of oxidized species

mol L-1

CR

Concentration of reduced species

mol L-1

CP

Concentration of product in EC process

mol L-1

CZ

Concentration of substrate in EC process

mol L-1

D

Diffusion coefficient

cm2 s-1

DO

Diffusion coefficient of oxidant

cm2 s-1

DR

Diffusion coefficient of reductant

cm2 s-1

DS

Diffusion coefficient of substrate

cm2 s-1

d

Width of the channel

m

E

Electrode potential

V

E0

Standard electrode potential

V

Edc

DC voltage

V

Ep

Peak potential

V

ΔE

Potential amplitude of the ac component

V

ΔEp

Pulse height

V

ΔEs

Staircase height

V

VII

𝐸1

Half peak potential

V

f

Frequency

Hz

F

Faraday constant

C mol-1

H

Dimensionless distance

h

Height of the half-cell device

m

I

Net current

A

Ia

Anodic current

A

Ic

Cathodic current

A

Ip

Peak current

A

iL

Limiting plateau current

A

k

Rate constant of charge transport

cm s-1

kred

Rate constant of reduced reaction

cm s-1

kox

Rate constant of oxidative reaction

cm s-1

KEC’

Rate constant of EC processs

Depends on order

l

Characteristic length

m

n

Number of electrons transferred

R

Universal gas constant

Re

Reynolds number

Ru

Uncompensated resistance

Ω

T

(1) Temperature

K

2

J K-1 mol-1

(2) Dimensionless time
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t

time

s

u

Ionic mobility

cm2 s-1 V-1

v

Velocity of fluid

vc

Solution velocity at the centre of the

cm s-1

channel
vf

Stream velocity

cm s-1

vs

Scan rate of the potential sweep

V s-1

vx

Velocity of the solution

cm s-1

w

Length of the electrode

m

X

Dimensionless distance

xe

Width of the electrode

Y

Dimensionless distance

y

Distance from the electrode on y axis

α

(1) Charge transfer coefficient

m

cm

(2) Coefficient in the equation set appeared
in implicit method

𝛽

Coefficient in the equation set appeared in
implicit method

𝛾

Coefficient in the equation set appeared in
implicit method

ω

Angular frequency

rad s-1

η

Overpotential

V

IX

J

Diffusion flux

ρ

Density of liquid

kg m-3

μ

Dynamic viscosity

Ns m-2

𝜖

Radius of the macrodisc electrode

cm
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Chapter 1 Introduction
1.1 Introduction

This thesis describes design development and applications of a novel analytical
approach used to investigate electrocatalytic reactions. The original approach discussed
in this thesis uses a combination of rapid prototyping microfabrication techniques to
develop optimised reactor and sensor configurations in combination with advanced
electrochemical analysis tools such as the method of Fourier transform large amplitude
alternating current voltammetry (FTACV). The aim of this developed approach is to
focus on the analysis of sulphide containing substrates which are technologically
important in industries such as oil extraction and biogas analysis. In the following
chapter, a review of the background on electrochemistry will be given. Chapter 2 will
follow with an introduction to rapid prototyping microfabrication techniques and
methods applied for the development of reactors used to achieve the results presented
in later chapters.

1.2 Introduction to electrochemistry

The work described in this thesis dissects advanced microengineering techniques used
to develop highly sensitive and mechanistically discriminating tools used for analysis
and chemical conversion applications. L. Alting and colleagues presented the view that
microengineering can be used to focus on the development and the manufacture of
products while enjoying a high level of integration of functional components with sizes,
of at least one dimension, in the order of μm[1]. In this context, for these technologies,
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microengineering is incorporated into the entire processing chain: material
preparation[2], device fabrication[3, 4] and operating procedures[5].

In the electrochemical research field, microengineering is regularly used for design and
fabrication of electrode or reactor structures with dimensions on the micron to
submicron scale. The high precision and flexibility of fabrication techniques allows for
the integration of many different functional components on a single device. The “labon-a-chip” or total analysis systems can offer significant benefits over more traditional
macroscale reactors or sensors, which is supported by a rapidly growing body of
literature studying the development of this technology[6-8].

Figure 1.1 Schematic of a electrochemical sensing device[9].

In the area of chemical analysis and chemical conversions, scientific advancements
have led to reactors that can be optimised for surface area to volume ratio, rapid
acquisition time and reduced sample requirements[10-12]. In the electrochemical field,
the adoption of microengineering techniques has led to widespread innovation in
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analysis, electrosynthesis and energy storage/conversion technologies. For example,
energy harvesters unite a broad range of techniques that can be used to capture energy
from light, heat, mechanical processes and even acoustic waves. Captured energy
sources can then be transformed into electricity where it can be stored and eventually
used as batteries to support low-power devices[13-15]. As such, energy harvesting
technology is often integrated within a larger scale network, where microengineered
sensors can be used to monitor and control specific aspects of a network. Likewise,
these and other microengineered monitoring approaches can also be electrochemical in
nature[9]. Therefore, to explore the potential sensitivity and design of an
electrochemical monitor, the fundamental aspects of electrochemistry will be reviewed
in the following sections.

1.2.1 Electron transfer at an electrode

In electrochemical redox reactions, an electron transfer process occurs at the solidliquid interface. A single electron transfer process can be described as:
O + e− ⇌ R

(1.1)

where O and R are oxidized and reduced forms, respectively, of an electroactive species
in the system. Charge transport across the interface between the electrode and
electrolyte must overcome an energy barrier. Once at equilibrium the relationship
between electrode potential and bulk concentration can be predicted using the Nernst
equation:
𝑅𝑇

𝐶∗

𝐸 = 𝐸 0 + 𝑛𝐹 𝑙𝑛(𝐶𝑂∗ )

(1.2)

𝑅

where E0 is the standard potential of the redox couple (V); R is the universal gas
constant with value 8.314 J∙K–1∙mol–1; T is the temperature (K); CO* and CR* are
concentrations of oxidized and reduced species in bulk solution, respectively. In the
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case of a dynamic equilibrium, even though the reduction of O and the oxidation of R
are occurring in the electrolyte, no net current flows through the cell and the overall
concentration of the chemical species does not vary with time. However, if a potential
is applied to the system, which is different from that of the equilibrium value, the
concentration ratio of O and R at the electrode surface will attempt to adjust in order to
match values predicted by equation (1.2). During this process, an oxidative or reductive
current will flow as part of the overall reaction.

Current generated by electron transfer at any potential is related to the kinetics and can
be predicted using
I = Ic + Ia

(1.3)

where Ic and Ia are cathodic (forward) and anodic (backward) currents, respectively,
which are each only determined by the concentration of the redox couple at the
electrode surface and rate constant:
Ic = –nFAkcCO

(1.4)

Ia = nFAkaCR

(1.5)

where n is the number of electrons transferred; F is the Faraday constant (96485 C/mol);
A is the effective area of the electrode (cm2); kc and ka are rate constants of charge
transport; CO and CR are concentrations of electroactive species in oxidized and reduced
forms, respectively, on the electrode surface. It can be the case that the diffusion rate
(or known as transport rate) of a species from bulk to the electrode surface is smaller
than the consumption rate of reactant involved in the reaction, a concentration
difference between O and R in the vicinity of the electrode occurs.

The rate constant k for an electrochemical reaction varies as a function of the applied
potential in an exponential manner:
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𝑘𝑐 = 𝑘𝑐,0 𝑒𝑥𝑝(−
𝑘𝑎 = 𝑘𝑎,0 𝑒𝑥𝑝(

𝛼𝑐 𝑛𝐹
𝑅𝑇

𝛼𝑎 𝑛𝐹
𝑅𝑇

𝐸)

(1.6)

𝐸)

(1.7)

where 𝛼𝑐 and 𝛼𝑎 are transfer coefficients for reductive and oxidative current,
respectively. The sum of 𝛼𝑐 and 𝛼𝑎 equals 1 for a simple reaction.

Figure 1.2 The effect of overpotential on the behaviour of current flow[16].

To understand the relationship of potential deviation from the equilibrium potential,
namely overpotential , with current[16, 17], the Butler-Volmer equation can be
applied:
𝐼 = 𝐼0 [(

𝐶𝑂 (0)
𝐶𝑂 (∞)

𝛼𝑐 𝑛𝐹𝜂

)𝑒𝑥𝑝 (

𝑅𝑇

)−(

𝐶𝑅 (0)
𝐶𝑅 (∞)

)𝑒𝑥𝑝 (

𝛼𝑎 𝑛𝐹𝜂
𝑅𝑇

)]

(1.8)

where I0 is the standard exchange current. Taken from the Butler-Volmer equation,
current density is dependent on the variation of exchange current I0, overpotential ,
the concentration of bulk solution and transfer coefficients. When I0 is large,
electroactive species behave as a reversible process as both forward and backward
currents flow with minimal overpotential. In contrast, for small I0, this is referred to as
5

an irreversible system and requires a large overpotential to drive the reaction. Figure
1.2 depicts the effect of overpotential on the behaviour of current flow. If negative
overpotential is large enough, the current behaves as Ic due to the decreased effect of
anodic components. By contrast, for a large positive overpotential, the current will be
the same as Ia.

1.2.2 Mass transfer

When the rate of electron transfer is very large, the current response will often be
controlled by the transport of reactants to the electrode surface. The general modes of
mass transport can be categorized as diffusion, convection and migration.

1.2.2.1 Diffusion

Consumption of reactants at the electrode surface leads to generation of a concentration
gradient close to the surface of the electrode, a region referred to as the diffusion layer.
Diffusion, is caused by a difference in concentration[18] and can be quantitatively
predicted using Fick’s first law:
𝜕𝐶

𝐽 = −𝐷(𝜕𝑥 )

(1.9)

where, J is the diffusive flux, D is the diffusion coefficient (cm2/s); C is concentration
(mol/cm3) and x is a one-dimensional Cartesian co-ordinate (cm). Fick’s first law
demonstrates that flux moves from a position of high to low concentration. The rate of
diffusion at a certain position is determined by the concentration gradient at that point.
The concentration of reactant varies as the reaction occurs, which is determined as a
function of time. In this instance, it is important to understand how concentration of a
species changes with time:
6

𝜕𝐶
𝜕𝑡

= 𝐷(

𝜕2 𝐶
𝜕𝑥 2

)+𝐷(

𝜕2 𝐶
𝜕𝑦 2

)+𝐷(

𝜕2 𝐶
𝜕𝑧 2

)

(1.10)

This is Fick’s second law written in three-dimensional form.

1.2.2.2 Convection

Convection is induced by external forces in the solution and can occur in two forms.
The first form is natural convection, which appears in any solution, resulting from
thermal gradients and differences in density. Effects of convection are related to time
and electrode size. For an electrode whose size is larger than the order of millimetres,
convection in the solution becomes significant on the timescale of 10 s or longer. This
type of perturbation is undesirable due to its unpredictability.

The second form is forced convection, which is driven by mechanical forces, such as
pressure-driven forces[19] (pumping or draining), gas bubbling[20] and stirring[21].
Forced convection, such as microfluidic or a rocking motion is deliberately introduced
into a system to minimize effects of natural convection and to ensure reproducibility of
experimental results when the timescale is greater than 10 to 20 s. In most instances,
forced convection is controlled so that it is well defined and can be predicted either
mathematically or numerically for the reactor geometry. For cases of convective
limitation, variation of concentration resulting from the flow of solution can be given
by:
𝜕𝐶
𝜕𝑡

𝜕𝐶

= −𝑉𝑥 𝜕𝑥

(1.11)

where Vx is velocity of solution. In the following chapters, forced convection is applied
to assist in better understanding the electrochemical mechanism.
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1.2.2.3 Migration

The potential drop at a solid–liquid interface results in the presence of an external
∂φ

electric field ( ∂x ). Charged species in the solution are driven by electrostatic forces in
the interfacial region, which induces ion migration. The contribution of migration
effects leads to the transport of species during the electrochemical reaction where
migratory flux (jm) demonstrates direct proportional relationship with ionic mobility, u,
the concentration of ions in solution, C and strength of the electric field, as follows:
𝜕𝜑

𝑗𝑚 ∝ −𝑢𝐶 𝜕𝑥

(1.12)

Parameters such as viscosity of solution, ionic charge and magnitude, can affect the
mobility of ions in solution.

When a supporting electrolyte composed of non-electroactive ions with an excess
concentration is added to an electroactive system, effects of migration can be eliminated.
However, electron transfer in the system is not influenced by presence of the supporting
electrolyte. The introduction of a supporting electrolyte also acts to enhance
conductivity of the solution.

1.2.3 Introduction to voltammetry

Voltammetric methods are widely used in electrochemistry for analysis and
mechanistic studies of redox reactions. In a typical voltammetric measurement, the
external potential difference is varied as a function of time with the current response of
the system measured as a function of time and/or voltage. Voltammetric measurements
are generally carried out using a three-electrode system, which includes a working
electrode, a reference electrode and a counter electrode[16]. Different forms of
8

voltammetry used for measurements in this thesis are introduced in the following
section.

1.2.3.1 Potential step chronoamperometry

In potential step voltammetry, the signal input is in the form of E-t and the output form
is i-t. Illustrated in Figure 1.3 (a), when potential is applied there is an instantaneous
step from E1, where no electrochemical reaction is occurring, to E2, where reactant O
in the vicinity of the electrode has completely transformed to R.

Figure 1.3 (a) Signal input of potential step voltammetry and (b) current-time output
of potential step voltammetry.

A large current is detected when potential jumps and the magnitude of the current
decreases with time. Current behaviour is dependent on diffusion rate of the reactant
moving from the bulk to the electrode surface. In the instance of a reversible electron
transfer reaction, current flow can be predicted using the Cottrell equation[22, 23]:
𝐷

𝑖 = 𝑛𝐹𝐴𝐶𝑂 √𝜋𝑡

(1.13)

where C0 is the concentration of reactant bulk solution and the current response is
depicted in Figure 1.3 (b).
9

1.2.3.2 Linear sweep voltammetry

Linear sweep and closely related cyclic voltammetry are common techniques used to
study the performance of electron transfer and mass transport in electrochemical
systems[24, 25]. In linear sweep voltammetry, the potential is swept at a fixed scan rate
between two values, E1 and E2:
𝐸(𝑡) = 𝐸1 − 𝑣𝑠 𝑡

(1.14)

where vs is scan rate of the potential sweep.

Figure 1.4 (a) Signal input of LSV and (b) the corresponding linear sweep
voltammogram.

In the instance of a reversible reaction, electron transfer rate demonstrates a large
magnitude and current behaviour is completely controlled by mass transfer in solution.
As the potential is swept in a negative direction, the concentration of O and R in the
vicinity of the electrode is kept in equilibrium. According to the Nernst equation, peak
current Ip appears when the flux of fresh O is not fast enough to be transported to the
electrode surface due to growing thickness of the diffusion layer. When peak potential
Ep is reached, concentration of O at the electrode surface is largely depleted. Peak
potential of the reversible reaction is constant:
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|𝐸𝑝 − 𝐸𝑝 | = 2.2
2

𝑅𝑇

(1.15)

𝐹

However, peak current, Ip, is dependent on scan rate (𝑣𝑠 ) and reactant concentration in
solution:
1

|𝐼𝑝 | = 0.4463 𝑛𝐴𝐹𝐶𝑏𝑢𝑙𝑘 (

𝑛𝐹𝑣𝑠 𝐷𝐴 2
𝑅𝑇

)

(1.16)

This is the Randles-Sevcik equation[26, 27] and is commonly used in studies. The value
of peak current varies in a linear relationship with the square root of the scan rate. The
increased scan rate leads to a thinner diffusion layer and higher flux of species to the
electrode surface.

1.2.3.3 Cyclic voltammetry

When potential is swept from E1 to E2 and then reversed, the signal input is a triangle
potential cycle against time (illustrated in Figure 1.5) and the technique is called cyclic
voltammetry (CV). The CV can be considered as an extended form of LSV, which is
generally applied to characterize electrochemical performance of reaction processes,
fabricated devices or modified electrodes[28, 29]. While the current of the forward scan
is identical to that obtained in LSV, the reduced species R is oxidized back to O when
the potential sweeps back to E1. For an ideal reversible reaction, peak current height for
reductive (Ip,c) and oxidative processes (Ip,a) should be identical[27]:
|𝐼𝑝,𝑐 |
|𝐼𝑝,𝑎 |

=1

(1.17)

Separation of peak potentials only related to the temperature and number of electrons
transferred in the reversible reaction:
𝑅𝑇

|𝐸𝑝,𝑐 − 𝐸𝑝,𝑎 | = 2.218 𝑛𝐹

(1.18)
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The separation potential that is independent of scan rate is 59 mV/n when temperature
is 25 C. If the reaction is irreversible or quasi-reversible, the value will be larger and
changes with scan rate.

Figure 1.5 (a) Signal input of CV and (b) the corresponding cyclic voltammograms.

Half-wave potential E1/2, related to the thermodynamic formal potential of a reaction,
is also an important parameter when studying the properties of these processes[30, 31]:
𝐸1 =

𝐸𝑝,𝑐 +𝐸𝑝,𝑎

2

𝐸1 = 𝐸 +
2

(1.19)

2
𝑅𝑇

𝐷

1

𝐼𝑛(𝐷𝑅 )2
𝑛𝐹
𝑂

(1.20)

DC voltammetry has been widely used due to its ease for analysis. In some
circumstances, it cannot meet the requirements to detect complicated electrochemical
reactions and accurately determine the potential. To solve this problem, a perturbation
is added to the dc input signal, which has been proven to enhance sensitivity in
determination of the potential. The most commonly used technique is square-wave
voltammetry.
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1.2.3.4 Square wave voltammetry

Square wave voltammetry is a large-amplitude differential technique and is widely used
in the analysis of electrode materials, biochemical systems and chemical detection[32].
This method was first reported by G. C. Barker and I. L. Jenkins in 1952 as an advanced
technique demonstrating robust sensitivity down to 10–7 M[33, 34]. Currently,
development and optimization recognize square wave voltammetry is a popular
analysis approach, which enjoys the advantages of background suppression, high
sensitivity, the capability of obtaining diagnostic, direct analysis of products and a wide
range of time scales[16, 35].

Figure 1.6 Waveform of square wave voltammetry[16].

Figure 1.6 illustrates a symmetrical square wave potential superimposed on a staircase
potential. The signal input has an amplitude, ΔEp, step height, ΔEs and step width in
time, tp. For this model, frequency (f) and scan rate (v) of the square wave can be
described using:
𝑓 = 1/2𝑡𝑝

(1.21)
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𝑣 = ∆𝐸𝑠 /2𝑡𝑝 = 𝑓∆𝐸𝑠

(1.22)

During an experiment, magnitude of the time scale and potential step are separately
determined by tp and ΔEs. Current responses for forward and reverse scans can be
recognized as If and Ir, respectively with the difference between the two written as I.
The current of each pulse can be calculated using the equation[36]:
1

𝑖=

𝑛𝐹𝐴𝐷 2 𝐶
√𝜋𝑡𝑝

𝜓(∆𝐸𝑠 , ∆𝐸𝑝 )

(1.23)

Figure 1.7 Normalized response of square wave voltammogram consists of forward
(ψf), reverse (ψr) and net (∆ψ) components[16].

where C is the bulk concentration of reactant; ψ is the dimensionless current function
determined by step height ΔEs and amplitude Ep. Current demonstrates a linear
relationship with concentration and the square root of frequency. In Figure 1.7, the
current response of the forward, reverse and the difference are plotted against voltage.
When current difference approaches a maximum, potential is E1/2, which is an important
parameter in the characterisation of the electrode reaction.
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1.2.3.5 Fourier transform large amplitude alternating current voltammetry
(FTACV)

To understand the electrode mechanism while separating the faradaic and non-faradaic
terms, various voltammetric techniques have been developed, which use a sinusoidally
varying potential input, in combination with a linear potential ramp[37, 38].

Figure 1.8 Signal input of FTACV.

