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Abstract

Carbon electrodes have found widespread use in electrochemistry due to its broad
versatility and low cost amongst other advantages. Recent innovations in carbon
materials have added new dimensions to their utility in electrochemical applications.
This thesis aims to investigate aspects of carbon materials, in particular boron-doped
diamond (BDD) and nanocarbon composites, mainly for electrochemical analysis and

energetics studies.

The electrochemical behaviour of estradiol and other endocrine disrupting compounds
was examined on the BDD electrode with different surface pretreatments, as well as on
a nanocarbon-modified BDD electrode. It was shown that the precise control of surface
chemical termination enabled the electrode to be tuned to exhibit diffusional or
adsorptive voltammetry at oxidised and hydrogenated BDD interfaces respectively.
Adsorption effects were also observed on the modified electrode leading to significant
pre-concentration of the analyte onto the nanocarbon and a corresponding lowering of

the limit of detection by ca three orders of magnitude to nanomolar levels.

Surface modification of the BDD electrodes was then explored using a simple and
convenient dropcast technique to deposit microcrystalline copper phthalocyanine onto
the electrode. The influence of the surface chemical termination towards the interaction
with the modifier compound was demonstrated in relation to the oxygen reduction
reaction. Hydrogen terminated BDD modified in such a manner was able to

significantly decrease the overpotential for the cathodic reaction by ca 500 mV when
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compared to the unmodified electrode while modified oxidised BDD showed no such
electrocatalysis, signifying greater interaction of the phthalocyanine modifier with the
hydrogenated surface. The lack of a further conversion of the peroxide product was
attributed to its rapid diffusion away from the triple phase boundary (comprising the
phthalocyanine microcrystallite, aqueous solution and BDD electrode) at which the

reaction is expected to exclusively occur.

Next carbon composites were studied in the form of carbon paste electrodes (CPEs).
The practicality of a nanocarbon paste was established by cyclic voltammetry with
several well-characterised redox systems commonly used to test electrode activity and
was found to exhibit comparable behaviour to the more typical graphitic formulation.
Reversible uptake of some analytes was observed at the CPEs, giving rise to complex
double peak voltammetry. This uptake phenomenon was then further examined at the
nanocarbon paste electrode to monitor the transfer of species between two dissimilar
liquid phases. The interfacial behaviour gave rise to voltammetric peaks which were
assigned to species originating from the aqueous, binder and carbon phases respectively
and this enabled the measurement of Gibbs energies of transfer between oil and

aqueous phases.

Finally the effect of different ionic liquids as binder for carbon-ionic liquid composite
electrodes was studied. Some ionic liquids were demonstrated to offer benefits in
comparison to oil in the fabrication of carbon paste type electrode due to an increased
adsorption of analytes. The ionic “liquid” (with a melting point above room temperature)
n-octyl-pyridinium hexafluorophosphate [Cgpy][PFs] was shown to be useful in
combination with carbon nanotubes as a composite electrode or as a modifier to a
screen-printed electrode to significantly enhance the sensitivity of electrochemical

detection via adsorptive stripping voltammetry.

Overall the carbon-based electrodes studied have demonstrated excellent utility as

electrode materials in the areas of electrochemical sensing and energetics investigations.
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Chapter 1

Introduction

1.1 General overview of electrochemical applications

The essence of electrochemistry lies in the studying of the relation between the passage
of electrical charge and chemical processes. Electrochemistry finds widespread
applications in modern life and the first part of this introduction provides a brief
illustration of some practical uses of electrochemistry, specifically in the areas of
electroanalysis, electrosynthesis and electrochemical power generation and

transformation.

1.1.1 Electroanalysis

Electroanalysis involves the application of electrochemical methods to the
determination of chemical quantities and finds various uses such as environmental
monitoring, biomedical sensing and industrial process control. The variety of
electroanalytical techniques can be usefully classified into two main types, namely

potentiometric and amperometric [1].

In potentiometric methods, the potential established across a membrane is measured
under equilibrium conditions. These potentials at effectively zero current reflect the
composition of the redox active species present in the system of interest. The most

commonly encountered potentiometric probe can be found in the measurement of pH
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using glass electrodes. Such methods are also widely used for the quantitation of other

ionic species such as calcium, potassium or fluoride ions [1].

Amperometric or controlled-potential techniques measure the current passed as a result
of an applied potential at an electrode and include different techniques such as various
forms of voltammetry, polarography and amperometry. In these methods, electrons are
transferred across the electrode|solution interface and the rates of oxidation or reduction
allow the analysis of electroactive species. Various advantages of such techniques
include selectivity towards electroactive species, very low detection limits, high
sensitivity and a wide range of possible electrodes. These have led to the development
of a variety of electrochemical sensing technologies for applications in diverse
laboratory and field measurements such as for environmental, clinical and industrial

uses [2].

1.1.2 Electrosynthesis

Another major application of electrochemistry is in the area of electrosynthesis, which
contributes to the making of some products of great economic value. In these processes,
electrodes at sufficiently positive potentials are able to act as a reductant while at
sufficiently negative potentials they can function as an oxidant. The electrolysis of
some molten salts or its aqueous solution enables the industrial production of certain
metals such as aluminium, lithium, sodium, potassium, magnesium and calcium, some

of which are almost exclusively made by such means [3].

An additional example of an important industrial operation based on electrochemical

technology is the chloralkali process, which involves the electrolysis of brine, that is, a
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concentrated aqueous solution of sodium chloride. The principal products manufactured

from this process are chlorine gas, hydrogen gas and sodium hydroxide solution [3].

On a much smaller scale than the above methods is the Baizer-Monsanto process for the
reductive hydrodimerisation of acrylonitrile to adiponitrile at a cadmium electrode as

described by the net equation of the reaction [4]:

2 CH,=CHCN + 2 ¢ + 2 H" — NCCH,CH,CH,CH,CN

The product, adiponitrile is a key intermediate in the synthesis of the polymer nylon.

1.1.3 Electrochemical Power

Electricity is a hallmark of modernity of human life and the supply of electrical power
in the form of galvanic devices such as fuel cells and batteries is essential to support the
functioning of many modern technological applications. In contrast to a combustion
engine, the direct conversion of chemical energy to electrical energy in a fuel cell is not

limited by the Carnot cycle thereby allowing a higher efficiency to be achieved [5].

With increasing concerns about the global climate as well as diminishing fossil fuel
sources, there is growing demand for clean energy as an alternative to traditional
hydrocarbon routes. Fuel cells hold great potential for such applications as they can be
more efficient in energy conversion and generate lower amounts of greenhouse gas
emissions. Typical cell designs that have gained attention include polymer electrolyte
membrane and direct methanol fuel cells, which produce water as the by-product of

reaction [6,7].
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Electrocatalytic materials are essential to the operation of fuel cells for the improvement
of faradaic efficiency as well as for the lowering of the overpotentials of the electrode
reactions, especially in low-temperature devices. The most active catalyst for this
purpose is platinum, however its high costs has prompted research into the

improvement of catalyst utilisation and the development of cheaper alternates [8,9].

Other than fuel cells, electrochemical power can also be provided in the forms of
batteries and supercapacitors. In batteries, the source of chemical energy is stored
within the system itself, in contrast to the fuel cell where the reactants are supplied from
external sources. As for supercapacitors, the working mechanism is mainly based on the

capacitative properties of the electrochemical double layer [3].

1.2 Carbon materials

Carbon is an important material for many electrochemical applications due to its
attractive properties such as high surface area, good electrical and thermal
conductivities, chemical stability and low cost [10]. Moreover carbon materials are
readily available and can exist in various forms such as powders, fibres, foams, tubes
and films. A few examples of their uses in electrochemistry include glassy carbon and
carbon paste electrodes for electroanalysis [1,11], graphite as the traditional anode
material in the chloralkali industry [3] and high surface area carbon powders as

supports for platinum-based electrocatalysts at the electrodes of fuel cells [12].

The ways that carbon atoms can be arranged are dependent on the type of bonding
present at the carbon, which generally can be categorised as either sp® or sp?

hydridisation. The wealth of possible carbon architectures is built upon the different
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arrangements of its atoms. Various carbon allotropes exist: diamond represents the
physical form showing sp>-type bonding whilst sp®-type bonding is typified by graphite.
Amorphous carbon refers to carbon that exhibits much lower levels of crystallinity than
that shown in diamond or graphite, and can have varying proportions of sp® and sp?

bonds.

The diversity of carbon materials has blossomed in relatively recent times with the
discovery and development of new and interesting forms of carbon including carbon
nanotubes [13], electrically conductive diamond [14] and graphene [15]. Further
research is therefore essential to better understand and develop these more advanced
carbon materials, especially in the area of electrochemistry given the proven utility of

conventional carbon electrodes.

The notable carbon forms that are encountered in this thesis are introduced below and
these include diamond, graphite, amourphous carbons (hanocarbon and glassy carbon)

and carbon nanotubes.

1.2.1 Diamond

The diamond crystal is cubic and has a tetrahedral arrangement of carbon atoms with
sp3 hydridised bonding between them, with a bond length of 1.54 A, as depicted by the
structure in Figure 1.1 [16]. The extensive three-dimensional strong covalent bonding
in diamond makes it the hardest known natural substance and renders it useful in

commercial applications such as abrasive grit and cutting tools.
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Figure 1.1 Structure of diamond [16].

While pure crystalline diamond is an excellent thermal conductor, it has a large
bandgap of 5.45 eV [17], resulting in it being one of nature’s best electrical insulator
and therefore unsuitable as an electrode material. However, the conductivity of
diamond can be improved to levels sufficient for electrochemical applications by the
intentional incorporation of impurities, for instance boron or nitrogen. Boron is the most
widely used dopant source for making conductive diamond. This imparts p-type
semiconducting character, since boron is electron deficient relative to carbon. The
boron doping level is often in the range of ~10%° atoms/cm?, or roughly the replacement

of one carbon atom per thousand [18].

High quality polycrystalline boron-doped diamond (BDD) thin film is routinely

fabricated by the method of plasma-assisted chemical vapour deposition (CVD) [17].
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The plasma source is either microwave radiation [19-21] or hot filaments [22]. In both
methods, the gas phase is typically made up of hydrogen as the carrier gas, methane [19]
or acetone/methane mixture [20] as the carbon source and other gases such as B,Os3 as
the dopant supply. The hydrogen also serves additional functions during the operation

[23]:

e Removal of hydrogen from the methyl groups on the surface of the growing
diamond film so as to expose fresh sites for deposition

e Production of the reactive methyl radical species by abstraction of hydrogen
from the carbon source gas

e Passivation of the dangling bonds to decrease sp°® to sp? reconstruction

e Gasification of any sp? non diamond impurity

As a result of the hydrogen atmosphere during CVD growth, the as-grown thin film
boron-doped diamond possesses a surface that is largely hydrogen terminated. The
accessibility of CVD growth techniques means that thin film boron-doped diamond
electrodes can be available at relatively low cost, certainly nowhere near its gemstone
counterpart. Polycrystalline BDD material produced by this procedure usually contains
individual randomly oriented microcrystallites with size on the order of several

micrometres, as shown by the SEM micrograph in Figure 1.2.
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Figure 1.2 SEM micrograph of CVD-grown polycrystalline boron-doped diamond [24].

Boron-doped diamond exhibits several distinct properties that set it apart from

conventional electrode materials.

The high corrosion resistance and mechanical stability of BDD electrodes allow
their use in more challenging conditions such as chemically aggressive
environments [25], high power ultrasound [26] and very high anodic potentials
[27].

It possesses an extremely wide working potential window in aqueous media,
which extends from ~ -1.35 V to +2.3 V (SHE) on high quality conductive
diamond [28,29]. A comparison of the potential window with a typical metal
(platinum) electrode is provided in Figure 1.3.

Its low background current is an order of magnitude lower than that of glassy
carbon [30].

It is relatively resistant to surface fouling compared to other carbon electrodes
and so can be used over longer periods without repeated regenerative treatments

[28,31,32].
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Figure 1.3 Cyclic voltammograms of (a) high-quality boron-doped diamond and (b)
platinum electrodes in 0.5 M H,SO4. Scan rate: 200 mV s*. SHE: Standard hydrogen
electrode [33].

These advantageous properties of BDD have attracted much interest in research on its
electrochemical applications. One such important area is the use of BDD electrodes for
electroanalysis [31]. The fairly low capacitative current of conductive diamond
enhances the signal to background ratio, which is associated with the limit of detection,
and is beneficial for the detection of low levels of target analytes. The large potential
range between the oxygen and hydrogen evolution enables electroanalysis outside the
potential window offered by other conventional electrodes. Moreover the excellent
strength of diamond allows it to be combined with ultrasound to improve mass transfer
of reactants [31,34]. A range of analytes have been studied on BDD electrodes and

some examples are given below.
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e organics
= chlorophenols  [35], catecholamines [36], dopamine  [37],
pharmaceuticals [38], nucleic acids [39]
e inorganics
= azide [40], hydrazine [41], hydrogen peroxide [42], iodine, iodide [43],
nitrate [44]
e metal ions

= arsenic [45], mercury [46], cadmium, lead [47,48], manganese [49]

With high applied anodic potentials, reactive oxygen species can be generated at the
electrode surface of conductive diamond and this has led to numerous studies on the
destructive oxidation of various compounds on BDD electrodes with a view to the
treatment of wastewater. These substances include phenols [27], carboxylic acids [50],
pharmaceuticals [51,52], dyes [53,54], surfactants [55], herbicides [56] and pesticides

[57].

It can be seen that BDD diamond is endowed with certain properties superior to
conventional electrode materials and this surely merits further attention towards its

electrochemical research, which is an aim of this thesis.

1.2.2 Graphite

Graphite is composed of layers of carbon atoms arranged in hexagonal rings, as shown
by the model in Figure 1.4 and each layer can be referred to as a graphene sheet. The
carbon atoms have sp2-hydridised bonding with the carbon-carbon bond length being

1.42 A in the hexagonal rings while the spacing between graphene layers is 3.354 A
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[10]. Strong covalent bonds exist between the carbon atoms within a graphene layer,
however weak van der Waals forces between the layers allow the carbon planes to
easily slide past one another. This makes graphite a soft material which in its powdered

form can be used as lubricants in commercial applications.

1.42A

Figure 1.4 Structure of graphite

Due to the strength of covalent bonds within carbon planes, graphite is relatively
chemically inert and thus suitable as an electrode material. Moreover it generally has a
wider potential range in the same electrolyte compared to platinum, making it a useful
electrode for electrochemistry at more positive and negative potentials [10]. It is also a
widely used carbon phase in carbon composite electrodes including carbon paste

electrode and impregnated-graphite electrode [11].
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The graphitic microstructure forms the basis for a number of carbon microstructures
having lower levels of crystallinity. Two such examples of amorphous carbon, namely

nanocarbon and glassy carbon, are described next.

1.2.3 Nanocarbon (carbon black)

Nanocarbon (so-called carbon black) is widely used for rubber reinforcement and as
pigmentation agents. It is mainly produced by the incomplete combustion of gaseous or
liquid hydrocarbons [58]. The structure of nanocarbon particles is quasi-graphitic, with
a lower three-dimensional order in the direction perpendicular to the graphene plane as

well as a larger interplanar spacing (~3.5 to 3.6 A) than that of graphite (3.354 A) [10].

The surface area of nanocarbon commonly ranges from <10 to >500 m%qg,
corresponding to particle sizes of >80 to < 10 nm in diameter [10]. In addition to its size,
the surface chemical composition exerts a certain influence on the adsorptive properties

of nanocarbon [59].

With useful properties such as a high surface area and electrical conductivity,
nanocarbon has been employed in electrochemistry mainly in the area of energy storage
and conversion devices, for instance as a catalyst support material in fuel cells and as a
conductive additive in batteries [60]. It is only quite recently that there is emerging
interest concerning the use of nanocarbon for electrochemical sensing applications,
such as in the detection of hydrogen peroxide [61], hydrazine [62], nicotine [63] and

bisphenol A [64].
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While the annual production of nanocarbon is on the order of millions of tonnes (~99%
for use in the rubber and ink industries) [16], the level of electroanalytical attention
given to this material could conceivably be regarded to pale in comparison to its
immense industrial volume [65]. Given the very low cost (~$1/kg [65]) and ready
accessibility of this carbon material, this thesis aims to explore aspects of its utility in

electroanalysis.

1.2.4 Glassy carbon

Another form of amorphous carbon is glassy carbon, also often known as vitreous
carbon, produced from heat treatment of polymeric resin at temperatures between 1000
and 3000°C usually under pressure [10]. It is a hard non-graphitising material with a

black, glassy appearance and brittle nature similar to glasses, hence its name.

The model of glassy carbon proposed by Jenkins and Kawamura [66] is widely
accepted as the structure for this carbon. As illustrated in Figure 1.5, the complex
structure is made up of interwoven ribbons of graphitic structure. The intraplanar
microcrystalline size, L,, and the interplanar microcrystalline size, L., have values of ca.

50 and 15 A, respectively [66,67].

Figure 1.5 Jenkins-Kawamura model of glassy carbon [66]. L, and L. are the lengths
for the intraplanar and interplanar graphitic domains.
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Some selected physical properties of glassy carbon are compared with graphite in Table
1.1. The most notable feature of glassy carbon is its very low permeability to gases in
comparison to graphite, even though the density of the former is lower. The significant
volume of voids present in glassy carbon contributes to its porosity. However these
voids are closed and therefore do not allow the passage of gaseous molecules through
the material [10]. The high mechanical hardness of glassy carbon allows it to be easily
polished when used as an electrode. Glassy carbon is highly resistant to chemical attack
[67] and has a rather wide electrochemical window, making it one of the most

commonly used carbon electrode material in electroanalytical studies [68,69].

Table 1.1 Selected properties of glassy carbon and graphite [70,71]

Physical property Glassy carbon Graphite
Bulk density (g cm™) 1.3-1.55 1.6

Gas permeability (cm?s™) 10°-10" 10
Tensile strength (kg cm™) 400-1000 420
Thermal conductivity (W m* K™  4-25 125-167
Elecctrical resistivity (Q cm) x 10 10-50 7

1.2.5 Carbon nanotubes

Carbon nanotubes (CNTSs) [72] exist in two main types of structures. One is of the
single-walled (SWCNT) variety, which is formed of a single graphitic sheet rolled into
a cylindrical tube, as illustrated in Figure 1.6 for an armchair configuration. Another
type is multi-walled (MWCNT), which consists of multiple concentric and closed
SWCNTSs. The diameters of carbon nanotubes are typically ~0.4 to >3 nm for SWCNTSs
and ~1.4 to >100 nm for MWCNTSs [73,74]. The main methods of synthesis of carbon

nanotubes are arc discharge, laser ablation, and chemical vapor deposition [72].
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Figure 1.6 Schematic diagram of a structure for a single-walled carbon nanotube
(armchair configuration) [74]. Projections normal to and along the tube axis are given
left and right respectively.

The unique properties of carbon nanotubes have spurred intense research on this
material. Numerous potential and practical applications of carbon nanotubes have been
reported, such as for gas sensors [75], nanoelectronic devices [76], field emission
electron sources [77], hydrogen storage [78] and nanoprobes in scanning tunnelling

microscopy and atomic force microscopy [79].

By virtue of its advantageous characteristics such as high surface area, electronic
conductivity and chemical stability, carbon nanotubes have attracted attention for
electrochemical energy storage applications, especially in high power supercapacitors
[80,81]. Carbon nanotubes have also been widely used for the construction of electrode

construction for electroanalysis in several configurations [82]:

o Simple film on typically glassy carbon electrode to increase surface area, lower
the overvoltage of reaction and/or alleviate surface fouling effects in the
detection of various compounds such as B-nicotinamide adenine dinucleotide

(NADH) [83], thyroxine [84], redox protein [85] and cytochrome c [86]
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e Combined with other modifiers to enhance the electrode surface functionalities.
These include metal nanoparticles [87], enzymes [88,89] and oligonucleotide
[90].

¢ Nanotube paste electrode [91,92]

o Nanotube nanoelectrode [93], owing to the very high current density (up to 10°

A cm™ [94]) possible at this material.

1.3 Aims and scope of thesis

This thesis aims to study aspects of electrochemical properties at carbon-based
electrodes, with a particular focus on boron-doped diamond (Chapters 3 and 4) and

carbon composite (Chapters 5, 6 and 7) materials.

Chapter 2 explains the fundamental concepts underpinning the electrochemical
processes encountered in this volume and the basic principles behind the relevant

measurement techniques are described.

Chapter 3 investigates the voltammetry of some estrogenic compounds at modified and
unmodified boron-doped diamond electrodes, with the aims of studying the basic
reaction mechanisms as well as analysing these compounds. Another aim is to examine
the use of nanocarbon as an electrode modifier towards the improvement of the limit of

detection of the target analytes.

