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Abstract

This thesis presents experimental work with the primary aim of developing sensors
for the detection and quantification of the toxic metal ions Hg?*, Al3*, Zn?*, and Li* through
electrochemical methods. Chapter 1 describes the fundamentals of electrochemistry,
including voltammetric and nano-impact methods. Chapter 2 provides information about
chemical reagents, instrumentation and experimental procedures used in this thesis. Chapter
3 outlines the development of a sensor for inorganic Hg?* in aqueous solution using silver
nanoparticles with galvanic displacement under a suitable applied potential.

Chapter 4 and Chapter 5 demonstrate the utilization of tannic acid (TA) as a capping
agent of gold nanoparticles for the sensitive detection of Al3* and Hg?* toward complexation,
respectively. Chapter 6 generalizes and extends these chapters, defining the role of the TA
capping agent in the redox activity for Hg?* and Zn?* detection by using the nano-impact
method. Chapter 7 outlines the electrochemical dissolution of the citrate-capped gold
nanoparticle in cyanide-containing solution, where an understanding of the dissolution
mechanism is of great importance for the optimization of gold nanoparticle recovery or
refinery via oxidative cyanidation. Finally, Chapter 8 outlines the development of an
electrochemical sensor for Li* in authentic human saliva at lithium manganese oxide
(LiMn204)-modified electrodes. The sensing strategy is based on an initial galvanostatic
delithiation of LiMn,04 followed by linear stripping voltammetry to detect Li* in the sample.

Overall, the sensing methodology reported in this thesis makes a significant
contribution to the application of voltammetric methods for the detection and quantification
of toxic metal ions. All sensors reported in this thesis are specifically suitable for routine
environmental monitoring, for drinking water and food products quality assessment, or for

clinical monitoring and diagnosis applications.
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Chapter 1

Introduction to Electrochemistry

This thesis is concerned with the use of electrochemistry for the detection and
quantification of toxic metal ions. This chapter outline some basic concepts and
insights into electrochemical processes, underpinning the work presented in this
thesis. Electrochemical equilibrium, electrode kinetics, mass transport, Faradaic and
non-Faradaic processes, and the electrochemical cell configuration are presented first.
Following this, several electrochemical methods, including the nano-impacts method,

employed in this thesis are discussed. A fuller discussion appears in the later chapters.

1.1. Electrochemical Equilibrium

Electrochemistry studies the interaction of electrical and chemical effects at an
electrode-solution interface.! Consider the following electrochemical equilibrium,
A(aq)+e =B (aq) (1.1)
where A is the oxidized species in a bulk solution, which gains an electron from the
electrode to form B, the reduced species. The electrode potential is influenced by the
concentration of A and B. To define the equilibrium potential of these two electroactive
species (redox couple, A and B), the Nernst equationl? relates the potential and

activities of species A and B,

RT a
E=E°+ Tlna_A (1.2)
B



where E is the potential, E° is the standard electrode potential (measured with respect
to the standard hydrogen electrode at standard conditions of 1 atm, 298 K), R is the
universal gas constant (8.314 ] K- mol1), T is the absolute temperature (unit in Kelvin),
Fis the Faraday constant (96485 C mol-1) and a4 and ap represent the activities of the
oxidized and reduced species respectively. The activities for species A and B can be
expressed in respect to their concentration®2, C4 and Cs, by

=y, C, (1.3)

aB=1yp Cp
where y, and yp are the activity coefficients of species A and B, respectively. The
activities of species are not measurable experimentally since activity coefficients are
often unknown.? Therefore, equation 1.2 can alternatively be written in terms of
concentrations as follows12:

RT  Cy (1.4)
E=El+ — In—
rtE T

where E]9 is the formal potential that reflects the composition of the solution under
study (pressure, temperature and other electrolytes present). The formal potential
with respect to the standard potential, E°, and activity coefficient, y, can be expressed

as follows12:

RT v, (1.5)
E'= E°+ — In—=
! F 14:]

Note that the Nernst equation is only applicable to a system at a dynamic equilibrium
(no current flows through the system). However, most of the electrochemical
experiments, in reality, are performed under non-equilibrium conditions. This will be

described further in the following sections.



1.2. Electrode Kinetics

This section deals with the rate of electron transfer at the electrode-solution
interface. To discuss this, the following reaction is considered,

Kyeq 1.6
A(aq)+e €2B(aq) (1.6)

OX

where kred and kox represent the rate constants for reduction and oxidation respectively
for a heterogeneous electron transfer. Note that reaction 1.6 differs from reaction 1.1
by the use of arrow instead of the harpoon, indicating the absence of equilibrium. The
electron transfers result in the passage of a Faradaic current, I, through the electrode,
which can be expressed by the equation?,
= L.+ I,, =FA,] (1.7)
J = Jre + Jox = kre[Alo — kox[Blo (1.8)
where A, is the electrode area (cm2), J is the heterogeneous reaction flux at the
electrode-solution interface (mol cm2 s'1), k,., and k,, are the electron transfer rate
constants (cm s'1) for the reduction and the oxidation, respectively. [4], and [B], are
the surface concentrations (mol cm-3) of oxidized and reduced species, respectively.
The surface concentrations are usually different from their bulk concentrations since
electrolysis locally depletes or builds up material near the interface. The rate constants

k.. and k,, can be defined as2

—aFn 1.9

kred = kO exp [ RT ( )
BFn 1.10

kox = ko exp [ﬁ ( )

where ko is the standard electrochemical rate constant (cm s1), @ and f are the
reductive and oxidative transfer coefficients respectively (ranging from zero to 1 in the

case of one-electron transfer, with a + f = 1). If a value is close to zero, the transition



state is reactant-like (oxidative) and if a value is close to 1, the transition state is
product-like (reductive). However, the a value is usually close to 0.5 indicating the
transition state has intermediate behavior.! The overpotential, n, is the potential

applied, E, relative to the formal potential, E}’, defined as!?

The rate of reaction is strongly dependent on the 7 value and the rate constant
of k. and k,,, where the overpotential is the driving force required for the oxidation
or reduction reaction to occur. Therefore, the net current, I, can be expressed by the
Butler-Volmer equation,!

—aFn
RT

ﬁFn>] (1.12)

) - Bloexp (o

I =FAk, [[A]Oexp<
where A is the area of the electrode (cm?), ko is the standard electrochemical rate
constant and [4], and [B], are the surface concentration (mol cm-3) of species A and B
at the electrode surface, respectively. This equation explains how the observed current
varies as a function of the transfer coefficient (¢ and ) and overpotential (7).

Following this Butler-Volmer equation, the Tafel law can be derived. When the

reduction process in the reaction 1.6 is sufficiently fast that the oxidation becomes

negligible, the flux can be expressed as?

—aFn) (1.13)
RT

Jre = kO[A]Oexp<
Meanwhile, when the oxidation is sufficiently fast relative to the reduction, the flux can

be expressed as?

F
Jox = ko[B]oexp (@—;’) (1.14)

Assuming [A], and [B], are not greatly changed from their constant bulk values,

the above equations can be rearranged as?



—aFE
In|L,| = RT + constant (1.15)

BFE
Ini|l,,| = RT + constant

where I, and I, are the reduction and oxidation currents, respectively. Meanwhile,
plots of In |I,,,| vs E or In |I,..| vs E, named Tafel plots, which can be used to determine

the value of transfer coefficients a and .12

dn|l,| —aF (1.16)
d0E  RT

dInll,,|  BF
0E  RT

1.3. Mass Transport

In an electrochemical reaction, the reaction kinetics may not only be controlled
by the rate of electron transfer, but also by the rate of mass transport.2 Mass transport
is the movement of a species in solution, either diffusively due to random molecular
motion or resulting from an applied external stimulus, such as a mechanical force, a
concentration gradient or an electric field.12 In this section, three main modes of mass

transport, namely diffusion, convection, and migration are discussed.!3

1.3.1. Diffusion

Diffusion is the spontaneous movement of species in solution as a result of a
change in concentration gradient to maximize entropy.! Diffusion allows species from
the bulk solution to be renewed at the electrode surface. The rate of this process, in the
case of linear diffusion to a planar electrode surface (one dimension), is modeled

mathematically by Fick's first law12,



ac
_p 2 (1.17)
0x

] =
. ac . : : : :
where ] is the flux (moles cm-2 s1), oL is the concentration gradient at point x and D is

the diffusion coefficient (cm? s1). The diffusion coefficient determines how fast a
species move across the solution and the negative sign involved in Fick’s first law
accounts for the species is moving from an area of higher concentration to lower
concentration.
For the diffusive flux in three dimensions (x, y, z), Fick’s first law becomes
J=-DVC (1.18)
where V is a vector operator in a three-dimensional Cartesian space?,

0 ] (1.19)

where i, j and k are the unit vector along the x, y, and z-axis, respectively?.
To express the flux in terms of measured current, /, in respect to the number of
moles passing through a unit area in a unit time, is expressed by?