In the FTACV, signal input is composed of a sinusoidal and dc waveform. Traditionally,
in electrochemical impedance measurements, the ac component is introduced as a
small-amplitude sine perturbation (with E of 5-10 mV) demonstrating a frequency
ranging from 10 Hz to 1000 Hz or higher[39]. Figure 1.8 illustrates signal input in
voltage-time and can be described as:
𝐸𝑡 = 𝐸𝑑𝑐 + 𝛥𝐸𝑠𝑖𝑛(𝜔𝑡)

(1.24)

where Edc is dc voltage; E is amplitude of the ac component;  is angular frequency.
In this approach, phase and magnitude of the current response is measured in the first
harmonic.
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Alan Bond and his colleagues have presented theoretical treatments for the application
of a FTACV approach with E 50-200 mV and the signal response analysed as a
Fourier transform inverse Fourier transform sequence[40-42]. The signal input of
FTACV in equation 1.24 can be presented with more detail as the angular frequency
and amplitude, combined by harmonic components as:
𝐸𝑡 = 𝐸𝑑𝑐 + ∑𝑁
𝑛=1,2,3… 𝛥𝐸𝑛 𝑠𝑖𝑛(𝜔𝑛 𝑡)

(1.25)

The use of a Fourier series allows the periodic function to be decomposed into a linear
combination of harmonic signals. The output response consists of a dc contribution and
ac components, which are the fundamental (at ), second (at 2), third (at 3) and
higher harmonics[40].

Figure 1.9 Transformation of raw data to time–current form result by the fast Fourier
transform algorithm. (a) and (c) time dependent raw results; (b) and (d) periodical
frequency–current result obtained by Fourier transform; (e) ready-for-analysis
separated dc and harmonic components after inverse Fourier transform treatment[37].
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Separation of faradaic from non-faradaic components is achieved using the Fourier
transform algorithm. Because in theory, the double-layer capacitive component Cdl, will
demonstrate a different phase and magnitude relationship to the input signal than that
for example, of a charge transfer process. By varying amplitude and frequency, it is
possible to extract information about different aspects of a charge transfer reaction[43,
44]. Additionally, second and higher harmonic terms are essentially free from effects
of the double-layer charging current so that these higher harmonics can be used to study
factors such as coupled chemical or charge transfer processes, which are free from
capacitive complications. The influence of uncompensated resistance (Ru) is another
factor that should be considered. The existence of Ru undoubtedly affects the manner
of both faradaic and non-faradaic contributions. In the FTACV, the second-order
faradaic term can be sensitive to Ru and therefore a small variation of potential drop
caused by IRu can be detected in all harmonic components[45, 46]. Because the
sensitivity of IRu is related to the faradaic component of the current, which is
determined by the concentration of electroactive reactants, experiments with a series of
different concentrations of reactants are usually performed to evaluate effects caused
by IRu.

To obtain dc and harmonic components in FTACV, a certain frequency band containing
most of the energy is selected to filter the excluded portion in the power spectrum. Each
component demonstrates a unique frequency, which is 0 Hz for dc,
fundamental harmonic,

𝜔
𝜋

𝜔
2𝜋

for the

for the second harmonic and so on. Consider the data

processing, the power spectrum at the selected frequencies is treated by an inverse
Fourier transform algorithm and the components induced by the dc and the ac signal
are generated in a current–time version. As the double-layer charging component is
only present in dc and fundamental components, the behaviour of the pure kinetic terms
in the second and higher harmonic components can be readily analysed[47].
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Figure 1.10 (a) First, (b) second, (c) third and (d) fourth ac harmonic component of
quasi-reversible reaction in the absence (black) and presence (red) of catalytic
reaction[48].

In a reversible system, the rate of electron transfer is fast enough and the reaction is
under diffusion control. For the dc component, a classic duck-shape curve in current–
time or current-voltage form, which is identical to the result of CV, is separated. When
looking at the ac components, in Figure 1.9, a bell-shaped curve can be identified in the
fundamental component, which is not varied by scan rate, amplitude or frequency. A
single current peak can be found on a forward scan when Edc = E1/2, which is near the
standard potential of the redox species. Ideally, the curve of the reverse scan should
retrace closely over the forward curve. Effects of the capacitive background can be
detected at the baseline. For the second harmonic, two symmetrical peaks are obtained
in both forward and backward scans. The middle point of the two peaks is E1/2. As such,
Bond and colleagues have built up a simulation model to predict the Ru of the system
in the second harmonic component due to its sensitivity[49, 50]. They demermined
height and the shape of the peaks are good indications of reversibility. Three peaks with
the middle one higher than those adjacent are obtained in the third harmonic.
Theoretically, the three peaks should be symmetrical about the line of x = E1/2 with
height of the forward peaks equalling to those of the backward curves. For the fourth
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and higher harmonic components, behaviour of the peaks provides qualitative
information. By incorporating simulation models, abundant quantitative results can be
obtained.

Figure 1.11 Simulated results of (a) dc, (b) first, (c) second, (d) third, (e) fourth and
(f) fifth harmonic component of electrochemical chemical reaction with kinetic rate of
charge transfer 0 (black), 0.1 (red), 0.32 (magenta), 1.0 (blue), 3.2 (green) and 10 s-1
(orange)[51].

When the rate of charge transfer decreases, behaviour of the ac components will vary
correspondingly(Figure 1.10)[52]. In the fundamental component, current peaks of
forward and backward reactions demonstrate different heights. Peak position will vary
depending on frequency and scan rate, which agrees with results taken from dc
voltammetry. For the second harmonic component, peak height of the two peaks in the
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same scan will be different due to the competition of kinetic control and diffusion
control. Asymmetry of peaks can also be observed in the third and fourth harmonic
components.

Application of FTACV has also extended into studies of a heterogeneous reaction
coupled with a homogeneous chemical reaction[51]. As Figure 1.11 shows, stronger
effects of a chemical reaction on the system lead to a peak decrease at both the forward
and backward scan in all harmonics. This phenomenon is consistent with dc results.
However, E1/2 as a property of electroactive species does not vary and can be easily
obtained using the value of the second harmonic component. Notably, the value of E1/2
using FTACV is easier to be achieved than when using the dc approach. Additional
discussion will be provided in subsequent chapters. The non-linear voltammetric
technique provides a ready access to information-rich and fast detection. It has proven
value in applications of biochemistry, new materials[53] and fundamental
electrochemical studies[54].

1.2.4 Selectivity of electrochemical detection

In a practical application, electrochemical detectors are required to analyse complex
mixtures, in which case they should show a high selectivity to minimise interference
from other chemicals. The dc voltammetric technique can provide reasonable
selectivity by controlling the proper potential range. In some circumstances, however,
chemicals that have a close electroactive potential or react with the target chemical will
affect the results. In this case, improvements are necessary to increase the selectivity of
the electrochemical sensors. The selectivity can be enhanced by three approaches: (a)
increasing the selectivity of the membrane using ion-selective electrodes, (b) increasing
the selectivity of the electrode via modification of the electrode surface, (c) increasing
the selectivity of the voltammetric technique.
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Ion-selective electrodes were developed in the 20th century and many different types
have been developed for commercialization. Glass electrodes are among the most
widely used solid-state membrane electrodes and a schematic is shown in Figure 1.12.
During the measurement, the thin glass membrane should be fully immersed in the test
solution. When the membrane is selectively permeable to a single species, an electrode
potential difference can be measured and responds in a Nernst-like relationship to the
ion’s activity in the solution. Based on the ion selectivity, the commercialised glass
electrodes can be divided into three types: proton-sensitive electrodes, sodium-sensitive
electrodes and cation-sensitive electrodes. For the other solid-state membrane
electrodes, such as AgCl, LaF3, Ag2S, CuS, the structure is similar to that of glass
electrodes[16]. The membrane can selectively adsorb the species in the bulk electrolyte
and the chemicals can be detected. The Ag2S membrane, for example, can selectively
accommodate S2– and an insoluble precipitate is formed. By measuring the potential
difference, the S2– concentration can be determined[55].

Figure 1.12 Schematic of a typical glass electrode

Modification of the electrode surface is also a common approach to detect chemicals
selectively. For the attached material, its stability on the electrode surface and reactivity
towards the target chemicals are the two main concerns. Ideally, the electrodes should
have high reactivity with the target chemicals and be inactive towards other compounds.
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When considering its application in sulphide detection, detecting material with factors
of good reversibility, fast kinetics in reacting with sulphide and fast regeneration even
at low potential are important[56]. Ferrocene and its derivatives are the most commonly
used mediators, which meet the above requirements well. Electrodes screen printed
with ferrocyanide ion containing gel have been reported to detect sulphide compounds
successfully in the presence of other anions[57]. Electrodes modified by
ferrocenecarboxylic acid have also been reported as having a linear relationship with
the sulphide concentration and can be used to determine the sulphide concentration
quantitively in solution[56].

As detailed in the previous section, the dc voltammetric technique can distinguish
chemicals by potential range. However, its selectivity is limited to chemicals that have
greatly different electrochemical properties and are not affected by each other. These
two factors limit its application in industrial analysis. To solve these problems, the
improvement by superimposing a large-amplitude sinusoidal signal is introduced. As
introduced in section 1.2.3.5, the faradaic signal is distributed to the fundamental and
higher harmonic components; the capacitive signal, however, is present at the
fundamental components only. Therefore, the enhancement of signal-to-noise ratio can
be achieved at higher harmonic components. Moreover, each electroactive reaction has
a unique ‘fingerprint’ phase angle to the frequency spectrum[58]. By adjusting the
voltammetric parameters, a favourable selectivity can be achieved if the phase angle
difference of the interfering chemical and target chemical is close to 90[59]. Kuhr’s
group has reported the selective detection of glucose and maltose due to the difference
of phase angle at high harmonic components, and sensitivity of the sinusoidal ac
voltammetry is down to nM[60]. By employing the nature of the ‘fingerprint’ phase
angle of redox couples, large-amplitude sinusoidal voltammetry has been used to
selectively detect chemical mixtures with similar electrochemical properties, such as
ferrocene derivatives[59], oligonucleotides and DNA[61]. Moreover, large-amplitude
sinusoidal voltammetry can also combine with capillary electrophoresis and
22

microfluidic devices to enhance its selectivity in the detection of carbohydrates[62-64].
To support the experimental results, Bond’s group has developed a complete numerical
model of large-amplitude alternating current voltammetry to estimate qualitatively and
quantitatively the distribution of the power spectrum in the frequency domain, which
fits various electrochemical systems[44, 65].

1.3 Coupled chemical and electrolysis reactions

With the exception of a simple electron transfer processes, an electrochemical reaction
is also likely to be complicated by other heterogeneous or homogeneous chemical
reactions. The following section will provide examples.

1.3.1 Chemical electrolysis (CE) reaction

In the following case, a preceding chemical reaction occurs in advance of the
electrolysis reaction and generates the electroactive reactant O as follows:
Z →O

C step

O + e− ⇌ R

E step

Initially, the concentration of O is zero. The electrochemical behaviour is determined
by electron transfer and the mass transport that are not only controlled by the
electroactive process but also related to the kinetics of the C step. The CE mechanism
commonly exists in systems of weak acids, reduction processes involving metal
complexes and organic substances.
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1.3.2 Electrolysis chemical (EC) reaction

In the EC reaction, the chemically induced processes occur following an initial
electrolysis step:
O + e− ⇌ R

E step

kEC
R →Z

C step

The product R, generated in the E step, is unstable in the system and transformed to Z
with a rate constant of kEC. If the rate of the chemical reaction is large, species R will
be consumed in the homogeneous reaction as soon as it is formed in the vicinity of the
electrode.

Figure 1.13 Cyclic voltammograms of the EC reaction with increasing kinetics kEC of
homogeneous reactions from small (navy) to large value (red).

As illustrated in Figure 1.13, behaviour of the forward peak by CV is similar to that of
a reversible reaction. When the potential is swept back from E2 to E1, current curves
24

differ as the kinetic value varies. The re-oxidation process from R to O is reduced as
the electroactive species R is involved in the C step. The magnitude of current loss is
dependent on the rate constant of the chemical reaction and the speed of the potential
sweep. When considering the kinetics for a kEC with small value, the rate of R decaying
is slower whereby a larger amount of R is ready to be transformed to O. In this instance,
the current curve of the backward scan presents a peak and little difference from stable
CVs is detected. As such, when kEC is increased, the peak of the backward scan decays.
However, once kEC reaches above a certain value, all R is consumed by the chemical
reaction and no peak can be observed on the reverse scan consistent with the scan
marked in yellow. Another phenomenon related with reaction rate is the shift of peak
potential. As kEC increases, the current curve shifts to the oxidation direction and it will
be easier for reduction of O (Figure 1.13). This phenomenon can be clarified using the
Nernst equation (equation 1.2). The introduction of a homogeneous chemical reaction
disrupts the original equilibrium by removing generated R leading to the establishment
of a new equilibrium benefiting the production of R. As a result, a peak shift can be
observed in the voltammogram. The stability of R in the system is reflected by the
height of the reverse curve, which leads to the possibility of being able to estimate the
reaction rate.

1.3.3 Electro catalytic (EC) reaction

The EC reaction consists of an electron transfer step and catalytic chemical reaction,
where the prime () indicates a catalytic process, as follows:
O + e− ⇌ R

E step

kEC’
R+Y→Z+O

C step

The generated R in the electrochemical step is involved in a catalytic chemical, (C)
process. The catalytic reaction of R and substrate Y results in the regeneration of
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electroactive species O, which is in turn involved in the electrochemical reaction. As a
result, a current enhancement can be detected. Figure 1.14 illustrates current behaviour
of various concentrations of substrate by CV. The blue line is a pure reversible reaction
without substrate. The regenerated O from the homogeneous chemical reaction is
reduced to R at the electrode and induces extra current flow. The backward peak decays
as the amount of substrate increases due to consumption of R in the catalytic reaction.
Theoretically, current enhancement is determined by the concentration of substrate in
the solution and the rate constant kEC.

Figure 1.14 Cyclic voltammograms of the EC reaction with increasing concentration
of substrate from small (navy) to large value (red).

Current response of the reversible electrochemical reaction obtained by CV is defined
by the electron transfer rate and mass transport. The Nernst equation can be applied
when the electron transfer is fast enough. The ratio of O and R alters with the change
of applied potential. A current peak can be observed determined by the mass transfer
of the catalytic species to the electrode surface. Effects of non-electroactive substrates
introduce other possibility. For the pure kinetic reaction combined with substrate
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consumption, competition between the kinetics of the catalytic step and the diffusion
of substrate on the electrode results in the peak shape in CV. When the catalytic species
is completely consumed by substrate on the electrode, the reduction peak in the reverse
scan disappears[66]. As concentration of substrate decreases, a split wave can be
observed once the initial concentration of reactant O is close to the concentration of the
substrate and the reaction rate of the homogeneous reaction (kEC’) is over a certain
value[67]. The first peak is related to the catalytic process, whereas the split peak
becomes more obvious with an increase of kEC’. This highly complex reaction is the
focus of the following experimental chapters and the application of advanced ac
methods to investigate redox behavior of systems.

Figure 1.15 Simulated cyclic voltammograms of the EC reaction in kinetic zones
where λ is the kinetic parameter and γ is the excess factor. Zone D (no catalysis), KG
and KG* (electrolysis with slow catalysis), KT (electrolysis with fast catalysis), KD
(slow rate of catalysis with excess of substrate), K (fast rate of catalysis with excess of
substrate) and KS (excess of substrate)[66].

Figure 1.15 demonstrates variations of current behaviour according to substrate, scan
rate and kinetics. A well-defined duck-shape curve is obtained when the reversible
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reaction occurs on the electrode illustrated in zone D. A reverse peak, which is
determined by the oxidation of R, decays when substrate is added into solution. For a
system with large kEC’, substrate is immediately consumed by the mediator once it
diffuses to the electrode surface from the bulk. A pre-peak that corresponds with the
catalytic reaction is observed, as zone KT is presented. However, if the rate of the
chemical reaction is small, the reaction will enter zone KG. Catalysis of L-cysteine by
ferricyanide-ferrocyanide couple is a typical KG reaction[68]. Reactions in both zone
KG and KT will enter zone K when the concentration of substrate is large enough or
upon lowering the concentration of redox species in order to decrease the ratio of
substrate to mediator. When the catalytic species is completely consumed, this leads to
disappearance of the reverse peak[66].

The EC mechanism has been examined in a number of different environments and
applications because of advantages listed below[69, 70]:


The enhanced current generated from the electrocatalytic reaction can be exploited
to improve sensitivity of electro-detection with numerous electrochemical
sensors[71, 72].



An electroactive couple in the ‘E’ step can be used as a selective mediator to assist
detection of non-electroactive substances. In this instance, the electrochemical
response of the redox couple is studied as a function of the non-electroactive
substrate (‘Z’) through calculations or calibration. This will allow for specific
sensing devices to be developed[73, 74].



Other than analytical detection, energy conversion is another important application
of the EC mechanism (such as flow batteries)[72, 75, 76].

The EC mechanism has been widely used to study the detection of sulphide species.
High toxicity of liberated hydrogen sulphide leads to physiological suffering in low
concentrations and can cause fatal sickness in high concentrations[77]. Even though
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high reactivity of sulphide species in aquatic systems has decreased in environmental
accumulation and risk levels[78], quantification of sulphide using monitoring
technologies is important, particularly for those regularly exposed to sulphide, such as
drilling and refining of crude oil. In comparison with conventional detection routes,
such as spectroscopic technology and chromatography, electrochemical detection
devices stand out because of low price, simplicity of design and high sensitivity[79].
Development of electrodes[77, 80, 81] and redox mediators for electrocatalysts[78, 79,
82] has been widely discussed. Carbon materials, such as fullerene, carbon nanotubes
and graphene along with their derivatives have been widely studied and accepted as
efficient materials for electrocatalytic sensors, for both chemical and medical fields[72,
83]. Variation of current signal can be used for characterization. Kinetic rate of electron
transfer among molecules is determined by controlling the concentration of nonelectroactive substances. Additional detail on this topic will be provided in Chapter 3.

1.4 Types of electrodes

1.4.1 Microelectrodes

Microelectrodes, are recognized to possess one or more dimensions on the scale of
50μm or below. This small-scale characteristic leads to significant advantages for
electrochemical analysis applications over macroscopic or larger scale electrode
geometries. The small size leads to enhanced mass transport effects, small doublelayer capacitance effects and small ohmic loss in comparison to larger scale
electrodes[84].

For instances of mass transport related phenomena, the underlying physical reason
for this can be understood from the scale of the depletion layer (e.g. diffusion layer
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thickness) surrounding an electrode during an analysis measurement, which in the
case of a microelectrode is large in comparison to electrode size. As shown in Figure
1.16, during a voltammetry measurement movement of species from the bulk
solution to a macroelectrode surface is essentially perpendicular. For a
microelectrode, the edge effect plays an important role as the depletion layer around
the electrode is significant relative to the size of the microelectrode[85-87].

Figure 1.16 Diffusion behaviour on the surface of macroelectrode and microelectrode.

The edge effect and transport characteristics of the microelectrode can be depend on
geometric shapes of an electrode. Figure 1.17 illustrates mass transfer characteristics of
different microelectrode geometries. For the micro-disc and micro-band electrodes,
diffusion in the vicinity of the electrode arrives from two dimensions leading to an
enhancement in current at edges of electrodes. Enhanced mass transport allows for the
presence of steady-state current when potential scan rate is slow enough. A micro-disc,
such as metal wire or carbon fibre that is sealed in a glass insulator, is the most common
type[16]. Current behaviour at other electrode geometries such as spherical, cylindrical,
ring-shaped and band microelectrodes have also been reported both experimentally and
computationally[16, 88-90].

The double layer characteristics of an electrode are related to the overall area of the
electrode surface. For a microelectrode system, overall area is dramatically smaller than
that of a macroscopic electrode leading to largely reduced capacitance at
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microelectrodes. Additionally, the time constant associated with the interface is also
considerably smaller than that of macroelectrodes[91]:
𝑡𝑐 =

△𝐸
𝑅

𝑡

𝑒 −𝑅𝐶

(1.26)

Thus, when size of an electrode decreases, the magnitude of RC is reduced, which leads
to shorter charging time in the system and allowing more rapid voltage scan rates to be
used during electrochemical measurements.