Chapter 4 explores the approach of a simple physical deposition method for the surface

functionalisation of conductive diamond electrodes. The objective is to understand the
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interaction between the BDD surface and the modifier component by investigating the

effects on the electrocatalysis of oxygen reduction.

Chapter 5 extends the research on nanocarbon through the introduction of an alternative
electrode configuration, specifically in the form of nanocarbon paste electrodes. This
chapter aims to characterise these electrodes by a comparison with the more traditional

graphitic formulation using well-defined redox probes.

Chapter 6 develops from chapter 5 and examines the interfacial behaviour at
nanocarbon paste electrodes, leading to the determination of the energetics of molecular

and ionic transfers between two dissimilar liquid phases.

Chapter 7 studies the role of ionic liquids as an alternative binder phase for the
construction of carbon composite materials, with the aim of investigating the
application of such materials to the modification of screen printed carbon electrodes for

adsorptive stripping voltammetry.
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Chapter 2

Experimental Methods and Background

2.1 Introduction

This chapter aims to provide a general overview of the background theory and
techniques which are pertinent to the experimental work in this thesis. Fundamental
concepts in electrochemistry are explained, including charge transfer kinetics, mass
transfer and the interfacial structure, so as to provide a basic understanding for the study
of electrode processes. Electrochemical methods used in the following chapters, in
particular cyclic voltammetry and square wave voltammetry, are covered. The current
convention used here is that of the IUPAC in which positive potentials are to the right
of the origin and anodic currents are taken as positive [1]. The surface characterisation

technique of scanning electron microscopy will also be presented.

2.2 Equilibrium electrochemistry

Electrochemistry is concerned with the study of the transfer of charge across the
interface between an electronic conductor (an electrode) and an ionic conductor (an
electrolyte). Such electrode processes are heterogeneous in nature. A simple electrode

reaction can be illustrated by the following process

O(aq) + e~ (electrode) 2 R(aq) (2.1)
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in which O represents an oxidised species in solution, which gains an electron from an
electrode to form R, the reduced species. This can be prepared by the immersion of a
suitable electrode (e.g. platinum wire or an inert metal) into an aqueous solution

containing the redox active species, as shown in Figure 2.1.

~Llectrode

Figure 2.1 An electrode immersed in an aqueous solution containing the redox active
species O and R.

As the reaction involves the transfer of electrons, it can be expected that a net electrical
charge develops on each of the two phases. Depending on the position of equilibrium,
the electrode can have a net positive or negative charge, with the solution phase having
the corresponding opposite charge of equal magnitude. This charge separation gives rise
to a potential difference across the electrode|solution interface and forms the basis for
the electrode potential established at the electronic conductor. If @5 and @ represent
the potentials for the solution and the electrode respectively, then this potential drop

across the electrode/solution interface A®g s is given by

A(DE/S == (DE - q)s (22)



Chapter 2 27

The difference in potential can be considered in terms of the electronic energy levels
within the electrode and the solution species which will be illustrated by reduction of
the species O [2,3]. As shown in Figure 2.2, before the electron transfer the valence
band of the electrode is filled to the Fermi level and the species O has an unfilled
molecular orbital available to be gain electrons. As the Fermi level is higher in energy
than the vacant orbital, it is energetically favourable for electrons to flow from the
electrode to the species O converting them to species R. This energy difference is the

driving force for the charge transfer.

Before electron transfer

Solution Metal

N Fermi level
|\
f Filled
conduction
band

0

After electron transfer

Solution Metal
- +

Original position of

f—— Fermi level
AN

Filled
..... RO conduction

band

Original position of
solution energy level
of species O

Figure 2.2 Diagram of the energy of electrons in the solution species and in the
electrode. Adapted from [3]
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As the electron transfer progresses, positive charge builds up on the electrode and a
corresponding negative charge results in the solution phase. The energy levels are
altered until eventually the Fermi level lies in between the energy levels of the two
electroactive species such that the rate at which electrons leave the electrode and reduce
O becomes equal to the rate at which electrons enter the electrode from the R species
which gets oxidised. This corresponds to the system reaching equilibrium and

possessing a characteristic potential established at the electrode|solution interface.

The measurement of potential in practice is typically carried out with a high impedance
voltmeter. As the measurement of the potential difference is not possible at a single
interface, a second reference electrode must be included for such a measurement to be

made feasible [4].

When the activities of the relevant electroactive species are known, the equilibrium

potential can be predicted by the Nernst equation:

RT «a
E=E°+ N lna—o (23)
R

where R is the universal gas constant (8.314 J K™ mol™), T is the absolute temperature,
F is the Faraday constant (96485 C mol™), a, and aj are the activities of the species O
and R respectively. E® is known as the standard electrode potential and it is measured
by the standard hydrogen electrode (vide infra) as reference, with all species having unit

activity.
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In experimental electrochemistry, it is commonly the case that the concentration is a
more important quantity rather than the activity hence equation 2.3 can be written in

terms of concentration to give

E=E°’+};—Tln% 24)

where E% is known as the formal potential. The activity of a species x in solution is

related to its concentration by the expression

a =y[x] (2.5)

where vy is the activity coefficient.

E% is related to E° by the following equation:

RT
E°’=E°+—lny—0 (2.6)
F Yr

2.3 Non-equilibrium electrochemistry

While equilibrium electrochemistry, in which there is no net flow of charge, is
important, the case whereby a net electrical current passes through the electrochemical
cell is often of greater relevance in practice. Electrochemical systems in which there is a
net flow of charge in a given direction can be broadly classified as either galvanic or
electrolytic processes depending on the Gibbs energy. A galvanic reaction is a
spontaneous electron transfer reaction (AG <0) while an electrolytic process (AG 0)

necessitates an external applied potential different from its equilibrium value in order to
drive the reaction. This thesis is primarily concerned with the study of electrochemical

reactions of the latter type.
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For an electron-transfer reaction to occur, it is necessary for the electroactive species to
be within molecular distances of the electrode surface. Therefore, a simple electrode

reaction must involve at least three steps:

e the supply of reactant to the electrode surface;
e the transfer of charge across the electrode|solution interface

e the removal of the product from the surface.

This multistep process is typified by the scheme in Figure 2.3. The overall rate of
electrode reaction will be determined by the slowest of these steps. A particular reaction
might therefore be limited either by the electron transfer kinetics or by the rate at which
material is carried to (or from) the electrode via mass transport [5,6]. More complex
electrode reactions can involve additional surface or chemical processes that precede or

follow the electron transfer event.

Electrode Mass
transfer
<€ T
Osurface > Obulk
N
o- Electron
transfer
v
Rsurface < > Rbulk
Mass
transfter

Figure 2.3 Schematic representation of some processes involved in a simple one-
electron transfer electrode reaction.
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When a potential positive to the equilibrium potential is applied to an electrode
immersed in a solution containing O and R, the system will shift to a new equilibrium
where the concentrations of O and R are those set out by the Nernst equation at this
potential, provided the electron transfer Kinetics is fast. At a potential of E + 4E, the
equality of the Nernst equation can be met by the ratio of [O]/[R] increasing. This
necessitates the conversion of R into O such that an anodic current occurs. For a
potential negative to the equilibrium potential, the same argument will lead to a net

cathodic current being observed.

2.4 Electrode kinetics

In addition to thermodynamic considerations, the rate at which O and R are
interconverted is also of interest. In accordance with homogeneous kinetics, the rates of
oxidation and reduction can be expected to be the product of a rate constant and the
concentration of the reactant at the site of electron transfer, that is, the electrode surface
(denoted by the subscript 0). For the simple case of a one-electron reduction of O to R

(equation 2.1) this can be expressed as follows:

i

Rate of reduction = k.[0], = ﬁ (2.7)
[

Rate of oxidation = kg[R], = ﬁ (2.8)

where k. and k, are the heterogeneous rate constants for the forward cathodic and the
reverse anodic reactions respectively, ic and i, are the cathodic and the anodic currents

respectively, and A is the electrode area.
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The overall current for a redox reaction is given by the anodic and cathodic

contributions:

i =i+ i = FA{kq[R]o — kc[O]o} (2.9)

The rate of the heterogeneous electron transfer is dependent on the potential gradient at
the electrode|solution interface and based on the principles of transition state theory the

rate constants are generally related by

BFn (2.10)
ke = Koexp ()

aFn 2.11
() -

where k° is the standard electrochemical rate constant and o and B are known as the
transfer coefficients [7,8] which normally lie in the range zero to unity. n is the

overpotential and is defined as
n=E—E" (2.12)

The overpotential can be regarded as the driving force for oxidation or reduction,

depending on its sign.

The transfer coefficient is a dimensionless parameter which can be interpreted in terms
of the nature of the transition state. For a value close to zero the transition state behaves
more like the reactants whereas when it approaches unity the transition state resembles
the products, at least with respect to the potential dependence of its standard Gibbs
energy. The value of the transfer coefficient is typically close to 0.5 for many reactions,

indicating the transition state to possess intermediate character [3,5].
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Based on the above equations, the net current can be expressed in the form

i=FA {kOeXp ('%7) [R]o — k°exp (— 0%’) [0]0} (2.13)

This is the Butler-Volmer equation [9-11] which describes how the observed current
varies as a function of the overpotential and the transfer coefficients when mass
transport limitations are absent. When k° is large, little or no overpotential is required to
drive the electrochemical reaction and this is known as a reversible process. In contrast,
a small value of k° necessitates a high overpotential and such an electrode process is

termed irreversible.

When the overpotential becomes sufficiently large in the anodic direction such that only

the oxidative component is significant and the Butler VVolmer equation simplies to

. BEn (2.14)
= 0 B —
i =FAk exp ( RT ) [R]o
And upon taking the natural logarithm on both sides of the equation becomes
F 2.15
Ini = 'B—n + constant (215

RT

Similarly at overpotentials which drive the cathodic reaction, negligible anodic currents

occur and the following equation is obtained

In|i| = —ﬂ + constant (2.16)
~ T Rrr"

Equations 2.15 and 2.16 allow the value of the transfer coefficients to be derived
experimentally from the slope of a plot of In i against (over)potential. This is known as

Tafel analysis and is illustrated in Figure 2.4. When both the anodic and cathodic
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processes can be measured and analysed using Tafel plots, the point of intersection of
the extrapolation of the two Tafel lines provides an estimate of the quantity ip known as

the exchange current [5].

In|i|

| | |

Overpotential

Figure 2.4 Tafel analysis.

2.5 Mass transfer

When the electrode kinetics is sufficiently fast, the reaction rate will be largely
controlled by the transport of material to the electrode surface. Mass transfer refers to
the movement of material from one location in solution to another and arises either
from differences in electrical or chemical potential at the two locations or from
movement of a volume element of solution [12]. The main modes of mass transfer that

are significant depending on the experimental conditions include the following:
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e Diffusion
e Convection

e Migration

2.5.1 Diffusion

Diffusion is the spontaneous movement of a species driven by a concentration gradient
from a region of high to a region of low concentration so as to minimise the
concentration difference. For the simple case of linear diffusion to a planar surface, it
has been shown by Fick [13] that the number of moles of material diffusing through a
unit area in one second, that is, the ‘diffusional flux’, J, for a species is given by Fick’s
first law

J=-D, a[4] (2.17)

dx

where [A] is the concentration of species A and Dp is a constant of proportionality
which is known as the diffusion coefficient and is characteristic of the diffusing species.
The diffusion coefficient provides a measure of the mobility of a molecule in a solvent
over a certain time and as a rule of thumb the larger the molecule, the smaller the value

of D [3].

Fick’s second law expresses the variation of concentration at a particular point as a

function of time and is given by

d[A] 92[A] (2.18)

=D
ot 4 9x2
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The solution to this differential equation, together with boundary conditions appropriate
to the electrode reaction, allows the development of a precise theoretical description of

electrochemical experiments.

2.5.2 Convection

Convection is the movement of a species as a result of external mechanical forces. Two
forms of convection may be distinguished. The first is natural convection, which arises
from sources such as random vibrations in the laboratory or the small density gradient
resulting from both concentration and temperature changes local to the electrode
associated with the chemical transformation at the surface. Natural convection is
generally irreproducible and thus undesirable in electrochemical experiments. Its effects

can usually be neglected by carrying out measurements on a relatively short timescale

[3].

The second type is forced convection, which is the deliberate stirring or agitation of the
solution by mechanical means. This is usually included as part of the experiment in
order to dominate the mass transport in the system. Forced convection is normally
designed to possess well-defined hydrodynamic behaviour so that a quantitative

description of the electrode processes can be established.

2.5.3 Migration

Migration is the movement of charged species under the influence of an electric field.
The potential drop across the electrode/solution interface is able to exert an electrostatic
force on ions present in the region and such motion contributes to the mass transfer to

and from the electrode surface. However migratory fluxes are not easily predictable and
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the differing rate of mass transfer can lead to difficulties in the interpretation of

experimental data.

To diminish the effects from migration, a chemically and electrochemically inert
‘background electrolyte’ is usually added to the solution at high concentrations,
commonly around, or in excess of 0.1 M. This provides several important advantages.
First, the large amount of electrolyte improves the solution conductivity making it less

resistive to the passage of current through the electrochemical cell.

Secondly, the high levels of this supporting electrolyte significantly decrease the
distance over which the electric potential drops from its value in the electrode (®,) to
that in bulk solution (®). The absence of potential gradients outside this narrow

interfacial region hence prevents migration effects.

A third benefit is that the ionic strength of the solution stays practically constant during
electrolysis due to the relatively high concentration background electrolyte in
comparison to that of the reactants and products. As a result the activity coefficients of

the reactants and products, which are influenced by ionic strength, are kept constant [5].

The combination of the three mass transfer modes introduces complexity in the
interpretation of experimental data owing to some undesirable effects as explained
above. It is therefore useful to eliminate at least one of the mass transport methods. In
the experimental work of this thesis, the effects of convection are minimised by
conducting experiments under still conditions (no stirring) while those due to migration

are made negligible through the addition of a high concentration of supporting
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electrolyte. This means that the mass transfer involved arises predominantly from

diffusion.

2.6 Faradaic and non-faradaic processes

There are two kinds of processes which occur at electrodes. One type consists of
reactions in which there is a flow of charge across the electrode-solution interface, i.e.
oxidation and reduction. Such reactions are described by Faraday’s Laws and so are

called faradaic processes. The magnitude of the faradaic current is given by

. dQ _d(mnF) _ Fd_m (2.19)
Ca T T ae T Ma
where Q is the amount of charge passed, t is the time, m is the number of moles of

reactant consumed or product formed.

Under some conditions, a given electrode-solution interface will show no charge-
transfer reactions occurring as a result of being thermodynamically or kinetically
unfavourable. However, processes such as adsorption and desorption can occur, and the
structure of the electrode-solution interface can change with varying potential or
solution composition. These are called non-faradaic processes and give rise to the

background current in electrochemical measurements [14].

2.6.1 Electrical double layer
The applied potential to an electrode leads to its surface possessing a certain charge
which has electrostatic effects within the electrolyte solution. Oppositely charged

species as well as dipoles are attracted to the electrode surface to maintain electrical
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neutrality and the electrode-solution interface behaves as an electrical capacitor. This
resulting structure is known as an electrical double layer and is illustrated by the model

in Figure 2.5.

OHP

Electrode

e E
law|

Diffuse layer

@)

i

— O

Solvated cation

(O =solvent molecule

|
#-0QC

Figure 2.5 Schematic diagram of the electrical double layer. Adapted from [15]

On the solution side, the region closest to the electrode consists of solvent molecules
and specifically adsorbed ions, which are at a distance of x; from the electrode surface.
The plane drawn through the electrical centres of these ions is called the inner
Helmholtz plane (IHP). The next layer comprises solvated ions, whose electrical centres

form the boundary of the outer Helmholtz plane (OHP). As these ions are surrounded
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by solvent molecules, they may not approach the electrode surface closer than a certain
distance, x,. Due to random thermal motion, some of the ions which neutralise the
charge on the electrode surface are spread out in a diffuse layer beyond the OHP

[12,16,17].

2.7 Electrochemical cell

In order to differentiate the electrodes used in an electrochemical cell, they can be
designated based on their specific roles: the working electrode (WE), the reference
electrode (RE), and the counter electrode (CE), also known as the auxiliary electrode.
The working electrode is generally where the reaction of interest occurs. The function
of the counter electrode is to pass the same current as that which is flowing through the
working electrode. Thus the potentiostat sets the counter electrode to the necessary

potential for passing this current.

Reference electrodes are necessary to provide a stable and accurate value of potential as
a reference voltage [12,18]. The standard hydrogen electrode (S.H.E.) is the reference
electrode for standard electrode potentials and by convention it is defined as having a
potential of zero. It consists of a platinised platinum electrode immersed in an acid
solution of unit activity over which hydrogen gas bubbles at 1 atm pressure as shown

below.

Pt|H. (gas, 1 atm)|H" (aqueous, a = 1)

Despite its fundamental status, it is not very convenient for routine work. Therefore in

practice potentials are usually measured with other reference electrodes than the S.H.E.
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One common reference electrode is the saturated calomel electrode which has a

potential of 0.242 V (vs S.H.E.):

Hg|Hg.Cl,|KCI (saturated in water)

Another widely used reference electrode is the silver-silver chloride electrode:

Ag|AgCI|KCI (saturated in water)

with a potential of 0.197 V (vs S.H.E.).

2.7.1 Three-electrode cell design

As described earlier in section 2.2, a minimum of two electrodes is required in practice
to measure the potential difference across both interfaces. In a two-electrode
electrochemical cell, the electrode other than the working electrode has to serve as both
a reference and a counter electrode. If an appreciable current is drawn through the
reference electrode, the chemical composition within it is altered thereby changing the
potential according to the Nernst equation. This means it will not be able to provide a

stable reference point for measurements.

To overcome this change in reference electrode potential, the three-electrode
electrochemical cell is often used, as depicted in Figure 2.6. In this cell design, the
potential is determined across the working and reference electrodes by a high-
impedance potentiostat while electrical charge is passed through the working and
counter electrodes. As there is negligible current drawn through the reference electrode,
its composition remains effectively the same and a constant potential value can be

maintained.
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CE WE RE

KD

Figure 2.6 Schematic diagram of a three-electrode electrochemical cell. CE: counter
electrode; WE: working electrode; RE: reference electrode. [15]

2.8 Electrochemical techniques

2.8.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a potential sweep method which involves scanning a
selected potential range and measuring the current response arising from the charge
transfer and associated reactions which occur. CV is widely used in the study of
electrode processes and is a powerful technique towards understanding electrochemical

reaction mechanism and kinetics.

The basic cyclic voltammetry scheme is depicted in Figure 2.7. The related technique
of linear sweep voltammetry corresponds to only the first section of the triangular

waveform.
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Figure 2.7 Potential waveform in a cyclic voltammetry experiment

A cyclic voltammetric experiment is typically conducted in a stationary solution and
hence diffusion is the main mode of mass transfer to the electrode surface. A general
current response to the potential sweep is illustrated by the cyclic voltammogram in
Figure 2.8. The current starts to increase as potentials are reached where the
electrochemical rate constant becomes sufficiently large and it continues until a
maximum after which the current falls off. The peak in the voltammogram reflects a
balance between an increasing heterogeneous rate constant and a decrease in surface

concentration.
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Figure 2.8 Cyclic voltammogram for a reversible electron transfer reaction

For reversible reactions, in which electrode kinetics is fast relative to the time-scale of
the prevailing mass transport, the product of the initial oxidation or reduction is
subsequently reduced or oxidised respectively when the scan direction is reversed. The

peak current, ip, in this case can be described by the Randles-Sevcik equation [19,20]:

nFvD

— (2.20)

ip = 0.446nFA[R]pui

where n is the number of electrons transferred, v is the scan rate, [R]puk is the
concentration of the species R in the bulk solution and the rest of the symbols are as

given earlier in the text.

It can be noted from the equation that the peak current is directly proportional to the
bulk concentration and the square root of scan rate. The latter property constitutes a

diagnostic for the mechanism of mass transfer for the electrode reaction under study.
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Another characteristic feature of the voltammetric response of a reversible reaction is its

peak-to-peak separation which is given by

pc =

57
AE, =Epq —Epc=—mV at298K (2.21)
' n

The separation of the peaks is an indicator of the reversibility of an electrode reaction.
From the above equation, the peak-to-peak separation should be a constant and is
independent of scan rate. When the reaction deviates from reversibility, the value of

AE, increases from the value of 57/n mV and becomes dependent on the scan rate.

For completely irreversible reactions, only the oxidation or reduction corresponding to
the initial sweep direction can be observed and there is no reverse peak. The Randles-

Sevcik equation [3] in this case is

FvD
ip = 0496\ (n'+ anINFA[Rlpuik [ (2.22)

where n’ is the number of electrons transferred before the rate limiting step and «,,’ is
the electron transfer coefficient of the rate determining step. The majority of redox

systems fall between the two limiting cases and show quasi-reversible behaviour.