1 (1.20)
"~ nFA,

J
where n is the number of electrons transferred in the reaction A + ne- = B, F is the
Faraday constant (96485 C mol1) and Ae is the area of the electrode. In the case of
diffusion only conditions, Fick’s second law!2? describes the rate of species

concentration change in solution over time in one dimension, by the equation as

ac _ d%C (1.21)

— =D
ot 0x?
Meanwhile, in three dimensions (x, y, z), Fick’s second law becomes

I _ o oze (1.22)
ot



K (1.23)

where V2 = % + aiyz + Py

There are two types of diffusion to an electrode surface, linear and convergent.
These two limiting cases are determined by comparing the size of the electrode radius,
r, and the diffusion layer, §. The latter describes the thickness of the depletion region
near the electrode surface through which electroactive material diffuses to reach the
electrode surface. The diffusion layer!? is a result of a charge transfer reaction and a
function of time given by the following equation,

§ = 6Dt (1.24)
where t is the experimental time. Linear diffusion dominates if §<<r. Linear diffusion
takes in experiments at short experimental durations and/or using a macroelectrode
(with dimensions of millimeters or more).! Convergent diffusion occurs when §>>r,

which takes place at longer experimental times or at microelectrodes (with a

dimension of micrometres).! These two limits are schematically shown in Figure 1.1.

(a) (b)

Figure 1.1. Diffusion to an electrode. (a) Linear diffusion at macroelectrode and (b) convergent

diffusion at microelectrode (disc). Blue dashed lines are the diffusion layers.

At macroelectrodes (Figure 1.1a) the diffusion layers are normal to the
electrode surface and when electrolysis proceeds the thickness of the diffusion layers

becomes progressively larger. Meanwhile, at microelectrodes during the experimental

7



time scale, hemispherical diffusion layers are developed and therefore electroactive
species are drawn towards the electrode surface from all directions (Figure 1.1b). The
convergent diffusion is more efficient than linear diffusion. The former results in
steady-state conditions over shorter time scales. The steady-state current, I, at a
microelectrode is given by equation?

I = 4nFCDr, (1.25)
where n is the number of electrons transferred, C is the concentration of electroactive

species, D is the diffusion coefficient and 7, is the radius of the microelectrode (disc).

1.3.2. Convection

Convection is the movement of species in solution due to external (mechanical)
forces. There are two types of convection namely natural convection and forced
convection.! Natural convection can occur either from random vibrations in the
laboratory, density and thermal gradients in the bulk solution due to a chemical change
at the electrode surface when a potential is applied. Natural convection is usually
unpredictable and undesirable, which can cause experimental irreproducibility. To
minimize natural convection effects, the electrochemical cell can be kept under
thermostatted to minimize the differences in temperature and to distribute any heat
formed at the electrodes due to electrolysis.

Forced convection can arise from actions such as solution stirring, sonication,
agitation and forcing an inert gas to bubble through the solution in order to deliver
fresh electroactive species to the electrode surface at a known rate. Forced convection
is often designed to be part of the experiment so as to control the mass transport in the
system (controlled convective mass transport), which can, for example, be achieved

using rotating disc electrodes*>, the sonoelectrochemistry technique® or channel



electrode voltammetry (by flow of a solution over a stationary electrode in a
channel)”8. In summary, forced convection keeps the diffusion layer to a minimum and

improves the mass transport rate as the diffusion layer since compressed.!

1.3.3. Migration

Migration is the movement of a charged species under the influence of an
electric field. The potential drop across the electrode-solution interface generates an
electrical field which leads to the migration of charged species. Generally, this
condition becomes a problem during the experiment as the movement of charged
species is not easily predictable. To overcome this, a chemically and electrochemically
inert electrolyte is added to the bulk solution at high concentrations (usually at 0.1 M
or above)! to suppress any migration effects. The large quantity of electrolyte increases
the conductivity of the solution and thus decreases the resistivity for the passing
current. In addition, adding supporting electrolyte decreases the potential drop at the
electrode-solution interface and maintains a constant ionic strength in the solution
during electrolysis. Adding supporting electrolyte also fixes the activity coefficients in
order to facilitate the use of formal potentials and it compresses the diffusion layer to
a distance that is compatible with electron tunneling (approximately 10-20 A)12, which
is how electrons transfer between the electrode and solution phase species. If the full
potential drop is not confined to this distance then some driving force for the transfer

is lost.

1.4. Faradaic and Non-Faradaic Processes

There are two types of processes that might occur at the electrode-solution

interface, namely Faradaic and non-Faradaic. When electrons are transferred across

9



the electrode-solution interface during the electrolysis of the electroactive species, this
process is Faradaic. This is expressed by Faraday’s law of electrolysis,?2

_ g (1.26)
~ ZF

where n is moles of species formed or consumed reactant, Q is the total electric charge
passed (C), z is the number of electrons passed per ion and F is the Faraday constant
(96485 C mol1). A number of processes can influence the observed Faradaic current
response for a simple reaction, most importantly the mass transport (see Section 1.3)
of reactants and products to and from the electrode surface respectively and the rate
of electron transfer across the electrode-solution interface. Faraday’s law assumes that
the flow of electrons via the external circuit results entirely from the Faradaic process.
However, in fact, not all the observed current passed at the electrode-solution interface
is purely Faradaic. Non-Faradaic processes can also contribute.

Non-Faradaic processes do not involve electrochemical reactions or charge
transfers at the electrode-solution interface, as they occur due to the charging and
discharging of the double-layer capacitance. Non-Faradaic currents can result from
adsorption and desorption at the electrode surface as well as changes in the solution
composition at the interface when the potential of the electrode is changed.12

The electrical double layer charging occurs where an array of different ions and
solution dipoles adjacent to the charged electrode surface reorganizes when a potential
is applied.2 A number of models have been developed to describe the structure of the
double layer with the simplest one being proposed by Helmholtz. As shown in Figure
1.1, in the first region closest to the electrode there are ions and solvent molecules that
are specifically adsorbed onto the electrode surface. The distance, x1, from the

electrical centers of these molecules to the electrode surface is referred to as the Inner

10



Helmholtz Plane (IHP). If the potential applied at the electrode is more positive than
the bulk solution, anions and solvent molecules will adsorb onto the electrode surface
at the IHP. The next layer is referred to as the Outer Helmholtz Plane (OHP), this is the
closest distance, x2, to which solvated ions can approach the electrode surface, which
is attracted electrostatically or non-specifically adsorbed to the electrode surface. The
extent of the double layer from the electrode surface varies with potential and
electrolyte concentration. The double-layer compresses with increasing supporting
electrolyte concentrations. The potential decreases approximately linearly with
distance from the electrode surface to the OHP then decreases approximately

exponentially from the OHP to the bulk solution.
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Figure 1.1. Schematic representation of the electrical double layer according to Helmholtz.

The Helmholtz model was later improved by Gouy and Chapman before being
further developed by Stern and Grahame. Gouy and Chapman suggested a new model

of the double-layer structure taking into account a continuous distribution of
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electrolyte solution (the diffuse layer), which is simultaneously subject to random
thermal motion and electrostatic interaction with the electrode surface charge. Finally,
Stern developed a new double-layer structure model with both a compact layer and a
diffuse layer where the former includes solvent molecules and strongly adsorbed ions.
The boundary between the compact layer and the diffuse layer corresponds to the

Outer Helmholtz Plane (OHP).

1.5. Electrochemical Cell

To observe an electrochemical reaction under the influence of electrode kinetics
and/or mass transport, an electrochemical cell containing electrodes must be set-up
such that a closed circuit is established. It is impossible to pass a current or apply a
potential difference using a single electrode. The simplest electrochemical cell includes
a working electrode (WE) and a reference electrode (RE) to complete a circuit. The
potential is applied to the WE relative to the RE so that the potential at the RE is
constant and provided no current is passed through it. The applied potentiall?, E, is

E = (bwe — ds) — (bre — ds) + IR (1.27)
where ¢y g, Grp and ¢y refer to the electrical potentials (V) of the working electrode,
the reference electrode, and the solution phase, respectively, and IR is the ohmic drop
due to the current passed through the bulk solution. IR value reflects the unknown and
undesirable electrical resistance, R, of the bulk solution phase (see Section 1.3). It is
essential to maintain a known value of (¢ z — ¢s) since this is the driving force for the
electron transfer.

For experiments involving electrodes of large surface areas, large currents are
passed through the electrode-solution interface. The ohmic drop in the solutions is no

longer negligible and varies with time. Furthermore, the potential difference at the RE
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is not constant since the large current can change the surface and the chemical
composition of the RE. Therefore, the applied potential in a two-electrode system does
not allow control of that applied at the WE-solution interface, (byr — ). To
overcome this problem, a third electrode, a counter electrode (CE), is introduced. In
this situation, the current is only passed through the WE and the CE but no current
passed through the RE, so the value of IR falls to zero whilst (¢rr — ¢) is maintained
at a constant value. A three-electrode system (Figure 1.2a) is commonly applied with
macroelectrodes, whereas a two-electrode system can sometimes be employed with a
microelectrode, but not with a macroelectrode since microelectrode currents are much
smaller with a corresponding minimal input on IR and (¢gg — ¢s). Although a
microelectrode is used in Chapters 6 and 7, a three-electrode configuration is employed
for all systems studied in this thesis to minimize potential shifts from the ohmic drop.