Figure 1.17 Diffusion flux on microelectrodes with different shapes.

1.4.2 Hydrodynamic electrodes

In a hydrodynamic system, typical forced convection is deliberately introduced into the
cell in a well-defined manner in order to enhance transport rates to the electrode surface.
This also has the added benefit of ensuring fresh reagent is continually supplied to the
electrode region. As a consequence, the rate of reaction near the electrode can be
changed by controlling convection rate of the solution. Two main approaches are used
to introduce convection into an electrochemical cell. The first uses a fixed electrode
and the electrolyte is forced to flow over the surface[92]. The second approach is the
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well-defined movement of an electrode (e.g. via rotation) to introduce forced
convection[93]. Various hydrodynamic electrodes will be introduced in the following
sections.

1.4.2.1 Rotating disc

The rotating disc electrode (RDE) is a most commonly used hydrodynamic electrode,
which has been applied to study complex redox reactions. A metallic or carbon-based
disc electrode embedded in an insulated cylindrical rod is rotated at an arte to induce a
well-defined flow pattern close to the electrode surface. Figure 1.18 illustrates
electrolyte flow characteristics towards the RDE surface due to the presence of a
diffusion gradient.

Figure 1.18 Behaviour of solution on the RDE surface[94].

The speed of rotation is typically controlled to ensure laminar flow is established close
to the electrode surface, so that behaviour can be mathematically predicted. In this
system, mass transport can be predicted by:
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∂[C]
∂t

= 𝐷𝐶

𝜕2 [𝐶]
𝜕𝑥 2

− 𝑉𝑥

𝜕[𝐶]

(1.27)

𝜕𝑥

where x is distance to the electrode surface. In these flowing systems, it is possible to
establish a steady state “diffusion layer” around the electrode region leading to the
measurement of voltammetric curves which are time invariant (assuming a low enough
voltage sweep rate is employed). Additionally, because current is now influenced by
the rotation rate and because mass transport is a limited process, Levich[95] first
reported the variation of the limiting current for a reversible reaction:
2

1

1

𝑖𝐿 = 0.62𝑛𝐹𝐴𝐶𝐷3 𝑣 −6 𝜔 2

(1.28)

where v is kinematic viscosity. Based on equation 1.28, it can be determined that the
limiting current demonstrates a linear relationship with the square root of rotation speed.

1.4.2.2 Wall jet electrode

Figure 1.19 Behaviour of flow on wall-jet electrode[96].

In the wall jet electrode, a fluid is propelled onto a planer electrode[97], in instances
where the electrode is much larger than the jet. As fluid impinges onto the electrode
surface, the liquid spreads out radially, which leads to a characteristic dependence of
the current as a function of fluid flow rate. In this geometry and under laminar flow
conditions the current density is highest at the centre of the electrode and falls as radius
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increases[98]. The wall jet has been used for online detection and a broad range of
mechanistic and analytical applications[96, 99].

1.4.3 Micro hydrodynamic electrode

1.4.3.1 Microjet electrode

Figure 1.20 Schematic of microjet electrode[100].

The microjet electrode is similar to wall jet geometry. However, the jet in the microjet
electrode is larger than the size of the electrode, which is typically a microelectrode.
Figure 1.20 shows a schematic of a microjet electrode. The diameter of the nozzle is in
the range 25-100 μm and the electrode size is commonly 25 μm in diameter. A jet of
electrolyte is fired onto the electrode surface from a capillary with high velocity. In
comparison to the diffusion only system, the value of mass transport rate by applying a
microjet electrode increases by up to two orders of magnitude[100, 101]. By controlling
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the rate of nozzle oscillation that is parallel to the electrode, the behaviour of mass
transport, involving convection and diffusion, can be well defined[102, 103]. The
microjet electrode has demonstrated value in the studies of electrochemical kinetics,
such as heterogeneous electron transfer and homogeneous reactions, by applying
steady-state voltammetry. Measurement accuracy can be up to 10–9 M[102].

1.4.3.2 Microfluidic channel flow systems

The channel electrode is a hydrodynamic system where the electrode is a fixed and the
electrolyte is forced to flow through a rectangular duct and over an electrode embedded
in one wall of the reactor. Figure 1.21 presents the flux in the micro-channels and the
structure of micro-channel devices.

Figure 1.21 Schematic illustration of hydrodynamic channel electrode: (a) flux of
laminar flow in the channel; (b) Y-shape of fluidic device; (c) fluidic devices with
gold electrodes[104-106].

The flow is typically parabolic in nature under laminar flow conditions whereby flow
stability can be predicted using the Reynolds number for geometry [107]:
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𝑅𝑒 =

𝑣𝑙𝜌

(1.29)

𝜇

This device can be used with either large scale (macro) or smaller microelectrodes[108].
The application of microchannel electrodes can be used to cover chemical detection,
monitoring of cell behaviour and fuel cells[105, 109]. For voltammetric measurements,
the mass transport limited current is (iL), and under laminar flow can be predicted to
vary as a function of the cube root of the volumetric flow rate [104, 106, 110, 111]:
2

1

2

1

2

𝑖𝐿 = 0.925𝑛𝐹𝐶𝑏 𝐷3 𝑣𝑓 3 ℎ−3 𝑑𝑑 −3 𝑤𝑥𝑒 3

(1.28)

where n is the number of electrons transferred in the reaction; Cb is the bulk
concentration of redox species; D is the diffusion coefficient; vf is the volumetric flow
rate; h is the height of the half-cell device; d is the width of the channel and w is the
length of the electrode. Figure 1.22 illustrates the electrochemical behaviour of a
reversible couple at various volume flow rates recorded using linear sweep voltammetry
In this thesis, these types of microfluidic devices are used to investigate electrochemical
mechanisms and specifically explore the catalytic decomposition of sulphide.

Figure 1.22 Current–voltage curves of hydrodynamic channel electrode with
increasing flow rate.
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1.5 Thesis structure

The remaining sections of this thesis have the following structure:

Chapter 2 details methodologies used in fabrication of fluidic devices while describing
the experimental details of the project. The fabrication processes for the construction
of electrodes and microchannels, using both positive and negative photoresist patterns,
are detailed.

Chapter 3 presents details of the sulphide detection on macro-scale electrodes by
employing the EC mechanism. A range of different voltammetric tools were used to
investigate the redox reactions, including CV and FTACV. The split-wave phenomenon,
which is related to the reaction with sulphide, are discussed. Supporting numerical
models are presented to evaluate the observed responses.

Chapter 4 illustrates sulphide detection at micro-scale electrodes. The electrocatalytic
reaction of sulphide is reported for the first time using the dc voltammetry and FTACV.
The split-wave behaviour related to the reactions with sulphide can be detected in
FTACV and has a linear relation to the sulphide concentration.

Chapter 5 presents the design, development and application of microengineered
hydrodynamic reactors for the voltammetric investigations of sulphide detection. Splitwave behaviour is discussed according to sulphide concentration and flow rate. The
availability of using FTACV to detect sulphide in the fluidic condition is discovered
using both experiment and numerical modelling.
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Chapter 2 Microfabrication procedures
and numerical methodology
2.1 Introduction

This chapter briefly reviews some of the techniques available for the fabrication of
microengineered reactors. This is followed by a detailed overview of the procedures
employed for the design and fabrication of the microengineered reactors used for
measurements in the thesis. Positive fabrication is used for the electrodes and negative
for the microchannels.

2.2 Microfabrication methodology

Photolithography (Figure 2.1) typically uses an ultraviolet (UV) light as an energy
source to expose a photoresist[1], which has been spin coated onto a substrate. The
photoresist is exposed through a high-precision patterned mask to transfer an image of
the mask onto the photoresist-coated substrate. In the case of a positive photoresist, the
exposed part of the polymer film will be erased after chemical development; for a
negative photoresist, the photoresist on the exposed area will remain after chemical
development[2]. An extension of traditional UV photolithography is called deep-UV
photolithography, this was first introduced by Lin in 1975[3]. Compared with
conventional UV methods, the power source of the deep-UV approach is within the
range of 200–250 nm. Its shorter wavelength has made it possible to obtain more
intensive integrated microproducts with high resolution, as well as the possibility of
mass manufacturing[4, 5]. The introduction of deep-UV lithography also broadens the
application of photolithography in various materials.
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Figure 2.1 Photolithography in microfabrication[6].

X-ray lithography is a higher-energy lithographic technique. This approach was
initially developed as a candidate for conventional lithography. Its short wavelength,
ranging from 0.2 nm to 5 nm, allows X-ray lithography to reach higher resolution, down
to 15 nm features and is not be limited by diffraction[7]. In comparison with the optical
lithographic techniques, X-ray lithography can be carried out using simple facilities as
lenses are not required. Poly(methyl methacrylate) (PMMA) is one of the commonly
used substrate materials due to its positive response characteristics with X-rays, rapidly
hardening when exposed. After exposure, chemical development reveals the patterned
features. The advantages of X-ray lithography are that it is easy to apply, it has high
resolution for accurate manufacturing and it requires a relatively short time in
fabrication.

Other energetic power sources for lithography include electron and ion beams; these
can offer advantages of high resolution and direct printing of patterns on wafers[8, 9].
Devices used in this thesis were fabricated using photolithographic techniques. The
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following sections provide a detailed account of the photolithographic process
employed for electrode fabrication and channel fabrication as well as device assembly.

2.2.1 Photolithographic process

2.2.1.1 Substrate preparation

In this thesis, the substrate used for the electrode fabrication is glass of various thickness
cut into the desired size by a diamond glass cutter. For the experiments reported in the
results chapters, glass wafers with a thickness of 1mm were used for electrode
fabrication. All wafers were cut into size 6  6 cm2 samples and cleaned using piranha
solution with sulphuric acid: hydrogen peroxide ratio of 3:1 for at least 15 minutes to
remove contaminants on the glass wafers, including dust and abrasive glass particles.
Any organic or inorganic residues from glass manufacture would cause bubbles in the
resist or electrode structures. In the final step, wafers were rinsed with milli-Q water
and dried using high-speed nitrogen gas. Channel structures were constructed onto glass
or poly(dimethylsiloxane) (PDMS) substrates using the details described below.

2.2.1.2 Coating of photoresists

A thin film of photoresist of uniform thickness was coated onto the glass using a Delta
10 spin coater (Karl Suss). The pretreated glass wafer was placed on the spin coater and
stabilized by a vacuum. Small quantities of photoresist were dropped onto the wafer
and the film thickness was controlled by the parameters of spinning speed, acceleration
and cycle numbers, in accordance with the viscosity of the polymers.
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Both positive and negative photoresists were applied for the overall fabrication process.
The positive photoresist used in electrode fabrication was S1828 (1-methosy-2propylacetate). Table A.1 demonstrated the protocol used for the positive photoresist
stages. For procedures using a negative photoresist, SU8-2100 was coated onto the
glass wafers. The viscosity of SU8 was larger than that of the positive photoresist. In
this case, the coating process could be separated into two steps. A low-speed spin was
first applied to spread the polymer uniformly. Then a high-speed spin was used to
monitor the thickness of the film layer. Table A.2 shows the protocol for the negative
photoresist steps.

2.2.1.3 Pre-baking

Before exposing under UV light, a pre-baking process was carried out to evaporate the
excess solvent on a time-controllable hot plate. In this case, the thickness of film was
reduced and the adhesion of photoresist to substrate was strengthened. The heating time
and temperature varied and depended on the type of photoresist and thickness of the
film. Precise control of the temperature and the time of baking were vital. Table A.3
shows the soft baking process for the positive photoresist. For the negative photoresist
(Table A.4), a two-step baking was required and the temperature was dependent on the
thickness of the layers.

2.2.1.4 Exposure process

The cooled glass wafer was then exposed in a mask aligner (Karl Suss, MJB3), with
the UV light exposed through a mask with the desired pattern for transferring into the
photoresist-coated wafer. In the case of the positive photoresist, the chemical bond of
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the exposed area was broken by UV light so it could be washed away by a specific
developer solution. The unexposed part was kept in the development process.

For the negative photoresist, exposure to UV light hardened the adhesive bonding
between the glass wafer and the resist. The unexposed area was therefore soluble in
negative developer solution. The time should be carefully controlled to avoid under- or
overexposure. Insufficient cross-linking occurred when the exposure time was not long
enough, which could lead to weak bonding of the negative photoresist.

2.2.1.5 Post-baking

The post-baking process was applied for the negative photoresist procedures to crosslink the exposed polymers. The purpose of post-baking was to strengthen the bonds of
exposed areas and to avoid being washed away by developer solution, which leads to
inaccuracy of the microstructure. As indicated in Table A.5, the time of post-baking
varied depending on the thickness of the polymer layer.

2.2.1.6 Development

Developer solutions were employed to obtain the transferred pattern on the exposed
wafer. The photoresist on the glass wafer was selectively washed away depending on
the type of polymers and lithographic process. For the positive fabrication, AZ351
(Shipley) was used and the exposed part was efficiently removed after being rinsed for
1 min. For the negative photoresist, EC solvent developer (MicroChem) was used in
this work. Table A.6 shows the development time for negative fabrication, which was
related to the room temperature and experimental conditions.
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2.2.2 Microelectrode fabrication

Patterned glass wafer was placed in a metal evaporator (Auto 306 vacuum coating
system) that could coat a wide range of metals. First, the chamber was pumped down
to a magnitude of 4  10-7. When the vacuum condition was reached, titanium in the
container was heated up to its evaporating temperature and coated onto the wafer with
thickness around 20 nm. Then, a gold wire was heated and coated over the titanium
layer to form a thin film of gold whose thickness was approximately 150 nm. The
titanium acted as an adhesive portion to link the glass substrate and gold electrode. The
chamber was vented when the coating process was finished. Then, the coated wafers
were immersed in acetone solution and the undesired part was wiped off with cotton
sticks. The process lasted about 10 minutes and the gold electrode with designed pattern
was achieved. The resulting gold electrode is shown in Figure 2.2.

Figure 2.2 Gold electrode of the positive fabrication.

The whole process should be strictly undertaken in a clean room to ensure the accuracy
of the electrodes. Other factors, such as the resolution of the mask, the cleanness of the
substrate, the time of pre-baking, the time of post-baking and the time of development,
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also affected the precision of the gold electrodes. The fabrication process of
microelectrodes is depicted in Figure 2.3.

Figure 2.3 Processes of positive microfabrication.

2.2.3 Microchannel fabrication

These were three different approaches for channel fabrication used in this thesis: (1) the
channels formed from SU-8 photoresist; (2) channels formed from PDMS; (3) PDMS
gaskets sandwiched between an electrode plate and a glass cover slip. Fabrication of
the SU-8 channel followed an analogous approach to the processes of negative
photoresist fabrication. The time of UV exposure and spinning speed of the spin coater
were varied, depending on the required height of the channel. In the case of PDMSbased channels, a mold was produced by the negative microfabrication and used for the
molding PDMS channels numerous times.
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Figure 2.4 Processes of negative microfabrication.

The PDMS preparation procedure was as follows. PDMS solution was rested for 15
min to allow the bubbles to discharge, then poured onto the micro-mold fabricated by
the negative photoresist procedure as detailed in Section 2.2.1. The mold was then left
for 24 h at room temperature to allow polymer curing. The cured PDMS channel was
peeled from the mold. Inlets for fluid were punctured and inlet tubes were fixed by
Araldite glue. To enhance the bonding between PDMS and the glass substrate, plasma
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treatment was used on the surface of PDMS before contacting the glass wafer. Figure
2.4 depicts the process of channel fabrication.

A modification of the channel structure, namely a PDMS gasket, was used in this thesis
to meet the demands for larger channel height applications. Similar to the process of
PDMS channel fabrication, the acceleration duration and spin speed were important
issues to control the geometry of the prepared gaskets. A spin coat speed of 500 rpm
with acceleration of 100 rpm/s for 5 s to spread the PDMS evenly on the substrate was
used followed by an increase to 250 rpm with acceleration of 100 rpm/s for 55 s. The
wafer was baked in an oven at a temperature of 60C for 2 h. The procedure was
repeated three times and the resulting micro-product peeled from the mold.

2.2.5 Microchannel device fabrication

Two approaches were employed for device assembly: plasma-aided bonding and
mechanical bonding. For the former, PDMS and glass substrates were treated by a lowpressure oxygen plasma. The surface of glass wafer was modified so that the adhesive
strength between the PDMS and glass substrate could be enhanced. This kind of
channel sealing is irreversible. The structure of the device is shown in Figure 2.5 (a).
The three-electrode microfluidic system was achieved with working, counter and
reference electrodes fabricated on the glass substrate.

The second method was a mechanical bonding-based assembly. Two pieces of Perspex
plate were employed to fix the glass substrate, PDMS gasket and a PDMS substrate.
The purpose of using PDMS substrate was to seal the top side of gasket due to the
stronger adhesion between PDMS films than with other material. By adjusting the
tightness of screws, the height of the PDMS channel could be slightly varied (the height
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could be calibrated by electrochemical methods). The schematic structure is presented
in Figure 2.5 (b).

Figure 2.5 Structure of (a) microchannel and (b) microgasket.

2.3 Equipment

Apparatus

Supplier

Model

Analytical balance

Precisa

XT 120A

Diamond glass cutter

Diamond Tech

DL 3000XL

Evaporator

Edwards

AUTO 306

Spin coater

Karl Suss

Delta 10 TT

Mask aligner

Karl Suss

MJB3 340 nm 10W cm-2

Microscope

Olympus

IX70

Syringe pump

Harvard Apparatus

PHD 2000

Plasma system

Diener Electronic

FEMTO
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2.4 Reagents

The reagents used in the experiment are listed below.

Reagents

Supplier

Grade

Acetone

Fisher Chemical

General purpose grade

Borate buffer solution

Acros organics

Traceable to NIST

Ethanol

Fluka

Absolute

Ferrocenecarboxylic acid

Fluka

≧97%

Ferrocenemethanol

Sigma-Aldrich

>97%

Gold wire

Advent Materials

99.99%

Hydrogen Peroxide

Sigma-Aldrich

30 wt. % in H2O

Isopropanol

Fisher Chemical

Laboratory reagent grade

L-cysteine

Sigma-Aldrich

≧98.5%

Microposit 351 developer

Dow Corning

-

Microposit EC solvent

Dow Corning

-

Microposit S1828

Dow Corning

-

PDMS

Dow Corning

-

Potassium chloride

Fisher Chemical

Analytical reagent grade

Potassium nitrate

Sigma-Aldrich

≧99.0%

SU-8 2100

MicroChem

-
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Sulphuric acid

Fisher Chemical

>95%

Titanium wire

Advent Materials

>99.6%

57

Reference

1.

2.

3.
4.

5.

6.

7.
8.

9.

Yong, K., et al., A Simple Photomask with Photoresist Mask Layer for
Ultraviolet-Photolithography and Its Application for Selectively Photochemical
Surface Modification of Polymers. Chinese Journal of Analytical Chemistry,
2007. 35(5): p. 623-627.
Becker, H. and C. Gärtner, Polymer microfabrication technologies for
microfluidic systems. Analytical and Bioanalytical Chemistry, 2008. 390(1): p.
89-111.
Yoshiaki, M., et al., Deep-UV Photolithography. Japanese Journal of Applied
Physics, 1978. 17(3): p. 541.
Gipstein, E., A.C. Ouano, and T. Tompkins, Evaluation of Pure Novolak
Cresol ‐ Formaldehyde Resins for Deep U.V. Lithography. Journal of The
Electrochemical Society, 1982. 129(1): p. 201-205.
Bogaerts, W., et al., Fabrication of photonic crystals in silicon-on-insulator
using 248-nm deep UV lithography. IEEE Journal of Selected Topics in
Quantum Electronics, 2002. 8(4): p. 928-934.
Khaleel, H.R., H.M. Al-Rizzo, and A.I. Abbosh, Design, Fabrication, and
Testing of Flexible Antennas. Advancement in Microstrip Antennas with Recent
Applications. 2013.
Heuberger, A., X‐ray lithography. Journal of Vacuum Science & Technology
B, 1988. 6(1): p. 107-121.
Tseng, A.A., et al., Electron beam lithography in nanoscale fabrication: recent
development. IEEE Transactions on Electronics Packaging Manufacturing,
2003. 26(2): p. 141-149.
Khoury, M. and D.K. Ferry, Effect of molecular weight on poly(methyl
methacrylate) resolution. Journal of Vacuum Science & Technology B, 1996.
14(1): p. 75-79.