In the case of adsorbed species, the shape of the cyclic voltammogram changes since
they do not have to diffuse to the electrode surface. The peak current for such a reaction
is proportional to v, which allows it to be distinguished from the instance of diffusional

control.
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2.8.2 Square wave voltammetry

Square wave voltammetry (SWV) is a pulse technique based on a series of potential
steps of varying heights and in forward or reverse directions [21]. The square wave
voltammetric waveform consists of a square wave superimposed on a base potential
staircase as demonstrated in Figure 2.9. The square wave is defined by a pulse height,
or square wave amplitude, 4Ep, the staircase height, 4Es, the pulse time, tp, and the
cycle period, ts. [3,22] Alternatively, the pulse time can be represented in terms of the
square wave frequence, f = 1/2 tp. The staircase changes by AFEs at the beginning of each

cycle so that the scan rate is

AEg
—5 = FAE (2.23)
2tp

| I AE

.

) time, t

Figure 2.9 Potential waveform and measurement scheme for square wave voltammetry

[3].
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The current is determined at two points in each cycle, once at the end of the forward
pulse (at t;) and once at the end of the reverse pulse (at t). The difference of the two

measurements is plotted against the base staircase potential, as shown in Figure 2.10.

Current

Potential

Figure 2.10 Schematic square wave voltammetric profile

The major advantage of SWV is the effective elimination of the capacitive contribution
to the current. This is due to the subtraction of one current from the other and also
because over the small potential range between forward and reverse pulses the
interfacial capacitance is approximately constant. The sensitivity in this method is
enhanced since the net current is greater than either the forward or reverse components

[23].

2.9 Electrochemical instrumentation

The electrochemical measurements in the subsequent chapters of this thesis were

conducted using a ui-AUTOLAB 111 potentiostat (Eco-Chemie, Netherlands) which is
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connected to a computer running GPES (General Purpose Electrochemical System)
software version 4.9. The electrochemical cell was set up with a standard three-
electrode configuration comprising a working electrode of interest, a platinum coil
counter electrode, and a Ag/AgCI (1M KCI) reference electrode against which working
electrode potentials are referred. All experiments were carried out at room temperature
unless stated otherwise. Specific experimental conditions and details regarding the

working electrodes of study are described later in their respective experimental sections.

2.10 Scanning electron microscopy

Scanning electron microscopy (SEM) is a widely used technique in materials
characterisation for the observation of the surfaces of specimens. A schematic diagram
showing the principles of the SEM is given in Figure 2.11. A high voltage source
generates a beam of high energy electrons which is accelerated and focused onto the
surface of the sample. The electron beam is rastered across a specific area to probe its
topography. Due to the inelastic collision with the incident beam, there is a resulting
emission of secondary electrons which are collected and processed to produce the SEM

image.

The outstanding advantage of the SEM is its ability to provide an image resolution of
typically around 10 nm, which is much superior to the optical microscope [24]. The
relatively large depth of focus means that SEM images have a three dimensional
appearance. In addition to electronic emission, electromagnetic radiation can be
produced. This arises from the relaxation to lower energy states of high energy
electrons after the excitation of inner shell electrons by the incident electron beam. Such

photons are of characteristic wavelength and relate to the difference in energy levels
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between the respective shells for a given element. This allows the identification of the
spatial chemical composition on the specimen surface in what is known as energy

dispersive X-ray analysis (EDX) [25].

Electron gun

Anode
Alignment coil
/ CL (condenser lens)
1
CL
" oL (Objective lens)
E e aperture
p— —
Scan coil .
Secondary oL A T
electron
detector / Specimen chamber
\\ |

| Specimen holder

_/,,Specimen stage

Figure 2.11 Schematic illustration of a scanning electron microscope [26]
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Chapter 3
The Voltammetry and Electroanalysis of Some
Estrogenic Compounds at Modified Diamond

Electrodes

In this chapter, the voltammetry of some estrogenic compounds (estradiol, nonylphenol,
bisphenol A, ethynylestradiol, estrone, estriol) in agqueous solution at boron doped
diamond electrodes is presented. For oxidised (hydrophilic) electrodes
electrochemically irreversible kinetics were observed for the diffusing molecules
allowing the inference of diffusion coefficients and charge transfer coefficients. In
contrast for hydrogen terminated (hydrophobic) surfaces significant adsorption was
observed. A limit of detection of 1-100 uM for the estrogenic compounds was found
using the oxidised BDD electrode. Surface modification of the oxidised BDD with
nanocarbon (so-called Carbon Black) allowed pre-concentration of the target by
adsorption onto the nanocarbon prior to analysis and a corresponding reduction of the
limit of detection by ca three orders of magnitude to 5-100 nM. The work presented in

this chapter has been published in Electroanalysis [1].

3.1 Introduction

Certain phenolic compounds which are found as pollutants in environmental waters [2]

are members of a class of chemicals known as endocrine disruptors, representing
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naturally occurring or man-made substances which interfere with the function of
hormones in the human body. Figure 3.1 shows examples of some estrogenic and
endocrine disrupting compounds, which can persist after water purification treatments

and which even at low concentrations can exert potential biological effects [3,4].

17B-estradiol (E2) Estriol (E3)

Estrone (E1) 17a-ethynylestradiol (EE2)

OH HO I I OH

4-Nonylphenol (4NP) Bisphenol A (BPA)

CH3(CH2),CHz

Figure 3.1 Examples of estrogens and some endocrine disruptors.
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Current knowledge about the exposure of human and wildlife to endocrine disruptors is
limited [4] and a main focus of agencies such as the World Health Organisation (WHO)
and European Commision (EC) concerns the identification and assessment of these
compounds [5]. A priority list of substances has been developed by the EC to be
investigated for their possible endocrine disrupting properties which includes

alkylphenols, benzophenones, and bisphenols [5].

Treated sewage effluent has been reported to exert certain estrogenic effects on fish [6]
and concentrated animal feed operations have also received attention as potentially
important sources for the release of estrogens into the environment [7]. These effluents
contained 17B-estradiol, estrone, estriol and 17a-ethynylestradiol at reported
concentrations from 0.2 to 17400 ng/L [7,8], depending on the source. Nonylphenols
have been measured in municipal wastewater, rivers, surface waters and industrial
discharge at 0.2 to 1617 pg/L [9-11]. The concentrations of bisphenol A was reported to
be present in raw water and drinking water in the lower ng/L range [3], as well as in

river water at 2-230 ng/L [12].

The levels of estrogens and endocrine disruptors found in the environment range from
sub-ng/L to mg/L, that is, from concentrations of picomolar to micromolar. Analytical
methods which can cover such a wide span of concentrations will be desirable for the
detection of this emerging class of potential pollutants. Quantification of these
compounds are usually carried out using various chromatographic techniques [13-15],
enzyme-linked immunosorbent assay (ELISA) [16], radioimmunoassay [17] and
electrophoresis [18]. Despite their regular use, these techniques are not without

drawbacks, which can often include relatively high costs, derivatisation requirements,
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extensive sample preparation and analysis times, with the use of considerable amounts

of organic chemicals for sample elution being environmentally undesirable.

Electrochemical methods can be an attractive alternative analytical technique due to
lower costs, simpler operation, wide dynamic range and fast analysis times [19]. The
electrodes which are commonly employed to detect endocrine disruptors typically
comprise a carbon support, such as glassy carbon, modified with carbon nanotubes to
increase surface area, surfactants to control electrode fouling and catalytic metal centres
to impart electrocatalytic activity [20-29]. Representative data for these modified
electrodes used are shown in Table 3.1, including the linear dynamic range and limit of
detection with regard to particular endocrine disruptors. Typically the electrodes
function by the target molecule adsorbing on the high surface area electrode modifier,
after which it is detected by electrochemical oxidation using some form of adsorptive
voltammetry.  Although promising results can be obtained, the difficulty in
reproducible preparation of these modified electrodes along with the inherent cost of
CNTs, up to 600 US$ per g depending on specification [30], must be considered

something of a disadvantage.

Boron-doped diamond [31-34] electrodes, which are now available at low economic
cost (< 10 US$ cm™) produced by chemical vapour deposition, represent an interesting
new alternative carbon-based electrode material for use in this area and which is
beginning to find useful authentic application in electroanalysis [35-40]. As mentioned
earlier in Chapter 1, the electrode shows advantageous electrochemical properties
including low pseudocapacitive background currents, a wide operating potential

window and often relatively lower adsorptivity, compared to traditional carbon
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materials [40-44]. The use of BDD for electroanalysis of endocrine disruptors has been
very limited however, apart from a few reports such as one concerning the detection of
estriol which showed irreversible electrochemical behavior and a linear dynamic range
of 0.2-20 uM [45], and another work describing the amperometric detection of
bisphenols coupled with capillary electrophoresis and off-line solid phase extraction,

with a linear dynamic range of 1-400 uM [46].

One aim of the present chapter is therefore to explore in detail the properties of BDD as
a carbon-based electrode for the detection of a range of endocrine disruptors. It is
demonstrated in particular that the precise control of surface chemical termination,
which can be achieved at diamond interfaces, enables the electrode to be tuned to

exhibit diffusional or adsorptive voltammetry as desired in this particular application.

A second aim of the chapter is to investigate if more economic forms of carbon other
than CNTs can be used as electrode modifiers to improve the limit of detection of the
BDD electrodes. Nanocarbon (so-called Carbon Black) is a material which is
commonly used for reinforcement in rubber products and as pigments [47], as
introduced in Chapter 1. It is electrically conductive with a structure consisting of
graphene-like layers which combine to form spherical particles [48]. Nano-carbon has
been shown to be effective as an electrode modifier for glassy carbon in the detection of
nicotine by adsorptive stripping voltammetry [49]. In the present work it is also
demonstrated that nano-carbon black can serve as an ultra low cost electrode modifier

for the electrochemical detection of endocrine disruptors.
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3.2 Experimental

3.2.1 Chemicals and Materials

17B-Estradiol, estriol, estrone, bisphenol A, 17a-ethynylestradiol and 4-nonylphenol
were obtained from Sigma-Aldrich. All chemicals used were of analytical grade and all
aqueous solutions were prepared using ultra pure water (~18.2 MQ cm at 25°C).
Standard solutions of each compound (1.0 mmol dm™) were prepared in methanol and
diluted with phosphate buffer solutions (0.10 mol dm™) to obtain the appropriate
concentrations. Commercial nanocarbon (diameter 27 + 10 nm, Monarch 430, Cabot
Corporation) was used for surface modification, as received without any special
pretreatment. Its SEM and XPS characterisations are described in Lo et al [49] and in

Panchompoo et al [50] respectively.

3.2.2 Apparatus

Electrochemical experiments were conducted at room temperature using a standard
three-electrode configuration, as described in Chapter 2. The set-up consists of a
platinum coil counter electrode and a Ag/AgCIl (1 M KCI) reference electrode, along
with the working electrode, which is a boron-doped diamond electrode in this chapter.
Hydrogen plasma treatment of the electrode surface was carried out with a microwave

plasma system.

3.2.3 Preparation and Modification of Electrode

Boron-doped polycrystalline diamond (Element Six Co.) with a B doping concentration
of ~5 x 10% cm™ was used as the working electrode, which was mounted in a home-
built PTFE holder with an area of 0.44 cm?® being exposed to the electrolyte. In the

majority of the experiments, an oxidised BDD electrode was prepared and cleaned by
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potential cycling in 0.1 mol dm™ nitric acid between potentials of-1.5 V and +2.5 V
between experiments. This is known to produce a BDD surface, which has a significant
concentration of oxygen functional groups bound to it, including hydroxyl, carbonyl

and carboxylic acid functionalities, and consequently a hydrophilic character [51,52].

To produce a hydrophobic hydrogen terminated surface, the electrode was exposed to a
hydrogen plasma at 60 mbar pressure, 1.5 kW microwave power at a temperature of
600°C for 30 minutes. After this treatment, the substrate heater was switched off and
the sample was left exposed to the hydrogen plasma which was gradually reduced in
power until the plasma extinguished and the sample cooled to room temperature under
flowing hydrogen. This yielded an electrode surface which XPS confirmed was largely
free of adsorbed hydrocarbons or sp2 material which can adsorb if the “cool-down”

period is not carefully controlled.

To modify the electrode with nano-carbon, 2 mg of nano-carbon was ultrasonicated in 1
cm® of acetonitrile and different volumes of this suspension were pipetted onto the
surface of the oxidised BDD electrode, which was then left to dry in air. The electrodes
were mechanically stable when immersed in still solutions, or when gently rinsed under

flowing water. The nanocarbon modified BDD electrode is labelled as NC/BDD.

3.3 Results and Discussion

3.3.1 Electrochemical Studies Using an Oxidised Diamond Electrode
Cyclic voltammetry was used initially to assess the main features concerning the

electrochemical interaction of the endocrine disruptors of interest at a clean, oxidised
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BDD interface commencing with an anodic scan from 0.0 V. Figure 3.2 shows the
overlaid cyclic voltammograms of estradiol (E2), estriol (E3), estrone (E1),
ethynylestradiol (EE2), 4-nonylphenol (4NP) and bisphenol A (BPA) in a phosphate
buffer at pH 12.0. Each of the forward sweeps at a scan rate of 50 mV s™ shows an
anodic peak corresponding to the oxidation of the phenolic hydroxyl groups in the

compounds [53], with a general mechanism as shown in Figure 3.3.
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Figure 3.2 Cyclic voltammograms of estradiol (solid), 4-nonylphenol (dash) and
bisphenol A (dot), Inset: estradiol (black), estriol (red), estrone (blue) and
ethynylestradiol (green). 0.10 mM each in phosphate buffer pH 12.0, scan rate: 50 mV
-1

s™.
OH o
X -e” S

‘ © —— products
RQ e AA

Figure 3.3 General reaction mechanism for the electrochemical oxidation of phenolic
compounds.
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The anodic peak potentials for E2, E3, E1 and EE2 are all observed at almost the same
potential of about +0.45 V, which can be attributed to the similar steroidal structures of
these natural and synthetic hormones (Figure 3.1). Therefore, it can be inferred that
voltammetric methods at oxidised BDD electrodes can only determine the total estrogen
content in a sample, rather than distinguish between all of the individual species.
However the peak current of 4NP occurs at a lower potential of +0.34 V, thereby
allowing it, at least in principle, to be distinguished from the estrogens when they are

present at the same time.

No reduction wave can be observed for any of the chemicals used, indicating that the
overall oxidation reaction is irreversible under the conditions of these experiments, and
oxidation currents extend from the onset region up to the water oxidation region. This
is because the first oxidation wave, corresponding to oxidation of the phenolic groups
(Figure 3.3), is followed by more extensive chemically irreversible oxidation of the
carbon backbone at higher potentials [53,54]. This tends to lead to the formation of
strongly bound carbon species at the electrode surface [54]. In addition, the electro-
oxidation of phenolic groups themselves result in the generation of phenoxy radicals
which are highly reactive and can undergo a polymerisation reaction, leading to the

formation of a polymer film [42].

Although BDD as an electrode material is generally less susceptible to adsorption
compared to other materials such as glassy carbon [31,33,38,43,44], the resulting
deposits formed from these pathways are strongly adherent and non-electroactive, thus

passivating the surface. Strong molecular adsorption has been reported on BDD for the
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case of quinizarin [55]. This is typified by the successive scan cycles of estradiol in

Figure 3.4, which show a reduction in peak currents as the number of scans is increased.

12-
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_—~ 8—
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Figure 3.4 Cyclic voltammograms (three consecutive scans: #1 black, #2 red, #3 blue)
of 0.10 mM estradiol in phosphate buffer pH 12.0, scan rate: 50 mV s™.

Experiments in which the solution was stirred, confirmed that the current reduction
arose almost entirely from a diminished electrode activity, rather than a depletion in the
concentration of estradiol at the electrode surface. This surface passivation was also
reflected in an increase in the peak-to-peak separation in CV of the ferri/ferro—cyanide
couple which increased from 219 mV for the clean BDD electrode (see below section
3.4) to 498 mV for the electrode after 3 scans in the estradiol solution. However, the
restoration of the BDD electrode can be easily achieved by cycling the electrode
potential through the limits of water stability in dilute nitric acid until a stable scan is

obtained as described in the experimental section.
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The tendency to “foul” the electrodes was similar for the different chemical species
studied, with the exception of BPA, which produced more extensive fouling. Indeed,
whereas the other chemicals studied produced a reasonably well-defined first oxidation
wave, under the same conditions, the voltammetric peak due to BPA is poorly-defined
(Figure 3.2) , due to the greater extent of surface passivation. This is possibly due to
more extensive polymerisation owing to the presence of an additional phenol group in

the starting material.

After the initial assessment described above, more detailed voltammetric assessments
were made to gain mechanistic insights concerning the electrochemistry observed. The
effect of the scan rate on the anodic peak current of the first oxidation process was
investigated over the range of 0.01 to 1.0 V s™ and representative voltammograms are
shown in Figure 3.5 for estradiol and nonylphenol. The anodic peak currents increase
when the scan rate is increased. Plots of anodic peak current versus the square root of
the scan rate in Figure 3.5 (inset) exhibited a linear dependence, which indicates that
the initial oxidation process of the phenolic groups occurs through diffusion of the
electroactive species from solution to the electrode surface [56]. Similar diffusional

behaviour was observed for EE2, E1, E3 and BPA in the same supporting electrolyte.
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Figure 3.5 Cyclic voltammograms on oxidised BDD electrode of 0.10 mM of (a)
estradiol; (b) 4-nonylphenol in phosphate buffer (pH 12.0) at scan rates of 0.01 to 1.0 V
s™. Insets: Plots of anodic peak current versus the square root of scan rate.
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As mentioned in the Introduction, the electrochemistry of these chemicals studied here
at most electrode surfaces occurs via oxidation of adsorbed species, so this is a major
mechanistic difference at BDD electrodes, arising from the chemical inertness of the

diamond surface, which consequently is relatively resistant to adsorption.

The variation of the anodic peak potential and peak currents with pH was also examined
to gain further mechanistic insight. In Figure 3.6 data is presented for estradiol,
showing a shift of the first oxidation peak to less positive potentials with an increase in
pH. Slopes larger than 59 mV per pH unit were observed, consistent with the

electrochemical irreversibility of the phenolate oxidation after deprotonation [56].
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Figure 3.6 Influence of pH on anodic peak potential and current of 0.10 mM estradiol
in phosphate buffer. Scan rate: 50 mV s™.
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Above pH 10, the oxidation potential becomes independent of pH since according to the
pKa,, for estradiol (10.46) [57], the phenolic species will exist mainly in their anionic
phenolate form in this pH range, so no protons are transferred in the oxidation step. The
peak current remained fairly constant from pH 3 to 12, indicating that both the neutral
and phenolate forms of estradiol exhibit comparable electron transfer characteristics at

the BDD electrode.

Tafel plots were derived from the ascending portion of the voltammetric peak
corresponding to charge transfer control, as shown in Figure 3.7 for estradiol for scan
rates from 0.01 to 0.10 V s™. From the gradients of the linear fit, apparent electron
transfer coefficients, B, of the rate-determining step were obtained, as the average of
three Tafel slopes at different scan rates. The diffusion coefficients, D, was then
calculated by using the transport limited n-electron transfer irreversible reaction

described in equation (3.1)
ip = 2.99 x 10°n(n’ + B)Y/2ACDY?v1/? (3.1)

where i, is the peak current, n’ is the number of electron transferred before the rate
limiting step (taken to be zero here), A the electrode area, C the bulk concentration and

v the scan rate. The value of n was taken to be one.
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Figure 3.7 Tafel plots of 0.10 mM estradiol in phosphate buffer pH 12.0 at scan rates of
0.01t00.10 Vs™

These quantities are listed in Table 3.2, assuming a one-electron process in the
calculation of D for all compounds, except a two-electron transfer for bisphenol A since
this has 2 phenolic residues. Although the values of D are not readily available
experimentally from the literature, the diffusivity of molecules in liquid phase can be

estimated using the Wilke-Chang equation [58]:

(M)'2T )

where M is the relative molar mass of the solvent (water in this case), 1 is its viscosity,
¥ 1s an association parameter (taken to be 2.6 for water) and V is the molar volume at
the normal boiling point of the solute estimated by the summation of atomic

contributions of LeBas [59].
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Table 3.2 Average empirical values of 3 and diffusion coefficients.