In this thesis, screen-printed electrodes (SPEs, Figure 1.2b) were employed in
Chapter 5 and Chapter 8. SPEs have a three-electrode configuration as with the
conventional three-electrode configuration (Figure 1.2a). SPEs can be customized with
various surface modifier agents, such as polymers®, Prussian Bluel?, gold
nanoparticles1.1213 or silver nanoparticles#15, or carbon!617 with various low-cost
printing substrates such as plastic, paper or ceramic-based materials.181° For example
in Chapter 8, the lithium manganese oxide (LMO)-modified screen-printed electrode is
used to determine lithium ions in authentic human saliva samples. This SPE comprised
of three-electrode configuration with carbon/LMO as WE, carbon black/graphite as CE
and quasi silver-silver chloride electrode as RE. The latter was formed using a 60:40
weight ratio of silver to silver chloride, stabilized by natural chloride content found in
the analyte. Recent advances in voltammetry using SPEs have provided a simple

sensing platform for the in situ monitoring of toxic metal ions.20.21
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Figure 1.2. Schematic for a three-electrode setup, comprised of working (WE), reference (RE),
and counter (CE) electrodes. (a) Electrochemical cell with all electrodes immersed in analyte-
containing supporting electrolyte, (b) screen-printed electrode (SPE) with the analyte

deposited onto SPE surface, covering all three electrodes.

The solution in the conventional electrochemical cell must be sufficiently ionic
to allow the passage of the charged species of interest to the electrode-solution
interface. To avoid the effects of solution resistance, mass transport limitations, large
double-layer capacitance, and inconsistent ionic strength, a supporting electrolyte is
often added to the analyte. The supporting electrolytes must be selected for their
chemical and electrochemical inertness at the potentials of interest in the experiments
and should not have reactions with both the electrode surface and the analyte.
Supporting electrolytes such as inorganic salts, mineral acids or a buffer can be used,
typically with concentrations of 0.1 M or greater.12

The reaction of interest occurs at the interface of the working electrode and the
solution phase. In general, working electrodes are made of inert materials such as gold,
glassy carbon or platinum to avoid interference with the reaction of interest.222
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The function of the counter electrode is to pass the same current seen flowing
through the working electrode. The counter electrode, often a carbon/graphite rod, a
platinum wire/mesh or a gold foil, is important as it should be inert against the target
of interest and sufficiently large enough to pass the required currents. With a counter
electrode in the circuit, no current needs to flow through the reference electrode and a
stable reference potential can be maintained.

The reference electrode is important in an electrochemical system as its
purpose is to provide a stable and accurate reference potential value against the
measurement of the working electrode. The standard hydrogen electrode (SHE) is the
primary reference? the potential of which is zero (by convention). However, SHE is not
ideal for regular experimental practice due to the difficulty of handling hydrogen gas.
Currently, a range of alternative reference electrodes is available. A saturated calomel
reference electrode (SCE) is comprised of a sealed tube containing a saturated KCI
solution with solid KCI to maintain a stable potential of +0.242 V vs SHE at 25 °C. The
solution is in contact with the mercurous chloride mixed with liquid mercury. The
potential determining equilibrium of the SCE is ¥2Hg2Clz (s) + e = Hg (1) + Cl- (aq). A
mercury/mercurous sulfate electrode (MSE) is comprised of a sealed tube containing
a saturated K2S04 solution to maintain a stable potential of +0.62 V vs SHE at 25 °C. The
potential determining equilibrium of MSE is Hg2S0a4 (s) + 2e- = 2Hg (1) + S042- (aq).
Quasi silver-reference electrodes are built into many screen-printed electrodes (SPEs,
Figure 1.2b). The potential equilibrium is not well-defined against the SHE due to its
sensitive dependence on the electrolyte environment. The term quasi suggests that it
is essential or almost a reference electrode. It is often used when it is undesirable for

the solution to be contaminated with species (chloride or sulfate ions). The work
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reported in this thesis was performed with an SCE in Chapter 4 to Chapter 8, an MSE in

Chapter 3 and a quasi silver-reference electrode in Chapter 5 and Chapter 8.

1.6. Electrochemical Methods

This section describes the fundamental aspects of voltammetric methods
notably cyclic voltammetry (CV), linear sweep voltammetry (LSV), square wave
voltammetry (SWV) and chronoamperometry (nano-impacts method). Voltammetric
methods offer high sensitivity and, in niche applications, selectivity. More importantly,
the voltammetric method is low-cost, allows rapid analysis and is highly suitable for in
situ applications. In this thesis, stripping voltammetry is widely used.

In general, stripping voltammetric methods can be categorized into three main
groups, which are adsorptive stripping voltammetry (AdSV), anodic stripping
voltammetry (ASV), and cathodic stripping voltammetry (CSV). AdSV is a two-step
process. The first step is a pre-concentration or accumulation step, which is performed
by allowing the analyte to adsorb onto the working electrode surface (or complex with
an electrode surface modifying agent). The second step involves the use of
voltammetry to remove or strip the adsorbed analyte. When using AdSV, the pre-
concentration time affects the detection limit and sensitivity of the electrode.

The pre-concentration time in voltammetry, specifically in AdSV, can be tuned
depending on the analyte concentration in solution. Very low analyte concentrations
(trace to ultra-trace levels) may require very long pre-concentration times to build up
enough adsorbed analyte on the electrode surface to be accurately measured. However,
it has the disadvantage of limiting the number of samples that can be analyzed. Thus,
an important improvement in AdSV is decreasing the pre-concentration time without

compromising the sensitivity, selectivity and linear range of the response.
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Second, anodic stripping voltammetry (ASV) is another well-known sensitive
stripping voltammetric method, and again has two steps for the detection of the target
analyte. The first step is also a pre-concentration step, but which now involves holding
the electrode at a sufficiently negative potential for a set length of time, resulting in the
electrochemical reduction of metal cations to the elemental form at the electrode
surface. In the second step, a voltammetric sweep of the potential from reductive to
oxidative potentials is made, which oxidizes elemental form usually back to metal
cation, resulting in a characteristic stripping peak. The magnitude of the resulting
anodic peak current is proportional to the amount of the analyte electro-deposited
onto the working electrode surface during the pre-concentration step, which in turn
reflects the metal ion concentration in solution. The choice of deposition potential and
length of pre-concentration time can be optimized to achieve a lower detection limit.
Optimizing the deposition potential, generally by shifting the potential to a more
negative value, may increase the stripping peak current. However, applying very
negative deposition potentials may result in the signal being distorted by hydrogen
evolution. An optimum deposition potential may be obtained where the stripping peak
currents are maximized and there are no peak distortions.22 Several voltammetric
methods such as CV, LSV and SWV can be done in conjunction with AdSV, ASV or CSV.

Third, cathodic stripping voltammetry (CSV) is stripping voltammetry based on
the pre-concentration step and the measurement of a reductive current response as a
function of a potential scan toward more negative potentials.12 During the pre-
concentration step the analyte is collected on the surface of the working electrode.2324
The use of ultrasonically-assisted CSV has successfully determined the lead content of
a contaminated sample of river sediment at a boron-doped diamond electrode (BDD).25

The lead, Pb?+, is first pre-concentrated as lead dioxide, PbO2, according to the reaction
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Pb2+ (aq) + 2H20 (aq) = PbO:2 (electrode) + 4H* + 2e- followed by cathodic stripping as

the reverse process.

1.6.1. Cyclic Voltammetry (CV)

In cyclic voltammetry, a potential is applied to the working electrode and is
varied linearly with time from an initial potential, E1, to a second potential, EZ, ata scan
rate, v, and then back to E1. In practice, digitally generated small potential steps or
staircase waves are made and the current is measured as the potential is applied.126.27
The potentials EI and E2 are chosen to embrace the process of interest. Figure 1.3
shows how the triangular potential sweep relates to the voltage scan rate, v, and shows
the resulting cyclic voltammogram profile for a reversible system. Depending on the
scan direction selected, an oxidation or reduction reaction will occur.28 The current, I,

measurements are plotted against the potential to give a cyclic voltammogram.

(@ (b)

Current (A)

Potential (V)

AE
Slope = i Scan Rate

——————————————————————— = =Bl

Time (seconds) Potential (V)

Figure 1.3. Cyclic voltammetry profile. (a) A triangular potential sweep used in CV, (b) example

of cyclic voltammogram at a macroelectrode for a reversible reaction.