58

Chapter 3 Heterogeneous electron
transfer coupled with chemical reaction
on a macro-electrode
3.1 Introduction

In this chapter, electrochemical detection of sulphide is reported using the
electrocatalytic mechanism. In these voltammetric studies, FTACV was used for the
first time to investigate the reaction and explore the split wave phenomena that can be
observed for this system using the traditional dc cyclic voltammetric technique. The
chapter begins with a brief review of currently available methods for the detection of
sulphide substrates. Supporting numerical simulations of the EC process using the
FTACV approach was employed to provide theoretical support.

3.2 Detection of sulphide in aqueous solution

Regardless of the state, detection of sulphide, whether in the gaseous form or in the
liquid form, has been investigated widely. Even though it plays a significant role in
biogeochemical processes, the toxicity of sulphide (even a small amount of sulphide
will induce physiological sickness) has attracted much attention both in research and
industry[1]. Taking H2S as an example, oil fields can produce hydrogen sulphide gas
and bring danger to the rig workers. A short-term exposure to 500–1000 ppm of H2S
will cause serious harm to human bodies or even be life threatening. According to the
UK Health and Safety Executive, the acceptable concentration of H2S should be lower
than 5 ppm for an eight-hour working shift[2].
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In order to avoid the accidents caused by H2S, four main methods are applied for the
detection of sulphide: (1) classical titrimetric detection; (2) kinetic spectroscopic
techniques; (3) chromatographic detection; (4) electrochemical techniques[1, 3]. The
iodometric technique is the most commonly used in the titration of sulphide wherein an
excess amount of iodine is added in the aqueous solution to detect the presence of
sulphide, as seen in Scheme 3.1[4]. The simplicity and accuracy of the iodometric
technique have gained it popularity as a fast method for sulphide quantification.

H2S + I2 → 2HI + S
2 S2O32- + I2 → S4O62- + 2IScheme 3.1 Mechanism of hydrogen sulphide detection by the iodometric technique.

The methylene blue test is one of the most sensitive approaches to characterise sulphide
in the aqueous environment, with the detection involving the reaction of sulphide with
N,N-dimethyl-p-phenylenediamine. In addition, the presence of a small amount of
oxidant, such as ferric ions, is required to produce methylene blue[1]. The concentration
of sulphide can be determined by the characterisation of coloration using a
spectrophotometric measurement, such as UV/visible absorption and fluorescence[5,
6]. Even though the sensitivity of sulphide detection by spectroscopy can reach
concentration levels as low as 0.01 ppm, the chemical selectivity only to sulphide is an
issue.

Scheme 3.2 Mechanism of the methylene blue test.
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Chromatography is another efficient method that is widely used for sulphide detection.
Its ability to separate the sulphide species from other compounds has allowed it to
extend its application in complex media under certain circumstances. The pre-column
derivatisation employed is a common practice used to enhance the chromatographic
characteristics. By introducing the derivatisation process, the separation of analytes in
a complicated medium is simplified, which in turn enhances the selectivity of
chromatography[7]. Notably, chromatography can be combined with other analytical
methods such as mass spectrometry to enhance the accuracy[8, 9].

For the electrochemical techniques, the electrochemical sensor combines electrodes and
electrolyte in the detector. H2S diffuses through a permeable membrane and reacts with
the reversible couple in the sensor. The variation of current induced by the reaction at
the electrode is linear in the sulphide concentration, which enables a display or an
amplifier device to generate an indication of the H2S concentration. The
electrochemical techniques have two key characteristics: continuous sulphide
monitoring and high sensitivity. Different from the other techniques, whose procedure
limits their operation in the wellbore, the electrochemical sensor due to its repeatability,
the ease of signal capturing, low power consumption and no need for pre-concentrating
have allowed it to monitor the H2S level continuously in the oil field[10, 11]. Moreover,
in the drilling devices, the electrochemical sensor usually comprises a temperature and
pressure compensator to stabilize its application and sensitivity in the wellbore[12]. The
sensitivity of the commercial electrochemical sensor can be down to 20nM. As such,
the electrochemical techniques have been developed as an alternative to the
conventional methods and have gradually expanded their application to a range of
sulphide derivatives[10]. There are four main types of electrochemical sensors:
potentiometric, galvanic, coulometric and amperometric. The amperometric and
potentiometric sensors based on the electrocatalytic mechanism have proven their
convenience and accuracy in chemical detection. However, the electrochemical
processes on certain sulphide species, such as hydrogen sulphide in gas form, cannot
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be directly applied. To solve this problem, modifications to the electrode and the
membrane material[13, 14], and the development of electrocatalytic pathways[15] have
been reported. Carbon electrodes and their modified materials, such as a combination
of carbon nanotube (CNT) with organic functional groups, have proven their capability
and precision in sulphide detection. Improvements in the stability of hydrogen sulphide
detection have been achieved when using a glassy carbon electrode that is modified
with CNTs through chemical vapour deposition[13]. In the detecting process, the CNTs
act as a catalyst that encourages the oxidation of sulphide.

2[Fe(CN)6]4- ⇌ 2[Fe(CN)6]3- + 2e2[Fe(CN)6]3- + HS- → 2[Fe(CN)6]4- + H+ + S
Scheme 3.3 Mechanism of sulphide oxidation with ferrocyanide/ferricyanide in the
EC mechanism.

Introducing the functional groups that induce mediated oxidation is another effictive
approach for sulphide detection. The redox functional groups, which are usually added
directly to the electrolyte or screen-printed onto the electrode surface, have changed the
pathway of sulphide oxidation. The sulphide, either in the gas form or in aqueous
solution, is oxidised by the functional groups, as Scheme 3.3 shows[14]. Determination
of sulphide can be realized by monitoring the current-voltage behaviour of the redox
reaction. The electrochemical responses obtained by the amperometric sulphide sensors
are based on reversible mediators. The detection of H2S with ferrocyanide/ferricyanide
redox mediator has been well investigated and its mechanism has been developed as
commercial H2S electrochemical sensors[11, 15]. Other redox couples, such as
ferrocene derivatives[16] and phthalocyanide compound[17], have also been reported
in many papers.
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Figure 3.1 Electrocatalytic reaction of FCA with L-cysteine.

In this thesis, the ferrocenecarboxylic acid (FCA) redox couple was used as the redox
mediator due to its proven high stability and electrocatalytic activation in the reaction
with sulphide[18, 19]. Considering the toxicity and great harm, the H2S gas cannot be
used in the general laboratory; therefore, L-cysteine, a sulphur-containing acid, is used
to mimic H2S in aqueous solution. In the electrocatalytic reaction with the iron-based
mediator (ferrocene derivatives or ferrocyanide ion), the mechanism of L-cysteine
oxidation is the same as with the process of H2S[20-23]. In addition, L-cysteine has
been widely studied due to its importance in biological processes, pharmaceutical
production and formation of chemical complexes[18, 24]. Thus, we can understand the
electrochemical processes in a safe working environment without having to handle H2S
gas and have the safety procedures put in place to do this. As Figure 3.1 depicts, the
functional group ferrocene is oxidized to ferricenium ion. When sulphide is present in
the solution, an irreversible reaction occurs. The cysteine is oxidized to cystine and
ferricenium ion is reduced to reproduce the reactant FCA on the working electrode. By
measuring the current behaviour of the Fc/Fc+ couple, the cysteine concentration in the
aqueous solution shall be detected. In this chapter, a three-electrode set-up, composed
of a glassy carbon working electrode (IJ Cambria Scientific Ltd), a platinum counter
electrode and a silver/silver chloride reference electrode, is used.
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3.3 Results and discussion

3.3.1 EC reaction of ferrocene derivative and L-cysteine on 1 mm
glassy carbon electrode by dc voltammetry

First, the electrochemical performance of the redox reaction was studied by CV. The
FCA aqueous solution (2mM, 0.1M KCl, pH = 9.2 borate buffer solution) was prepared
as electrolyte and was characterised using a 1mm (in diameter) glassy carbon electrode.
In Figure 3.2 (a), the effect of the scan rate on the current response is recorded. When
the scan rate varied in the range from 5 mV/s to 200 mV/s, the redox peak potentials
remained at +0.356 V for the oxidation and +0.283 V for the reduction vs a silver/silver
chloride reference electrode. Moreover, the value of peak current increased as a
function of the square root of the scan rate, indicating good reversible redox
characteristics.

Figure 3.2 CV of 2 mM FCA in the absence of L-cysteine with various scan rates (5,
10, 11.18, 20, 50, 80, 100, 150, 200 mV/s) (a) at a 1mm glassy carbon electrode; (b)
linear fit of the peak current against the square root of the scan rate.
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The linearity (Ip/μA = 9.65  10-6 √𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒 /(𝑚𝑉/𝑠) +1.55  10-7, N = 9, R =
0.9991) is shown in Figure 3.2 (b). The diffusion coefficient of FCA was derived from
the slope value of the linear curve by the Randles-Sevcik equation, which was (5.22 ±
0.05)  10-6 cm2/s, which is in good agreement with the literature[25].

Next, catalytic measurements were recorded by introducing L-cysteine into the reaction
vessel with FCA electrolyte solution. CV measurements were carried out as a function
of scan rate (10 mV/s to 200 mV/s) and Figure 3.3 shows a typical current response
observed for the reaction using the 1 mm glassy carbon electrode when the cysteineFCA concentration ratios were 1:2, 1:1, 1.5:1 and 2:1. In Figure 3.3 (a), the scan rate
was 10 mV/s, and the split wave phenomena associated with the rapid EC mechanism
can be clearly observed in the voltammetry. Investigations were carried out to explore
the effects of scan rate and as the rate increased the potential of the pre-wave shifted
from 0.176 V (scan rate = 10 mV/s) to 0.288 V (scan rate = 200 mV/s). The peak
potential had a good linearity against the square root of the scan rate (R = 0.99).

When the cysteine-FCA concentration ratio was increased to 1:1, in Figure 3.3 (b), the
split wave was clearer and this trend was observed when the cysteine-FCA
concentration ratio was increased further to 1.5:1, in Figure 3.3 (c). The current value
of the pre-wave was closely equal or even larger than that of the oxidative process of
the redox reaction. When the scan rate was higher than 80 mV/s, the current of the prewave exceeded the current of the oxidative process. In contrast, for the reductive
process, the peak current decreased as the scan rate increased. When the L-cysteine was
in a large excess (cysteine-FCA concentration ratio is 2:1), as Figure 3.3 (d) depicted,
the effect of the catalytic reaction was stronger and exceeded the peak of the oxidative
reaction, especially at large scan rate. However, the appearance of substrate did not
affect the peak potentials of the redox reaction for both oxidative and reductive
processes of FCA, which remained at 0.356 V and 0.283 V, respectively.
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Figure 3.3 CV of electrocatalytic reaction with cysteine-FCA ratios (a) 1:2, (b) 1:1,
(c) 1.5:1, (d) 2:1 with scan rates of 10, 11.18, 20, 50, 80, 100, 150, 200 mV/s; (e) the
corresponding linear fit.

To understand how the electrochemical behaviour responded to the varying sulphide
concentration, a concentrated L-cysteine solution was added to the 2 mM FCA aqueous
solution (pH = 9.2 borate buffer solution, 0.1 M KCl) with the concentration gradient
of 1 mM. In Figure 3.4 (a), the pre-wave shifted in a positive direction as the L-cysteine
concentration became larger, from 0.226 V (at 1 mM L-cysteine) to 0.293 V (at 10 mM
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L-cysteine).

Correspondingly, the current value of the pre-wave was higher than the

oxidative peak of the redox reaction when the L-cysteine concentration was over 3 mM.
The peak current of the split wave varied as a linear function of the L-cysteine
concentration (Figure 3.4 (b)) (Ip/μA = 6.859  10-7  [concentration of L-cysteine] +
2.533  10-7, N = 10, R = 0.997). The current contribution of the catalytic reaction also
exhibited a linear variation as a function of the L-cysteine concentration (Figure 3.4 (c))
(Ip/μA = 4.603  10-7  [concentration of L-cysteine] +1.125  10-6, N = 10, R = 0.994).

Figure 3.4 (a) CV of 2 mM FCA with various concentrations of L-cysteine (1, 2, 3, 4,
5, 6, 7, 8, 9, 10 mM) and scan rate 11.18 mV/s at the 1mm glassy carbon electrode;
(b) linear calibration plot of pre-wave current (red) and oxidation peak current
(black).

To understand the influence of the geometry of the electrode, the CV analysis of the
EC reaction was carried out using a glassy carbon electrode with a larger surface area
(3 mm in diameter). In Figure 3.5 (a), the redox peak potentials remained +0.356 V for
the oxidation and +0.283 V for the reduction as a function of scan rate from 5 mV/s to
200 mV/s. This is in good agreement with the data recorded using the 1 mm glassy
carbon electrode. The peak separation potential of oxidation and reduction was 73 mV,
which was larger than the standard reversible peak separation potential 59/n mV. The
reaction was regarded as quasi-reversible in nature for FCA. The function of peak
current vs the square root of scan rate was in a linear relationship, as shown in Figure
3.5 (b).
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Figure 3.5 CV of 2 mM FCA in the absence of L-cysteine with various scan rates (5,
10, 11.18, 20, 50, 80, 100, 150, 200 mV/s) (a) at a 3 mm glassy carbon electrode;(b)
linear fit of the peak current against the square root of the scan rate.

When the sulphide substrate was introduced into the electrolyte, in Figure 3.6, a split
wave was observed in advance of the oxidative peak. The pre-wave shifted in an
oxidative direction as the scan rate increased (scan rate: 5 – 150 mV/s). The peak shift
of the split wave according to the scan rate can be explained as follows: the peak
position of the pre-wave corresponded to the point where the L-cysteine on the electrode
surface was totally consumed. When a fast scan rate was applied, less time was
available for the electrode catalytic reaction to proceed due to the kinetic limitations.
The oxidative shift of the pre-wave led to the merger of the current signal response of
the catalytic reaction and oxidative processes so that the process moved from KT2 to
KG* (Figure 1.15) as the scan rate increased[26]. The peak height of the pre-wave was
a linear function of the square root of the scan rate, which corresponded well with the
results of the 1mm glassy carbon electrode (which is not shown here). However, the
potential of the redox reaction was not affected by the catalytic reaction, which
remained +0.356 V and +0.283 V for oxidative and reductive peaks, respectively.

The electrochemical behaviour of the changing concentration of L-cysteine was then
studied using a 3 mm glassy carbon electrode, as in Figure 3.7. The pre-wave shifted
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Figure 3.6 CV of the electrocatalytic reaction with cysteine-FCA ratio (a) 1:2, (b) 1:1,
(c) 1.5:1, (d) 2:1 with scan rates of 5, 10, 11.18, 20, 50, 80, 100, 150 mV/s.

to an oxidative direction, which was from 0.224 V (at 1 mM L-cysteine) to 0.278 V (at
10 mM L-cysteine). This is analogous to the results obtained for the 1 mm glassy carbon
electrode, the current associated with the pre-wave was a linear function of the Lcysteine concentration (Ip/μA = 6.591  10-6  [concentration of L-cysteine] + 2.408 
10-6, N = 10, R = 0.997), as depicted in Figure 3.7 (b). The current rise according to the
substrate concentration was due to the current contribution from the oxidation of the
regenerated FCA in the catalytic step. The peak current of the oxidative process of the
redox reaction was a linear function of the L-cysteine concentration (Ip/μA = 3.138 
10-6  [concentration of L-cysteine] + 7.690  10-6, N = 10, R = 0.993), in Figure 3.7
(c). When the L-cysteine was in a large excess, the current response of the catalytic
reaction merged with the current of the oxidative process and controlled the
electrochemical behaviour of the system. The current value of the reductive peak,
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however, kept decreasing and almost disappeared when the substrate concentration was
10mM, where the reaction moved from zone KT2 to zone K.

Figure 3.7 (a) CV of 2 mM FCA with various concentrations of L-cysteine (1, 2, 3, 4,
5, 6, 7, 8, 9, 10 mM) at scan rate 11.18 mV/s using a 3 mm glassy carbon electrode;
(b) linear calibration plot of pre-wave current (red) and oxidation peak current
(black).

3.3.2 FTACV investigation of the EC reaction of the ferrocene
derivative and L-cysteine

Next, the FTACV was explored for the first time on an EC mechanistic system that
exhibited split wave behaviour. The electrochemical characteristics of the EC
mechanism were analysed using the first four harmonics within a potential range of 0–
600 mV. The effects of the voltage amplitude and the sinusoidal frequencies on the
observed current behaviour were explored and are reported below.

First, the reversible reaction of FCA (2 mM, 0.1 M KCl, pH = 9.2 borate buffer solution)
was characterized using the 1 mm glassy carbon electrode. Experimental results
displayed in a current-time form are shown in Figure 3.8 and were obtained with the
following settings, scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V,
frequency: from 1 Hz to 6 Hz. For the fundamental harmonic component (Figure 3.8
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(a)), the peak potentials of oxidation and reduction, converted from the current-time
term, were at 0.318 V and 0.317 V, respectively, which were close to the average of
oxidation and reduction peak potentials (E1/2) obtained from CV, 0.32 V. The bellshaped peaks of oxidation and reduction lay symmetrically around the E1/2. When the
frequency increased, the peak current increased, while the E1/2 remained at the same
potential and the shape of the reaction peaks did not vary. In the second harmonic
component, as Figure 3.8 (b) shows, two peaks on both the oxidative and reductive
processes were obtained. The peak height became larger as the frequency increased.
For the third harmonic component (Figure 3.8 (c)), a main peak, whose potential was
0.318V, with two side peaks of equal height, were obtained on the oxidative and
reductive process. For the fourth harmonic component, similar phenomena were
observed in the Figure 3.8(d).

Figure 3.8 The FTACV of 2mM FCA in the absence of L-cysteine with various
frequencies, scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V, using
1mm glassy carbon electrode; (a) fundamental harmonic, (b) second harmonic, (c)
third harmonic, (d) fourth harmonic.
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The catalytic reaction was then introduced. The cysteine-FCA concentration ratio was
1:1. For the fundamental harmonic component (Figure 3.9(a)), an inflection related with
the C’ step was observed ahead of the oxidative peak. As the frequency increased, the
inflection became weaker and disappeared when the frequency was over 3 Hz. The
shape of the reductive peak, however, was not varied by the introduction of L-cysteine.
For the second harmonic component (Figure 3.9 (b)), a small inflection was observed
ahead of the first oxidative peak and decayed as the frequency increased.

Figure 3.9 The FTACV of 2 mM FCA with 2 mM L-cysteine at various frequencies,
scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6V at a 1 mm glassy
carbon electrode; (a) fundamental harmonic, (b) second harmonic, (c) third harmonic,
(d) fourth harmonic.

When the frequency was over 5 Hz, the pre-wave disappeared. Different from the first
harmonic, the frequency range for the second harmonic was larger and the baseline of
the second harmonic remained at 0 due to avoidance of the capacitive background
signal. In Figure 3.9 (c), the pre-wave became more apparent in the third harmonic
component. The peak area of the first peak was larger than the third due to the current
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contribution of the C’ process. Similar phenomena were observed in the fourth
harmonic (Figure 3.9 (d)).

Figure 3.10 The FTACV of 2 mM FCA with various concentrations of L-cysteine at
frequency 1 Hz, scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at
a 1 mm glassy carbon electrode; (a) fundamental harmonic; (b) second harmonic; (c)
linear fit of the pre-wave current of the fundamental harmonic component.