B D Molar volume @ D (Wilke-Chang)
/10° ecm?s®  Jfem®*mol™ /10 cm?s™
Estriol 0.43 0.58 320.9 0.49
Estradiol 0.51 0.49 3135 0.50
Estrone 0.48 0.67 306.1 0.51
Ethynylestradiol ~ 0.52 0.51 343.1 0.47
Bisphenol A 0.55 0.30 266.0 0.55
4-Nonylphenol 0.77 0.43 303.2 0.51

(el values at the normal boiling point estimated by the atomic contributions of LeBas method

The diffusion coefficients obtained from this study compare relatively well with those
predicted by the empirical Wilke-Chang equation, which is widely used for its ease of
application and general accuracy (about 10% average error among 251 solute-solvent
systems [58]). Good agreement is observed, with the exception of BPA, again
suggesting that diffusional electrochemistry is occurring. As discussed above, BPA
seems to ‘poison’ the electrode very rapidly, producing voltammograms which show a
less prominent initial oxidation wave in comparison with the other chemicals studied. It
is therefore likely that this chemical produces less reliable quantitative voltammetric

data.

Overall it can be concluded from the cyclic voltammetry data, including the scan rate
and pH dependence along with the Tafel analysis that, with the possible exception of
BPA, the electrochemistry of the compounds studied are characterised by “irreversible”
electron transfer kinetics coupled to diffusional mass transport characteristics. In

particular, because of the inert nature of the BDD electrode, adsorption which



Chapter 3 70

dominates the electrochemistry on most other carbon based electrodes does not take

place.

3.3.2 Electroanalytical Studies Using an Oxidised Diamond Electrode

Although adsorption controlled electrochemistry as normally observed for the
endocrine disruptors studied, can be highly sensitive especially if high surface area film
electrodes such CNTs are employed, because of the pre-concentration of the analyte
within the film, it does also have disadvantages. For example the linear dynamic range
can be limited since the surface of the electrode saturates with adsorbed analyte, and
reproducibility requires precise preparation of the surface active coating and control of
mass transport during the accumulation phase. In contrast the observation of diffusional
electrochemistry at the BDD electrode offers the route to highly reproducible detection
using an electrode which can easily be prepared. Experiments were therefore carried out
to assess the analytical capabilities of BDD using estradiol, the most potent amongst the

estrogenic hormones, as the example.

Square wave voltammetry, as mentioned in Chapter 2, is a pulsed voltammetric
technique which provides advantages such as the ability to discriminate against broad
background contributions to the measured current, thereby allowing a lower limit of
detection to be attained. Being a more sensitive method towards distinguishing the
faradaic current compared to CV, square wave voltammetry was used to examine the

electrode response as a function of estradiol concentration.
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To realise the excellent sensitivity of this pulse technique, optimisation of the
parameters of square wave voltammetry is an important step. This involves the study of
the dependence of pulse amplitude, frequency and scan increment on the signal
response. Measured data is shown in Figure 3.8, which gives example data of how the
accessible parameters influence peak height and peak resolution. From the data in
Figure 3.8 and similar data optimised parameters for subsequent analytical work were

chosen: pulse amplitude of 40 mV; frequency of 20 Hz ; and scan increment of 2 mV.

Figure 3.9a shows the square wave voltammograms obtained for estradiol in a
supporting electrolyte of phosphate buffer at pH 12.0 as a function of estradiol
concentration. pH 12.0 was selected in part because the use of high pH lowers the
oxidation potential and hence the possibility of interference from other reductants in
“real” samples. Also the voltammetric peaks seemed better defined at higher pH. The
corresponding standard curve was constructed using the anodic peak current (with
background current subtracted) versus the estradiol concentration (Figure 3.9b). With
the optimised parameters, the well-defined peak currents on the oxidised BDD electrode
showed a linear increase from 5.0 to 100.0 uM, with a correlation coefficient of 0.9998
and a slope of 28 + 0.2 A cm® mol™. The recent tendency for the derivation of the limit
of detection (LOD) is to base its calculation from calibration plots on three times the
standard deviation of the y-residuals [60]. Using this graphical approach, the LOD is
thus 3o divided by the slope of the line of best fit and the calculated value of LOD for
estradiol is 1.6 uM. Another approach for the LOD is to estimate its value using the
ratio of three times the background noise to slope [61], giving a value of 0.86 uM in this

case, which agrees well with the alternative value.
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Figure 3.8 Square wave voltammograms on oxidised BDD electrode of estradiol in
phosphate buffer pH 12.0 at different (a) pulse amplitudes of 20 to 50 mV; (b)
frequency of 10 to 60 Hz; (c) scan increments of 2 to 4 mV. Concentration of estradiol

for: 0.10 mM.
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Figure 3.9 (a) Square wave voltammograms on oxidised BDD electrode of estradiol in
phosphate buffer pH 12.0 at different concentrations of 0.0, 5.0, 10.0, 25.0, 50.0, 75.0
and 100.0 uM estradiol. (b) Calibration curve of peak current against concentration.
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Overall, it can be concluded that the linear dynamic range, which exceeds 100 uM (the
highest concentration studied) compares favourably with many of the results on
modified electrodes in Table 3.1, as expected from the operative mechanism based on
diffusional electrochemistry. The limit of detection also is comparable to many of the
results in the table, although significantly lower detection limits are observed in
particular instances. This arises because of the pre-concentration of the analyte which
occurs in the modifying layers. In conclusion, given the very simple highly reproducible
preparation of the BDD electrode in comparison with the modified electrodes in Table
3.1, it would appear that BDD is the material of choice for the detection of endocrine

disruptors in the higher concentration range > 1 uM.

3.3.3 Electrochemical Studies Using a Hydrogen Terminated Diamond Electrode

The lack of adsorption of the phenolic substances on the BDD electrode, leading to
diffusional electrochemistry, arises from the inert nature of the diamond surface. This
in turn stems from the fact that species which can form strong covalent bonds to carbon
tend to become attached to the diamond lattice, leading to a very stable and
consequently inert surface. The electrochemical cycling in nitric acid is known to lead
to a surface to which various oxygen functionalities such as hydroxyl, ether, carbonyl
and carboxylate are bonded, giving rise to hydrophilic properties [62]. These can be
converted to the more reduced forms by cathodic polarisation of the electrode at
potentials around -2 V [63]. Complete termination of the BDD surface with hydrogen is
possible if the BDD surface is exposed to a gaseous environment rich in atomic
hydrogen or cathodically treated at very extreme potentials [62]. Experiments were
therefore carried out to explore how these differing surface terminations might change

the electrochemistry observed.
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The changes induced in the behaviour for estradiol as shown in Figure 3.10 as a result
of cathodic polarisation of the electrode at—2.5 V in both HNO 3 and H,SO,4 were quite
typical. A small shift of the anodic peak to less positive potentials (+0.39 V) as a result
of the reduction in overpotential is seen as well as a small increase in the peak current.
Anodic polarisation of the electrode at +2.5 V in nitric acid reversed this effect,

confirming it arises from a reversible change of the electrode such as change on surface

termination.

----------- cathodic (H,SO,)
----- cathodic (HNO,) P .
anodic (HNO,) | /% ™,
=
o
5
®]
0.0 02 04 06

Potential (V vs Ag/AgCl)

Figure 3.10 Cyclic voltammograms on BDD electrode in phosphate buffer pH 12 of 0.1
mM estradiol after cathodic pretreatment at-2.5 V in 0.5 M H ,SO4 and 0.1 M HNOs,
and anodic treatment at +2.5 V in 0.1 M HNOj3, Scan rate: 50 mV s™.

The behaviour of the fully hydrogenated surface, as a result of exposure to a microwave
hydrogen plasma is shown in Figure 3.11. After pretreatment, the cyclic
voltammograms in Figure 3.11a all displayed significant shifts to less positive peak
potentials for the oxidation of the compounds examined herein, with a significant

increase in peak current.
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Figure 3.11 Cyclic voltammograms on BDD electrode in phosphate buffer pH 12 of: (a)
estradiol (solid line), 4-nonylphenol (dashed line) and bisphenol A (dotted line) after
hydrogen plasma pretreatment; (b) estradiol (three consecutive scans) with background

scan (dashed line) after hydrogen plasma pretreatment. Concentration of each
compound: 0.10 mM. Scan rate: 50 mV s,
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However the change is only characteristic of the clean hydrogenated surface since as
can be seen in Figure 3.11b on subsequent electrochemical cycling, the cyclic
voltammogram rapidly reverts to that of the untreated surface. As discussed above, this

again probably arises because of the phenoxy radicals.
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Figure 3.12 Cyclic voltammograms on BDD electrode in phosphate buffer pH 12 of
50.0 uM estradiol at scan rates of 0.01 to 0.20 V s™ after hydrogen plasma pretreatment,
inset: plot of anodic peak current versus scan rate.

For estradiol, the peak height after hydrogen plasma pretreatment is twice that of the
clean oxygen-terminated BDD surface. Since the mechanism for the latter involves
diffusional electrochemistry, this suggests that some change of mechanism is occurring
which tends to concentrate the analyte in the region of the electrode. Indeed studies of
the scan rate dependence which was investigated in Figure 3.12 shows that the peak
current increases linearly with the scan rate, showing that adsorption on the electrode

becomes dominant [56]. Adsorption is likely to be due to the hydrophobic interaction
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between the (hydrophobic) hydrogen-terminated BDD surface and the organic
endocrine disruptors. Because of the increase in peak current, it is likely that the use of
the hydrogenated surface could produce a modest increase in the detection limit, if other
factors remain constant. However this seems to be outweighed both by the difficulty in
producing the hydrogen termination, compared to the simple electrochemical cleaning
used to prepare the oxidised surface, and also the fact that the changed properties are

very readily lost even by a single electrochemical scan.

3.3.4 Electrode Modification with Nanocarbon

To achieve the highest sensitivity for electroanalysis, pre-concentration of the analyte
within adsorbed layers of highly dispersed materials which modify the electrode surface
Is required using a technique known as adsorptive voltammetry [56]. In the present
work, this was examined using nanocarbon as the electrode modifier. The
electrochemical response of two common redox couples, ferrocenemethanol and
potassium ferrocyanide, on both oxidised and NC/BDD electrode was first compared by
cyclic voltammetry to ascertain changes to electrode properties introduced by the

addition of nanocarbon and results are shown in Figure 3.13.

The redox reactions of both couples are judged to be diffusion-controlled from the
linear response of the anodic peak current with the square root of the scan rate, as
shown in Figure 3.14, indicating neither of these redox couples show a particular
tendency to adsorb on nanocarbon. However both couples show a modest increase in

the recorded peak current, as a result of the addition of nanocarbon.
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Figure 3.13 Redox couples in KCI solution on oxidised and nanocarbon-modified BDD
electrodes: Cyclic voltammograms of (a) 0.50 mM ferrocenemethanol and (b) 1.0 mM
ferrocyanide, oxidised (dashed line), NC/BDD (solid line), scan rate: 50.0 mV s™.

BDD electrodes often show peak currents in CV below that predicted by pure diffusion
limitations, which has been attributed to the presence of electrochemically inactive
areas were the B doping is inadequate [64], so possibly this feature is eliminated by
addition of an electrically conducting film of nanocarbon. Thin layer diffusional effects
may also likely operate within the nanocarbon film giving the illusion of enhanced
reversibility [65-67]. A small increase in the pseudocapacitive background currents in

CV were also observed in the presence of nanocarbon.

The peak-peak potential separation (AE,) of ferrocenemethanol did not differ greatly at
values of 40-60 mV on both the oxidised BDD as well as NC/BDD structure, which is
close to the ideal 57 mV for a reversible system [56]. As for [Fe(CN)¢]*"*", quasi-

reversible kinetics was observed with a decrease of AE, from 219 mV to 166 mV at 50
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Figure 3.14 Redox couples in KCI solution on oxidised and nanocarbon-modified BDD
electrodes: Plots of the peak current versus square root of scan rate for (a) 0.50 mM
ferrocenemethanol and (b) 1.0 mM ferrocyanide, insets: cyclic voltammograms at scan
rates from 10.0 to 200.0 mV s™.



Chapter 3 81

mV s* scan rate after surface modification with nano-carbon, suggesting nanocarbon
speeds up the electron transfer kinetics and/or that thin layer effects again operate. The

results recorded for the endocrine disruptors are very different.

Results from estradiol are shown in Figure 3.15. From the cyclic voltammograms
depicted in Figure 3.15, when compared to the unmodified BDD electrode, the
oxidation of estradiol occurs at a less positive potential (+0.33 V), with a doubling of
the peak current on NC/BDD for the same concentration of 0.10 mM in a phosphate
buffer solution of pH 12.0. This increase in signal suggests pre-concentration of
estradiol at the electrode surface, that is, the involvement of an adsorption process on
the nanocarbon. This is confirmed by a plot of the peak current against scan rate values
in Figure 3.16 which shows a linear variation and passes through the origin, therefore

indicating an adsorption-controlled oxidation on the NC/BDD.

1 |- - - NC/BDD (post-analysis)
404 |——NC/BDD P
1 |-+ Oxidised BDD i :

Current (uA)

0.0 Y 04 06
Potential (V vs Ag/AgCl)
Figure 3.15 Cyclic voltammograms of 0.10 mM estradiol in phosphate buffer solution

pH 12.0 on different electrode surfaces. Scan rate: 50.0 mV s™. Post-analysis: after use
for analysis of estradiol.



Chapter 3 82

80
__ 60
<
=
= 0.15 V/

5 S
2 40
3
; 0.01V/s
3
o 204 - I50 pA
00 02 04 06 08
0 Potential (V vs Ag/AgCl)
T X T 1 T

000 004 008 0.12 0.16
Scan rate (V/s)

Figure 3.16 Peak current of estradiol in phosphate buffer pH 12.0 on NC/BDD for (a)
0.10 mM, versus scan rate, inset: cyclic voltammograms at scan rates from 10.0 to
150.0 mV s™.

Thus the high surface-area-to-volume ratio of the nanocarbon particles allows the
accumulation of the analyte by adsorption and reduces the overpotential. After a scan is
completed, subsequent scans look rather featureless, again suggesting that some

passivation has occurred, due to reaction with the products of oxidation (Figure 3.15).

Since adsorption is occurring, the accumulation time is an important factor in the
adsorption of analytes on the surface of the NC/BDD. After accumulation times from 0
to 120 s under stirring, cyclic voltammograms (under still conditions) were recorded
and are shown in Figure 3.17. Lengthening the time from 0 to 30 s resulted in a 180%
increase of the peak height, with further extension leading to diminishing gains,
indicating that the adsorption achieves relatively rapid saturation. 120 s was thus chosen

as the accumulation duration for efficiency. Preconcentration under an applied potential
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over —0.5 to 0 V did not show improvement over open circuit accumulation therefore

the latter mode was used.
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Figure 3.17 Cyclic voltammograms of 0.10 mM estradiol in phosphate buffer solution
pH 12.0 on nanocarbon-modified BDD electrode at accumulation times of 0, 30, 60 and
120 s. Scan rate: 50.0 mV s™. Inset: Plot of peak current against accumulation times.

The amount of surface modifier, being another determining factor in the adsorptivity,
was investigated by varying the volume of nanocarbon suspension cast on the clean
BDD. As shown by the cyclic voltammograms in Figure 3.18, an increase in the peak
current results from greater amounts of nanocarbon particles on the oxidised BDD
electrode surface. However, the associated larger background is not favourable for

analysis at low concentrations.
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Figure 3.18 Peak currents of 0.10 mM estradiol in phosphate buffer pH 12.0 on
NC/BDD with 0, 20, 40, 60, 80, 100 and 120 pL of nanocarbon for modification. Inset:

cyclic voltammograms obtained with different amounts of nanocarbon. Scan rate: 50.0
mV s™.
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Figure 3.19 Peak currents of 100.0 nM estradiol in phosphate buffer pH 12.0 on
NC/BDD with 2, 5, 8, 10 and 15 pL of nanocarbon for modification. Inset: square wave
voltammograms obtained with different amounts of nanocarbon. Pulse amplitude: 40
mV; frequency: 20 Hz; scan increment: 2 mV.
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Using the technique of square wave voltammetry, there is also an increase of the peak
current with the amount of nanocarbon, reaching an optimum before declining (Figure
3.19). A loading of 8.0 pL of the 2 mg/ml nanocarbon suspension per cm” was chosen

as giving around optimal results.

Figure 3.20a depicts the voltammetric response while Figure 3.20b shows the standard
curve obtained using square wave adsorptive stripping voltammetry for estradiol in a
supporting electrolyte of 0.1 M phosphate buffer at pH 12. The peak heights on the
NC/BDD electrode exhibited linearity over the range of 5.0 to 100.0 nM and the data is
suggestive of good electrode-to-electrode reproducibility. The correlation coefficient is

0.9996 and the slope is (2.8 + 0.02) x 10* A cm® mol™.

The modification with nanocarbon particles resulted in an improvement of the
sensitivity by three orders of magnitude over the oxidised BDD electrode. The limit of
detection (LOD) was calculated with 3o to slope to be 2.2 nM while the estimation of
LOD using the ratio three times noise to slope is 2.1 nM. Similarly the LODs are
estimated to be 3 nM, 9 nM and 70 nM for 4-nonylphenol, ethynylestradiol and
bisphenol A respectively. The higher LOD value of bisphenol A stems from its lower
sensitivity of detection. This could possibly arise from the surface passivation

phenomenon as discussed for the oxidised BDD electrode.

The lower limit of linearity is as expected for an adsorptive process but the LOD
compares well with state-of-the-art values of estradiol detection on other electrodes
available from the literature (Table 3.1). In contrast with the quite sophisticated and

relatively expensive modification with carbon nanotubes, the simple preparation with
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the relatively inexpensive nanocarbon is able to achieve the same results when

combined with the BDD electrode.

(a)
I=
g
5
o
O.I1 I O.|2 I O.IS I 0:4 I 0:5
Potential (V vs Ag/AgCI)
b 4
— 2 |
E!
<
L
5
(]
5
o
o
0 ¥ T T T T T T T T T
0 20 40 60 80 100

Concentration (nM)

Figure 3.20 (a) Square wave voltammograms at different concentrations of 0.0, 5.0, 8.0,
20.0, 40.0, 60.0, 80.0 and 100.0 nM estradiol in 0.10 M phosphate buffer pH 12.0 on
NC/BDD electrode. Pulse amplitude: 40 mV, frequency: 20 Hz, scan increment: 2 mV.
(b) Calibration curve of peak current against concentration.
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3.4 Conclusions

The electrochemical behaviour of estradiol and other endocrine disrupting compounds
has been studied on the BDD electrode with different surface pretreatments, as well as
on a nanocarbon-modified BDD electrode. On the clean as-prepared, hydrophilic
oxidised BDD surface, the compounds studied exhibit diffusional electrochemistry
since adsorption does not take place on this inert diamond surface. Reproducible
electroanalysis can therefore be performed, with a linear dynamic range of 1- >100 uM
and detection limits around 1 uM. 4-nonylphenol is oxidised at significantly lower
potentials than the other endocrine disruptors, enabling its identification in suitable
mixtures of these materials. Although the target analytes do not adsorb on the electrode
surface, the products of electrochemical oxidation do even on this inert BDD electrode,

which necessitates a simple cleaning procedure between analysis scans.

The electrochemistry observed is sensitive to the chemical termination of the BDD
electrode. In particular strong adsorption is observed on the hydrophobic hydrogen
terminated surface. Adsorption effects are also observed on the nanocarbon modified
electrode leading to significant pre-concentration of the analyte in the modifying film.
Highly sensitive detection is thus possible with a linear response in the range 5-100 nM
and detection limits < 10 nM being observed for the compounds studied with the

exception of BPA.

Overall it can be concluded that the oxidised BDD electrode is an excellent electrode
material for electroanalysis in the high concentration range of these compounds 1-100
uM, whilst the nanocarbon modifed electrode offers state-of-the-art detection

capabilities in the low concentration range 5-100 nM. Given the benefit in performance
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provided by surface modification, the following chapter further explores this aspect of

the BDD electrode in relation to electrocatalysis.
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Chapter 4
Surface Modification of Boron-Doped Diamond
with  Microcrystalline Copper Phthalocyanine:

Oxygen Reduction Catalysis

The surface modification of boron-doped diamond is studied in this chapter by using a
simple and convenient dropcast technique to deposit copper phthalocyanine onto the
electrode. Both unmodified and modified BDD electrodes of different surface
terminations (namely hydrogen and oxygen) were compared via the electrochemical
reduction of oxygen in aqueous solution. A significant lowering of the cathodic
overpotential by ca 500 mV was observed after modification of hydrogen-terminated
(hydrophobic) BDD while no voltammetric peak was seen on modified oxidised
(hydrophilic) BDD, signifying greater interaction between copper phthalocyanine and
the hydrogen-terminated BDD. Oxygen reduction was found to undergo a two-electron
process on the modified hydrogen-terminated BDD, which was shown to be also active
for the reduction of hydrogen peroxide. The lack of a further conversion of the peroxide
was attributed to its rapid diffusion away from the triple phase boundary at which the
reaction is expected to exclusively occur. The work presented in this chapter has been

accepted for publication in Chemistry Open.
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4.1 Introduction

Chemical vapour deposited boron-doped diamond [1,2] possesses some excellent
electrochemical properties as already described in the previous chapters, which makes it
an attractive carbon material for use in electrode reactions. As-grown thin film boron-
doped diamond is largely hydrogen terminated and the *“alkanelike” surface is thus
hydrophobic [3,4]. Upon treatments such as anodic polarisation [3,5-7], potential
cycling [8,9] and oxygen plasma [4], oxygen-containing groups can be introduced onto
the BDD surface, consequently rendering it hydrophilic. The surface-chemical
composition can therefore be altered to influence properties such as hydrophobicity and

the electron transfer kinetics [4,10].