There are three generic voltammetric profiles for a simple voltammogram for

the reaction A + ne~ 2 B, which can be observed at a macroelectrode using a CV,
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namely reversible, quasi-reversible and irreversible (Figure 1.4). The interpretation of
these classifications is based on two criteria, namely the peak current, I, as a function
of scan rate and the peak-to-peak separation of the forward and backward scans. In the
reversible process, the electrode kinetics is fast relative to the mass transport on the
experimental time scale.l2 The peak current, I, is described by the Randles-Sev¢ik!2
equation as follows
I, = (2.69 x 10°)n*A4,D%>Cv°> (1.28)

where n is the number of electrons transferred, A, is the surface area of the electrode,
D is the diffusional coefficient of a species, C is the concentration of the electroactive
species, and v is the scan rate. The peak-to-peak potential separation of the forward
and backward peaks is can be calculated as 2.3RT/nF, where the difference of those

potentials is 57/n mV at 298 K.1.2

Increasing
Irreversibility

Current (A)

Increasing
[rreversibility

Potential (V)

Figure 1.4. lllustration of cyclic voltammogram resulting in a macroelectrode with varying
degree of electrochemical reversibility (solid black curve: reversible, dashed red curve: quasi-

reversible and dashed-dot blue curve: irreversible)

19



In an irreversible process, where the electrode kinetics is slow compared to
mass transport, the peak current, I, in this process is given by the Randles-Sev¢ik
equation for an irreversible process??,

I, = (299 x 105)n(n’ + a,)Y?AD*5Cv°S (1.29)
where a is the transfer coefficient of the rate-determining step and n’is the number of
electrons transferred before the rate-determining step. The forward and backward
peaks become more separated as compared to the reversible process due to slower
electrode kinetics which hence requires a larger overpotential to drive the reaction.
Meanwhile, the case of a quasi-reversible process has intermediate characteristics
between the two extremes of reversible and irreversible.

In general, these three different reversibility profiles can be explained in terms
of electrode kinetics, measured by the standard electrochemical rate constant, ko, and

the rate of mass transport, measured by the mass transport coefficient!, m,

D 1.30
my = = (1.30)

where D is the diffusion coefficient (cm? s-1) and § is the diffusion layer thickness (cm).
The experimental time can be related to the scan rate through the equation below!?2,

fe ﬂ (1.31)
Fv

Therefore m can be estimated from the following equation??,

DFo (1.32)

Mr = IR

when ko>>mr, the process is reversible whilst for ko<<mpr, it is an irreversible process.
The limits of reversible and irreversible processes (at a macroelectrode and

assuming a ~ 0.5) have been evaluated by Matsuda and Ayabe?2° via a parameter 4,
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ko (1.33)

In summary, Table 1.1 shows the relation between v and k,, which determines the

electrochemical reversibility of a system at 298 K, assuming a ~ 0.5.

Table 1.1. Three types of electrochemical reversibility with their classification boundary

Electrochemical Process Classification Boundary
Reversible (A > 15) ko= 0.3 v%> cm st
Quasi-Reversible (15 > A > 1073) 0.3v%5>ky>2x10"3v% cms?t
Irreversible (A < 1073) ko<2x1075 1% cmst

The CV method and the influence of reversibility, diffusion and reaction
mechanism on the voltammogram have been discussed in the present section. In the

next section, linear sweep voltammetry is discussed.

1.6.2. Linear Sweep Voltammetry (LSV)

Linear sweep voltammetry (LSV) works in the same way as CV but the potential
only swept in one direction over a potential range that encompasses the start, E1, and
end potential, E2, as a function of time whilst the current passed, I, is measured (Figure
1.5). The mass transfer coefficient in LSV is as discussed previously. The potential held
upon the electrode is varied linearly as a function of time and expressed as follows,

E=E+ vt (1.34)
where E; is the initial electrode potential, v is the scan rate (v is negative for reduction)
and t is the time. LSV is widely used in stripping voltammetry to quantify the amount

of material on an electrode surface.
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Figure 1.5. LSV profile. (a) A waveform of linear sweep voltammetry, (b) linear sweep

voltammogram for a surface species.

As shown in Figure 1.5a, the scan rate is calculated from the slope of the line.
Integrating the voltammogram (Figure 1.5b), Q = [ I dt, gives the charge, Q, which is
directly proportional to the number of moles (Faraday’s law of electrolysis, equation
1.26) involved in the transfer, and hence the amount of material on an electrode
surface. Assuming that both chemical species A and B in the following redox process
remain adsorbed, bound to the electrode surface, through the reaction

A (ads) + ze~ 2 B (ads) (1.35)
the amount of A and B on the electrode surface is quantified by the surface coverage, I
(mol cm2), where I' = Q/zF A, and z is the number of electrons transferred. If the total
surface coverage is constant throughout, Iy + Iz = [},tq, Where I} and [ is the
coverage of species A and species B, respectively.12

For a surface species on an electrode the resulting peak current, I, is directly
proportional to the scan rate (I, < v), in contrast to the case of solution-phase

voltammetry. Note that in solution phase species it scales with the square root of the
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scan rate. The total current increases linearly with increasing scan rate, given by
equation as follows?,

F2 (1.36)

The width of the peak at half-height can be calculated as follows?,

RT
3.53? =90.6 mVat 298K (1.37)

For rapid electron transfer kinetics the potential of the reversible peak current, Ej, is
independent of scan rate. For slow electron transfer kinetics, quasi-reversible or
irreversible electron transfer reactions, the overall form of the voltammogram
recorded is similar to that reversible, but the peak potential shifts depending on the

oxidation/reduction rate constant and the scan rate used.

1.6.3. Square Wave Voltammetry (SWV)

Square wave voltammetry (SWV) is a pulse technique based on the series of
potential steps and pulses as shown in Figure 1.6a.226 In terms of sensitive detection of
analytes, the SWV method is more sensitive than CV and LSV usually reaching detection
limits of 1.0 x 10-8 M.2 The greater sensitivity results from using a pulsed waveform in
addition to scanning the potential.3? The current differences between the pulsed steps
are plotted against potential between WE and RE to give a square wave voltammogram.
This subtraction allows the background current to be better offset, resulting in a
greater resolution of the peaks. This gives a larger measured charged under the
voltammetric signal. However, SWV requires careful and systematic optimisation of
many analytical parameters, such as pre-concentration time (if performed in
combination with AdSV method), accumulation potential, frequency, modulation pulse

amplitude, square wave step potential (step height of the staircase), equilibration time
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(time between deposition and stripping) and cleaning potential. It is important to note
that all these parameters need to be optimized in order to find a clearly visible
stripping peak, optimal signal-to-noise ratio, and the lowest background current.2230

The square wave parameters are characterized by pulse height (4E)y), staircase
height (AEs), pulse time (¢p) and cycle period (ts) as shown in Figure 1.6a. The term of
pulse time can often be expressed as frequency, f, which correspond to 0.5tp, and,
because of the staircase changes with AE;s at the start of each cycle, the scan rate can be
expressed asl?2

AE; (1.38)
2, f.AE;

The capacitative component of the current resulting from each pulse or step

decays much faster than the Faradaic current because capacitative current falls as a

1
function of et whilst the Faradaic current decreases by t 2. The Faradaic current is

given by Cottrell’s equation®? as:

[ nFANDC (1.39)
Y

where [ is current at the electrode measured as a function of time, n is the number of
electrons passed in the electrode reaction, F is the Faraday constant (96485 C mol-1),
A, is the electrode surface area, D is the diffusion coefficient, C is the bulk concentration

and t is time. The capacitative current!?, I, decays exponentially as

I.(t) =1, exp <R__;d) (1.40)

where [ is the initial current, R is the resistance and Cq is the double layer capacitance
(F m2). Therefore it is possible to minimize the capacitive contribution by sampling the

current at the end of each step.
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As shown in Figure 1.6a, the measurement is made at two points of each cycle
(point 1 and 2). These points represent the end of the forward and backward peaks

respectively, where the difference (resultant current, Figure 1.6b) can be expressed as?

AI = 11 - 12 (1.4‘1)

k—'ﬁ (b) Al=1 — L
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Figure 1.6. (a) Square waveform and measurement schematic and (b) general depiction of a

square wave Voltammogram.

Assuming the capacitative currents at regions 1 and 2 are approximately equal,
the current due to the non-Faradaic process is reduced. This produces an advantage to
using SWV as the subtraction of I1 from Iz and the potential steps between the forward
and backward interval is small, resulting in high measurement sensitivity and the
minimization of the capacitative contribution. In summary, SWV is a large amplitude
differential technique, the waveform applied to the working electrode is a symmetric
square wave superimposed on a base staircase potential and the current is sampled
twice during each square-wave cycle (one at the end of the forward pulse and one at
the end of the reverse pulse). This method is employed to detect inorganic Al3* and

Hg?* in Chapter 4 and Chapter 5, respectively.
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1.6.4. Chronoamperometry
Chronoamperometry is an electrochemical method that studies the change in
current with time as a potential step is applied to the working electrode.12 All of the

species near the electrode surface will be consumed if the applied potential is held at a

suitably high overpotential.

Current (A)

Time (seconds)

Figure 1.7. A typical chronoamperogram which plots current versus time.

As shown in Figure 1.7, huge current flows at the start of the
chronoamperogram, then as the diffusion layer groups the current decreases as time
passes. At a macroelectrode, the Cottrell equation’2? (equation 1.38) derived from
Fick’s second law shows the response to a potential step from zero current to a
diffusion-controlled current. As the time approaches infinity, the current decays to zero
as all the reactant is fully converted into product.

At a microelectrode, convergent diffusion should be considered. The equation

below determines the current decay at a fixed potential following a potential step.