The effect of different cysteine-FCA concentration ratio was then studied with
parameters: scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V,
frequency: 1 Hz. In Figure 3.10 (a), the height of the inflection increased as the
concentration of L-cysteine rose and the pre-wave overtook the oxidation peak when
the L-cysteine was in large excess. The peak current of the pre-wave behaved as a
function of the cysteine concentration (Ipp/μA = 5.911  10–7  [concentration of Lcysteine] + 2.747  10–7, N = 10, R = 0.993), as Figure 3.10 (e) depicted. There was an
inflection on the right bottom of the reductive peak in the fundamental harmonic
component. The inflection became more apparent when the L-cysteine was in large
excess. However, the potential of the redox peak remained at 0.32 V, which was not
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affected by the strength of the catalytic reaction. For the second harmonic component,
in Figure 3.10 (b), the inflection presented at the left bottom of the oxidation current
and increased as more L-cysteine was added. The current contribution of the catalytic
process was mainly at the first peak.

The electrochemical behaviour was then investigated using the 3 mm glassy carbon
electrode. The parameters used were scan rate: 11.18 mV/s, amplitude: 70 mV,
potential range: 0–0.6 V, frequency: 1–10 Hz. For the fundamental harmonic
component, in Figure 3.11 (a), a symmetrical bell-shaped peak presented at 0.32 V for
both the oxidative and negative scans. The peak potential was close to the half-wave
potential E1/2 obtained from CV. The E1/2, which was a replacement of the standard
potential due to the difficulty in achieving its detection, was important to identify the
chemical species. When the frequency increased, not only the peak current but also the
value of the baseline increased. The reason was as follows: the fundamental harmonic
component was sensitive to both faradaic current and double-layer charging current Cdl.
The increased frequency as the step scan rate was increased led to more cycles of
forward–backward sweeps. As a result, the faradaic current rose. Even though Cdl has
been minimized in the low-frequency condition, a small growth of Cdl with frequency
increase could be observed on the baseline. For the second harmonic component (Figure
3.11 (b)), similar to the results of the 1 mm glassy carbon electrode, a pair of equal
height peaks presented on both the forward and backward scans with the middle
potential at 0.32 V. The equal heights of the two peaks meant the reversibility of the
Fc/Fc+ species. Because of the excellent elimination of the capacitive background
current, the baseline of the second harmonic component was close to zero and did not
vary with the frequency. Although the faradaic currents were small in value on the third
and higher harmonics (Figure 3.11 (c–f)), the responses were not affected by the
capacitive background current, in which case the background correction was not
necessary.
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Figure 3.11 The FTACV of 2 mM FCA in the absence of L-cysteine with various
frequencies, scan rate: 11.18 mV/s, amplitude: 70 mV, potential range: 0–0.6 V, at a 3
mm glassy carbon electrode; (a) fundamental harmonic; (b) second harmonic; (c)
third harmonic; (d) fourth harmonic.

To understand the reaction of sulphide and Fc/Fc+, L-cysteine with a concentration of
2 mM, 3 mM and 4 mM was added to the 2 mM FCA aqueous solution. The parameters
used were scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V,
frequency: 1–10 Hz. When the cysteine:FCA concentration ratio was 1:1, an inflection
appeared and decayed as the frequency increased for the fundamental harmonic
component (Figure 3.12 (a)). At higher frequency, as the scan rate of the sinusoidal step
scan rose, the chemical reaction was not fast enough to regenerate FCA that returned to
the reversible reaction. As a result, the catalytic reaction was less influential compared
with the redox reaction. Moreover, the E1/2 remained at 0.32 V, which was not affected
by the catalytic reaction. For the higher harmonic components, the pre-wave became
more independent. For the second harmonic component, as Figure 3.12 (b) depicts, a
split peak appeared at 0.208 V when the frequency was 1 Hz. As the frequency
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increased, the pre-wave decayed but the potential remained at 0.208 V. For the third
and higher harmonic components (Figure 3.12 (c, d)), the pre-wave became more
independent due to the greater sensitivity to the faradaic components.

Figure 3.12 The FTACV of 2 mM FCA with 2 mM L-cysteine at various frequencies,
scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at a 3 mm glassy
carbon electrode; (a) fundamental harmonic; (b) second harmonic; (c) third harmonic;
(d) fourth harmonic.

Figures 3.13 and 3.14 demonstrate the signal response when the cysteine-FCA ratio
was larger, namely 1.5:1 and 2:1. At all harmonics, the ratio of the pre-wave height vs
oxidative peak height decreased as the frequency increased. The explanation could be
proposed as follows: (1) the ac sinusoidal potential induced the oxidative and reductive
reactions, which enhanced redox peak values; (2) considering the single step of the
sinusoidal wave, the increase of frequency led to a faster scan rate, however, the
chemical reaction was not fast enough to regenerate FCA, which returned to the
reversible reaction.
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Figure 3.13 The FTACV of 2 mM FCA with 3 mM L-cysteine at various frequencies,
scan rate 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at the 3 mm glassy
carbon electrode; (a) fundamental harmonic; (b) second harmonic; (c) third harmonic;
(d) fourth harmonic.

To investigate the relationship of L-cysteine concentration and the electrochemical
behaviour of the EC reaction, the frequency of 1 Hz was selected for the
characterization. In Figure 3.15 (a), a clear split wave presented in advance of the
oxidative peak. The pre-wave rose as a linear function of the L-cysteine concentration
(Ipp/μA = 9.065  10–6  [concentration of L-cysteine] – 3.194  10–6, N = 4, R = 0.996),
shown in Figure 3.15 (e). The oxidative peak, however, remained at 0.32 V. Moreover,
the peak value was not influenced by the strength of the catalytic reaction, which was
different from the results of the dc signal. For the second harmonic component, the
influence of the catalytic reaction was mainly on the first peak of the oxidative reaction.
The first peak decreased when the L-cysteine was in a large excess, as the positive shift
and enhanced current area of the pre-wave led to the current sharing of the first peak of
the oxidative reaction. Moreover, the elimination of the capacitive background on the
second harmonic component led to a more accurate linear function of pre-wave value
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vs the L-cysteine concentration. For the third harmonic component (Figure 3.15 (c)),
the pre-wave became more independent from the oxidative peaks and the peak value
was much larger than the third peak. When looking at the fourth harmonic component
in Figure 3.15 (d), the pre-wave, which was only related to the catalytic reaction,
separated as a single peak and rose as the L-cysteine increased. The first and second
peaks of the oxidative reaction, however, were influenced by both the catalytic and
redox reaction. The third and fourth peaks were free from the C step. This was a useful
phenomenon that the result of FTACV can be separated into three parts for different
uses: (1) pre-wave can be used for the C analysis and determining the substrate
concentration; (2) the effect of C on the redox reaction can be investigated by the first
and second peaks; (3) the fourth harmonic component can also separate the
electrochemical behaviour of the pure reversible reaction.

Figure 3.14 The FTACV of 2 mM FCA with 4 mM L-cysteine at various frequencies,
scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at a 3 mm glassy
carbon electrode; (a) fundamental harmonic; (b) second harmonic; (c) third harmonic;
(d) fourth harmonic.
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Figure 3.15 The FTACV of 2 mM FCA with various concentrations of L-cysteine at
frequency 1 Hz, scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at
a 3 mm glassy carbon electrode; (a) fundamental harmonic; (b) second harmonic; (c)
third harmonic; (d) fourth harmonic; (e) linear fit of the pre-wave current of the
fundamental harmonic component.
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3.4 Numerical simulation of the EC mechanism using
FTACV

To understand the effects of frequency and substrate-mediator ratio on the
electrochemical behaviour of the EC process, a numerical simulation using a model
developed by H. V. Nguyen in this section, was employed theoretically to support the
experimental results. By using the large-amplitude sinusoidal ac signal inputs,
components of the harmonic information were separated from the raw output by
employing a fast Fourier transform model. The parameters used in this section were the
amplitude of 50 mV, scan rate of 10 mV/s and macrodisc electrode with surface area
10–6 m2.

Figure 3.16 details the current response of the EC mechanism with the following
parameters, substrate:mediator ratio: 1:1, frequency: 1-6 Hz, diffusion coefficient of
FCA: 7.6  10–6 cm2/s, kinetics for the catalytic reaction: 1000 mol/m3. For the
fundamental harmonic component, as shown in Figure 3.16 (a), pre-waves, which were
dependent on the oxidation of the substrate, presented at the bottom of the peak in the
forward scan. The pre-wave became less obvious and disappeared when the frequency
increased. Moreover, as the current behaviour of the first harmonic was composed of a
capacitive background and faradaic response, the baseline related with the capacitance
on the electrode surface presented a positive correlation with the frequency. The
numerical results corresponded with the result achieved in the experiment. For the
second harmonic component, in Figure 3.16 (b), the pre-wave of the catalytic reaction
appeared before the redox peak and decayed as the frequency rose. However, the E1/2
did not vary with the frequency. As the third and fourth harmonic components were
more sensitive to the faradaic response, the pre-wave behaved as a more independent
inflection and the growth of the first peak was significant in Figure 3.16 (c) and (d).
Similarly, the E1/2 that related with the redox couple remained at the same potential.
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When the substrate:mediator concentration ratio increased, such as 2:1 and 4:1, in
Figures 3.17 and 3.18, stronger split waves presented in the forward scan. Similarly,
the pre-wave became less obvious when the frequency increased.

Figure 3.16 Simulation of the FTACV of 2 mM FCA against L-cysteine 1:1 with
various frequencies, scan rate: 10 mV/s, amplitude: 50 mV, potential range: –0.1 to
0.6 V at a 1 mm disc; (a) fundamental harmonic; (b) second harmonic; (c) third
harmonic; (d) fourth harmonic.
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Figure 3.17 Simulation of the FTACV of 2 mM FCA against L-cysteine 1:2 with
various frequencies, scan rate: 10 mV/s, amplitude: 50 mV, potential range: –0.1 to
0.6 V at a 1 mm disc; (a) fundamental harmonic; (b) second harmonic; (c) third
harmonic; (d) fourth harmonic.

Figure 3.18 Simulation of the FTACV of 2 mM FCA against L-cysteine 1:4 with
various frequencies, scan rate: 10 mV/s, amplitude: 50 mV, potential range: –0.1 to
0.6 V at a 1 mm disc; (a) fundamental harmonic; (b) second harmonic; (c) third
harmonic; (d) fourth harmonic.
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The effect of substrate:mediator ratio on the current behaviour was then simulated when
the frequency was 1 Hz, in Figure 3.19. For the fundamental harmonic component, in
Figure 3.19 (a), the pre-wave increased as more substrate was introduced into the
system. The peak current of the split wave varied as a linear function of the
substrate:mediator ratio in Figure 3.19 (e). When the substrate was in large excess, the
pre-peak became much higher than the oxidative peak and a small inflection related to
homogeneous chemical reaction presented at the bottom of the reductive peak. These
phenomena supported the experimental results. The appearance of a reductive
inflection can be explained as follows: (1) the substrate on the electrode surface was
not totally consumed in the forward scan; (2) the reciprocating sinusoidal signal
induced the catalytic reaction, which regenerated the FCA. Moreover, for the
fundamental harmonic component, the redox peak was not varied by the catalytic
reaction. In the second harmonic, as Figure 3.19 (b) depicts, when the
substrate:mediator concentration increased, the pre-wave greatly increased, which even
affected the behaviour of the first redox peak. For the third and higher harmonic
components in Figure 3.19 (c) and (d), the high sensitivity of detecting the faradaic
component and elimination of the capacitive component made them ready for precise
analysis. Moreover, the pre-wave in the fourth harmonic component was only caused
by the catalytic step; the first and second peaks were the combination of the C and E
steps as the first peak grew greatly with the substrate concentration; the third and fourth
peaks were free from the effect of the C reaction.
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Figure 3.19 Simulation of the FTACV of 2mM FCA with various concentrations of
substrate, frequency: 1 Hz, scan rate: 10 mV/s, amplitude: 50 mV, potential range: –
0.1 to 0.6 V at a 1 mm disc (a) fundamental harmonic; (b) second harmonic; (c) third
harmonic; (d) fourth harmonic.
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3.5 Conclusions

In this chapter, the EC mechanism for sulphide detection was investigated at macroelectrodes using CV and FTACV. Split waves, related with the chemical reaction with
sulphide, were observed in both CV and FTACV under certain conditions. In the dc
CV, as the kinetics of heterogeneous electron transfer were fixed, the presence of prewaves was dependent on the scan rate and the concentration of L-cysteine. The height
of the pre-waves and the original peaks were linear functions of the sulphide
concentration, which provided the possibility for quantitative detection of sulphide
species by utilising the electrocatalytic mechanism in aqueous solution.

FTACV was utilized to study the EC mechanism for the first time. One advantage of
FTACV is that it is possible to obtain ample information in a short time as its input
signal is composed of a dc signal and ac sinusoidal signal. As the harmonic component
was higher, FTACV was more sensitive to present the reaction of sulphide. At second
and higher harmonic components, the separation of capacitive components allows
FTACV to present pure kinetic components. Another advantage is that FTACV gives
an accurate determination of potential, such as half-wave potential and pre-wave
potential. The concentration of L-cysteine influenced the position of the pre-wave but
did not affect the current behaviour of the redox reaction. In the fundamental harmonic
component, the peak value of the pre-wave was a linear function of the L-cysteine
concentration. As such, FTACV as a novel electrochemical method could be employed
effectively to obtain in-depth information in a short period of time.
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Chapter 4 Detection of the split wave of
EC mechanism at steady state on a
microelectrode
4.1 Introduction

Because of the small size and enhanced mass transport, microelectrodes have been
widely used to investigate mechanisms and kinetics in electrochemistry. The
electrochemical signal obtained is widely accepted with the advantages of high signalto-noise ratios, enhanced mass transport, large temporal resolution, decreased charging
currents and low disturbance by the solution resistance[1], in which case the
microelectrode could be developed to meet the needs of sulphide detection.

In this chapter, the voltammetric behaviour of the reaction with sulphide was extended
to microelectrode studies. In the case of dc measurements, when the steady state was
achieved on microdisc carbon and gold electrodes, the split wave phenomena were
explored. These studies were then extended to the FTACV measurements and the split
waves were achieved for the first time, which not only proves the possibility of the
FTACV in sulphide detection but also presents how the current of the EC mechanism
behaves when a large-amplitude perturbation is superimposed. To support the
interpretation of the experimental observations, a numerical simulation model of the
steady state was developed.
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4.2 The application of a microelectrode to sulphide detection

One type of sulphide microgas sensor is based on the structure of amperometric Clark
sensors that were originally developed to measure oxygen concentration[2]. The Clark
sensor is composed by the electrolyte and a two-electrode system, namely, a working
electrode and a reference electrode. To improve the sensitivity, a gas-permeable
membrane is used to separate the gas and electrode, in which case the effect of fouling
on the electrode is reduced. Modification and development of Clark sensors has
enhanced the portability and sensitivity. Diethyl-p-phenylenediamine (DEPD) is used
as a reactant by reacting with sulphide to analyse the hydrogen sulphide[3, 4]. In
addition, in comparison with the conventional macroelectrode Clark cell, the improved
cell with a microelectrode enables its analytical parameters to be independent of the
membrane due to the smaller diffusion layer associated with the microelectrode. The
decrease in thickness of the diffusion layer avoids the diffusion layer impinging on the
membrane (Figure 4.1). As a result, the microelectrode in the design obviates the need
for membrane calibration and simplifies the use of Clark cells in measurements[4].

Figure 4.1 Clark cell of (a) conventional design and (b) improved design for
membrane independence.

For some situations, the in-situ measurements are necessary as the sulphide is easily
oxidised to sulphate by oxidants. Figure 4.2 depicts the schematic structure of the
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commercial hydrogen sulphide gas sensor. The electrodes are immersed in a
concentrated aqueous acid or salt solution to enhance conduction of ions. Gas enters
the device through a membrane that is impermeable to liquid. The literature reports that
mercury-coated metal substrate microelectrodes (such as gold, platinum and silver
microdiscs) present good reproducibility and stability in sulphide detection[5-8]. For
the quantitative determination of gas-phase hydrogen sulphide, a solid-polymer
electrolyte (SPE) electrochemical sensor using a Pt electrode was tested for a
quantitative determination in a mixed-gas condition (hydrogen sulphide and nitrogen)
in laboratory conditions. Its high sensitivity (±1 ppm), fast response (10 s) and
satisfactory linearity in the range of 0–100 ppm proved to have the potential for
practical application in the field[9, 10]. For the SPE-gold electrode with pre-treated
Nafion membrane, its detectability can even reach 0.1 ppm with response time of 9 s
due to the enhanced selectivity of the gold electrode to the hydrogen sulphide[11].

Figure 4.2 Structure of H2S gas sensors[12].

The H2S microsensor based on the EC mechanism has been commercialised and
applied in environmental monitoring and biotechnology. The miniaturized
amperometric sensor is composed of three microelectrodes: working, reference and
counter electrodes. When the H2S is passed into the alkaline electrolyte, the formed HS–
is oxidised by ferricyanide ion. The ferrocyanide/ferricyanide redox couple has been
reported and commercialised to act as the mediator in the detection of hydrogen
sulphide[13]. A schematic structure of the microsensor manufactured by Unisense is
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depicted

in

Figure

4.3.

By

measuring

the

current

response

of

the

ferrocyanide/ferricyanide redox mediator, the concentration of H2S can be determined.
Small sample amount and fast response time of the measurement are the two
advantages[14]. Rather than the metal electrodes, microelectrodes made of borondoped diamond, carbon material and a modified surface have also been investigated to
detect sulphide with the EC path[15].

Figure 4.3 Schematic of ferrocyanide/ferricyanide H2S microsensor.

Different from the electrochemical behaviour on the macroelectrode, a plateau rather
than a peak current is achieved on the microelectrode under certain circumstance. The
plateau current means a steady state is achieved on the microelectrode, which is more
independent of the effects of the uncompensated resistance, capacitance and
interference from instruments[16]. The microband, micro-disc and micro-rings are the
three main types of microelectrodes. Different shapes of the microelectrode due to the
difference in edge effect are used to describe the microelectrode effects of mass
transport[17]. To understand better the effect of mass transport on the electrode surface
and the kinetics of chemical reactions, many numerical simulations have been
performed. Based on the original electrochemical models, a second-order kinetics
model is considered and developed to derive the steady state current of the EC
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reaction[18, 19]. However, there is a simplified approximation to reduce the calculation
of the reaction–diffusion mechanism. If the substrate concentration is in large excess,
the catalytic step can be assumed as pseudo-first order, where the current behaviour is
easily described by the linear equation related to the concentration of redox couple in
the system[20, 21]. There are many papers reporting the use of pseudo-first-order
models to investigate the conditions, such as electrode geometry and concentration of
substrate, of the EC mechanism under a steady state.

4.3 Results and discussion

4.3.1 Oxidation of L-cysteine with aqueous ferrocene derivatives at a
carbon fibre electrode

Initial CV studies were carried out using an aqueous solution of 2 mM FCA dissolved
in borate buffer solution (pH = 9.2) with 0.1 M KCl as the supporting electrolyte using
a 33 μm carbon fibre electrode. In Figure 4.4 (a), the peak-shaped current became a
plateau and a sigmoidal-shape response was obtained. The half-wave potential E1/2
achieved at steady-state condition was 0.319 V (at scan rates 5, 10, 11.18, 20 mV/s),
which corresponded with the E1/2 obtained from CV (0.320 V) and the FTACV (0.318
V) using the macroelectrodes in Chapter 3. To give a clear demonstration of steadystate current behaviour, the current response of 5 mV/s is depicted separately in Figure
4.4 (b). The limiting steady-state plateau current was 7.35 nA. The diffusion coefficient
of FCA was (5.16 ± 0.05)  10–6 cm2 s–1, which is in good agreement with the results
obtained in Chapter 3. The wave width expressed by the term, E1/4 – E3/4, was 63 mV.
The function of log[i/(iss – i)] vs voltage in the potential range of E1/4 to E3/4 was
obtained from the scan rate of 5, 10 and 11.18 mV/s in Figure 4.4 (c). The slope was
64.0 ± 0.5 mV, which revealed a good linearity under steady-state conditions.
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Figure 4.4 i–E response of 2 mM FCA at 33 μm carbon fibre (a) at scan rates of 5, 10,
11.18, 20, 50, 80, 100, 150, 200 mV/s; (b) at 5 mV/s at steady state; (c) linear function
of voltage against log[i/(iss – i)] for i–E curves.