To impart additional functionality to the BDD, the surface of the substrate can be
modified with electrocatalytic materials. The common approaches towards the
attachment of such materials onto BDD electrodes include electrochemical deposition
[11-15], photochemical reaction [16-20], electropolymerisation [21-23] and ion
implantation [24,25]. These typically involve at least some level of instrumentation or

covalent linkage.

The use of the relatively simple technique of dropcasting a coating onto BDD is rather
limited however, but some examples from the literature are listed in Table 4.1 [26-32].
These modifiers are predominantly particulate in nature. The limited use of such
physical immobilisation is likely due to the general notion of BDD having greater
chemical inertness relative to common carbon electrodes. Nevertheless, a few recent
reports on BDD have described the observation of adsorptive behaviour of molecular

compounds such as quinizarin  [33], methyl viologen [34,35] and
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anthraquinonedisulfonate [35] from solution. Therefore in this chapter the attachment of

molecular modifiers in the form of microcrystals on BDD is explored using copper

phthalocyanine (Figure 4.1) as an exemplar.

Table 4.1 Some examples of modification of boron-doped diamond (BDD) via
dropcasting.

Modification method | Modifier BDD surface Ref
Dropcast Pt/Sn nanoparticles O-BDD ™ [26]
Dropcast Pt nanoparticles O-BDD [27]
Dropcast, calcination IrO, nanoparticles O-BDD [27]
Dropcast Nafion - [28]
Dropcast Carbon black O-BDD [29]
Dropcast Au/TiO, nanorod composites. | H-BDD ™ [30]
Dropcast (with EDC)®! | Heme undecapeptide; 0-BDD, H-BDD | [31]

Horseradish peroxidase
Dropcast (with Nafion) | Pt—RuO,/C composite H-BDD [32]

[?l0-BDD: oxygen-terminated BDD
’JH-BDD: hydrogen-terminated BDD
FEpC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

Figure 4.1 Chemical structure of copper phthalocyanine.
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There have been only a few reports of the modification of BDD film electrodes with
metallophthalocyanines. These were performed by vacuum deposition [36,37] or after
photochemical modification with 4-vinylpyridine [38]. It is demonstrated in this work
that a simple dropcast method can be effective for the immobilisation of
metallophthalocyanine onto BDD as well. In particular, the influence of two different
commonly used surface terminations, namely hydrogen and oxygen, on the interaction
of metallophthalocyanine with BDD is compared. Moreover, it will be shown that the
dropcasting leads to a random “array” of microcrystals of copper phthalocyanine on the

BDD surface.

Metallophthalocyanines are well known as catalysts for homogeneous and
heterogeneous chemical reactions [39-41], amongst which is the capability to lower the
overpotential for the oxygen reduction reaction [42-46], hence this process is chosen to
examine the metallophthalocyanine-BDD system in this work. Moreover the reduction
of oxygen is of considerable technological importance for instance in the development
of fuel cells [47,48]. In respect of oxygen reduction, BDD is especially useful for
studying cathodic reactions without interference from water electrolysis owing to its
large overpotential for hydrogen evolution [49,50] and its outstanding stability under

reductive conditions.

4.2 Experimental

4.2.1 Chemicals and Materials
Copper(ll) phthalocyanine (dye content >99%, Aldrich), acetonitrile (>99.7%,
Rathburn), hydrogen peroxide (35wt%, Alfa Aesar), potassium dihydrogen phosphate

(>99.0%, Sigma Aldrich) and potassium hydrogen phosphate trihydrate (>99.0%,
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Sigma Aldrich) were used as received. All aqueous solutions were prepared using ultra
pure water (~18.2 MQ cm at 25°C). Oxygen and nitrogen were obtained from BOC
gases. Gases were bubbled through for at least 15 minutes to saturate the solution and a

nitrogen or oxygen atmosphere was kept over the solution during the experiment.

4.2.2 Apparatus
The set-up for the electrochemical experiments has been previously presented in
Chapter 2. Surface morphology of the modified BDD electrodes was characterised by a

Hitachi 520 SEM operating at an accelerating voltage of 20 kV.

4.2.3 Electrode Preparation
Hydrogen-terminated and oxidised (oxygen-terminated) boron-doped polycrystalline
diamond was prepared and used as the working electrode as described in the

experimental section of the previous chapter.

To modify the BDD electrode, 50 pL of copper phthalocyanine (1 mg in 1 mL
acetonitrile) was pipetted onto the electrode surface in aliquots of 2-3 pL and allowed
to dry in air between aliquots. This volume was found to give maximal voltammetric
response, indicating the optimal coverage of the electrode. At least three “blank”
voltammograms were run in oxygen saturated phosphate buffer solution pH 7 to
equilibrate each freshly prepared electrode before further experiments were conducted.
The electrode-to-electrode response was generally reproducible and stable at least over
the length of the experiments. Modified electrodes were sonicated in acetone to remove

the attached phthalocyanine.
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4.3 Results and Discussion

In this section, oxygen reduction is first investigated at unmodified BDD electrodes to
provide a starting point for studying the reaction. Next the cathodic process is examined
at copper phthalocyanine modified BDD to compare the effects of differing surface
terminations. Included is also a study of the behaviour of the modified hydrogen-

terminated BDD towards the reduction of hydrogen peroxide.

4.3.1 Oxygen Reduction at Unmodified BDD Electrode

The electrochemical reduction of oxygen in aqueous solutions can proceed by the
following two general pathways: either a direct four-electron route or a two-electron
hydrogen peroxide mechanism [51-53]. Both pathways are described below for neutral

conditions at pH 7.

Direct 4-electron pathway

0, +2 H,0 + 46" = 4 OH™ (4.1)

Peroxide pathway

0,+2H,0+2¢ = H,0,+2OH (4.2)

H,0,+26e =2O0H (4.3)

The direct 4-electron process is expected to exhibit a single voltammetric wave. For the
peroxide route, there are two possibilities: (a) the potentials for the sequential electron

transfers could be well separated, resulting in two distinct voltammetric waves or (b)
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the reduction of peroxide could occur at or near the oxygen reduction potential, leading

to a single voltammetric wave.

Cyclic voltammetry was first carried out on the unmodified boron-doped diamond with
surface terminations of hydrogen and oxygen, in both O, and N, saturated phosphate
buffer solution (PBS) at pH 7, to provide a basis for understanding the oxygen
reduction at these electrodes. The cyclic voltammograms obtained are shown in Figure
4.2. In the N, saturated solution, both the hydrogen- and oxygen-terminated BDD gave
very little response. However, in the O, saturated solution, the two types of surfaces
gave rise to very different response. At the O-terminated surface there was no apparent
peak whereas at the H-terminated surface, a large and irreversible voltammetric peak

was observed with a peak potential at—1.09 V (vs Ag/AgCl), which can be attributed to

N2
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Figure 4.2 Cyclic voltammograms for hydrogen-terminated (H-BDD, solid line) and
oxygen-terminated (O-BDD, dashed line) boron-doped diamond electrodes in N-
saturated (above) and O,-saturated (below) 0.1 M phosphate buffer pH 7. Scan rate: 100
mV s™. The potential was swept in a negative direction from 0 V.
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the irreversible reduction of oxygen to hydrogen peroxide [54], as given by equation
(4.2). The two-electron reduction of oxygen on the H-terminated BDD is typical of the

peroxide pathway commonly seen on carbon electrodes [52,55].

The standard potential for the two-electron reduction of oxygen is +0.281 V (SHE) at
pH 7 and the large overpotential on the H-terminated surface is consistent with the work
of Yano et al [54] which found the oxygen reduction to be highly inhibited on as-grown
BDD. This was attributed to a lack of adsorption sites for oxygen and/or reduced
intermediates, a low density of states or a potential drop within a thin (~2 nm) surface

layer.

As the reduction of oxygen involves the addition of hydrogen and the cathodic reaction
is only observed on the H-terminated surface but not the O-terminated surface, there
exists the possibility of the surface hydrogen providing the stoichiometric source. The
surface density of carbon bonds on diamond and hence the maximum coverage of H is
~10"/cm®. Assuming an electron transfer for each H reacted, the charge required to
exhaust the surface H in this case is ~7x10 C. The charge passed on the cathodic
sweep for the H-terminated surface in O, saturated solution is 1.1 x 10 C therefore a

single scan should exhaust the surface H if it is reacting.

Consecutive cyclic voltammetric scans were thus carried out and the voltammograms
are shown in Figure 4.3. The second scan showed a reduction in the peak current,
which can be attributed to the slow removal of reaction products from the reaction sites.

After the solution was stirred by bubbling with oxygen, the subsequent voltammogram
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showed a restoration of the peak current to that of the initial value. This confirms that

the H-terminated BDD is indeed electrocatalytic compared to the O-terminated surface.

-100

Current (pA)

-200 A

-1.2 ' 08 ' 0.4 , 0.0
Potential (V vs Ag/AgCI)

Figure 4.3 Cyclic voltammograms for H-terminated BDD electrode in O,-saturated 0.1
M phosphate buffer pH 7 showing initial scan (solid line), second scan (dashed line)
and subsequent scan after stirring (dotted line). Scan rate: 100 mV s™.

The voltammetric responses for oxygen reduction at the unmodified H-terminated BDD
over a range of scan rates are shown in Figure 4.4. The inset depicts the linear variation
of the peak current with the square root of the scan rate, indicating a mass transfer
controlled reaction. The peak current for the transport limited n-electron transfer

irreversible reaction is described in equation (4.4):

) - FvD 4.4
ip = —0.496/(n' + anINFA[0;] | (4.4)

where i, is the peak current, n’ is the number of electron transferred before the rate

limiting step, a,,' is the electron transfer coefficient of the rate determining step, F is the
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Faraday constant, A is the electrode area, [O-] is the oxygen concentration, v is the scan
rate, D is the diffusion coefficient, R is the gas constant and T is the absolute

temperature.
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Figure 4.4 Cyclic voltammograms for H-terminated BDD in O,-saturated 0.1 M
phosphate buffer pH 7 at scan rates from 20 to 400 mV s™. Inset: Plot of peak current
against square root of scan rate.

Tafel plots were derived from the descending section of the voltammetric peak
corresponding to charge transfer control and these are shown in Figure 4.5 for scan
rates from 50 to 200 mV s™. From the gradients of the plots, an average value for
(n' + a,,) of 0.34 was obtained. The concentration of oxygen in a saturated solution is
1.3 mM [56] and the diffusion coefficient for oxygen is 2.1 x 10° cm? s [57]. Using
these values and the gradient of the best-fit line from the inset in Figure 4.4, the
number of electrons transferred is calculated from equation (4.4) to be around 2,
indicating the reduction of O, to H,O,, in agreement with the two-electron reduction of

oxygen from rotating disk electrode measurements [54].
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Figure 4.5 Tafel plots of cathodic current for H-terminated BDD in O,-saturated 0.1 M
phosphate buffer pH 7 at scan rates from 50 to 200 mV s™.

4.3.2 Effect of Surface Termination on the Interaction of Copper Phthalocyanine
with BDD towards Oxygen Reduction

A simple dropcast technique was used to immobilise copper phthalocyanine onto the
BDD electrode as described in the experimental section and the surface morphology of
the modified H- and O-terminated electrodes were characterised by scanning electron
microscopy (SEM). As revealed by the SEM micrographs in Figure 4.6, the structure of
the modified electrodes both consisted of microcrystalline deposits of varying sizes up

to ca 7 um in length across the BDD surface.
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Figure 4.6 SEM micrographs of copper phthalocyanine modified (a) H-terminated, (b)
O-terminated BDD.
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The cyclic voltammograms on the modified H-terminated surface in both O,- and N-
saturated phosphate buffer solutions are shown in Figure 4.7. While the curve obtained
in the Ny-saturated solution is relatively featureless, a large and irreversible cathodic
peak was observed at—0.58 V (vs Ag/AgCl) in the O ,-saturated solution attributed to
the reduction of oxygen. This represents a significant decrease in overpotential of over
500 mV compared to the unmodified H-terminated electrode and demonstrates the
substantial electrocatalytic effect as a result of copper phthalocyanine modification. The
behaviour for the modified O-terminated BDD is very different however, as shown in
Figure 4.8. No apparent peak was observed for the voltammetric response in O,-

saturated solution.

|
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Figure 4.7 Cyclic voltammograms for copper phthalocyanine modified H-terminated

BDD in Ny-saturated (above) and O,-saturated (below) 0.1 M phosphate buffer pH 7.
Scan rate: 100 mV s™.
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Figure 4.8 Cyclic voltammogram for copper phthalocyanine modified O-terminated
BDD in O,-saturated 0.1 M phosphate buffer pH 7. Scan rate: 100 mV s,

Based on the results above, it is clear that the surface chemical termination has an effect
on the interaction between copper phthalocyanine and BDD. Only on the H-terminated
surface is there significant interaction with the metallophthalocyanine based on the
observation of its positive impact on the electrocatalysis of oxygen reduction. This is
likely due to the hydrophobic interaction between copper phthalocyanine and the
(hydrophobic) H-terminated surface [34]. As for the oxidised BDD electrode, the
hydrophilic surface is expected to have much weaker interaction with the nonpolar
compound. From the absence of a voltammetric peak in an O,-saturated solution, it can
be inferred that the electrical connection of copper phthalocyanine microcrystallites to

the O-terminated BDD is therefore inferior to the case of the H-termination.

Figure 4.9a displays the voltammetric data obtained at scan rates from 10 to 400 mV s™

and the linear dependence of the peak current on the square root of the scan rate is
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shown in Figure 4.9b, indicating the reduction of oxygen on the modified surface is a

diffusion controlled process at the modified H-terminated surface.
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Figure 4.9 (a) Cyclic voltammograms for copper phthalocyanine modified H-
terminated BDD in O,-saturated 0.1 M phosphate buffer pH 7 at scan rates from 10 to
400 mV s™. (b) Plot of peak current against square root of scan rate.
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Tafel analyses on the above data are shown in Figure 4.10 and an average value for
(n'+ a,) of 0.46 was derived from the gradients of the plots. Using the values of
oxygen concentration in a saturated solution and the diffusion coefficient as quoted
earlier, together with the gradient of the linear plot in Figure 4.9b, the number of
electrons transferred is calculated using equation (4.4) to be 2, consistent with the

reduction of O, to H,0.,.
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Figure 4.10 Tafel plots of cathodic current for copper phthalocyanine modified H-
terminated BDD in O,-saturated 0.1 M phosphate buffer pH 7 at scan rates from 50 to
200 mV s™.

4.3.3 Reduction of Hydrogen Peroxide at the Modified H-Terminated BDD

From the results above, the copper phthalocyanine modified H-terminated BDD
exhibits a two-electron reduction in oxygen-saturated solution. It has been reported that
oxygen can undergo a four-electron reduction at certain metallophthalocyanines [44-46].
Therefore the possibility of the electrochemical reduction of the hydrogen peroxide on

the modified BDD surface was further investigated.
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The unmodified H-terminated BDD surface was examined by cyclic voltammetry in a
nitrogen-saturated solution and the measurement was featureless for the reduction of
hydrogen peroxide. Standard addition of hydrogen peroxide was then conducted on the
copper phthalocyanine modified H-terminated BDD in a Ny-saturated phosphate buffer
solution to study the reaction without contribution from dioxygen. Figure 4.11a shows
the cyclic voltammograms of hydrogen peroxide for concentrations of 0.0 to 2.0 mM,
with a peak potential of—0.57 V (vs Ag/AgCl) at 0.1 mM. The magnitude of the peak
current increases linearly with the hydrogen peroxide concentration, as shown in Figure

4.11b and the gradient of the calibration plot is -121.4 pA mM™,

Tafel analyses on the descending portion of the voltammetric curve yielded an average
value of a to be 0.30. Together with the gradient of the calibration plot and the diffusion
coefficient of hydrogen peroxide (8.3 x 10° cm? s™) [58], the number of electrons per
molecule transferred can be calculated using equation (4.4), giving a value close to 2.
This indicates that the reaction as described by equation (4.3) is taking place at the

copper phthalocyanine modified H-terminated BDD.

The cathodic peak potential for the reduction of hydrogen peroxide is very similar to
that for the reduction of oxygen and the reactions of both compounds have been
demonstrated on the modified H-terminated BDD as above. Therefore this suggests that
the reduction of oxygen should in principle be able to undergo an overall four-electron
reaction via the stepwise mechanism with hydrogen peroxide as the intermediate, as
described earlier. However it is clear that oxygen reduction progresses according to

equation (4.2) with no further electrochemical reduction of hydrogen peroxide.
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Figure 4.11 (a) Cyclic voltammograms for copper phthalocyanine modified H-
terminated BDD in Nj-saturated 0.1 M phosphate buffer pH 7 containing 0.0 to 2.0 mM
H,0, (dashed line: 0.0 mM). Scan rate: 100 mV s™. (b) Plot of peak current against
concentration of H,O..
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The key to this apparent conundrum likely lies in the structure of the surface deposition.
As illustrated in Figure 4.12, the dropcast modification of molecular compounds could
result in the formation of a continuous film or an array of microcrystallites on the
electrode surface. In the former case, hydrogen peroxide is expected to further react via
equation (4.3). However, the results above are suggestive of the case for the
microcrystalline array, in which the charge transfer is thought to occur at the triple-
phase boundary formed between the copper phthalocyanine microcrystallite, the boron-
doped diamond, and the aqueous solution [59-63]. At the junction of contact of the

three phases, the catalyst, electrons and reactants are all present in adequate proximity

/
\

Film Microcrystallites

I ALAa A Ma

for reaction to occur.

Figure 4.12 Schematic diagram of the possible surface formation via dropcast
modification.
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The fact that the reduction of oxygen is an overall two-electron process probably has to
do with the microcrystallites behaving in effect as a random array of “microelectrodes”
(Figure 4.13), allowing the hydrogen peroxide formed in this instance to diffuse
radially into the bulk phase at a rapid rate before it can undergo further conversion
according to equation (4.3). Indeed the presence of microcrystallites on the modified
BDD surface has been evidenced earlier by SEM in Figure 4.6 and this supports the
inference of a triple boundary process. The consideration of the behaviour of the
microcrystallites as an array of “microelectrodes” is dependent upon the sizes of the
microcrystallites as well as the spacing between them, as these parameters have a

bearing on the mass transport properties at the array [64].

Aqueous
electrolyte

0,
+2e”

H,0; gulk)

H,0, === OH-

Triple phase
boundary

BDD

Figure 4.13 Schematic diagram showing possible outcomes of hydrogen peroxide
during oxygen reduction at the triple phase boundary.
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An alternative hypothesis for the cathodic signal in Figure 4.11 could be that it arises
from the oxygen resulting from the catalytic disproportionation of hydrogen peroxide in

the presence of copper phthalocyanine as given in equation (4.5).

2H,0, — 0, + 2 H,0O (45)

If the catalytic disproportionation is rapid, a voltammetric scan obtained after nitrogen
has been passed through the solution to remove the generated oxygen should show a
much diminished cathodic current. Another method would be to perform the experiment
in the presence of excess sodium bisulfite which readily reacts with the generated
oxygen thereby eliminating any contribution to the cathodic current from oxygen

reduction.

However given that the transfer coefficient found for hydrogen peroxide reduction (o =
0.30) is different from that owing to oxygen reduction (o = 0.46) on the modified
hydrogen-terminated electrode, this is suggestive of a distinct cathodic process
occurring, rather than the reduction of oxygen from the disproportionation of hydrogen

peroxide.
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4.4 Conclusions

The dropcast coating of boron-doped diamond electrodes has been studied as a facile
method for the surface modification of BDD with molecular materials. The
electrochemical behaviour of unmodified and copper phthalocyanine modified BDD
electrodes was examined via the reduction of oxygen, a reaction known to be catalysed
by metallophthalocyanines. Such physical immobilisation was found to be sensitive to
the BDD surface termination. Hydrogenated BDD modified in such a manner was able
to significantly decrease the overpotential for the cathodic reaction by ca 500 mV when
compared to the unmodified electrode. Oxidised BDD however displayed no such
electrocatalysis even after modification by the copper macrocycle. These effects may be
attributable to the greater interaction between the nonpolar molecular modifier and the
“alkanelike” hydrogen terminated surface, through forces such as hydrophobic

interactions.