[ = 4nFCDr.f (1) (1.42)
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where reis the electrode radius and 7 = 4Dt/r¢? (dimensionless time). Further, Shoup

and Szabo3132 have estimated f(7) at all times to be:

f(r) =0.7854 + 0.88627 /2 4+ 0.2146 exp‘°'7823f_% (1.43)
For short times (7<1), f(t) can be approximated as
m\05 7 (1.44)
f(o) = (E) + 5 +0.094 708
and for a long time (t>1), f (7) can be approximated as
f(z) =1+0.7183577%5 4+ 0.0562 7715 — 0.0064 t~2° (1.45)

As t becomes infinite (r = «), the f(r) value becomes one so that a steady-state
current, Iss, is reached and expressed as,
Is¢ = 4nFCDr, (1.46)
For both macroelectrode and microelectrode, the current is exclusively determined by
the mass transport process, making chronoamperometry an attractive option for mass
transport studies.
In this thesis, the chronoamperometry method (current-time transients) is

employed for the nano-impacts experiments and discussed in the following section.

1.6.5. Nano-impacts

In this thesis, the nano-impacts method was employed to understand the role of
the TA capping agent in the redox activity for Hg2* and Zn2+ detection (Chapter 6) and
to understand the reactivity and the mechanism of citrate-capped gold nanoparticle
(AuNPs@CA) dissolution at the single-particle level in cyanide medium (Chapter 7).
The study was mainly focussed on, but not limited to, the analysis of the resulting
spikes shape, charge, current, duration and frequency of a statistically relevant number

of single collision events.
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The motion of the nanoparticles in solution is expected to be approximately
Brownian so over time nanoparticles are brought close to or in physical contact
(electrode-particle collision) with the potentiostated electrode (either stick or
rebound). If the electrode is held at a sufficient potential, current spikes are seen
corresponding to the oxidation or reduction of the impacting nanoparticles. Studying
the electrode-particle collision phenomenon (hereafter referred to as nano-impacts)
allows the characterization of single particles3334 and their reactivity (mechanistic and
kinetic insights) in various solutions.3536

The initial observation of the nano-impacts phenomenon was made by Micka3”
in the 1950s and then revitalized by Heyrovsky et al.383° in 1995, later by Bard and
Xiao#?in 2007 and Compton#142, The nano-impacts method provides analysis of single-
particle level by detecting transient current peaks which result when suspended
nanoparticles in solution, by virtue of their Brownian motion, stochastically collide
with an electrode surface in which the electrode is held at a suitable potential. The
stochastic collisions of the nanoparticles against the electrode surface typically result
in spikes or steps in the background current recorded at the electrode (typically
microelectrode). The spikes can be short or long-lived, which reflects the period of time
that the particle is in contact with the electrode. In favorable cases, the magnitude of
the current yields a direct measure of the reaction rate at the single-particle, hence
short-lived electrochemical events may reflect a particle leaving the electrode surface
or a decrease in the catalytic activity of the material as the reaction keep progresses.
Numerous stochastic collisions or impact events are capable of providing specific
information regarding the nature of the nanoparticle, the kinetics of the electron
transfer and the catalytic activity of a given nanoparticle. Therefore, it is important to

understand the types or mechanism of nano-impacts that may occur.
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In the nano-impacts method, the electrode-particle collisions can be classified
into four categories depending on the reaction taking place, namely (a) direct Faradaic,
(b) mediated Faradaic, (c) capacitive and (d) blocking impacts.42

In direct Faradaic impacts, the process involves electron transfer between the
nanoparticle and the electrode surface which results in the occurrence of a redox
reaction.#3-45 Direct Faradaic impact involves the electrolysis of the nanoparticle itself.
For example, single silver nanoparticles in aqueous solution impact a microelectrode
surface that held at a suitable potential and become oxidized to soluble silver cations
(Ag*) or to form AgCl. The charge obtained by integrating the current transients
(spikes) via Faraday’s first law reflects directly the number of atoms or molecules in
the silver nanoparticles thus giving its size.46

The colliding species (nanoparticles) in some cases may dissolve. For example,
typical oxidative dissolution behavior is observed for metallic nanoparticles such as
citrate-capped gold nanoparticle (AuNP@CA).3> The near-complete oxidative
dissolution of the single AUNP@CA level was achieved at the cyanide-containing
solution of 35.0 mM and higher, at an applied potential of 1.0 V vs SCE. In this case, the
oxidative dissolution of single AuUNP@CA was shown to be controlled by a pre-
adsorption step of CN- onto the surface of individual particles before the electron was
transferred.

In mediated Faradaic impacts, the reaction relies on the presence of a redox-
active couple in the bulk solution (catalytically-amplified impact events), in which the
redox state of the nanoparticles is unchanged and the nanoparticles serve to mediate a
redox reaction of interest. For example is proton reduction3647, when a nanoparticle
impacts on and formed an electrical contact with a microelectrode surface. The

measurement of the kinetics of proton reduction has been reported for individual
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silver nanoparticles.*® Other examples of the use of mediated Faradaic impacts can be
found in the oxidation of hydrazine at gold*® and platinum>® nanoparticles and the
oxidation of water at iridium oxide nanoparticles.>1

In capacitative nano-impacts, the process can be categorized into two groups:
(a) a process due to the displacement of charge from the electrode-solution interface
(double layer) and (b) a process from the charging of an impacting nanoparticle. To
maintain charge neutrality, the electrons can leave or enter the electrode in response
to the changes in ionic charge distribution at the interface. Large capacitive nano-
impacts are therefore observed for particles featuring large surface areas. Capacitative
nano-impacts have been successfully observed for graphene platelets and used to
estimate the potential of zero charge (PZC) and their diffusion coefficient.>2

Blocking nano-impacts occur when the electrode is blocked by the arriving
nanoparticles. Lemay et al.>3 reported that during amperometric detection of single
carboxylated micro- and nano- spheres these are adsorbed on micro- and nano-
electrodes. An impacting non-conductive particle can cause a decrease or block in the
electrode surface area and a corresponding reduction in the diffusion-limited current
of the redox species is observed.>#55

As described earlier in this section, several types of information can be
extracted through the study of nano-impacts, such as physical characterization of the
nanoparticles (sizing, shape and aggregation/agglomeration state)>644 | mechanistic
and kinetics of the reaction8>7, etc. First, the sizing of the nanoparticle is crucial for
efficient applications and rational system design.>8 The nano-impacts method has also
shown the ability to size both spherical and non-spherical particles (such as nanorods>?
or icosahedra®?). In addition, nano-impacts can observe the agglomeration and

aggregation states of the particles. Understanding of agglomeration or aggregation
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states of the particles is important as it can have a significant effect on the mass
transport and physical properties of a particulate system.61.62 One of the advantages of
the nano-impact method is that it is an in situ technique.

In summary, the nano-impacts method has started to revolutionize single
nanoparticle detection and characterization. For example, the work presented in this
thesis has shown that incomplete stripping of citrate-capped gold nanoparticles (at the
ensemble level, drop-casted onto glassy carbon electrode) in cyclic voltammetry can
lead to issues of partial oxidative dissolution in cyanide-containing solution when
aggregation of the nanoparticles takes place on the electrode surface (see Chapter 7).

For this reason, nano-impacts experiments may be preferred.
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Chapter 2

Experimental

This chapter summarises the experimental chemical reagents, electrochemical
instrumentations and non-electrochemical instrumentation used within this thesis. A
detailed description of each experiment performed can be found in the relevant

experimental sections of Chapters 3 to Chapter 8.

2.1. Chemical Reagents

This section details all of the chemical reagents used within this thesis. They
were used as received. All aqueous solutions were made up of deionized water with
the resistivity of 18.2 M cm at 298 K (Millipore, UK). A high purity nitrogen flow was
used to degas all solutions thoroughly, exclude synthetic and authentic human saliva

(Chapter 8), prior to the electrochemical measurements.