L-cysteine

was then introduced into the 2 mM FCA aqueous solution with cysteine-

FCA concentration ratio 1:2. The dc response was recorded using the same carbon fibre
electrode. Figure 4.5 (a) shows the current enhancement resulting from the catalytic
reaction involving FCA+ and L-cysteine. The pre-wave characteristics were clearly
observed, and in line with microelectrode measurements showed a steady-state-like
form with the inflection observed before the plateau and decayed with decreasing scan
rate.

When the cysteine-FCA concentration ratio was increased to 1:1 (Figure 4.6) and 2:1
(Figure 4.7), the current response of the reduction reaction more closely retraced the
current of the oxidation process. Figure 4.6 (a) shows a clear plateau present when the
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scan rate was varied from 5 mV/s to 150 mV/s. The limiting current grew from 10.0 nA
(at 5 mV/s) to 16.2 nA (at 150 mV/s) as the scan rate increased. This behaviour can be
rationalised in terms of the movement across the kinetic zones from KT (with 2 mM Lcysteine) to K [22] (with 4 mM L-cysteine). The cysteine concentration for entering the
K zone on the microelectrode system was much lower than the cysteine concentration
on the macroelectrode (10 mM). This phenomenon was due to the larger mass transport
efficiency on the microelectrode surface. Figure 4.6 (b) and 4.7 (b) depicts the current
response when the system approached the steady state at scan rate 5 mV/s.

Figure 4.5 CV of 2 mM FCA with 1 mM L-cysteine at a 33 μm glassy fibre (a) at scan
rates of 5, 10, 11.18, 20, 50, 100, 150 mV/s; (b) at 5 mV/s at steady state.

Figure 4.6 CV of 2 mM FCA with 2 mM L-cysteine at a 33 μm glassy fibre (a) at scan
rates of 5, 10, 11.18, 20, 50, 100, 150 mV/s; (b) at 5 mV/s at steady state.
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Figure 4.7 CV of 4 mM FCA with 1 mM L-cysteine at a 33 μm glassy fibre (a) at scan
rates of 5, 10, 11.18, 20, 50, 100, 150 mV/s; (b) at 5 mV/s at steady state.

The effect of cysteine concentration (0 mM to 10 mM) on the EC steady-state current
was then explored. As the concentration of L-cysteine increased, the kinetic behaviour
entered zone K from KT. However, the pre-wave of the catalytic reaction was not
observed in the dc voltammetry. The function of the limiting current vs L-cysteine
concentration, depicted in Figure 4.8 (b), presented a good linearity (Iss/nA = 2.877 
10–9  [concentration of L-cysteine] + 8.032  10–9, N = 11, R = 0.996). The linear fit
equation obtained can be used as a reference to predict the sulphide concentration.

Figure 4.8 (a) CV of 2 mM FCA with various concentrations of L-cysteine (1, 2, 3, 4,
5, 6, 7, 8, 9, 10 mM) at scan rate 11.18 mV/s at a 33 μm glassy fibre.
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4.3.2 Detection of

L-cysteine

oxidation with aqueous ferrocene

derivatives at a carbon fibre electrode using FTACV

The FTACV measurements were then carried out for the microelectrode system using
the microcarbon fibre electrode. The FCA (2 mM, pH = 9.2 borate buffer solution, 0.1
M KCl) was studied with the following parameters: amplitude: 50 mV, scan rate: 11.18
mV/s and frequency: from 1 Hz to 10 Hz. The first four harmonic components in the
potential range of 0 to 600 mV were recorded and presented in Figure 4.9 in a current–
time form. In Figure 4.9 (a), the symmetrical bell-shaped peaks indicated a good
reversibility and the E1/2 obtained were 319 mV (oxidation) and 317 mV (reduction),
which were independent to frequency. In Figure 4.9 (b), two peaks with closely equal
height were observed in the oxidative and reductive process. The E1/2 at the second
harmonic was identical to the first harmonic component, 319 mV and 317 mV. Peaks
of the third and fourth harmonic components, in Figure 4.9 (c) and (d), increased with
the frequency enhancement and lay symmetrically around the E1/2.

Next, 1 mM L-cysteine was added to the 2 mM FCA aqueous solution to induce the
homogeneous chemical reaction. FTACV was used to detect the electrochemical
response of the electrocatalytic reaction with same experimental setup. The current
response of the fundamental harmonic component at different frequencies is plotted in
Figure 4.10 (a). As the frequency increased, the peak value increased. The peak
potential shifted in an oxidative direction, from 299 mV (at 1 Hz) to 318 mV (at 2 Hz)
and remained at 319 mV when the frequency was above 3 Hz. The asymmetric shape
of the peak was due to the catalytic reaction of FCA and L-cysteine. The current was
composed of two parts: the current of the redox reaction and the current of the oxidation
of regenerated Fc from the catalytic process. For the second harmonic component, the
elimination of capacitive
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Figure 4.9 The FTACV of 2 mM FCA at various frequencies, scan rate 11.18 mV/s,
amplitude: 50 mV, potential range: 0–0.6 V at a 33 μm glassy carbon electrode, (a)
first harmonic; (b) second harmonic; (c) third harmonic; (d) fourth harmonic; (e)
comparison of peak value of each harmonic component.

background enhanced the ability of pre-wave detection. As Figure 4.10 (b) shows, an
inflection was observed ahead of the oxidation first peak and decayed as the frequency
increased. The potential of the pre-wave, however, remained at 243 mV and was
observed to be independent of the frequency. As expected, because the higher harmonic
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components had greater sensitivity to the faradaic component, the current response of
the catalytic reaction showed the familiar split wave behaviour in the third harmonic
component as in Figure 4.10 (c), with the pre-wave peak observed at 212 mV. Similarly,
the pre-wave decayed but the peak of the redox reaction increased as the frequency
increased.

Figure 4.10 The FTACV of 2 mM FCA with 1 mM L-cysteine at various frequencies,
scan rate 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at a 33 μm glassy
carbon electrode, (a) first harmonic; (b) second harmonic; (c) third harmonic; (d)
fourth harmonic.

Next, FTACV detection was carried out employing the same setup when the substratemediator ratio was 1:1. For the fundamental harmonic response, in Figure 4.11 (a), a
peak shift was observed when the frequency was lower than 3 Hz. When the frequency
was above 5 Hz, the peak potential was not influenced by frequency and remained at
320 mV. For the second harmonic component, the first peak was much higher than the
second of the oxidation reaction as Figure 4.11 (b) shows. The phenomenon could be
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explained that the signal of the catalytic reaction merged with the current of the
reversible reaction. When the kinetic zone of the reaction enters the K zone, the current
behaviour is controlled by the current response of the catalytic reaction. As a result, the
first peak shifts towards the pre-wave and the value of the first peak becomes enhanced
at low frequencies. The contribution of the C step, however, is limited at a high
frequency. In the third and fourth harmonic components, as Figure 4.11 (c) and (d)
depicts, the split wave presented at a low frequency and the peak height decreased as
the frequency increased.

Figure 4.11 The FTACV of 2 mM FCA with 2 mM L-cysteine at various frequencies,
scan rate 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at a 33 μm glassy
carbon, (a) first harmonic; (b) second harmonic; (c) third harmonic; (d) fourth
harmonic.

The current response of the EC mechanism with large excess of substrate species was
then studied using FTACV with the same parameters. In Figure 4.12 (a), a positive
potential shift of peaks was observed in the fundamental harmonic component. The
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current response of the C step merged with the original redox peaks in the second
harmonic component, which led to a large current enhancement of the first peak, in
Figure 4.12 (b). In Figure 4.12 (c) and (d), the disappearance of the pre-peak at the third
and higher harmonics indicates the domination of the current by the catalytic reaction.

Figure 4.12 The FTACV of 2 mM FCA with 4 mM L-cysteine at various frequencies,
scan rate 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at a 33 μm glassy
carbon electrode, (a) first harmonic; (b) second harmonic; (c) third harmonic; (d)
fourth harmonic.

To investigate the influence of substrate concentration, the parameters were used as:
frequency: 1 Hz, scan rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V.
The electrochemical performance of the FCA electrolyte with 1 mM, 2 mM, 3 mM Lcysteine was shown in Figure 4.13. For the fundamental harmonic component, the
current enhancement was obtained for both oxidative and reductive reactions, as Figure
4.13 (a) shows. For a forward scan, the response of the catalytic reaction rose as the
concentration of substrate increased, which led to a peak shift. The redox peak current
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also increased as more substrate was added into the system. For the second harmonic
component, in Figure 4.13 (b), when more L-cysteine was added, the current gain of the
electroactive reaction grew. As such, the catalytic reaction significantly affected the
peak of the original redox reaction. The E1/2 was not varied by the substrate
concentration and remained at 319 mV. The pre-waves, in the third harmonic
component (Figure 4.13 (c)), showed split-wave characteristics. Peak separation was
also observed in the fourth harmonic component, in Figure 4.13 (d). FTACV presented
the advantage of simple determination of E1/2 at second and higher harmonic
components.

Figure 4.13 The FTACV of 2 mM FCA with various concentrations of L-cysteine at
frequency 1 Hz, scan rate 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V at
a 33 μm glassy carbon electrode, (a) first harmonic; (b) second harmonic; (c) third
harmonic; (d) fourth harmonic.
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4.3.3 EC process at gold microelectrodes by dc voltammetric
technique

Gold electrodes have been commonly applied as the working electrodes due to their
widely accepted stability. In this section, a three-electrode system (a: working: 100 μm,
reference: 100 μm, counter: 1 cm; b: working: 500 μm, reference: 500 μm, counter: 1
cm) was used to analyse the EC mechanism. First, the aqueous electrolyte, containing
1 mM ferrocene methanol and 0.1 M potassium nitrate, was used to define the effective
area of the gold electrode. Figure 4.14 (a) and (b) illustrates cyclic voltammograms
measured at 100 μm and 500 μm with various scan rates. Effective areas obtained from
the Randles–Sevcik equation were 3.48  10–4 cm2 for 100 μm and 11.03  10-4 cm2 for
500 μm.

Figure 4.14 CV of 1 mM ferrocene methanol with various scan rates (from 5 mV/s to
150 mV/s) at (a) 100 μm gold electrode; (b) 500 μm gold electrode.

The electrocatalytic reaction, by introducing 2 mM L-cysteine into the 2 mM FCA
aqueous electrolyte, was then studied using the gold electrodes. Figure 4.15 (a) presents
the current behaviour of EC mechanism with the cysteine:FCA ratio 1:1 at the 100 μm
gold electrode using the dc voltammetric technique. A plateau was achieved when the
scan rate decreased to 14.9 mV/s and characteristic peak-behaviour was observed as the
scan was increased. Under steady-state conditions using a scan rate of 14.9 mV/s, the
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pre-wave appeared ahead of the plateau (Figure 4.15 (c)). Notably, the linearity of the
oxidation peak current vs square root of the scan rate was not influenced by the
appearance of L-cysteine, as Figure 4.15 (d) depicts (Rd = 0.997).

Figure 4.15 CV of 2 mM FCA with cysteine-FCA ratio (a) 1:1 at 100 μm gold
electrode; (c) 1:1 500 μm gold electrode; (b) and (d) are linear fits for limiting current
vs the square root of scan rate.

4.3.4 FTACV of the EC process at gold microelectrodes

The final experimental investigations in the chapter were carried out on a gold
microelectrode using FTACV. At the fundamental harmonic, a symmetrical bellshaped current response was observed, as Figure 4.16 (a) shows. The electrode material
did not affect the reversibility of the redox couple, but did influence the characteristic
potential. The E1/2 at the gold electrode was found to be 239 ± 3 mV, compared with
the 319 mV measured at the carbon electrode. In Figure 4.16 (b), even though a small
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shift of E1/2 occurred in the second harmonic component, the current curve behaved as
the expected symmetrical double-peak and centred at E1/2. The peak shift may be
attributed to the use of a gold pseudo-reference electrode in these measurements. For
the second and higher harmonics, again the capacitive component became negligible
with the baseline current approaching 0, Figure 4.16 (b–d).

Figure 4.16 The FTACV of 2 mM FCA at scan rate 14.9 mV/s, amplitude: 50 mV,
frequency: 1–6 Hz, potential range: 0–0.4 V, at 100 μm gold electrode, (a) first
harmonic; (b) second harmonic; (c) third harmonic; (d) fourth harmonic.

2 mM L-cysteine was then added to the Fc/Fc+ aqueous electrolyte and the solution was
monitored using FTACV for the gold electrode with parameters frequency: 1 Hz, scan
rate: 11.18 mV/s, amplitude: 50 mV, potential range: 0–0.6 V. For the 100 μm gold
electrode, as shown in Figure 4.17, an inflection appeared ahead of the asymmetrical
bell-shaped oxidation peak in the fundamental harmonic component. Even though the
pre-wave disappeared in the dc voltammograms when the steady state was achieved, it
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was still detectable by FTACV. This behaviour was also apparent on the 500 μm gold
electrode in Figure 4.18.

Figure 4.17 The FTACV of 2 mM FCA with 2 mM L-cysteine at scan rate 11.18
mV/s, amplitude: 50 mV, frequency: 1 Hz, potential range: 0–0.6 V, at 100 μm glassy
carbon electrode, (a) first harmonic; (b) second harmonic; (c) third harmonic.
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Figure 4.18 The FTACV of 2 mM FCA with 2 mM L-cysteine at scan rate 11.18
mV/s, amplitude: 50 mV, frequency: 1 Hz, potential range: 0–0.6 V, at 500 μm glassy
carbon electrode, (a) first harmonic; (b) second harmonic; (c) third harmonic.

4.3.5 Numerical simulation for the EC mechanism at microdisc
electrodes

Numerical simulations were extended from those presented in Chapter 3 to account for
the enhanced mass transport characteristics on the microdisc electrode. In this section,
the modelling was used to explore and support the analysis of the trends predicted for
this complex EC mechanism at microdisc electrodes. The parameters used in these
models were as follows: diameter of electrode = 30 μm, scan rate = 10 mV/s, diffusion
coefficient of redox species = 7.6  10–6 cm2/s, K_EC = 1000, R = 8.314 J/(mol·K), T
= 298 K, F = 96485 C/mol.

Figure 4.19 depicts the first four harmonic components of electrochemical behaviour
for an EC investigation using a microelectrode with a substrate:mediator concentration
ratio of 2:1. The frequency range used was 1–6 Hz. For the first harmonic component,
in Figure 4.19 (a), the pre-wave appeared ahead of the oxidative response and decayed
as frequency increased. The potential of the redox peak, however, did not vary with
frequency. Notably, an inflection also appeared in the reverse scan due to the enhanced
diffusion efficiency and fast replenishment of substrate on the surface of the
106

microelectrode. Pre-waves were clearly observed in the second harmonic component
(Figure 4.19 (b)). The current contribution from the catalytic reaction led to the area of
the first peak being larger than that of the second. For the third harmonic component,
(Figure 4.19 (c)) split wave behaviour was again clearly observable and this was seen
to merge with the main current peak as the frequency increased. A similar phenomenon
was observed in the fourth harmonic component in Figure 4.19 (d).

Figure 4.19 Numerical modelling of the EC mechanism with substrate-mediator
concentration ratio 2:1, (a) first harmonic; (b) second harmonic; (c) third harmonic;
(d) fourth harmonic.

Figure 4.20 shows the current response for the case of a substrate:mediator
concentration ratio of 1:1. As the frequency increased, the effect of the pre-wave
decayed due to the limitation of kinetics of the catalytic reaction. In addition, the E
process became significant in the system due to the fast replenishment of redox species
from the bulk to the electrode surface. For the second harmonic component, the merging
of the pre-wave with the first peak was observed as the frequency increased. When the
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frequency was lower than 3 Hz, even though the height of the first peak was lower than
the second at the forward scan, the area of the first was larger than the second. Similar
phenomena were also observed when the substrate:mediator concentration ratio was
2:1 (Figure 4.21).

Figure 4.20 Numerical modelling of the EC mechanism with FCA against L-cysteine
1:1, (a) first harmonic; (b) second harmonic; (c) third harmonic; (d) fourth harmonic.
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Figure 4.21 Numerical modelling of the EC mechanism with FCA against L-cysteine
1:2, (a) first harmonic; (b) second harmonic; (c) third harmonic; (d) fourth harmonic

When the substrate:mediator ratio was increased to 4:1, the current response of the first
harmonic component could be seen (Figure 4.22 (a)). The peak of the forward scan was
composed of the sum of the current responses of C and E steps and the asymmetrical
peak shifted towards the redox potential as the frequency increased. For the second
harmonic component in Figure 4.22 (b), the first peak was higher than the second at all
frequencies and the peak area was larger than the second due to the contribution of the
C step. Similar phenomena were observed at both the third and fourth harmonic
components, as shown in Figure 4.22 (c) and (d). From the simulated results, the peak
behaviour was varied by the appearance of the substrate, but the E1/2 was not strongly
affected. Notably, the simulated outcome was free from uncompensated noise, which,
however, caused a significant disturbance at the fourth and higher harmonic
components in the experimental results.
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Figure 4.22 Numerical modelling of the EC mechanism with FCA against L-cysteine
1:4, (a) first harmonic; (b) second harmonic; (c) third harmonic; (d) fourth harmonic.

Finally, the effect of the substrate concentration was investigated with a frequency of 1
Hz in Figure 4.23. As the substrate concentration increased, the behaviour of the prewave changed from an inflection to a peak that merged with the redox peak in the first
harmonic component (Figure 4.23 (a)). Moreover, the asymmetrical peak shifted
towards the pre-wave. On the reverse scan, the inflection appeared to the right of the
reductive curve. For the second harmonic component, the pre-wave of the catalytic
reaction merged with the first peak of the oxidative reaction when the
substrate:mediator ratio was above 1:1 in Figure 4.23 (b). Comparing with the
macroscale electrode, the current of C on the microelectrode was stronger due to the
enhanced diffusional efficiency.
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Figure 4.23 Numerical modelling of the EC mechanism as substrate:mediator ratio
varies from 0.5:1 to 4:1, (a) first harmonic; (b) second harmonic; (c) third harmonic;
(d) fourth harmonic.
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4.4 Conclusion

In this chapter, the pre-wave behaviour caused by the reaction with the catalytic
mediator was investigated at the microscale electrodes using cyclic voltammetry and
FTACV. In the dc cyclic voltammetry, the enhanced mass transport characteristics of
the microelectrode lead to a loss of a clear split wave feature. This is because the kinetic
value of the homogeneous reaction, namely reaction with sulphide, is not sufficient to
induce the clear separation. The linear fit of the limiting current vs the sulphide
concentration, however, proves the possibility of quantitative detection of sulphide
species using the EC mechanism on the microscale electrodes.

In comparison to the dc voltammetric technique, FTACV presents an advantage in
describing the electrode kinetic reaction with the sulphide. The split waves were clearly
observed at the second and become clearer at higher harmonic components, which are
sensitive to the faradaic components. The accurate potential determination of FTACV
is another advantage, especially for the microelectrode detection, which is hard to
determine from the plateau current in the dc voltammetric technique. The numerical
simulation agreed with the interpretation of the experimental results. Moreover, the
split-wave phenomena under steady state were documented for the first time, which
also has enormous value for further fundamental studies of the EC mechanism.
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Chapter 5 Detection of a steady-state
electrocatalytic
reaction
in
hydrodynamic devices
5.1 Introduction

In this chapter, hydrodynamic voltammetry is used to detect the sulphide concentration
using the EC pathway. Precisely engineered hydrodynamic devices incorporating
microband gold electrodes were recorded by dc and ac voltammetric measurements.
The split-wave phenomena achieved in both dc and FTACV were documented for the
first time, providing proof of the possibility to detect the sulphide concentration
continuously by the electrochemical approach under fluidic conditions. In addition, the
results and discussion in this chapter provide guidance for further electrochemical
studies on how the EC current behaves on hydrodynamic electrodes. Supporting
numerical simulations were developed by considering laminar fluid in the rectangular
channel based on the electrochemical models to understand the effect of convections
on voltammetric properties.