On the modified H-terminated BDD, the electrochemical reduction of oxygen occurred
through a diffusion control two-electron cathodic process via the peroxide pathway. In
addition, the modified electrode showed activity for the electrochemical reduction of
hydrogen peroxide at similar potentials as well. The role of microcrystallites is
proposed to lead to the curtailment of the oxygen reduction at the peroxide stage due to
the rapid diffusion of the reaction product away from the triple phase boundary at where
the reaction is thought to occur. SEM characterisation of the surface morphology

confirmed the presence of microcrystallites on the modified H-terminated BDD.
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Chapter 5

Nanocarbon Paste Electrodes

Nanocarbon has been demonstrated in Chapter 3 to be an effective electrode modifier.
This carbon material is further explored through the construction of a composite
electrode in this chapter, which aims to investigate the electrochemical behaviour of
carbon paste electrodes prepared using nanocarbon and paraffin oil. The practicality of
the carbon paste is established by cyclic voltammetry with several well-characterised
redox systems commonly used to test electrode activity. Work related to this chapter

has been published in Electroanalysis [1].

5.1 Introduction

Carbon paste electrodes (CPEs) in which a carbon, usually graphite powder, is mixed
with a pasting liquid (“binder”) to form electrodes were first reported by Adams in 1958
[2]. These are very commonly used for electroanalysis, especially in agueous solutions,
since they offer a reproducible, readily renewable electrode surface. Carbon paste

electrodes and their properties have been recently reviewed [3,4].

The properties of any carbon paste electrode reflect both the nature (chemical and
physical) of the carbon material used, and that of the binder. A huge variety of carbon
materials have been used in CPEs ranging from graphite [5,6], charcoal [7], ethyne

black [8], glassy carbon powders [9,10], diamond [11], carbon foams [12] and carbon
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microspheres [12]. Recently fullerenes [13] and carbon nanotubes [14-17] have

extended the list.

Nanocarbon has recently been proposed as a useful electrode material which offers
similar advantages to multi-walled carbon nanotubes but at close to zero cost [18]. This
material is typically composed of approximately spherical carbon particles, which are
often of size ~ 10 nm, commonly aggregated to form clumps of ca ten or more spheres.
The particles are available commercially (for instance from Cabot Corporation) in a

range of sizes.

This chapter examines the use of nanocarbon in carbon paste electrodes and in
particular, makes a comparison of the voltammetric behaviour of the resulting
electrodes with those made from the more usual graphite powder as well as the
commonly used glassy carbon electrode. The viability of the nanocarbon CPEs is
demonstrated through voltammetric measurements for a series of well defined redox
systems. At the same time a note of caution is presented: the CPEs can reversibly

uptake some analytes giving rise to complex double peak voltammetry.

5.2 Experimental section

5.2.1 Chemicals and Materials

Hexaamineruthenium(l11)  chloride (Ru(NH3)sCls,  Aldrich, 98%), potassium
hexacyanoferrate(ll) trihydrate [K2Fe(CN)g-3H,O, Sigma-Aldrich, 98.5-102%],
potassium hexachloroiridate(1V) (KzIrClg, Sigma-Aldrich, 99.99%), ferrocenemethanol
(C11H12FeO, Aldrich, 97%), potassium chloride (KCI, Sigma-Aldrich), nanocarbon

(diameter 27 + 10 nm, Monarch 430®, Cabot Corporation), graphite powder (d < 20 pm,
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Aldrich, synthetic) and paraffin oil (puriss, Sigma-Aldrich) were used as received
without further purification. Prior to experiments, Ru(NH3)sCls (RuHex) solutions were

purged through nitrogen (N2, BOC, Surrey) to remove oxygen from the system.

5.2.2 Apparatus

The working electrode in the three electrode arrangement is either a carbon paste
electrode or a glassy carbon electrode. Glassy carbon electrodes were polished on soft
lapping pads (Kemet Ltd., UK) using alumina powder (Buehler, IL) of sizes 1.0, 0.3
and 0.05 pum, thoroughly rinsed with ultrapure water between each step, then sonicated
with ultrapure water and finally left to dry in air. The surface morphology of nano-
carbon was characterised by field-emission scanning electron microscopy (SEM, LEO
Gemini 1530, Zeiss), using an in-lens detector and a beam voltage of 5 kV. The carbon
powder was immobilized on a SEM sample holder using adhesive carbon tape. To
reduce electrical charging during the measurement, a thin layer of gold was sputtered
(Cressington sputter coater 108 auto) on top of the sample. The SEM sample

preparation and procedure were kindly assisted by Dr K. Tschulik.

5.2.3 Preparation of carbon paste electrodes

The carbon paste was prepared by thorough hand pasting of 60% (w/w) of the
nanocarbon or graphite, with paraffin oil using a pestle and mortar. The resulting pastes
were packed into the well (diameter 3.0 mm) of the working electrode to a depth of 1
mm as depicted in Figure 5.1. The body of the working electrode was a Teflon tube
tightly packed with the carbon paste and electrical contact was provided by a copper
wire. The surface exposed to the solution was polished on a weighing paper to give a

smooth finish before use. The pastes were kept at room temperature until used.
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Figure 5.1 Schematic diagram of a carbon paste electrode.

5.3 Results and discussion

The nanocarbon material was first observed using scanning electron microscopy. To
test the reactivity of the nanocarbon paste electrode, a series of electrochemical
characterisations was conducted using several well-defined redox systems.

Ru(NHs)e>""?* represents a positively charged redox mediator couple while Fe(CN)g*™"

+/0

and IrCl¢>"® serve as the anionic analogues. The couple FcCH,OH™® was included as a

neutral redox probe for study.

5.3.1 Surface characterisation of nanocarbon
The surface morphology of the commercial nanocarbon particles was characterised by
scanning electron microscopy (SEM) and the SEM images obtained are shown in

Figure 5.2. It can be seen that the commercial nano-carbon powder is composed of
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spherical carbon particles presenting no topographical features, with diameters ranging

from 25 to 37 nm, aggregated to form clumps of spheres.

commercial nano-carbon particles.

Studies of nanocarbon using X-ray photoelectron spectroscopy showed the surface to be
predominantly carbon with the presence of a small amount (1.6%) of surface oxygen
[19], which is introduced during and after the production process [20] and include

functionalities such as carboxylic acids and phenols [21].
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5.3.2 Electrochemical characterisation: Ru(NH3)e>"%*

The carbon paste electrodes were prepared by mixing nanocarbon or graphite powder
with paraffin oil. These were first characterised by cyclic voltammetry using
Ru(NHs)sCls in aqueous 0.1 M KCI solution, which is a typical redox system often used
to test electrode behaviour [22], at a scan rate 100 mV s™. The commonly used glassy

carbon electrode was also included for comparison.

As shown in Figure 5.3, the current-potential curve of the nanocarbon paste electrode
appears almost identical to that of the graphite version, indicating very similar

behaviour towards the redox system:
Ru(NH3)s®" + ™ = Ru(NH3)e”"

which has been well-studied [23,24]. Ru(NHs)e>"** is typically considered to be an
outer sphere electron transfer redox system with rapid Kkinetics and is generally
insensitive to the electrode surface functionalities and impurities [25,26]. It can also be
seen that the background current displayed by both electrodes is lower than that of the
glassy carbon electrode, which means that the nanocarbon CPE retains the beneficial

feature of low capacitance characteristic of CPEs.
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Figure 5.3 Cyclic voltammograms of 1.0 mM Ru(NH3)sCl; in KCI solution at
nanocarbon paste (solid line), graphite paste (dashed line) and glassy carbon electrodes
(dotted line). Scan rate: 100 mV s™.

From the voltammograms, the formal potential, AE”, was obtained as the midpoint of
the anodic and cathodic peak potentials while the peak-peak potential separation, AE,
was calculated as the difference between the pair of peak potentials. These values as
well as the ratio of the anodic peak current density, iy, to cathodic peak current density,

Ip,c, are summarised in Table 5.1.

Table 5.1 Cyclic voltammetric data for Ru(NHs)s*"?* at 100 mV s for different
electrodes

Electrode E”/V AE/MV  ipalipe
nano-carbon CPE ~ —0.17 64 0.92
graphite CPE -0.17 59 0.91

glassy carbon —-0.17 59 0.89
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The formal potentials for the Ru(NHs)s>*"?* system in the presence of 0.1 M KCI were
found to be —0.17 V and are in line with the values reported in the literature [23,27].
The peak-peak potential separation is an indicator of the heterogeneous charge transfer
Kinetics and in this case a value close to 57 mV is suggestive of rapid electron transfer
at the nanocarbon paste electrode. This is corroborated by the ratio of i, to ipc having a

value close to unity.

Cyclic voltammetry was carried out at scan rates over the range of 50 to 800 mV s and
the voltammetric measurements for the nanocarbon paste electrode are shown in Figure
5.4. The current of the cathodic peak for each electrode increases linearly with the
square root of the scan rate as depicted in Figure 5.5, indicating that the current is
controlled by a semi-infinite linear diffusion. With increasing scan rates, the peak-peak
potential separation increases for all three electrodes but does not exceed 85 mV,

suggesting fast but quasi-reversible charge transfer kinetics at higher scan rates.

600
400 +

200

50 mV/s

A
800 mV/s

Current density (A/cm?)

T T T

-04 -OI.S -0|.2 -0|,1 0.0 0.1
Potential (V vs Ag/AgClI)

Figure 5.4 Cyclic voltammograms of 1.0 mM Ru(NH;)sCl; in KCI solution at
nanocarbon paste electrode at scan rates from 50 to 800 mV s™.



Chapter 5 129

- i)
700 A nanocarbon

o graphite

—— glassy carbon

500 -
400
300 -
200 - n

100

|Peak current density| (nA/cm?)

—T T 1 1 1T T T 1T 7 1 1T T 1T
00 01 02 03 04 05 06 07 08 09

(Scan rate)' (V/s)"?

Figure 5.5 Plot of absolute values of cathodic peak current density for Ru(NH3)sCls
against square root of scan rate at nanocarbon paste, graphite paste and glassy carbon
electrodes.

5.3.3 Fe(CN)g>™*

Next the voltammetry of the anionic redox species Fe(CN)g>"*

was investigated at each
of the three electrodes. The ferri/ferrocyanide redox system has been reported to
possess some inner sphere characteristics [25,28]. For an inner sphere electron transfer
reaction, the process is more sensitive to the electrode surface due to a greater

interaction between the reactant and the electrode compared to the outer sphere process.

The resulting current-potential curves at 100 mV s are shown in Figure 5.6. The
peak-peak potential separations were in notable excess of 57 mV (Table 5.2), indicating
quasi-reversible electron transfer kinetics. For the nanocarbon paste electrode, the

anodic and cathodic peak potentials displayed a symmetrical shift towards the positive
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Figure 5.6 Cyclic voltammograms of 1.0 mM potassium ferrocyanide in KCI solution
at nanocarbon paste (solid line), graphite paste (dashed line) and glassy carbon
electrodes (dotted line). Scan rate: 100 mV s™.

and negative directions respectively when compared to the glassy carbon electrode,
with AE, increasing from 97 to 195 mV and an accompanying ~20% decrease in the
anodic and cathodic peak current densities. This larger anodic-cathodic peak separation
is reflective of a decrease in the heterogeneous electron transfer rate constant at the
nanocarbon CPE, with similar behaviour being observed for the graphite CPE.
Moreover the increased deviation from unity of the ratios of iy to iy further indicates
the sluggish kinetics. The lower electrochemical reactivity of the ferri/ferrocyanide
redox system at the carbon paste electrodes compared to the glassy carbon electrodes
could be attributed to the addition of the hydrocarbon pasting liquid which is known to

decrease the heterogeneous electron transfer rate from the “dry” carbon limit [29].
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Table 5.2 Cyclic voltammetric data for Fe(CN)s>'* at 100 mV s* for different
electrodes

Electrode E”IV  AE/MV  ipalipe
nano-carbon CPE 0.22 195 1.2
graphite CPE 0.21 190 1.3
glassy carbon 0.19 97 1.2

From the plot of the peak anodic current densitites against the square root of scan rate
as depicted in Figure 5.7, the excellent linearity shown by the three electrodes indicate
that the current is limited by the semi infinite linear diffusion of the reactant to the
electrode surface. The peak-peak potential separations increased with the scan rate, as
expected for quasi-reversible electrode processes, to 313 mV, 268 mV and 137 mV at
the highest scan rate (800 mV s™) for the nanocarbon paste electrode, graphite CPE and

glassy carbon electrode respectively.
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Figure 5.7 Plot of anodic peak current density for potassium ferrocyanide against
square root of scan rate at nanocarbon paste, graphite paste and glassy carbon electrodes.
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5.3.4 IrCIg*™
The electron transfer kinetics at the nanocarbon paste electrode was further examined

2-/3-

with another negatively charged redox analyte IrClg=™>" which is known to be an outer

sphere system [25,26]. Cyclic voltammograms of KyIrClg in 0.1 M KCl at 100 mV s*
for the three different electrodes are given in Figure 5.8 and relevant data from the CVs

are provided in Table 5.3.

200 -
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Figure 5.8 Cyclic voltammograms of 1.0 mM K;IrClg in KCI solution at nanocarbon
paste (solid line), graphite paste (dashed line) and glassy carbon electrodes (dotted line).
Scan rate: 100 mV s™.

2-/3-

Table 5.3 Cyclic voltammetric data for IrCls>”* at 100 mV s for different electrodes.

Electrode E”V  AEJ/MV  ipalipe
nano-carbon CPE 0.69 64 1.1
graphite CPE 0.69 64 1.1

glassy carbon 0.69 59 1.2
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The results are very different from the anionic ferri/ferrocyanide redox system. The
anodic-cathodic peak separations for the nanocarbon and graphite paste electrodes are
both 64 mV and the anodic to cathodic peak current density ratios are close to unity,
suggestive of nearly reversible electrode kinetics for the hexachloroiridate(111/11) system
at the CPEs. In this case of an outer sphere anionic species, the carbon electrodes
mainly function as a source or sink of electrons and the electron transfer kinetics is
largely unaffected by the specific electrode surface chemistry therefore no significant
difference was observed compared to the glassy carbon electrode, unlike the above

anionic case of the ferri/ferro-cyanide system.

Cyclic voltammetry done at different scan rates of 50 to 800 mV s* showed that the
peak anodic current density varied linearly with the square root of the scan rate, as
given by the plot in Figure 5.9, again indicating a diffusion controlled electrode
reaction. At higher scan rates, the electron transfer kinetics remained relatively fast with

the peak-peak potential separation increasing to values not beyond 85 mV.
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Figure 5.9 Plot of anodic peak current density for K,IrClg against square root of scan
rate at nanocarbon paste, graphite paste and glassy carbon electrodes.
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5.3.5 Ferrocenemethanol and its diffusion into the nanocarbon paste electrode

The redox reaction of the neutral molecule ferrocenemethanol
FCCH,OH — e~ = FcCH,0H"

is a well-studied system [30] and this was used to investigate the behaviour of the
nanocarbon paste electrode. As illustrated in Figure 5.10, the cyclic voltammetric
response of the nanocarbon paste electrode recorded at 100 mV s closely matched that
of the graphite CPE. The values of AE, and the ratio of iy, to iy given in Table 5.4

points to the reversibility of the ferrocenemethanol system at all three electrodes.
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Figure 5.10 Cyclic voltammograms of 0.5 mM ferrocenemethanol in KCI solution at

nanocarbon paste (solid line), graphite paste (dashed line) and glassy carbon electrodes
(dotted line). Scan rate: 100 mV s™.

Table 5.4 Cyclic voltammetric data for ferrocenemethnol at 100 mV s* for different
electrodes.

Electrode E”IV  AE/MV  ipaline
nano-carbon CPE 0.20 54 1.1
graphite CPE 0.20 54 1.1

glassy carbon 0.20 59 1.0
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Similar to the three redox probes above, a diffusional mechanism operates for the
reaction of ferrocenemethanol at the interfacial zone as shown by the square root
dependence of the anodic peak current density on the scan rate in Figure 5.11. The
peak-peak potential separations remained relatively stable, and thus reversible, at all

scan rates studied.
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Figure 5.11 Plot of anodic peak current density for ferrocenemethanol against square
root of scan rate at nanocarbon paste, graphite paste and glassy carbon electrodes.

During the voltammetric experiments, it was observed that ferrocenemethanol
accumulates in the nanocarbon paste electrode. This observation was then studied by
obtaining cyclic voltammograms in a 0.1 M KCI solution. The voltammogram A
corresponds to the cyclic voltammogram in a 0.1 M KCI solution at the nanocarbon
paste electrode. After that, the nanocarbon paste electrode was immersed for 20 mins in
a solution containing 0.5 mM FcCH,OH, transferred to 0.1 M KCI solution and the
cyclic voltammogram B was obtained. The results are shown in Figure 5.12, where two

pairs of peaks are clearly seen. The peaks Pla (E = 0.23 V) and P1b (E = 0.17 V)
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correspond to the FcCH,OH/FcCH,OH" redox system in aqueous solution (amount of
FcCH,OH dissolved out of the paste to the solution) and the peaks P2a (E = 0.36 V) and
P2b (E = 0.32 V) represent probably the same redox system “in” the paste. More
specifically it is presumed that the peaks P2 reflect voltammetry at the triple interface
formed by nano-carbon, paraffin oil and water (as presented in the literature [31]).
Similar behaviour was observed when a graphite CPE was used. This phenomenon will

be further explored in the next chapter.
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Figure 5.12 Cyclic voltammograms in 0.1 M KCI (A) before and (B) after 20 min the
nanocarbon paste electrode was dipped in 0.5 mM ferrocenemethanol and transferred to
KClI solution. Scan rate: 50 mV s™.
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5.4 Conclusions

In this chapter, the electrochemical behaviour of a carbon paste electrode produced
from nanocarbon or graphite mixed with paraffin oil has been investigated. The study of
the electrochemical properties of these electrodes toward four different redox probes
(Ru(NHs)¢®*, Fe(CN)s*, IrCl¢®, and FcCH,OH) was carried out showing good
performance, rather similar to a glassy carbon electrode. Rapid electron transfer kinetics
were observed for Ru(NHs)s>*, IrCls> and FcCH,OH while Fe(CN)s* exhibited a quasi-
reversible electrochemical response, with all displaying diffusion limited peak currents.
The diffusion of FCcCH,OH into the nanocarbon paste electrode is a very interesting

aspect that will be further examined electrochemically in the next chapter.

It can be concluded that nanocarbon and graphite CPEs had almost the same results for
all four systems. Based on the series of electrochemical characterisations, nanocarbon
has been demonstrated to be a valid alternative to graphite powder in the construction of
carbon paste electrodes not least because the cost of nano-carbon (~$1/kg [32]) is ca. 50

times cheaper than graphite (~$50/kg [33]).
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Chapter 6
The Measurement of the Gibbs Energy of Transfer
Between Oil and Water Using a Nanocarbon Paste

Electrode

Progressing from the previous chapter, this chapter reports the use of nanocarbon paste
electrodes for the measurement of Gibbs energies of transfer between oil and aqueous
phases. In this method the oil of interest is used as the binder for the nanocarbon paste
electrodes and the molecule of interest is dissolved in the organic or aqueous phase.
Voltammetry is performed over a period of time and used to monitor the transfer of the
molecule between the two phases. The method is illustrated for the transfer of
ferrocenemethanol  between water and oil using the ferrocenemethanol/
ferroceniummethanol  (FcCH,OH/FcCH,OH") redox couple. When supporting
electrolyte containing the anions ClI, NOs; or SCN was used, an expulsion of the
oxidised ferrocene occurred and the difference in midpoint potentials (Enig) between the
peaks of interest observed in these experiments allowed the calculation of the Gibbs
energy (4G°) of transfer of ferrocenemethanol from water to oil. The average 4G°
value thus obtained was€12.7 + 0.2) kJ mol . For more hydrophobic anions (X =
PFs , AsFs ), the electron transfer is coupled to the transfer of the anion into the oil and
the AG® for the transfer of the ion pair of FCCH,OH" and X" ions from water to oil was
found to be —1.3 and —3.9 kJ mol™ for PFs~ and AsFg respectively. This work has been

published in Electroanalysis [1].
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6.1 Introduction

The energetics of molecule and ion transfer between two liquid phases are key to
understanding many phenomena including essential biological processes [2].
Electrochemical measurements have proved extremely powerful in the area starting
with the 4-electrode approach extensively developed by Samec and colleagues [3-5]. In
this method a counter and a reference electrode are placed in each of the two phases and
used to perform voltammetry at the liquid-liquid interface from which ion and molecule
transfer energetics can be inferred. Note that the approach requires the two phases to
contain electrolyte so that diffusion controlled voltammetry can be performed; this

limits the wider use of the method, excluding systems of low or zero ionic strength.