Table 2.1. List of chemicals used (in alphabetical order)

Chemical Name Formula Purity Supplier
Aluminium sulphate Al2(S04)3.16H20 >97% Alfa Aesar, Germany
Calcium chloride CaCl2 >97.0% Sigma Aldrich, UK
Carbon black (M1100) - - Cabot, Billerica, USA
Citrate-capped gold AuNPs@CA - nanoComposix,
nanoparticles () 12 nm) San Diego, US
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Citrate-capped gold
nanoparticles (O 20 nm)
Citrate-capped gold
nanoparticles () 60 nm)
Deionized water
Hydrochloric acid
Lithium chloride

Lithium manganese oxide
Lithium manganese oxide
Lithium perchlorate
Magnesium chloride
Mercury(II) nitrate
Nitrogen
N-methyl-2-pyrrolidone
Polyvinylidene difluoride
Potassium chloride
Potassium cyanide
Potassium nitrate
Potassium sulphate
Sodium chloride

Sodium hydroxide
Sodium perchlorate

Silver nanoparticles

(® 50 nm)

AuNPs@CA

AuNPs@CA

H20
HCI
LiCl
LiMn204
LiMn204
LiCl04
MgCl2
Hg(NOs):
N2
CsHoNO
—(C2H2F2)n-
KCl
KCN
KNO3
K2504
NaCl
NaOH
NaClO4

AgNPs
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18.2 MQ cm

~37%

>99.98%

>999%

99.5%

>98.0%

98%

>99.5%

>99.0%

>97.0%

>99.5%

> 999,

> 99.0%

>97.0%

>98.0%

nanoComposix,
San Diego, US
Nanopartz Inc,,
Loveland, US
Millipore, UK
Fisher Scientific, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Alfa Aesar, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
BOC Gases plc, UK
Sigma Aldrich, UK
Solvay, Belgium
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
nanoComposix,

San Diego, US



Synthetic saliva - - Synthetic Urine e.k,

(DIN53160-1) Germany
Tannic acid C76Hs52046 - Sigma Aldrich, UK
Tannic acid-capped gold AuNPs@TA - nanoComposix,
nanoparticles () 68.4 nm) San Diego, US
Zinc nitrate hexahydrate Zn(NO03)2 >98% Sigma-Aldrich,
Germany

Synthetic and authentic human saliva samples are used for electrochemical
experiments described in Chapter 8. The synthetic saliva (Synthetic Urine e.k,
Germany) was used as received. The proprietary formulation of the synthetic saliva
reflects the standardized production process pursuant to DIN 53160-1: 2010, which
contains no lithium compounds.! The synthetic saliva used contains inorganic ions,
such as Mg?+, Ca2+, K+, Cl-, CO32- and HPO42-, unknown organic substances and others
in order to adjust the viscosity level and pH 6.8 + 0.1.1 Note that authentic human saliva
is primarily composed of water (99%), several inorganic (Na*, K+, Ca?+, Cl-, HP04?-, etc.)
and organic (uric acid, creatine, etc.) substances and others.2

The collection of human saliva samples was made in accordance with the
Approved Procedure 24: IDREC 24 Version 3.0 from the Central University Research
Ethics Committee (CUREC), Oxford University.3 The samples were collected from three
healthy volunteers using Salivetts® (Sarstedt, Germany). Each volunteer chewed the
swabs from the Salivetts® for approximately 1 min and then the Salivetts® containing
the respective swabs were centrifuged at 1,000 x g (2,400 rpm) for 2 minutes at 20 °C.#
The analysis of authentic human saliva was conducted by the standard addition

method in triplicate, each from the same time of sample collection.
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2.2. Electrochemical Instrumentations

All electrochemical experiments were performed in a thermostatted Faraday
cage at 25 * 1 °C with a three-electrode configuration. For all the works in the thesis, a
platinum (Pt) wire from Goodfellow Cambridge Ltd, Huntingdon, UK acted as a counter
electrode. The electrochemical experiments were controlled by a p-Autolab III
potentiostat/galvanostat (Autolab B.V., Utrecht, The Netherlands) interfaced to a PC
using GPES Version 4.9 for Windows.

All working electrodes, excluding the carbon screen-printed electrode
(Dropsens, Llanera, Spain) and the lithium manganese oxide-modified screen-printed
electrode (LMO-SPE), were first cleaned by mechanical polishing on soft lapping pads
to a mirror finish using either diamond sprays (Kemet International Ltd, Kent, UK) in
the sequence of size 3.0 um, 1.0 pum and 0.1 um or deionised water-alumina slurry
(Buehler, Coventry, UK) in the sequence of size 1.0 pm, 0.3 pm and 0.05 pm. The
diamond sprays were used for the experiments described in Chapters 3, 5 and 8, whilst
the deionized water-alumina slurry was used in Chapters 4, 6 and 7. Table 2.2
summarises the working electrodes employed and their radii measured by optical
microscopy. Table 2.3 summarises the reference electrodes used within this thesis and

their potential against the standard hydrogen electrode (SHE).5

Table 2.2. Types of working electrode used

Electrode Size Supplier
Glassy carbon (GCE) 1.48 + 0.02 mm radius ~ CH Instruments Inc., USA
Carbon microelectrode = nominally 7.0 pum ALS distributed by BASi, Japan
(disc) diameter
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Gold macroelectrode 0.96 = 0.02 mm radius
Carbon screen-printed 4.0 mm diameter
Glassy carbon disc nominally 10.0 mm
(GCD) radius (2 mm thick)
LiMn204 screen-printed 6.0 mm diameter

(LMO-SPE)

Table 2.3. Types of reference electrode used

CH Instruments Inc., USA
Dropsens, Llanera, Spain
Hochtemperatur-Werkstoffe
GmbH, Germany

Sun Chemicals Ltd., Bristol, UK

Electrode Potential Supplier
Standard Calomel Electrode +0.241 Vvs SHE  ALS distributed by
(SCE), Hg/Hg2Cl2/KCl (saturated) BASi, Japan
Mercury/Mercuous Sulphate Electrode +0.620 Vvs SHE [J Cambria

(MSE), Hg/Hg2504/K2S04 (saturated)

Scientific Ltd., UK

The nano-impacts experiments are reported in Chapter 6 and Chapter 7. Nano-

impacts experiments were performed within a double Faraday cage, where an in-house

built low noise potentiostat was used with a 100 Hz Bessel-type low pass filter.6 It

should be noted that the potentiostat used accurately conserves the charge transferred

due to a particle-impact process despite the possible distortion of the spike shape.”8

The analog-to-digital and digital-to-analog conversion were provided by a USB-6003

DAQ (National Instruments, TX, US). The control of these devices was performed by a

script written in Python 2.7 with a graphical user interface and real-time

electrochemical data visualization based upon the packages provided in the Enthought

Tool Suite (Enthought, TX, US).
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A carbon microelectrode disc with a nominally 7.0 pm diameter was employed
as the working electrode for all nano-impacts experiments performed. Nitrogen was
bubbled thoroughly into the solution prior to commencing the experiment. The glass
cell used for all nano-impacts experiments were cleaned using aqua regia to ensure
complete removal of all nanoparticles and organic impurities. Chronoamperometry
was employed to observe nanoparticle-impact events. Chronoamperometric scans of
50 s duration with a sampling time of 0.0005 s were recorded. The number and
magnitude of the spikes were determined by the “SignalCounter” software developed
by Dr. Dario Omanovi¢ from Ruder Boskovi¢ Institute, Zagreb, Croatia.® The
“SignalCounter” is programmed to pick up spikes of a minimum intensity of 5.0 pA
height. A linear baseline was taken and the charge underneath the peak calculated. The
baseline was taken at the midpoint of the average noise to minimize the amount of
background current taken as a signal. All signals were further checked by visual
inspection to differentiate the actual spikes from noise via the signal shape. Statistical
analysis on the measured spike current, charge, duration and frequency was

performed with OriginPro 2017 Version 9.4.

2.3. Non-Electrochemical Instrumentation

Several non-electrochemical instrumentations were used to characterize the
materials employed within this thesis. Each material was characterized by different co-
workers using specific instrumentation as listed in Table 2.4. Dr. Neil P. Young and Ms.
Jennifer Holter (Department of Materials, Oxford University) are acknowledged for the
provision of electron microscopy and nanoparticle characterization facilities.
Professor Simon ]. Clarke (Department of Chemistry, Oxford University) is

acknowledged for the provision of X-ray diffraction facilities. Details of experimental
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procedures specific to each non-electrochemical instrumentation will be described in

relevant chapters.

Table 2.4. List of non-electrochemical instrumentation used for specific material

Material Chapter Instrumentation Performed by
AgNPs 3 SEM Dr. Stanislav Sokolov
TEM
AuNPs@TA 4,5,6 SEM Dr. Stanislav Sokolov
TEM Dr. Hatem M. Amin
DLS Dr. Hatem M. Amin
NTA Dr. Hatem M. Amin
Zeta Potential Dr. Stanislav Sokolov
AuNPs@CA 7 TEM Dr. Hatem M. Amin
SEM
DLS
NTA

Zeta Potential

LiMn204 8 PXRD Dr. Bertold Rasche

2.3.1. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique to measure
the nanoparticle size whereby a beam of electrons is transmitted through the sample
for imaging, which able to detect particles as small as 0.1 nm.1011 With aberration
correction, TEM is capable of reaching a higher resolution where single atoms can be
seen. In this thesis, TEM imaging analysis of the AgNPs, AuNPs@TA, and AuNPs@CA
was carried out using a JEM-3000F instrument (JEOL Ltd., Japan) with a field-emission

gun and an accelerating voltage of 300 kV.
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Sample preparation consisted of modifying carbon grids (Agar Scientific Ltd.,
UK) by the drop-casting of AgNPs (2.5 x 1010 particles), AuNPs@TA (2.0 x 10° particles)
or AuNPs@CA (ca. 5.0 x 108 particles), independently, then allowing them to
completely dry under an N2 flow. Different areas of the grid were imaged to ensure a
representative view of the sample. Subsequent image extraction and analysis were
performed using Image] software (National Institute of Health, US). The TEM
micrographs and their analysis for AgNPs, AuNPs@TA and AuNPs@CA can be found in

Chapter 3, Chapter 6 and Chapter 7, respectively.