5.2 Microengineered devices in microfluidic application

Innovation in microengineering is considered to be a cross-disciplinary development
that combines chemistry, biology, and mechanics[1]. Integrated structures of sensors,
actuators, and electronics are commonly referred to as microsystems in Europe or
micro-electro-mechanical systems (MEMS) in the United States[2]. A broad range of
technologies in microfabrication have been developed, such as lab-on-a-chip[3],
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miniaturized chemical analytical sensors[4], and microreactors[5]. These technologies
have been applied in a range of areas, such as pressure sensors[6], medical and chemical
detectors[7, 8], energy harvesters[9, 10], and environmental monitors[11, 12].
Evolution of these technologies has changed human’s life and brought more
possibilities both in research and industry. For example, due to the miniaturized size,
pressure sensors using MEMS technology have advantageous applications in confined
space and preciseness of measurement[13]. Low cost, high sensitivity, and ease of
integration with electronics contribute to the potential for economical batch
manufacturing [13-15].

Figure 5.1 A digital microfluidic lab-on-a-chip applied in clinical detection[16]

In addition to the single-function products, prospects of devices that incorporate various
functional elements in one and keep on a microscale can also be achieved by
microengineering technology. Integration of detecting sensors on an equivalent circuit
chip has been widely accepted as an efficient way to realize the idea of multifunctional
microscale equipment. A blood glucose sensor uniting the wireless remote monitoring
function, the function of blood glucose detection and data communication through a
wireless connection is a success of microengineering[17, 18]. The innovation of glucose
sensors in smaller sizes reduces customer’s reliance on the detecting devices and the
function of real-time updating brings an efficient way for data collecting. Moreover,
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the microfabrication approaches that integrate multiple sensors not only meet the needs
of environmental monitoring but also achieve the miniaturization of devices[19, 20].
The analytical sensor for sulphide in aqueous solution is another example of a lab-ona-chip device. Every microengineered device is uniquely designed to provide a laminar
fluidic circumstance and the three-electrode system is ready for rapid sulphide
detection[21, 22]. Figure 5.1 presents an integrated sensor that combines microreactor
and microdetector on an electronic board.

Figure 5.2 Schematic illustration for rapid prototyping and fabricating of PDMS in the
microfluidic system[23].

PDMS, due to its low price, excellent flexibility, optical transparency and non-toxicity,
has been recognized as one of the most common materials in microfabrication.
Procedures for fabricating PDMS elastomer for microfluidic applications have been
reported in several papers[23-25]. The soft lithography process, regarded as a typical
fabrication method of PDMS, is detailed in Figure 5.2. The simplified procedures save
fabrication time and make it possible to manufacture in large batches. Other advantages
include the property of water impermeability and excellent sealing on the substrate.
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Potentiometric sensors and amperometric sensors are the two main electrochemical
approaches to analyse the current/voltage behaviour of microfluidics[26]. In this
chapter, the under-controlled electroactive stream in the microengineered devices
reacted with sulphide and the change of electrochemical behaviour was detected by dc
techniques and FTACV. The split wave was detected for the first time under
hydrodynamic circumstances in the FTACV. The FTACV proved its potential in
sulphide detection.

5.3 Lab-on-a-chip microfluidic devices for sulphide sensing

Because of the importance in chemical detection and energy conversion, the EC
mechanism has been widely studied. However, the electrochemical performance of the
EC mechanism in microfluidic environments remains poorly studied. In addition, the
application of high-resolution voltammetry techniques, such as FTACV, has
surprisingly been sparse in microfluidic environments.

Figure 5.3 The electrochemical microfluidic detector for the EC mechanism, with
gold band electrodes.
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The microfluidic devices applied in this chapter were fabricated by the methods
introduced in Chapter 2. A three-electrode system composed of three gold bands as
working, counter, and reference electrodes, was fabricated on a glass substrate. The
working electrodes used in this chapter were fabricated in three sizes with widths of 2
mm, 500 μm, and 100 μm. PDMS gasket channels were developed with the parameter
settings noted in Chapter 2, and a typical cell configuration for voltammetric
measurements is shown in Figure 5.3. A rectangular channel (dimensions were height
750 μm, width 700 μm, length 3.5 cm) was constructed and electrodes of 2 mm, 500
μm, and 100 μm plated on one wall of the cell. The length of the channel electrodes
was the same as the width of the channel. The expected steady-state voltammetry
characteristics for the device using a reversible one-electron transfer agent can be
predicted by the Levich equation[27-30]:
2

1

2

1

2

𝑖𝐿 = 0.925𝑛𝐹𝐶𝑏 𝐷3 𝑣𝑓 3 ℎ−3 𝑑𝑑 −3 𝑤𝑥𝑒 3
where n is the number of electrons transferred in the reaction, Cb is the bulk
concentration of redox species, D is the diffusion coefficient, vf is the flow rate, h is the
height of the half-cell device, d is the width of the channel, w is the length of the
electrode. The schematic illustration is defined in Figure 5.4.

Figure 5.4 Schematic illustration of a microfluidic channel device[27].
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5.4 Results and discussion

5.4.1 Calibration of the microfluidic device with ferrocenemethanol

Steady voltammetric measurements were carried out using an analyte stream containing
1 mM ferrocenemethanol as redox reactant and 0.1 M potassium nitrate as supporting
electrolyte. Figure 5.5 shows the current response of the ferrocenemethanol in the
microfabricated channel using the gold working electrode of width 500 μm and
volumetric flow rates in the range from 0.05 cm3/min to 0.6 cm3/min. The transportlimited was varied linearly as a function of the cube root of flow rate, as expected from
the Levich equation (Figure 5.5 (b)). The data were used to estimate the cell height of
the device, which was found to be 786.73 ± 20 μm.

Figure 5.5 (a) CV of 1 mM ferrocenemethanol with various flow rates (from 0.05 to
0.6 cm3/min) at a 500 μm gold electrode; (b) linear fit of 1 mM ferrocenemethanol
with various flow rates (from 0.05 to 0.6 cm3/min).

Similar measurements were carried out on the 2 mm and 100 μm channel electrodes as
well, cell heights were 760.86 ± 20 μm for the 2 mm electrode and 781.80 ± 20 μm for
the 100 μm electrode, which are in good agreement (750–800 μm) with that expected
from the fabrication process.
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5.4.2 Monitoring of the EC mechanism under microfluidic conditions

Once the geometry of the channels was confirmed, linear scan voltammetry (LSV) was
used to investigate the catalytic reaction of L-cysteine with ferrocenecarboxylic acid
(FCA) aqueous solutions (pH = 9.2). Channel cell measurements were carried out using
gold electrodes of width 2 mm, 500 μm, and 100 μm as working electrodes.

First, the EC mechanism of sulphide and Fc/Fc+ was investigated in the channel device
with a 2 mm gold working electrode. Figure 5.6 shows the reversible reaction of 2 mM
FCA with a flow rate of 0.05–0.6 cm3/min and scan rate of 11.18 mV/s. Figure 5.6 (a)
shows typical i/V curves for the system and the limiting current was observed to vary
linearly (Figure 5.6 (b)) with the cube root of the volume flow rate (Iss/μA = 2.45  10–
√𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 /(cm3 /min)) – 3.50  10–7, N = 13, R = 0.999).

5 3

Figure 5.6 (a) LSV of FCA with various flow rates (from 0.05 to 0.6 cm3/min) at a 2
mm gold electrode with scan rate 11.18 mV/s; (b) linear fit of limiting current.

Next (Figure 5.7 (a)), 1 mM L-cysteine was added to the system. At lower flow rates, a
clear pre-wave feature was again observed for the voltammetric response. As the flow
rate was increased, the pre-wave began to merge into the main redox wave. This would
be expected because the convective effect can now control the delivery of reagent to
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the surface and allow the kinetics of the pre-wave to be outrun by selection of an
appropriate increased flow rate. When the substrate-mediator ratio increased to 1:1,
(Figure 5.7 (b)) the pre-wave features and inflection became less clear. When the
substrate-mediator concentration ratio was 1.5:1, as Figure 5.7 (c) and (d) shows, the
current of the catalytic step completely merged with the redox curve. Again, this is
expected for the convective control. It was noted that several of the waves were shifted
in potential and this was considered to be due to the less stable nature of the gold
pseudo-reference electrode that was used in the microfabrication process.
Measurements were repeated for the smaller electrodes and the same overall
characteristics were observed; however, in both cases now the pre-wave features were
not observable.

Figure 5.7 LSV of FCA in the presence of L-cysteine with various flow rates (from
0.05 to 0.6 cm3/min) at a scan rate 11.18 mV/s on a 2 mm gold electrode (a) 1 mM Lcysteine; (b) 2 mM L-cysteine; (c) 3 mM L-cysteine; (d) 4 mM L-cysteine.
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Next, the influence of substrate:mediator concentration ratio on the electrochemical
behaviour was investigated. The electrochemical response of the same flow rates was
compared (0.05 cm3/min, 0.10 cm3/min, 0.15 cm3/min, 0.20 cm3/min) in Figure 5.8.
For the flow rate of 0.05 cm3/min, in Figure 5.8 (a), a clear split wave appeared ahead
of the limiting current when the 1 mM substrate was added to the solution. The
inflection, related to the homogeneous chemical reaction, decayed and merged with the
redox current as the concentration of L-cysteine increased. In addition, the increase of
L-cysteine

concentration led to the shift of the current–voltage curve in an oxidative

direction. Similar phenomena were achieved at a higher flow rate; the elevated current
value at the same flow rate was due to reoxidation of FCA generated from the catalytic
reaction of Fc+ and L-cysteine.

Figure 5.8 LSV of FCA with various concentrations of L-cysteine at scan rate 11.18
mV/s on a 2 mm gold electrode (a) at flow rate 0.05 cm3/min; (b) at flow rate 0.10
cm3/min; (c) at flow rate 0.15 cm3/min;(d) at flow rate 0.20 cm3/min.
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Second, characterization of the EC reaction was carried out in a hydrodynamic device
with a 500 μm gold working electrode. Figure 5.9 depicts the response of the
electrochemically reversible reaction using flow rates 0.1 to 0.6 cm3/min. The limiting
current increased as a function of the cube root of flow rate (R = 0.999). When Lcysteine was introduced into the system with substrate:mediator concentration ratio 1:2,
as Figure 5.10 (a) shows, current value increased as vf was larger. An inflection
appeared at low flow rate and decayed as the flow rate rose. The appearance of the
inflection was determined by both the diffusion and convection of substrate.

Figure 5.9 (a) LSV of FCA with various flow rates (from 0.1 to 0.6 cm3/min) at a 500
μm gold electrode, with scan rate 14.9 mV/s; (b) linear fit of limiting current against
cube root of flow rate.

Figure 5.10 LSV of FCA under presence of L-cysteine with various flow rates (from
0.05 to 0.3 cm3/min) at scan rate 14.9 mV/s on a 500 μm gold electrode with (a) 1
mM L-cysteine; (b) 2 mM L-cysteine.
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Comparing with the pre-wave obtained with a 2 mm electrode, the current pre-waves
were positioned at a more positive potential and were less apparent. The difference was
caused by larger diffusional fluxes of the substrate. For the electrolyte with
substrate:mediator concentration ratio of 1:1, in Figure 5.10 (b), as the flow rate rose,
higher mass transport caused larger limiting current and disappearance of the pre-wave.

Electrochemical responses with substrate-mediator concentration ratios 0.5:2, 1:2, 1.5:2,
and 2:2 were then investigated at fixed flow rates (0.10, 0.20, 0.30 cm3/min). When the
flow rate was 0.10 cm3/min, as Figure 5.11 (a) shows, the introduction of substrate led
to the shift towards oxidative potential and the pre-wave gradually disappeared. For the
flow rate of 0.20 and 0.30 cm3/min, similar phenomena were observed in Figure 5.11
(b) and (c).

Figure 5.11 LSV of FCA with various concentrations of L-cysteine at scan rate 14.9
mV/s on a 500 μm gold electrode (a) at flow rate 0.10 cm3/min; (b) at flow rate 0.20
cm3/min; (c) at flow rate 0.30 cm3/min.
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Third, to understand the EC reaction on a microscale channel electrode, another
hydrodynamic device, using 100 μm gold as working electrode, was fabricated. Figure
5.12 shows the current response of the Fc/Fc+ couple in this device. A sigmoidal shape
and limiting plateau were observed under flow rates ranging from 0.05 to 0.6 cm3/min.
The Levich relation was confirmed in Figure 5.12 (b).

Figure 5.12 (a) LSV of FCA with various flow rates (from 0.05 to 0.6 cm3/min) at a
100 μm gold electrode with scan rate 14.9 mV/s; (b) linear fit of limiting current.

However, when the catalytic reaction was introduced into the system, in Figure 5.13,
the pre-wave was not observable for the 100 μm electrode. The difference could be
explained as follows, edge effects enhanced the rate of mass transport towards the
electrode surface and such higher efficiency obtained with the smaller electrode led to
a stronger catalytic effect and suppressed the presence of the pre-wave.

Figure 5.14 compares the electrochemical behaviours of different L-cysteine
concentrations (0, 0.5, 1.0, 1.5, 2.0 mM) at the above flow rates (i.e. 0.1, 0.2, 0.3
cm3/min). A weak inflection was observed when 0.5 mM L-cysteine was added to
FCA/FCA+ solution, as shown in Figure 5.14 (a). The current became larger as the
substrate:mediator ratio increased. Moreover, the voltammogram tended to shift to a
more positive potential and the limiting value also increased as expected. Finally, when
the flow rates were between 0.20 cm3/min and 0.30 cm3/min, similar phenomena were
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observed and the inflection became less obvious with an L-cysteine concentration
below 0.5 mM (Figure 5.14 (b) and (c)).

Figure 5.13 LSV of FCA in the presence of L-cysteine with various flow rates (from
0.10 to 0.60 cm3/min) at scan rate 14.9 mV/s for a 100 μm gold electrode device with
(a) 1 mM L-cysteine; (b) 2 mM L-cysteine.

Figure 5.14 LSV of FCA with various concentrations of L-cysteine at scan rate 14.9
mV/s on a 100 μm gold electrode (a) at flow rate 0.10 cm3/min; (b) at flow rate 0.20
cm3/min; (c) at flow rate 0.30 cm3/min.
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5.4.3 Electrocatalytic detection under fluidic conditions by FTACV

Finally, FTACV measurements were carried out in the microfluidic system. The
operating parameters for the data presented in the thesis were flow rate: 0.05–0.6
cm3/min, frequency: 10 Hz, amplitude: 50 mV, and scan rate: 41 mV/s. Figure 5.15
shows the signal responses of the first four harmonic components at a 500 μm gold
electrode. As the flow rate increased, the peak current became larger due to the decrease
in the thickness of the diffusion layer. For the fundamental harmonic component, the
shape of the peak was not varied by the status of the stream in the device.

Figure 5.15 The FTACV of 1 mM ferrocene methanol with various flow rates (from
0.05 to 0.6 cm3/min) at a 500 μm gold electrode, with scan rate 41 mV/s, frequency
10 Hz, amplitude 50 mV: (a) fundamental harmonic; (b) second harmonic; (c) third
harmonic; (d) fourth harmonic.

128

In Figure 5.15 (a), a symmetrical peak was obtained for both forward and backward
scans. In addition, the peak height of the backward scan was consistent with that of the
forward scan due to the reversibility of the electrolyte. For the second harmonic
component, as Figure 5.15 (b) shows, a pair of symmetrical bell-shaped peaks was
obtained. The peak did not shift with the flow rate, even though the value of current
increased according to the rise of flow rate. Similar phenomena were observed in the
third and fourth harmonic components in Figure 5.15 (c) and (d).

Figure 5.16 The current peak of FTACV with 1 mM ferrocene methanol with various
flow rates (from 0.05 to 0.6 cm3/min) at (a) fundamental harmonic; (b) second
harmonic; (c) third harmonic.

Figure 5.16 shows the relationship of the peak value for the first three harmonic
components vs the cube root of flow rate. To reach steady state, the flow rates 0.35–0.6
cm3/min for the 2 mm electrode device (black) were chosen. The flow rates for the 500
μm (red) and 100 μm (blue) electrode devices were 0.05–0.6 cm3/min. When the flow
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in the channel was fast enough and reached the convective controlled condition, the
current of the harmonic components behaved in a Levich-like manner, as expected.

Figure 5.17 The FTACV of cysteine-FCA ratio 1:2 at scan rate 14.9 mV/s, frequency
1 Hz, amplitude 50 mV with flow rate 0.1 cm3/min on a 2 mm gold electrode (a) first
harmonic; (b) second harmonic; (c) third harmonic.

Further, FTACV measurements were carried out to investigate the influence of sulphide
under hydrodynamic conditions. Figures 5.17, 5.18, and 5.19 compare the
electrochemical responses of devices using different electrode sizes (2 mm, 500 μm,
and 100 μm) with added sulphide. The parameters used were flow rate: 0.1 cm3/min,
frequency: 1 Hz, amplitude: 50 mV, scan rate: 14.9 mV/s. The fundamental harmonic
component in Figures 5.17 (a), 5.18 (a), and 5.19 (a) showed the characteristic
electrochemical response, which varied according to the geometry of the electrodes. In
the case of the 2 mm wide electrode, a clear inflection was observed (Figure 5.17 (a)).
As the electrode size was reduced, Figure 5.18 (a), the effect of catalytic reaction
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became stronger by using the device with a 500 μm electrode and the split-wave
characteristics began to merge with the main voltammetric signal. For the 100 μm
device, this effect was totally merged with the current of the redox reaction in Figure
5.19 (a).

Figure 5.18 The FTACV of cysteine-FCA ratio 1:2 at scan rate 14.9 mV/s, frequency
1 Hz, amplitude 50 mV with flow rate 0.1 cm3/min on a 500 μm gold electrode (a)
first harmonic; (b) second harmonic; (c) third harmonic.

Although more complex, the split-wave feature was observed clearly in the
hydrodynamic measurements and the response could be varied as a function of the
volumetric flow rate. The second harmonic component was more sensitive to the
faradaic signal and the effect of the catalytic reaction was mainly on the first peak. In
Figure 5.18 (b), a small inflection appeared ahead of the symmetrical double peaks.
Because of the current contribution of the C step, the peak area of the first was larger
than the second. The area ratio of the first peak vs the second peak in the second
harmonic component increased as the electrode size reduced. This result agreed with
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the assumption that the catalytic effect was stronger on the smaller electrode. As such,
the smaller-sized electrode may be more sensitive for sulphide detection.

Figure 5.19 The FTACV of cysteine-FCA ratio 1:2 at scan rate 14.9 mV/s, frequency
1 Hz, amplitude 50 mV with flow rate 0.1 cm3/min on a 100 μm gold electrode (a)
first harmonic; (b) second harmonic; (c) third harmonic.

5.4.4 Simulated result of the self-catalytic reaction

To understand the reaction mechanism of electrocatalytic reaction under hydrodynamic
conditions, a numerical simulation was employed to support the experimental results.
Hydrodynamic simulation of the FTACV was carried out in COMSOL. Modelling the
microfluidic environment has the significance and advantage to foresee the
electrochemical behaviour of a complicated system that is not easily obtained by
experiments and could assist in explaining the assumption obtained in the experimental
parts. The parameters were as follows, diffusion coefficient for redox species: 7.6  10–
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m2/s; diffusion coefficient of substrate: 6  10–10 m2/s; kinetics of reversible reaction:

0.001 m/s; kinetics of catalytic reaction: 106 M/s; double layer capacitance: 50 μF/cm2;
scan rate: 10 mV/s; amplitude of sinusoidal signal superimposed: 50 mV; frequency: 1
Hz; electrode width: 100 μm; channel width: 670 μm; channel height: 1000 μm.