An alternative strategy, which makes the use of oil phase droplet(s), has been developed
by Scholz (large volume drops) [6-9] and by Marken (femtolitre volumes) [10,11].
These allow a three electrode methodology in which the counter and reference are
placed in an aqueous phase whilst potential is applied via a potentiostat to the (working)
electrode supporting the droplet(s). In the case of small oil droplets supported on a layer
electrode in a bulk aqueous phase electron transfer is thought to occur at the triple
boundary formed between the water, the oil and the electrode. The electron transfer is
strongly coupled with ion transfer between the two phases induced by the need to
preserve local electroneutrality [11-17]. Similar experiments have been reported using

tiny water droplets supported on a large electrode in a bulk non-aqueous solvent [18].

In this chapter an approach is considered which is complementary to those above and
which enables the energetics of transfer of neutral species to be inferred, in addition to

further data relating to ion transfer. In particular a nanocarbon paste electrode (n-CPE)
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[19] is used in which the oil phase of interest is used as a binder. The solute of interest
is then dissolved with in the oil or an aqueous phase and voltammetry used to study the
interface formed between the carbon paste electrode and an aqueous phase. This is used
to monitor the transfer of species between the two phases and, indirectly, provides
information on the energetics of transfer. As background the very early work of
Kuwana and French [20] in using a CPE to release molecules into aqueous solutions for

electrochemical studies is noted.

6.2 Experimental

6.2.1 Chemicals and materials

Ferrocenemethanol (97%, Sigma Aldrich), paraffin oil (puriss, Sigma-Aldrich),
potassium chloride (99.5%, Fluka), potassium nitrate (99%, Aldrich), potassium
hexafluorophosphate (98%, Aldrich), potassium hexafluoroarsenate (V), (98%, Aldrich),
potassium thiocyanate (98%, Hopkin & Williams) and commercial nanocarbon
(diameter 27 + 10 nm, Monarch 430®, Cabot Corporation) were used as received. All

aqueous solutions were prepared using ultra pure water (~18.2 MQ c¢m at 25°C).

6.2.2 Preparation of the carbon paste electrodes

Unmodified carbon paste was prepared by hand-pasting nanocarbon with paraffin oil in
a ratio of 60:40 (w/w) using a mortar and pestle. The resulting paste was packed into
the well of the working electrode as described in the previous chapter. Modified carbon
paste was prepared in a similar manner using paraffin oil which contained

ferrocenemethanol at concentrations from 5 to 50 mM.
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6.3 Results and discussion

6.3.1 Accumulation of ferrocenemethanol in an unmodified carbon paste electrode
As described in the previous chapter, when a nano-carbon paste electrode, made with
paraffin oil, was pretreated by dipping for 20 min in a solution containing 0.5 mM
ferrocenemethanol (FcCH,OH), FcCH,OH was found to accumulate in the electrode
during the pretreatment. To further investigate this uptake process, the unmodified nano
carbon paste electrode was first pretreated by contact in a 0.1 M KCI solution
containing 0.5 mM FcCH,OH for different times from 1 to 20 min. After this, the
electrode was removed and briefly rinsed with ultra pure water before immersion in a
0.1 M KCI solution for cyclic voltammetry (CV). Figure 6.1 shows the cyclic
voltammograms in the KCI solution measured with the unmodified carbon paste
electrode without (dotted line) and with (solid line) pretreatment for 1 to 20 min. After
1 min of contact with the FCCH,OH solution, a pair of peaks can be clearly seen in the
KCI solution. The peaks Pla (E = 0.23 V vs Ag/AgCl) and P1b (E = 0.17 V vs
Ag/AgCl) correspond to the redox couple FCCH,OH/[FcCH,OH]", as described in

Equation (6.1), which has dissolved out from the paste to the aqueous solution.
FCCH,OH (ag) - e = FcCH,OH™ (aq) (6.1)

This assignment is made since these peak potentials are consistent with those obtained
in CV for an unmodified electrode (without pretreatment) in a solution of FcCH,OH
(Figure 6.1 inset). However, after 20 min of contact with FcCH,OH, an additional pair
of peaks, P2a (E = 0.36 V vs Ag/AgCl) and P2b (E = 0.32 V vs Ag/AgCl), appears and
represents probably the same redox couple but with one or more components not in the

aqueous phase. The explanation of the P2 peaks will be explored further below. The
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Figure 6.1 Cyclic voltammograms of the unmodified nanocarbon paste electrode in 0.1
M KCI without (dotted line) and with (solid line) pretreatment of contact in 0.5 mM
ferrocenemethanol for 1, 5, 10 and 20 min. Inset: Cyclic voltammogram of unmodified
CPE in 0.5 mM ferrocenemethanol (supporting electrolyte: 0.1 M KCI). Scan rate: 50
mV st

peak currents of both peaks P1 and P2 increased with the pretreatment time, which
implies a diffusion of FcCH,OH from the aqueous solution into the carbon paste and a

continual accumulation of the compound in the paste during the period of pretreatment.

Next, after an unmodified carbon paste electrode was pretreated in 0.5 mM FcCH,OH
solution for 20 min, it was transferred to a 0.1 M KCI solution and cyclic voltammetry
was performed immediately (time = 0 min) and at subsequent times up to 10 min. These

consecutive cyclic voltammograms from 0 to 10 min are shown in Figure 6.2.
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Figure 6.2 Cyclic voltammograms of the unmodified nanocarbon paste electrode
(previously pretreated for 20min) at 0, 1, 2, 4, 6, 8 and 10 min in 0.1 M KCI. Scan rate:
50 mV s™.

The peak currents for peaks P1a and P1b decreased with time due to diffusion of some
FcCH,OH molecules into the bulk aqueous solution and the depletion likely reflects
that local to the electrode surface in aqueous solution. As for peaks P2a and P2b, little
change was observed with time. Noting the partition coefficient of FcCH,OH (P = 82)
in the system of 1,2-dichlorobenzene and aqueous HCI [21], FCCH,OH is likely to be
much more soluble in the organic phase than in the aqueous phase. For other

pretreatment times of 1 to 10 min, peaks P1 and P2 behaved in a similar manner.

6.3.2 Electrochemical behaviour of a modified carbon paste electrode

In order to investigate the FCCH,OH / [FcCH,OH]" redox couple within the carbon
paste electrode, a modified carbon paste electrode was fabricated using paraffin oil
containing 20 mM of dissolved FcCH,OH. Figure 6.3a shows the cyclic

voltammograms when the FcCH,OH-modified carbon paste electrode was immersed in
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Figure 6.3 Cyclic voltammograms of modified nano-carbon paste electrode at 1, 2, 4, 6,
8 and 10 min in 0.1 M KCI for different concentrations of ferrocenemethanol in oil of (a)
20 mM, (b) 10 mM, (c) 5 mM, (d) 50 mM. Scan rate: 50 mV s,
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a 0.1 M KCI solution at different times from 1 to 10 min. In addition to the pairs of
peaks Pla, P1b, P2a and P2b, a third pair of peaks, P3a (E = 0.55 V vs Ag/AgCl) and
P3b (E = 0.46 V vs Ag/AgCl), could also be observed. Subsequent scans up to 10 min
revealed the decrease in peak currents with time for peaks Pla, P1b, P3a and P3b, while
the peak currents of peaks P2a and P2b remained relatively constant. The trends for
peaks P1 and P2 are similar to those found above whereas peak P3 will be explored
below. As the concentration of FCCH,OH in the paraffin oil was varied from 5 mM to
50 mM, similar behaviour was found as shown in Figure 6.3b-d, with the peak currents

all increasing with greater amounts of FCCH,OH in the paste.

Next, the effect of scan rate on the peak current was studied to understand the
mechanism of the electrochemical process. For the peaks P1 and P3, the variation of the
peak current with scan rate was compounded with the rapid drop in peak current with
time due to the material loss of the FcCH,OH / [FcCH,OH]" redox couple from the oil
into the aqueous phase and so was not pursued further. As for the peak P2, its peak
current dependence on scan rate was studied at a time of 3 hours after immersion of the
modified nano-carbon paste electrode into the KCI solution, when the current was
nearly stable between consecutive scans. Cyclic voltammetric measurements at this
time are depicted in Figure 6.4a for scan rates of 50 to 800 mV s while Figure 6.4b
shows that the corresponding peak current for peak P2a increased apparently linearly

with the square root of the scan rate, suggesting a diffusive process for this peak.
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Figure 6.4 (a) Cyclic voltammograms after 3-hour immersion of modified nanocarbon
paste electrode in 0.1 M KCI at scan rates of 50 to 800 mV s™; (b) Plot of peak current
against square root of scan rate for peak P2a.
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6.3.3 Effect of solution stirring and peak assignment

Experiments were performed with solution stirring to help to understand the origin of
the redox species involved in reaction for each set of peaks. The solution was stirred
with a mechanical stirrer at a speed of 2000 rpm and the resulting movement of the
liquid improved the mass transport within the aqueous phase. As shown in Figure 6.5,
peaks Pla and P1b were removed during stirring, indicating that the species leading to
these peaks both existed in the aqueous phase. The agreement of the peak potential
values with those obtained from an unmodified carbon paste electrode in an aqueous
solution of FcCH,OH provides further evidence for this. Therefore, the P1 pair of peaks

can be assigned to the reaction in equation (6.1).
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Figure 6.5 Cyclic voltammograms of modified nanocarbon paste in 0.1 M KCI with
(solid line) and without (dashed line) solution stirring. Scan rate: 50 mV s™
Concentration of ferrocenemethanol in oil: 20 mM.
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Peak P2a remained unaffected while peak P2b became diminished during stirring. The
anodic reaction due to peak P2a thus has its source in the paste and the product which
undergoes the cathodic reaction resulting in peak P2b enters the solution. This

corresponds to the following reaction in equation (6.2):
FCCH,0H (0) — e = FcCH,0H"(aq) (6.2)

where (0) represents the species in the organic phase.

Note that this process likely occurs at the triple boundary formed between the oil, the

agueous phase and the carbon as proposed for a variety of other processes [2,10,12,13].

Both peaks P3a and P3b showed a drop in peak current upon stirring but did not
disappear. The species involved could possibly originate from the paste and exist in
equilibrium with the aqueous phase, with the transfer being driven towards the aqueous
upon agitation of the solution. The nature of the peak P3 is considered below with

further experiments designed to further explore this issue.

6.3.4 Paste composition with different carbon content; assignment of peak P3

The influence of the modified paste composition was studied by varying the carbon
content from 50% to 65% (w/w) and mixing with the corresponding amounts of
paraffin oil containing 10 mM FcCH,OH. Figure 6.6 shows the cyclic voltammograms
in 0.1 M KCI solution on the resulting carbon paste electrode. The peak currents of
peaks Pla and P1b decreased with an increase in carbon content. As the FcCH,OH-

containing oil content decreases, a lower amount of FcCH,OH from the paste enters the
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agueous phase. This results in less molecules diffusing from within the paste towards

the oil/water interface hence a lower current response.
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Figure 6.6 Cyclic voltammograms in 0.1 M KCI of modified nanocarbon paste
containing 50%, 55%, 60% and 65% carbon (w/w). Scan rate: 50 mV s™. Concentration
of ferrocenemethanol in oil: 10 mM.

Since the relative current of peak P3a to that of peak P2a increases with greater
amounts of carbon, the former is likely to arise from FcCH,OH associated with the
nanocarbon particles, which have been shown to display strong adsorptive behaviour
[22-25]. The FcCH,OH molecules are likely to be stabilised on the nanocarbon thereby

only undergoing oxidation at a more positive potential.

6.3.5 Effect of anion in supporting electrolyte
The oxidation of FcCH,OH generates a positively charged FcCH,OH™ species and for
electroneutrality to be maintained in the organic phase, either the electrolyte anion is

transported across the water|oil interface or the FcCH,OH" cation is expelled into the
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aqueous phase. This will depend on the Gibbs energy of ion transfer across the water|oil
interface [2,6]. Other than CI', different supporting electrolytes containing other anions,
namely NOs , SCN', PFs and AsFg , were investigated for their effect on this anodic

process.

Figure 6.7 shows the cyclic voltammograms on the modified carbon paste electrode in
the four supporting electrolytes. The electrochemical behaviour of FCCH,0OH in KNOs,
KPFg or KAsFg solutions was similar to that in KCI. For KSCN, only peaks P1 and P2
were observed due to the limit in potential window arising from oxidation of the
electrolyte after +0.5 V. The peaks Pla and P1b all occur at the same potential as those
in KCI, providing additional evidence for the assignment of the process to equation

(6.1).

Since the peak P2 involves the redox reaction of FCCH,OH in the organic phase, the
average midpoint potential (Emig) values (at least three runs each) of this peak in each
electrolyte are summarised in Table 6.1. From Table 6.1, Enig values in KNO3; and
KSCN are very close to the value in KCI, it is likely that the expulsion of the
FcCH,OH" cation occurs in these three electrolyte systems. These anions are strongly
hydrophilic therefore the Gibbs energy of transfer into the oil phase is expected to be

positive, making it energetically unfavourable.
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Figure 6.7 Cyclic voltammograms of modified nano-carbon paste electrode in 0.1 M of
(a) KNOs, (b) KSCN, (c) KPFs, (d) KAsFs. Scan rate: 50 mV s™. Concentration of
ferrocenemethanol in oil: 10 mM.
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Table 6.1 Average values of midpoint potential (Emig) of peak P2 for different
supporting electrolyte.

Electrolyte (0.1 M)  Enig (V)

KCI 0.349 + 0.001
KNO; 0.347 £ 0.002
KSCN 0.345 +0.001
KPFs 0.336 + 0.005
KAsFg 0.309 + 0.004

As for KPFg and KAsFg, the midpoint potential values displayed a shift from those in
the KCI system. Due to the greater hydrophobicity of these two anions, it can be
expected that a different process could possibly take place, that is, an electron transfer

coupled to an ion transfer, which can be expressed in equation (6.3):
FCCH.,OH (0) — e + X (aq) = FCcCH,OH X (0) (6.3)

where (0) denotes the species in the organic phase and X refers to the anion present in

the electrolyte.

6.3.6 Calculation of Gibbs energy of transfer

From the voltammetric data obtained, the Gibbs energy of transfer of FcCH,OH from
the organic phase to the aqueous phase, 4°~"G, can be calculated. Taking the difference
between the reactions described in equations (6.1) and (6.2) leads to the following

equation (6.4).

FcCH,0OH (0) = FcCH,OH (aq) (6.4)
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The value of 4°™G can thus be found from the potential difference between the Eq
values of peaks P1 and P2 (4Eniq), in the cases of the electrolyte anions ClI', NO3; and

SCN™ when the oxidised ferrocene enters the aqueous phase, through the equation (6.5).
A°VG = —nFAEniq (65)

where n is the number of electrons transferred (n = 1 here) and F is the Faraday constant.

With the potential values from such experiments involving the above anions, the
average 4°™"G value thus obtained is ¢12.7 + 0.2) kJ mol ™, which is similar to those
shown in Table 6.2 listing the values of Gibbs energy of transfer of ferrocene and its
derivatives from various organic phases into the aqueous phase. Paraffin oil has a lower
polarity than dichlorobenzene consistent with the value derived herein being lower than

that for ferrocenemethanol in the dichlorobenzene system.

Table 6.2 Gibbs energy of transfer of some ferrocenium compounds

Compound Organic Phase Aqueous Phase 4°*"G / kJ mol™ Ref

FcCH,OH Paraffin oil 0.1MKClgy  -127+028™  Thiswork
FcCH,OH  Dichlorobenzene 10 mM HCl ) -10.9 ™ [21]
FcC,H4OH  Nitrobenzene Water -14.8 1" [26]
Fc Nitrobenzene Water -21.9™ [26]
Fc Dodecane Water -19.7+0.2 ™ [27]
Fc* Nitrobenzene Water ~7.2 1 [28]

8ltrom electrochemical data
®rom partition data

As for the electrolyte anions PFs and AsFs , the subtraction of equation (6.2) from

equation (6.3) leads to equation (6.6):
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FcCH,OH" (aq) + X (aq) = FcCH,OH" (0) + X (0) (6.6)

From the potential difference between the peak P2 for ion transfer into the aqueous
phase (ClI', NO; and SCN) and into the oil phase (PFs and AsFg ), the calculated
values of Gibbs energy for the reaction described in equation (6.6) are —1.3 and —3.9 kJ

mol™ for PFs and AsFs respectively.
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6.4 Conclusions

The voltammetric behaviour of an unmodified nanocarbon paste electrode (CPE), after
pretreatment by contact in ferrocenemethanol (FCCH,OH) solution, has been studied to
understand the accumulation of FCCH,OH in the CPE. Through the modification of the
carbon paste by dissolution of FCCH,OH in the oil, details concerning the interaction of
FcCH,OH with the carbon paste electrode were revealed. The investigation of the
effects of solution stirring and paste composition enabled the determination of the three
pairs of voltammetric peaks observed with the FcCH,OH-modified CPE ina 0.1 M KClI
solution. These have been assigned to the oxidation of the FcCH,OH species found in

the aqueous solution, originating in the oil and adsorbed on the nanocarbon respectively.

From the voltammetric studies involving the modified CPE, the calculation of the Gibbs
energy of transfer of FcCH,OH from oil to water can be achieved, with an average
value of (—12.7 + 0.2) kJ mol™ being found. The use of supporting electrolytes with
different anions showed the influence of the anion on the direction of ion transfer across
the water|oil interface during the oxidation of FcCH,OH. By employing anions of
greater hydrophobicity (X = PFg , AsFg ), it is possible to obtain information regarding
the Gibbs energy of transfer of FCCH,OH" and X~ from water to oil. It is concluded that
the CPE approach can give complementary information to existing methods for

studying liquid-liquid interfaces.
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Chapter 7
lonic Liquid-Carbon Nanotube Modified Screen-
Printed Electrodes and Their Potential for

Adsorptive Stripping Voltammetry

It was demonstrated in the previous chapter that the constituents of the nanocarbon
paste electrode were able to exert certain effects on the voltammetric behaviour due to
their interaction with solution species. This chapter examines some aspects regarding
the influence of the components of the carbon composite material towards adsorptive
stripping voltammetry. Compared with paraffin oil, the use of ionic liquids as a binder
in carbon paste type electrodes was shown to greatly enhance the accumulation of
analytes, as illustrated with 17a-ethynylestradiol as a model. The ionic “liquid” n-octyl-
pyridinium hexafluorophosphate [Cgpy][PFs] was most efficient among several ionic
liquids investigated. Such preconcentration showed a [Cgpy][PFs]-multi-walled carbon
nanotubes (MWCNTSs) (95:5 w/w) composite electrode to be useful for adsorptive
stripping voltammetry. Screen-printed electrodes modified with [Cgpy][PFs]-MWCNTSs
were developed and were able to achieve high sensitivity during adsorptive stripping
voltammetric measurements under optimised conditions. This work has been published

in Electroanalysis [1].
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7.1 Introduction

lonic liquids can be defined as organic salts with melting points below 100°C, with
typical structures based on an asymmetric heterocyclic cation such as N,N-
dialkylimidazolium and N-alkylpyridinium ions, and a poorly coordinating anion such
as tetrafluoroborate (BF4), hexafluorophosphate (PFs), and
bis(trifluoromethylsulfonyl)imide [N(Tf).] [2]. With properties including nonvolatility,
high thermal stability and ionic conductivity, increasing research has been carried out
with ionic liquids in areas such as green solvents for organic synthesis, analytical

separation and extraction, as well as electrochemical studies and applications [2-5].

The use of ionic liquids for electrode modification has been reported on various
substrates such as glassy carbon [6,7], gold [6], carbon fibre microelectrode [8] and
basal plane pyrolytic graphite [9]. In combination with carbon powders, ionic liquids
have been employed as a binder in the preparation of carbon paste and composite
electrodes [10-14] for the detection of different types of compounds such as glucose,
ascorbic acid, dopamine, NADH and phenols. Carbon as a versatile and economical
material can also lend itself to the fabrication of screen printed electrodes (SPEs), which
have utility as disposable electrochemical sensors [15-17]; the merits of SPEs have
recently been reviewed [18]. So far, relatively limited work has been done on applying
ionic liquids to the modification of SPEs for electroanalysis, apart from a few reports on
using ionic liquids as a bulk modifier [19,20] and as a surface modifier [21-23] for the

detection of mainly dopamine as well as alkylphenols.