2.3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) imaging analysis was performed to
determine the size, morphology and surface area of the nanoparticles. SEM is capable
of measuring nanoparticles with a diameter not less than 1 nm.12 However, often the
nanoparticles are prone to change during SEM sample preparation and tend to
aggregate on the sample holder.1213 [n this thesis, SEM analysis of the AgNPs,
AuNPs@TA, and AuNPs@CA were performed using a JSM-6500F instrument (JEOL
Ltd., Japan) with an accelerating voltage of 5 kV and a secondary electron imaging
mode. A glassy carbon plate (MFCD00133992, 3.0 mm thick, type 2, Lancashire, UK),
cleaned in aqua regia, was used as an electron imaging substrate. After polishing steps
(see above), SEM samples were prepared by drop-casting AgNPs (2.5 x 1010 particles),
AuNPs@TA (2.0 x 10° particles) or AuNPs@CA (5.0 x 108 particles) onto the GC plate,
separately. SEM images were analyzed for particle size and distributions using Image]
(National Institute of Health, USA) and OriginPro 2017. The SEM micrographs and their
analysis for AgNPs, AuNPs@TA and AuNPs@CA can be found in Chapter 3, Chapter 4

and Chapter 7, respectively.
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2.3.3. Dynamic Light Scattering

Dynamic light scattering (DLS) is a laser scattering method that can be used to
measure the hydrodynamic diameter size through the light scattered by the particles.13
DLS can be used to size particles between 1 and 5,000 nm.14 However, it is unable to
determine the concentration or identity of nanoparticles in a solution. DLS analysis was
performed to measure the hydrodynamic diameter of the AuNPs@TA and AuNPs@CA.

In this thesis, DLS measurements were carried out using a Malvern Zetasizer
Nano ZS instrument with a 633 nm He-Ne laser. Each sample was diluted with
deionized water and filtered using a sterile Whatman 0.2 pm filter to remove any
contaminants before being placed in a disposable solvent-resistant micro-cuvette
(path length of 10 mm). Three sets of 12 light scattering measurements were recorded
and averaged to give three size distributions for the particles. Zetasizer software from
Malvern (Malvern Panalytical Ltd., Malvern, UK) was used to analyze the data. The DLS
analysis for the AuUNPs@TA and AuNPs@CA can be found in Chapter 6 and Chapter 7,

respectively.

2.3.4. Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) uses a laser to illuminate the particles and
a microscope to detect the movement of the individual particles, whilst DLS measures
the particle size through the light scattered by the nanoparticles. NTA analysis is used
to size and quantify nanoparticles in solution. The minimum nanoparticle diameter
that can be detected is 10 nm.!> However, this lower limit is dependent on the
refractive index of the nanoparticle material. The sample does not have to undergo any
special pre-treatment apart from dilution to the appropriate concentration (within the

range of 107-10° particles mL-1).
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NTA was performed with a NanoSight LM10 (NanoSight, Amesbury, UK),
equipped with a sample chamber and a red 642 nm laser to illuminate the particles so
they could be tracked. A 500.0 uL sample of either AuNPs@TA or AuNPs@CA
suspension was injected independently into the sample chamber with sterile syringes
(BsD Discardit II, US) and the absence of air bubbles ensured. Three runs of 60 s each
on three different portions of the samples was measured with an automatic setting of
30 frames per second. A microscope with an incorporated digital video recorder is used
to visualize and record a video of the light being scattered by the nanoparticles. The
particles appear as bright spots against a black background in the recorded video
which can be analyzed by the NTA software suite. The NTA analysis for AuNPs@TA and

AuNPs@CA can be found in Chapter 6 and Chapter 7, respectively.

2.3.5. UV-vis Spectroscopy

UV-vis spectroscopy measures the surface plasmon signals caused by the
oscillating electron field of the nanoparticles.l® Certain small changes on the
nanoparticle surface, the stability, can be detected through UV-vis spectroscopy. In this
thesis, a Shimadzu UV-1800 spectrophotometer with 20.0 uL High Precision Quartz
Cells (Hellma Analytics, Germany) was used to measure the stability of the AuNPs@TA
suspension in a solution of 10.0 to 100.0 mM HCI-KCl and AuNPs@CA in NaOH solution
containing 5.0 mM to 50.0 mM KCN. Note that each solution was degassed with a
nitrogen flow followed by performing baseline correction prior to the measurement.
UV-vis spectra were recorded from 650 nm to 400 nm for the AuUNPs@TA and from
650 nm to 450 nm for the AuNPs@CA; both with 1 min interval for 15 min
measurement. The analysis of the stability of AuNPs@TA and AuNPs@CA suspensions

can be found in Chapter 6 and Chapter 7, respectively.
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2.3.6. Zeta Potential

Zeta potential measurement is used to quantify the magnitude of the charge of
the particle and to assess the stability of colloidal dispersions. The magnitude of the
zeta potential shows the degree of electrostatic repulsion between adjacent, similarly
charged particles in a dispersion.l” In this thesis, zeta potential measurements were
performed using Zetasizer Nano ZS (Malvern Instruments, Ltd. Malvern, UK) with an
irradiation wavelength of 638 nm (He laser). Disposable folded capillary cells were
filled with the AuNPs@TA or AuNPs@CA suspension independently using a disposable
syringe. Measurements were repeated six times during which the suspension was re-
dispersed by brief ultrasonic agitation. The particle surface charge analysis for the
AuNPs@TA and AuNPs@CA suspensions can be found in Chapter 4 and Chapter 7,

respectively.

2.3.7. Powder X-ray Diffraction (PXRD)

PXRD analysis is used to determine the structural composition, phase, and
orientation of lattice planes of the sample towards the different morphology of lattice
planes. In Chapter 8, PXRD measurements were performed to analyze the structure of
the lithium manganese oxide before and after the delithiation step at different times.
The PXRD analysis was done on a PANalytical Empyrean instrument operating in
Bragg-Brentano geometry with a curved Ge(111) Johansson monochromator to select
CuKa = 1.54060 A radiation with a step size of 0.013° 26. A 5.0 pl of the slurry (see
Chapter 8 for composition detail) drop cast onto 20.0 mm diameter — 2.0 mm thick
glassy carbon disc (GCD) and annealing it at 65 °C for 10 min to evaporate the solvent.
The GCD was directly mounted on a sample holder. The data was then evaluated with

WinXPow software.18
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Chapter 3

A Sensor for Inorganic Hg2* in Aqueous Solution Using

Galvanic Displacement

This chapter will focus on the detection and quantification of inorganic mercury
(Hg?*) in aqueous solutions at a silver nanoparticle-modified glassy carbon electrode
by undertaking linear sweep voltammetry. This is achieved by monitoring the change
in the silver stripping peak with Hg?* concentration resulting from the galvanic
displacement of silver by mercury. The sensor shows excellent linearity of 100.0 pM-
10.0 nM Hg?+, a detection limit of 28.0 pM (based on 3c) and a “measurable lower limit”
of 100.0 pM. This sensor is suitable for routine environmental monitoring and drinking
water quality assessment, meeting the 30.0 nM guidelines issued by the World Health
Organization (WHO) for inorganic mercury in drinking water.

This work has been published in Analytical Chemistry (Anal. Chem. 2017, 89 13,
7166-7173). This chapter is also complemented with work that has been published in
Trends in Analytical Chemistry (TrAC Trends Anal. Chem. 2017, 94, 161-172). In this
work, Dr. Kamonwad Ngamchuea and Dr. Eden Tanner helped with the interpretation
of the experimental results. Dr. Stanislav Sokolov (in collaboration with Dr. Neil P.
Young and Ms. Jennifer Holter from Department of Materials, Oxford University)
recorded the scanning electron microscope (SEM) and transmission electron

microscope (TEM) images on the silver nanoparticles.
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3.1. Introduction

Exposure to mercury by the consumption of contaminated drinking water and
food products may result in mortality, reproductive failure and other health effects in
humans.-# There are increasing awareness and necessity for detection of mercury and
is considered by the World Health Organization (WHO) as one of the top ten chemicals
of major public health concern.!