Figure 5.20 Simulated result of the electrocatalytic reaction with substrate
concentration 0.3 mM by FTACV, flow rates range from 0.1 to 0.6 cm3/min.

The current behaviour with the appearance of a tiny amount of substrate (0.3 mM) in 2
mM catalytic species at varying flow rates was simulated. Figure 5.20 (a) was the dc
component decomposed from the FTACV. As the flow rate increased, the thinner
diffusion layer led to a current rise. For the fundamental component, a weak inflection
presented at the shoulder of the oxidative reaction at low flow rates. The inflection
decayed as the stream moved faster. The second harmonic component (Figure 5.20 (b))
showed a clear pre-wave feature, which became obvious due to the high sensitivity of
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the second harmonic to the faradaic component. The appearance of the pre-wave shared
the current of the first peak that led to the decrease in the peak height. Further
experiments are required to explore fully the predictions of the numerical models;
however, it is clear that the overall trends observed are very much in line with the
quantitative predictions.

5.5 Conclusion

Microengineered devices have been fabricated and employed to investigate the
detection of sulphide in aqueous solution under microfluidic conditions. Electrodes,
from macroscale to microscale, are used as working electrodes in dc and ac
voltammetry. The pre-wave phenomena were observed for the first time under fluidic
conditions. For the dc voltammetry, as the electrode size becomes smaller, the pre-wave
observed under microfluidic conditions begins to merge with the main catalytic wave.
This effect is also observed as the flow rate is increased in the cell.

For the FTACV, a weak inflection, related to the reaction with sulphide, is observed in
the first harmonic components. For the second and higher harmonics, the effect of the
chemical reaction brings enormous change at the first half wave due to the higher
sensitivity of faradaic components and the property of avoiding capacitive. Electrodes
with smaller size have been proved to be more sensitive in detecting sulphide. The
results achieved in this chapter prove the possibility of FTACV to detect sulphide under
a fluidic condition with sensitivity down to 0.5 mM. In addition, the results can be a
guide for the further electrochemical investigation of the EC mechanism in
hydrodynamic channel devices.
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Chapter 6 Conclusion and future plan
6.1 Conclusion

The work in this thesis has investigated the detection of sulphide in aqueous solution
using an electrocatalytic (EC) reaction. The novel FTACV measurements have been
used for the first time to observe split-wave voltammetry characteristics in higher
harmonic components.

Chapter 3 detailed the electrochemical performance of the reaction of L-cysteine and
catalytic species on macroelectrodes under stagnant conditions using dc cyclic
voltammetry and FTACV. Parameters including substrate concentration, CV scan rate,
frequency of superimposed AC signal, and size of electrode were explored. In the dc
CV, the presence of pre-waves, caused by the catalytic reaction with L-cysteine, was
dependent on the scan rate and sulphide concentration. FTACV, as a novel
electrochemical method, was used for the first time to characterise the pre-wave
phenomena. Linear correlation of peak height against L-cysteine concentration proves
the potential of FTACV in detecting sulphide. Also, the enhancement of signal-to-noise
ratio at higher harmonic components allows FTACV to be more sensitive to detect the
sulphide. Numerical simulations supported the discussion of the experimental
observations.

Chapter 4 reports the reaction of sulphide and catalytic species characteristics at
microscale electrodes. Electrochemical performance varied when using glassy fibre and
gold as working electrodes, split waves were obtained in both dc and ac approaches. In
the dc CV, the enhanced mass transport led to a loss of split peak behaviour and a clear
split wave. The FTACV, however, presented advantages in describing the peak
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potential E1/2 and the split-wave behaviour, which were hard to determine at steady state
via the dc voltammetric techniques. In addition, the pre-wave phenomena were first
time achieved, and varied dependent on the frequency and sulphide concentrations.
FTACV proved itself as a powerful technique in the potential determination and with
high sensitivity to the chemical processes, which can be potentially used in chemical
detection.

Chapter 5 described the design, development and application of a microfluidic
electrochemical sensor for sulphide detection. The split-wave phenomena were
observed for the first time on hydrodynamic electrodes both for dc and FTACV. The
potential and current height were found to vary as a function of solution velocity and
electrode dimension. The results were useful to show how the EC mechanism behaves
according to the variation of flow rate and sulphide concentration. In addition, the
determination of the pre-wave in dc voltammetry and the current behaviour in the
harmonic components of FTACV proved the possibility of using electrochemical
sensors for sulphide detection under fluidic conditions, which may reduce the
complication of current sulphide detection in oil field wellbore applications. Numerical
simulations supported the experimental interpretation of the acquired data.

6.2 Future plan

According to the discussion and conclusions of Chapters 3 and 4, the split-wave
behaviour of the EC mechanism is achieved for the first time by large-amplitude ac
voltammetry both in experiments and numerical simulations. To take advantage of ac
voltammetry’s strength in quantitative analysis of electrochemical mechanisms, a
sophisticated numerical analysis model should be developed to fit the experimental
results. This numerical model should be able to (a) separate the faradaic and non-
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faradaic components; (b) be ready for the capacitance determination on dc and first
harmonic; (c) be sensitive to the uncompensated resistance in the second harmonic.

A further research interest will be focused on the split-wave presence in the
hydrodynamic condition. This thesis discovers split-wave behaviour in the well-defined
three-gold-electrode devices, other electrodes should be developed to encourage an
enhanced and stronger signal response. To avoid the instability and potential shift
induced by the pseudo-reference gold electrode, standard reference electrodes are
highly recommended. In addition, carbon electrodes with theoretically higher surface
area and well-defined electrochemical performance will be applied in the next step of
the research in dc analysis. The design of the three-electrode system with a standard
reference electrode, glassy carbon working electrode, and gold or platinum screenprinted counter electrode is shown in Figure 6.1.

Figure 6.1 Schematic of the hydrodynamic three-electrode system, (a) top view of the
channel with red as the working electrode, blue as reference electrode, grey as counter
electrode; (b) side view of the fabricated device.

For large-amplitude ac voltammetry, it should be noted that the complexity of the EC
electrochemical response to the ac input signal and the complicated flux behaviour
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require a better understanding in both theoretical and experimental considerations. The
study of the EC mechanism in the hydrodynamic electrode will be continued with
different parameters: (1) flow rate, (2) geometry of the hydrodynamic devices (working
electrode material, channel height), (3) substrate concentration. In Figure 6.2, the
theoretical simulated results according to the changing substrate concentration and the

Figure 6.2 Simulated results of DC, first, second, third, and fourth harmonics with
different concentrations of substrate (0.1–0.6 mM). The linear fit of the pre-wave in
the second harmonic against substrate concentration.
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flow rate of 0.1 cm3/min are chosen that are high enough to achieve steady-state current
but slow enough not to lose the current behaviour of the pre-wave. The current plateau
rises as substrate concentration increases but the pre-wave cannot be observed in the dc
components. For the fundamental component, weak pre-shoulders induce the waves to
be fattened as the substrate concentration increases. For the second harmonic in Figure
6.2 (c), clear pre-peaks form before the first main peaks and the peaks become more
independent at higher substrate concentration. For the simulated result, the second peak
is ideally not varied by the appearance of the substrate. Without consideration of
adsorption of substrate on the electrode, the height of the pre-wave in the second
harmonic has a linear correlation with the concentration of substrate, as Figure 6.2 (f)
depicts (R = 0.999). This is an interesting phenomenon that in principle can be applied
to detect the amount of sulphide in the solution.
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Appendix
In the appendix, the protocols of the microfabrication (including positive and negative
fabrication) are detailed. Theories of the numerical models used to support the
experimental measurements are discussed.

A.1 Protocol of microfabrication

A.1.1 Coating of photoresists

Thickness (2.5μm)
Spin speed (rpm)

Acceleration

Duration (s)

4000

0

60

Table A.1 Protocol of positive photoresist coating

Spin speed
1 (rpm)

Acceleration

Duration
(s)

Spin speed
2 (rpm)

Acceleration

Duration
(s)

3000

4

30

2000

4

30

1000

4

30

100 μm
500

9

10
140 μm

500

9

10
200 μm

500

9

10

Table A.2 Protocol of negative photoresist coating.

142

A.1.2 Pre-baking

Soft baking temperature (℃)

Time (min)

115

1

Table A.3 Pre-baking of positive photoresist.
Soft baking 1

Time (min)

temperature (℃)

Soft baking 2

Time (min)

temperature (℃)
100 μm

65

5

95

20

95

35

95

60

140 μm
65

5
200 μm

65

12

Table A.4 Pre-baking of negative photoresist.

A.1.3 Post-baking

Post baking 1
temperature (℃)

Time (min)

Post baking 2
temperature (℃)

Time (min)

100 μm
65

1

95

10

95

15

95

15

140 μm
65

1
200 μm

65

1

Table A.5 Post-baking of negative photoresist.
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A.1.4 Development

Film thickness (μm)

Development time (min)

100

5-6

140

8-9

200

20-25

Table A.6 Development time of negative photoresist.

A.2 Theory of numerical simulations

Numerical simulation has been widely employed to detail electrochemical processes as
it can separate the complications in reaction into a series of solved procedures [1]. To
give a theoretical support for the experimental results, the numerical approach has to
be fixed specifically, based on the original model developed by Viet Nyuyen, to
characterize heterogeneous charge transfer on an electrode surface coupled with a
homogeneous chemical reaction. The modelling of the EC mechanism was developed
for three different cases: (1) a large planar electrode in stagnant solution, (2) a
microelectrode in stagnant solution and (3) a microelectrode located in a microfluidic
channel. In the latter case, it was assumed that the convection rate was sufficient to
remove any axial diffusion effects from the current response, which is a good
approximation for the flow rate and cell conditions used experimentally. The linear fit
of the current peak vs substrate concentration provides theoretical support for the
possibility of FTACV in sulphide detection.
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A.2.1 Chemical kinetics of electrocatalytic mechanism

The electrocatalytic process detailed in section 3.4 was modeled using the COMSOL
package. For the case of a large planar electrode in a solution of high electrolyte ionic
strength the following governing equations were solved:
∂c𝑅
∂t
∂c𝑂
∂t
∂c𝑍
∂t
∂c𝑃
∂t

= 𝐷𝑅
= 𝐷𝑂

𝜕 2 𝑐𝑅
𝜕𝑥 2
𝜕 2 𝑐𝑂

= 𝐷𝑍
= 𝐷𝑃

𝜕𝑥 2
𝜕 2 𝑐𝑍
𝜕𝑥 2
𝜕 2 𝑐𝑃
𝜕𝑥 2

+ 𝑘1 𝑐𝑂 𝑐𝑍 − 𝑘−1 𝑐𝑅 𝑐𝑃

(A.1)

− 𝑘1 𝑐𝑂 𝑐𝑍 + 𝑘−1 𝑐𝑅 𝑐𝑃

(A.2)

− 𝑘1 𝑐𝑂 𝑐𝑍 + 𝑘−1 𝑐𝑅 𝑐𝑃

(A.3)

+ 𝑘1 𝑐𝑂 𝑐𝑍 − 𝑘−1 𝑐𝑅 𝑐𝑃

(A.4)

where k1 and k-1 are defined as second-order rate constant of catalytic reaction with
units M-1s-1.

At the start of reaction, the system was assumed to be composed only by R and Z that
the initial concentration are CR* and Cz*, the relationship can be explained:
𝑡 = 0, 𝑥 ≥ 0
} 𝐶 = 𝐶𝑅∗ , 𝐶𝑂 = 0, 𝐶𝑍 = 𝐶𝑍∗ , 𝐶𝑃 = 0
𝑡 > 0, 𝑥 → ∞ 𝑅

(A.5)

The following boundary conditions were employed for solution of the governing
equations:
𝐷𝑅 (

{

𝜕𝐶𝑅
)
= 𝑘𝑟𝑒𝑑 𝐶𝑅 (0, 𝑡) − 𝑘𝑜𝑥 𝐶𝑂 (0, 𝑡)
𝜕𝑥 𝑋=0
𝜕𝐶
𝜕𝐶
𝐷𝑂 ( 𝑂 )𝑋=0 = −𝐷𝑅 ( 𝑅 )𝑋=0
𝜕𝑥
𝜕𝑥
𝜕𝐶𝑍
(
)
=0
𝜕𝑥 𝑋=0
𝜕𝐶𝑌
(
)
=0
𝜕𝑥 𝑋=0

(A. 6)
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As parameters, such as concentration of bulk solution, electrode size and diffusion
coefficient, affect the solution obtained from above equations. Dimensionless forms of
variables were employed to demonstrate parameters as multiples with same
dimensionality. The dimensionless form of equation is explained as follows:
X =
T=
θ=

𝑋

𝐷𝑅 𝑡

𝐹(𝐸−𝐸𝑓0 )

𝑑𝑗 =
𝐶𝑗 =

∂T
∂𝐶𝑂
∂T
∂𝐶𝑍
∂T
∂𝐶𝑃
∂T

= 𝑑𝑅
= 𝑑𝑂
= 𝑑𝑍
= 𝑑𝑃

(A.8)

∈2

𝜕2 𝐶𝑅
𝜕𝑋 2
𝜕2 𝐶𝑂
𝜕𝑋 2
𝜕2 𝐶𝑍
𝜕𝑋 2
𝜕2 𝐶𝑃
𝜕𝑋 2

(A.9)

𝑅𝑇

𝐾2𝑛𝑑 = 𝑘

∂𝐶𝑅

(A.7)

∈

𝐶𝑅∗ ∈2
𝐷𝑅

𝐷𝑗
𝐷𝑅
𝐶𝑗
𝐶𝑅∗

(A.10)
(A.11)
(A.12)

+ 𝐾2𝑛𝑑 𝐶𝑂 𝐶𝑍

(A.13)

− 𝐾2𝑛𝑑 𝐶𝑂 𝐶𝑍

(A.14)

− 𝐾2𝑛𝑑 𝐶𝑂 𝐶𝑍

(A.15)

+ 𝐾2𝑛𝑑 𝐶𝑂 𝐶𝑍

(A.16)

The K2nd is determined as dimensionless form of the second-order rate constant.

A.2.2 Two-dimensional diffusion on micro electrode

For microelectrode calculations the thickness of diffusion layer is not negligible in
comparison with the size of electrode. In this case, modelling of micro-scale electrode
is more complex mathematically than that of the macro-scale.
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As shown in Figure A.1, the grey part is the electro-active micro-disc and the blanket
is inactive supporting surface, where r is the distance from circle centre, z is the
perpendicular distance from the electrode surface and φ is the angle. For the micro
electrode, the concentration change against time caused by diffusion can be transformed
in cylindrical polar version:
𝜕𝐶
𝜕𝑡

𝜕2 𝐶

= 𝐷 (𝜕𝑟 2 +

1 𝜕𝑐

+
𝑟 𝜕𝑟

1 𝜕2 𝑐
𝑟2

𝜕𝜑 2

+

𝜕2 𝑐
𝜕𝑧 2

)

(A.17)

Figure A.1 Schematic of micro-electrode with cylindrical polar coordinate (r, z, φ).
Theoretically, for the symmetrical disc model, the

𝜕2 𝑐

∂c

=
∂φ

𝜕𝜑 2

= 0. In this case, the

equation A.18 is simplified:
𝜕𝐶
𝜕𝑡

𝜕2 𝐶

= 𝐷 (𝜕𝑟 2 +

1 𝜕𝑐

+
𝑟 𝜕𝑟

𝜕2 𝑐
𝜕𝑧 2

)

(A.18)

A.2.3 Convection-diffusion on channel electrode

For channel electrodes, assuming measurements are under laminar flow condition and
the cell width which is largely relative to the height the fluid velocity can be predicted:
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𝑣𝑥 = 𝑣𝑐 [1 −

(ℎ−𝑦)2
ℎ2

]

(A.19)

where the 𝑣𝑥 is the solution velocity on x axis, however the 𝑣𝑦 and 𝑣𝑧 are 0; 𝑣𝑐 is
the solution velocity at the center of the channel; h is the half height of the channel and
y is distance from the electrode on y axis as Figure A.2 shows.

Figure A.2 Schematic figure of channel electrode.

From the approximation, the mass balance equation of materials can be simplified[2]:
∂𝑐
∂t

𝜕2 𝑐

𝜕𝑐

= 𝐷 𝜕𝑦 2 − 𝑣𝑥 𝜕𝑥

(A.20)

The boundary conditions of reversible reaction can be predicted by
when

𝑡 = 0, 0 ≤ 𝑥 ≤ 𝑥𝑒 , 0 ≤ 𝑦 ≤ 2ℎ
} :
𝑡 > 0, 𝑥 < 0
CR = CR* , CO = 0

(A.21)

when 𝑡 > 0, 0 ≤ 𝑥 ≤ 𝑥𝑒 , 𝑦 = 2ℎ :
∂c

( ∂y𝑅)𝑦=2ℎ = 0
∂c

( ∂y𝑂 )𝑦=2ℎ = 0

(A.22)
(A.23)

when 𝑡 > 0, 0 ≤ 𝑥 ≤ 𝑥𝑒 , 𝑦 = 0 :
∂c

𝐷𝑅 ( ∂y𝑅)𝑦=0 = 𝑘𝑜𝑥 𝑐𝑅 (0, 𝑡) − 𝑘𝑟𝑒𝑑 𝑐𝑂 (0, 𝑡)

(A.24)
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𝐷𝑂 (

∂c𝑂

)
∂y 𝑦=0

= −𝐷𝑅 (

∂c𝑅

)
∂y 𝑦=0

(A.25)

The parameters can be transformed to dimensionless variables:
𝑥

X=

(A.26)

𝑥𝑒
𝑦

Y=

(A.27)

𝑥𝑒
ℎ

H=

(A.28)

𝑥𝑒
𝐷𝐴 𝑡

T=

(A.29)

𝑥𝑒 2

The boundary condition and convection-diffusion equation can be defined in
dimensionless terms:
∂C𝑅
∂T
∂C𝑂
∂T

=

∂ 2 C𝑅
∂Y2

= 𝑑𝑅

3

− 2 𝑃𝑒[1 −

∂2 C𝑂
∂Y2

(𝐻−𝑌)2 𝜕𝐶𝑅

3

− 2 𝑃𝑒[1 −

where Pe is Pelect number, defined as Pe=

𝑣𝑚 𝑥𝑒
𝐷𝑅

𝐻2

]

𝜕𝑋

(𝐻−𝑌)2 𝜕𝐶𝑂
𝐻2

]

𝜕𝑋

(A.30)
(A.31)

, that represents the convection-

diffusion influence of mass transport.

when

𝑇 = 0, 0 ≤ 𝑋 ≤ 1, 0 ≤ 𝑌 ≤
𝑇 > 0, 𝑋 < 0

2ℎ
𝑥𝑒

}:

CR = 1, CO = 0
when 𝑇 > 0, 0 ≤ 𝑋 ≤ 1, 𝑌 =

2ℎ
𝑥𝑒

:
∂𝐶

( ∂Y𝑅 )𝑌=2ℎ = 0

(A.32)

𝑥𝑒

∂𝐶

( ∂Y𝑂 )𝑌=2ℎ = 0

(A.33)

𝑥𝑒

when 𝑇 > 0, 0 ≤ 𝑋 ≤ 1, 𝑌 = 0 :
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(

∂𝐶𝑅

)
∂Y 𝑌=0

= 𝐾𝑜𝑥 𝐶𝑅 (0, 𝑡) − 𝐾𝑟𝑒𝑑 𝐶𝑂 (0, 𝑡)

∂C

∂C

𝑑𝑂 ( ∂Y𝑂 )𝑌=0 = −( ∂Y𝑅)𝑌=0

(A.34)
(A.35)
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