The aim in this chapter is to explore the use of ionic liquids on SPEs for adsorptive

stripping voltammetry. For the purpose of illustration the electrochemical sensing of the
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endocrine disruptor 17a-ethynylestradiol (EE2) as a model is reported. The effect of
different ionic liquids as binder for carbon-ionic liquid composite electrodes is studied
and it is shown that the sensitivity of SPEs modified with the carbon-ionic liquid
composite can be greatly enhanced. The use of ionic liquid is seen to provide a
significant benefit in respect of adsorptive stripping voltammetry and for SPEs in
particular and the ideas presented are intended to have generic value rather than aimed
at EE2 in particular. Further experiments of the use of CNT/IL composite are

summarised in Table 7.1.

Table 7.1 Some simple applications of ionic liquid-carbon nanotube composites for
non-enzymatic electroanalysis. GC: glassy carbon.

Target Substrate Ref
dopamine GC [7]

hydroquinone, catechol GC [24]
hydrogen peroxide, iodate ~ GC [25]
estradiol GC [26]
p-nitroaniline GC [27]

7.2 Experimental

7.2.1 Chemicals and materials

K,HPO4-3H,0 £99.0%, Sigma Aldrich), KH,PO4 (>99.0%, Sigma Aldrich), 17a-
ethynylestradiol (>98%, Sigma), 17B-Estradiol (>98%, Sigma), 4-nonylphenol (99.9%,
Fluka), graphite (1-2um, Aldrich), multi-walled carbon nanotubes (30 £ 10nm,
NanoLab Inc.), paraffin oil (puriss, Sigma-Aldrich), n-hexyl-pyridinium

hexafluorophosphate  [Cepy][PFs] (97+%, Acros Organics) and 1-butyl-3-
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methylimidazolium hexafluorophosphate [Csmim][PFg] (>97.0% Aldrich) were used as
received. N-octyl-pyridinium hexafluorophosphate [Cgpy][PFs], and n-butyl-pyridinium
bis(trifluoromethylsulfonyl)imide [C4py][NTf,] were prepared in high purity and kindly
donated by QUILL, Belfast. Standard solutions of each compound (1.0 mmol dm™)
were prepared in methanol and diluted with phosphate buffer solutions (0.10 mol dm™)
to obtain the appropriate concentrations. All agueous solutions were prepared using

ultra pure water (~18.2 MQ cm at 25°C).

Screen printed electrodes (SPEs) (DropSens, Spain) [28] used in the experiments
consisted of a graphite working electrode, a graphite counter electrode and a silver
reference electrode. The electrodes were all ink jet deposited onto a ceramic strip of
dimensions 34x10 mm, with a disc of diameter 3.8 mm as the working electrode. In
place of the silver reference electrode, a Ag/AgCl (1.0 M KCI) reference electrode was

used instead.

7.2.2 Apparatus
The working electrode for the standard three-electrode configuration used in this work
was either a carbon paste electrode or a SPE graphite electrode, with the counter

electrode being a platinum coil or graphite respectively.

7.2.3 Preparation of electrodes

Carbon paste was prepared by hand-pasting graphite and binder (either paraffin oil or
ionic liquid) in a ratio of 50:50 (w/w) using a mortar and pestle. The resulting paste was
packed into the well (diameter 3.0 mm) of the working electrode to a depth of 0.80 mm

and smoothed using a spatula, with the structure of the electrode as explained in
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Chapter 5. Where the ionic “liquid” exists as a solid at room temperature, this was first
mixed with carbon powder (either graphite or carbon nanotubes) in the required weight
loading using a mortar and pestle to form a composite which was then heated to a
temperature above the melting point prior to packing into the electrode cavity. For
preparation of the modified SPE, 2.0 mg of the carbon nanotubes-[Cgpy][PFs] (5:95
w/w) composite was melted and deposited in liquid form onto the surface of the

working electrode where it solidified before use.

7.3 Results and discussion

Modified screen-printed electrodes for adsorptive stripping voltammetry are developed
using carbon paste electrodes. The section first investigates how the choice of binder
influences the voltammetric response, with particular attention to ionic liquids. This is
followed by an optimisation of the electrode for adsorptive stripping voltammetry. The
optimised material is then applied to screen-printed electrodes for electroanalysis using

17a-ethynylestradiol as an illustration.

7.3.1 Effect of binder

Based on the observations from the earlier chapters as well as other work from the
literature, the binder in a carbon paste electrode was shown in some cases to be able to
accumulate material such as ferrocenemethanol [29], N,N’-dimethylaniline [30] and
butylated hydroxyanisole [31]. To compare the effect of the binder on the possible
accumulation of the estrogenic compound 17a-ethynylestradiol, two different binders —
paraffin oil and the ionic “liquid” n-octylpyridium hexafluorophosphate [Cgpy][PFs]
(melting point 64-65°C [11]) — were combined with graphite (50% w/w loading). The

resulting carbon paste electrodes were immersed into an unstirred solution of 0.05 mM
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EE2 at pH 7.0 for 0 min and 10 min respectively at open circuit before the start of
cyclic voltammetry. The pH is chosen such that it is below the pK, value of EE2,
reported to be 10.40£0.01 [32], so that the compound exists predominantly in the
neutral form. Furthermore, pH 7.0 is selected in part because the use of higher pH
lowers the oxidation potential and hence the possibility of interference from other
reductants in “real” samples. Figure 7.1 displays the resulting cyclic voltammograms at
a scan rate of 100 mV s™. Each of the forward sweeps shows an anodic peak likely
corresponding to the oxidation of the phenolic hydroxyl group on EE2 [33] while no
reduction wave can be observed. This indicates that the overall oxidation reaction is

chemically irreversible under the conditions of these experiments.

For the graphite-paraffin oil paste electrode (Figure 7.1a), the anodic peak potential is
at +0.69 V, with a peak current of 0.95 pA when the voltammetry was started
immediately after immersion of the electrode into the EE2 solution. When the electrode
was left for 10 min in the EE2 solution prior to voltammetry, the peak current increased
by 20%. As for the graphite-[Cgpy][PFs] composite electrode (Figure 7.1b), the anodic
peak seen on immediate immersion occurs at +0.51 V, with a peak current of 5.9 pA. At
10 min, the peak current increased to 46.6 pA, a nearly eightfold increase. Despite the
rising capacitive current, the electrode fabricated using [Cspy][PFe] is superior to that
made from paraffin oil given the much greater increase in peak current under the same
conditions.  This demonstrates that the adsorptive uptake is much stronger for

[Cspy][PF¢] than for paraffin oil.
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Figure 7.1 Cyclic voltammograms of carbon paste electrode with (a) paraffin oil and (b)
[Cspy][PFe] as binder at 0 and 10 min of immersion in 0.05 mM EE2 in phosphate
buffer pH 7. Scan rate: 100 mV s,
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The accumulation was then carried out under forced convection with a mechanical
stirrer at a speed of 2000 rpm to improve the mass transport for different lengths of time
prior to voltammetry. Figure 7.2 shows the cyclic voltammograms measured from 0
min to 120 min at a scan rate of 0.1 Vs for the graphite-[Cgpy][PFs] composite
electrode. There is a rapid initial rise of the peak current before leveling at 120 min,
thus this time of preconcentration under forced convection is used in subsequent
experiments. The increasing capacitative current over time is likely associated with
water uptake. Heated electrodes are known to reduce capacitative effects in certain

cases [10].
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Figure 7.2 Cyclic voltammograms of graphite:[Cgpy][PFs] electrode after immersion
for 0 min, 30 min, 60 min, 90 min and 120 min in 5.0 uM EE2 in phosphate buffer pH 7
with stirring. Scan rate: 100 mV s™. Inset: Graph showing peak current at times from 0
to 120 min.

The behaviour of the endocrine disruptors, namely estradiol and 4-nonylphenol, was

also compared under the same conditions. From the cyclic voltammograms shown in
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Figure 7.3, the oxidation of these compounds occurs at almost the same peak potential,
therefore voltammetric methods can at least provide the total estrogenic content of a

sample, rather than distinguish between each of the species.
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Figure 7.3 Cyclic voltammograms of graphite:[Cspy][PFs] composite electrode in 5.0
uM (i) EE2, (ii) estradiol and (iii) 4-nonylphenol in phosphate buffer pH 7. Scan rate:
100 mV s, Inset: corresponding structures of compounds studied.

7.3.2 Comparison of different ionic liquids

As the binder plays an important role in the accumulation of the analyte, four different
ionic liquids were next studied to compare their effect. These are n-octyl-pyridinium
hexafluorophosphate [Cspy][PFe], n-hexyl-pyridinium hexafluorophosphate
[Cepy][PF¢], 1-butyl-3-methylimidazolium hexafluorophosphate [Csmim][PF¢] and n-
butyl-pyridinium bis(trifluoromethylsulfonyl)imide [C4py][NTf,], with their respective

chemical structures given in Figure 7.4. [Cgpy][PFs] and [Cspy][PFs] have melting
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points of 64-65°C [11] and 45-48°C [34] respectively and thus as exist as solid at room

temperature while [Csmim][PFs] and [C4py][NTT,] are liquids at room temperature.

[Cepy][PFe] [Csmim][PF]
A
‘ /NW /Nt\/N\/\\/
PFg PFe
[Cepy][PF¢] [C4py][NTE,]
~ | N
| AN~ AN~
PFg ‘|-'|)
3c—s—N'—ﬁ—CF3
@)

Figure 7.4 Chemical structures of the ionic liquids studied.

Figure 7.5 shows the cyclic voltammetric anodic peak currents at times of
accumulation from 60 min to 120 min in 5.0 uM of EE2 in phosphate buffer solution at
pH 7.0 for carbon paste electrodes made from each of the ionic liquids as binder. The
peak current, which reflects the accumulation ability, consistently decreases in the order:
[Cepy][PFs] > [Cepyl[PFes] > [Camim][PFs] > [Cspy][NTF,] for each time. This trend
might be due to the number of carbon atoms found on the substituent chains, with an

increase in the carbon leading to greater hydrophobic interaction with the organic
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analyte of a steroidal structure. [Cgpy][PFs] shows superior performance as binder

among these ionic liquids and was selected for further study.
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Figure 7.5 Peak currents for voltammetric scans in 5.0 uM EE2 in phosphate buffer pH

7 on graphite paste electrode made with different ionic liquidfC(

sPY1[PFe], O

[Cepy][PF¢], ® [Csmim][PFs], A [C4py][NTT,]) as binder at different times of 60 min,
90 min and 120 min of solution stirring. Scan rate: 100 mV s™.

7.3.3 Optimisation of electrode composition

After the selection of [Cgpy][PFs] as binder, the composition was varied to obtain the

optimal graphite content for subsequent work. Figure 7.6 illustrates the effect of

different carbon content on the cyclic voltammetric responses for 5.0 uM EE2 in

phosphate buffer solution at pH 7.0. The increase in background with the increased

graphite content likely arises from an increase in the double-layer capacitance and

charge build-up at the double-layer interface [12]. Initially the peak current rises and

reaches a maximum value at 50% before decreasing. As the electron transfer at the

composite electrode can only occur across the carbonjaqueous electrolyte interface, the

organic analyte accumulated at the solid ionic “liquid” needs to be spatially adjacent to
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the carbon particles for electrochemical oxidation to take place. Therefore the loading
of 50% represents the optimal interfacial area for the matrix of graphite and ionic

“liquid”.
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Figure 7.6 Cyclic voltammograms of carbon-[Cgpy][PFs] electrode with (i) 10%, (ii)
30%, (iii) 50%, (iv) 70% and (v) 90% graphite (w/w) in 5.0 uM EE2 in phosphate
buffer pH 7. Scan rate: 100 mV s™. Inset: Plot of peak currents as a function of different
percentages of graphite.

Multi-walled carbon nanotubes (MWCNTS) have been shown to provide a high surface
area for adsorptive stripping voltammetry [35,36]. Thus a MWCNTSs-[Cgpy][PF¢]
composite electrode was used to compare the effects of using a different carbon powder
and optimisation of the carbon content was carried out. From Figure 7.7, a similar trend
to graphite is seen, but the maximum peak current occurs at a much lower weight
loading of 5% and its value is 87% greater than that using graphite. This can be
attributed to the larger surface area for the MWCNTs and hence a greater relative

adsorptive ability.
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Figure 7.7 Cyclic voltammograms of carbon-[Cgpy][PFs] electrode with (i) 2.5%, (ii)
5%, (iii) 7.5%, (iv) 10% and (v) 20% MWCNTs (w/w) in 5.0 uM EE2 in phosphate
buffer pH 7. Scan rate: 100 mV s™. Inset: Plot of peak currents as a function of different
percentages of MWCNTSs.

An increase in electrode resistance could exert certain effects on the electrochemical
response as the effective potential at the interface differs from the applied potential.
Such effects due to the ohmic drop include peak broadening, peak potential
displacement and a drop in peak current during cyclic voltammetry [37,38]. In addition,
non-faradaic processes could lead to a significant rise in the charge current at the base
of the current-potential curve. The considerable charging current observed at the
MWCNTs-[C8py][PF6] composite electrodes likely arises from the large double layer
capacitance as a result of the high surface area of the MWCNTSs. Increasing the loading
of the MWCNTSs led to an increase in the capacitance (up to values of mF/cm?) as

shown by the rising background current. Studies in which the effects owing to ohmic
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drop and charging current are diminished could be carried out through the use of steady

state techniques for instance by electrochemical measurements at microelectrodes.

7.3.4 Adsorptive stripping voltammetry on MWCNTSs-[Cgpy][PFs] composite
electrodes

The optimised MWCNTSs loading of 5% was used to make composite electrodes for the
adsorptive stripping voltammetric analysis of EE2. Figure 7.8 shows the standard curve
obtained for the optimised MWCNTSs-[Cgpy][PF¢] electrodes at different concentrations
of EE2 in phosphate buffer solution (pH 7.0) and the corresponding linear sweep
voltammograms from which the peak current values were derived. Fresh electrodes
were used to eliminate any possibility of carry-over. The peak current values exhibited
good linearity from 0.08 to 2.0 uM, with a correlation coefficient of 0.991 and a slope

of 75.2 + 2.9 pA pM™.

The electroanalysis of estrogenic compounds is commonly carried out on carbon
electrodes, which mostly require surface modification to achieve greater sensitivity, and
the relevant data from the literature are summarised in Table 7.2 [26,39-45]. It can been
seen from Table 7.2 that the sensitivity obtained with the unmodified MWCNTs-
[Cspy][PFs] composite electrode is the highest among various carbon electrodes. The
limit of detection (LOD) was calculated with 3o to slope [46] to be 4 nM, which is one
of the lowest reported for the electrochemical determination of estrogenic compounds

on carbon electrodes, as shown in Table 7.2.
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Figure 7.8 (a) Linear sweep voltammograms at EE2 concentrations of 0.0, 0.08, 0.2,
0.4, 0.6, 0.8, 1.0 and 2.0 uM. Scan rate: 100 mV s™; (b) Calibration curve for

MWCNTSs-[Cgpy][PFs] composite electrode (5:95 w/w) in EE2 in phosphate buffer pH
7 at concentrations from 0.08 pM to 2 uM.
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7.3.5 MWCNTs-[Cgpy][PFs]-modified screen printed electrodes (SPES)

The MWCNTSs-[Cgpy][PFs] composite was then applied to screen printed electrodes
(SPEs) as a route to disposable sensors. To modify the SPE, the MWCNTSs-[Cgpy][PFs]
(5:95 w/w) composite was melted to deposit onto the graphite working electrode. The
resulting MWCNTSs-[Cgpy][PFs]/SPEs were then immersed in different concentrations
of EE2 in phosphate buffer solution (pH 7.0) prior to linear sweep voltammetry. In
Figure 7.9, the peak current values showed a linear increase from 0.05 to 2.0 uM, with
a correlation coefficient of 0.991 and a slope of 66.5 +2.6 nA uM™. This sensitivity
value is similar to that obtained above, and very high in comparison with the alternates
listed in Table 7.2. The LOD, calculated as 3o to slope, is 2 nM and among the lowest

of such values found in Table 7.2.
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Figure 7.9 (a) Linear sweep voltammograms at EE2 concentrations of 0.0, 0.05, 0.1,
0.2, 0.5, 0.8, 1.0 and 2.0 pM. Scan rate: 100 mV s™; (b) Calibration curve for
MWCNTSs-[Cgpy][PFs]-modified graphite SPE in EE2 in phosphate buffer pH 7 at
concentrations from 0.05 pM to 2 uM.
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7.4 Conclusions

Some ionic liquids have been shown to offer benefits in comparison to oil in the
fabrication of carbon paste type electrode due to an increased adsorption of analytes,
as illustrated with 17a-ethynylestradiol (EE2) as a model. In particular, the solid ionic
“liquid” [Cgpy][PFs] is most effective among several ionic liquids studied. The
combination of [Cgpy][PFs] with MWCNTSs can be used as a composite electrode or
as a modifier to a screen-printed electrode to greatly enhance the sensitivity of
detection. The limits of detection obtained compare favourably with state-of-the-art
values (in the low nM range) for electroanalysis of estrogenic compounds on carbon
electrodes as a case in point. In general, SPEs modified with solid ionic “liquid” can
be expected to show generic benefits for sensitive electroanalysis via adsorptive

stripping voltammetry.
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Chapter 8

Conclusions

This thesis has looked at aspects of the electrochemistry at carbon-based electrodes, in
particular those made from boron-doped diamond and carbon composite materials,

especially for electrochemical sensing and energetics studies.

An important feature of boron-doped diamond electrodes in electrochemical studies is
the surface chemical termination. In the study on the endocrine disrupting compounds,
which belong to a class of increasingly important pollutants in environmental waters,
the precise tuning of the surface chemical termination has been shown to be able to
control the electrochemical mechanism of the reactions of these compounds. The
oxygenated (hydrophilic) surface exhibited a diffusional process whilst the
hydrogenated (hydrophobic) surface displayed adsorptive behaviour towards the

reacting molecules.

The surface modification of boron-doped diamond electrodes by physical
immobilisation of microcrystalline copper phthalocyanine was concluded to be
sensitive to the surface chemical termination in relation to the oxygen reduction
reaction. Oxygen was found to undergo a two-electron cathodic reaction via the
peroxide pathway on the modified hydrogen-terminated BDD electrode with a

significant lowering of the overpotential whereas such electrocatalytic effect was not
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observed on the modified oxygenated BDD, indicating the increased interaction of the

molecular modifier with the hydrogenated surface compared to the oxygenated one.

Another material, nanocarbon, has been investigated as a surface modifier to boron-
doped diamond, leading to the preconcentration of analyte such that the limit of
detection could be improved down to nanomolar levels. Such levels are as good as
those offered by other relatively more expensive carbon modifiers such as carbon
nanotubes. Nanocarbon has also been concluded to be useful as a bulk electrode in the
form of a carbon paste electrode. Its practicality was established by a series of
electrochemical characterizations with well-defined redox probes and compared with
graphite paste as well as the typical glassy carbon electrode. This material has proven to
be a viable alternative to the traditional graphite formulation, exhibiting comparable
electron transfer kinetics. In addition, the uptake of solute was observed at the
nanocarbon paste electrode. Further examination of this uptake phenomenon allowed
the voltammetric study of the interfacial processes taking place and enabled the
derivation of the Gibbs energy of transfer between oil and water from the resulting data.
Finally the carbon nanotube ionic liquid composite modified screen printed carbon

electrode has been shown to be highly sensitive for adsorptive stripping voltammetry.

The above results have demonstrated the significance of the surface chemical
termination on boron-doped diamond. Whilst the studies are conclusive, several
questions still remain for future experiments. In Chapter 3, the cathodic pretreatment of
the BDD electrode resulted in a lowering of the anodic overpotential, to a lesser extent
compared to the hydrogen plasma pretreatment. Can the cathodic pretreatment process

be improved to achieve the same results as the hydrogen plasma method? To what
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extent is the hydrogenation offered by each method? Other than the more commonly
accessible terminations of oxygen and hydrogen, what are the effects of other less
prevalent surface chemical terminations such as nitrogen towards the electrochemical
mechanism and ease of physical modification? These are some areas which merit
further research towards greater understanding of the influence of the surface chemical

termination of BDD electrodes.

Nanocarbon has received relatively scant attention in the area of electroanalysis until
rather recent emerging interest for such use. This work has shown its utility as a surface
modifier as well as a bulk electrode in this regard. Further functionalisation of the
nanocarbon can be studied to extend its use in electrochemical sensing. The
incorporation of bio-recognition compounds onto the nanocarbon particles or within the
bulk of the carbon composite electrodes represents an area to explore for biosensing.
Catalytic nanoparticles can also be deposited onto the nanocarbon surface to achieve
improved properties. Such further research will surely broaden the understanding and

applications of this highly accessible and ultra low cost material.
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