The WHO and the US Environmental Protection Agency (EPA) have issued
guideline values for drinking water quality of 30.0 nM> and 10.0 nM¢ for inorganic
mercury (Hg?*), respectively. The development of a highly sensitive detection method
that is reliable and simple for the routine detection of the Hg?* in drinking water is
urgently needed. Currently, common detection methods for Hg2* include, but not
limited to, UV-Vis spectrophotometry’, atomic absorption spectrometry (AAS)8, cold
vapour atomic absorption spectrometry (CVAAS)? atomic emission spectrometry
(AES)19, X-ray fluorescence spectrometry (XFS)1, inductive coupled plasma mass
spectrometry (ICP-MS)12, and colorimetric assay!3. These methods generally have high
sensitivity and selectivity. However, they require large sample volume, bulky
instrumentation and extensive sample pre-treatment that limit their application to in
situ analysis.14-16

Voltammetric techniques are promising alternatives for the determination of
inorganic Hg2* in aqueous samples due to their excellent sensitivity, low cost and short
analysis time. Voltammetric analyses have been performed using different electrodes,
including graphite!517, carbon paste819, glassy carbon?0.21, screen-printed carbon?22.23,
gold24-26, platinum?’, titanium dioxide?8 and silver2°. Anodic stripping voltammetry
(ASV) has been used to detect micromolar levels of Hg?* deposited on the titanium

dioxide electrodes by photochemical reduction, but required significant pre-

50



concentration times to achieve reasonable sensitivity?8, whilst linear sweep
voltammetry (LSV) has also been employed to detect trace level of Hg?* at gold ultra-
microelectrode arrays.2¢ However, bulk gold, platinum, and silver electrodes are not
suitable for Hg2* detection since they suffer from structural changes of their surface
caused by amalgam formation. This phenomenon can lead to decreasing sensor
performance and loss of reproducibility39, whilst the sensitivity of unmodified carbon
electrodes is generally low and the detection limit and pre-concentration time are not
acceptable for routine analyses.1415

In this chapter, a glassy carbon electrode (GCE) was modified by drop-casting
silver nanoparticles (AgNPs) without further surface modification. Under a suitable
applied potential, the AgNPs interact with Hg?+* in the solution so as to galvanically
dissolve silver via the reaction Ag (np) + %2 Hg?* (aq) > Ag* (aq) + %2 Hg (1). This leads
to the loss of the stripping signal associated with the AgNPs. The large surface area of
the drop cast AgNPs permits a high sensitivity analytical performance since only tiny
amounts of Hg?+ are required to displace measurable amounts of silver. The use of
nanoparticles thus permits the measurement of the loss of silver, which would not be
possible with a bulk silver electrode. This proposed method is accessible for routine
detection and quantification of Hg2?* for environment and drinking water quality

purposes.

3.2. Experimental

Details about the chemical reagents here utilized can be found in Chapter 2,
Section 2.1. Note that a standard mercury/mercurous sulfate electrode (MSE,
Hg/Hg2S04, K2S04 (saturated), +0.62 V vs SHE) was used as a reference electrode (ALS

distributed by BAS], Japan).
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Size characterization of the AgNPs was carried out using a Transmission
Electron Microscope (TEM), a JEOL 3000F instrument, which has a field-emission gun
and is operated at 300 kV. Sample preparation consisted of modifying carbon grids by
drop-casting the AgNPs suspension and allowing them to completely dry under an N2
stream. Different areas of the grid were imaged to ensure a representative view of the
sample. Image] software developed at the National Institute of Health, USA was used to

size the particles recorded on the TEM images.

20 N = 100 (b)

2
\

)

Count

6 8 10 12 14 16 18
Radius (nm)

Figure 1. (a) TEM image of batch “A” AgNPs, (b) Statistical distribution of the AgNPs radius size

as extracted from TEM images of 100 nanoparticles.

Figure 1a shows a TEM image of batch “A” of the AgNPs31. The data were
processed to give a size distribution of the nanoparticle radii depicted in Figure 1b
using OriginPro 2017 software for Windows. A lognormal curve is used to fit the data.
The lognormal distribution of the particle size gave a mean radius of 11.9 (*/2.2) nm.
For a lognormal distribution, the confidence interval is reported with a sign “*/” to
indicate that it is obtained by multiplying or dividing the lognormal mean value by the

standard deviation, as compared to sign “t” for a normal distribution.32 To assess the

52



effect of size on Hg?* detection, other sizes of AgNPs were used and sized to have a
mean radius of 6.2 (*/1.5) nm and 22.5 (*/3.0) nm for batch B and nominally 50 nm
diameter, respectively.

The aggregation/agglomeration state of the particles was characterized using a
JEOL JSM-6500F is a field-emission Scanning Electron Microscope (SEM) with an
accelerating voltage of 5 kV using a secondary electron imaging mode. A glassy carbon
(GC) plate was used as an electron imaging substrate. The preparation of the GC plate
involved treatment with aqua-regia in order to provide a clean metal-free surface,
rinsing with deionized water and followed by the polishing procedure used for

electrode preparation as described above.

3.3. Results and Discussion

This section outlines a method for the detection of ultra-trace levels of Hg?* in
aqueous solution by monitoring the reduction in the size of the silver stripping peak
from the AgNPs-GCE with increasing Hg?* concentration in the solution and exposure.
First, the optimization of parameters that control the silver stripping peak is discussed.
Second, the detection of ultra-trace levels of Hg?* is undertaken by monitoring the
magnitude of the silver stripping signal as a function of Hg2* concentration. Third, the

effect of the nanoparticle size towards the resulting signal or sensitivity is discussed.

3.3.1. Optimizing the Silver Stripping Peak
First, the glassy carbon electrode (GCE) was modified with 11.9 (*/2.2) nm
AgNPs. This size of NPs is used throughout except for a brief comparison with

nanoparticles of other sizes in Section 3.3.2 where they are shown to be optimal.
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After placing a droplet containing 2.5 x 1010 NPs, leading to the formation of ca.
1.75-monolayer coverage (see Appendix A.1) onto the GCE surface, it was dried under
an N2 stream, resulting in a silver nanoparticle-modified glassy carbon electrode
(AgNPs-GCE). The AgNPs-GCE was then immersed in 0.1 M KNO3and cyclic
voltammetry (CV) was recorded by sweeping the potential at a scan rate of 0.025 V s-

1 from -0.50 V vs MSE to 0.40 V and back to -0.50 V (Figure 2a).
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Figure 2. Cyclic voltammograms of the AgNPs-GCE immersed in 0.10 M KNOs3 at a scan rate of
0.025 Vst from-0.5Vto 0.4 Vand back to -0.5 V vs SCE. (a) First scan, (b) 30 successive scans.

On the first forward scan, a peak corresponding to Ag to Ag* oxidation was
observed with a peak potential of 0.0095 V vs MSE with a peak height of 12.9 uA, whilst
on the reverse scan a reductive peak found at -0.2 V vs MSE.33 The latter is a result of
the oxidized silver being re-reduced on the electrode surface. Integrating the forward
peak results in a peak charge of 119.0 pC. The expected charge (calculated from the
number of nanoparticles drop cast and assuming that each atom transfers one
electron) is ca. 1.8 mC, suggesting that ca. 7.0% was stripped from the GCE surface. This
observation of partial stripping is consistent with literature reports documenting the

oxidation of immobilized AgNPs on GCE.34
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Next, a CV of thirty successive scans was undertaken on an electrode modified
with 2.5 x 1010 NPs (Figure 2b). Over thirty scans, the net oxidative peak charge was
ca. 340.0 uC, suggesting that ca. 19.0% of the silver had been stripped from the
electrode surface. The cause of this incomplete stripping is discussed below.

The effect of electrode surface coverage on the resultant silver stripping peak
was then investigated by altering the number of nanoparticles used to modify the
electrode surface. Five thicknesses of nanoparticles were examined from
approximately a one-monolayer to ca. 14-monolayers coverage, crudely estimated
assuming close packing of 91%.3> As above, the various amounts of silver nanoparticle
were each drop cast onto a clean GCE surface and then the modified electrode (AgNPs-
GCE) was immersed in 0.1 M KNOs. Linear sweep voltammetry was then recorded at a
scan rate of 0.1 V s'1 by sweeping the potential from -0.01 V to 0.5 V vs MSE and

returning to -0.01 V (Figure 3).
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Figure 3. Linear sweep voltammogram of the AgNPs-GCEs immersed in 0.1 M KNO3 with

different drop cast masses, at a scan rate of 0.1 V s-1,
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Table 1 reports the peak charge for each surface coverage, along with the
expected (maximum) charge and the percentage of silver successfully stripped on the
first scan. Compared with the maximum theoretical stripping, the ca. 1.75-monolayer
coverage achieved a stripping efficiency of ca. 7.0% from the first scan. This was
approximately constant for ca. 1.75-monolayer coverage and above suggesting either
only partial contact of the film with the electrode or significant

aggregation/agglomeration of the nanoparticles.36-39

Table 1. Silver stripping peak charge at different drop cast masses

Surface Coverage Experimental Expected Peak Stripping
Peak Charge Charge Efficiency
1.0-monolayer ca. 20.0 pC ca. 0.9 mC ca. 2.0%
1.75-monolayer ca. 119.0 pC ca. 1.8 mC ca. 7.0%
3.5-monolayer ca. 243.0 nC ca. 3.5 mC ca. 7.0%
7.0-monolayer ca. 384.3 uC ca. 6.9 mC ca. 5.5%
14-monolayer ca. 811.6 uC ca. 13.8 mC ca. 6.0%

To investigate the possible aggregation/agglomeration, a drop cast layer on a
GCE surface was studied using SEM. Figure 4 shows the SEM image from a single
droplet containing 2.5 x 1010 AgNPs, which shows a significant aggregation/
agglomeration state. The aggregation/agglomeration state of the particles drives the
incomplete stripping of silver. Given the comparable efficiency of silver stripping peak,
the ca. 1.75-monolayer surface coverage was selected for all further experiments to

minimize the amount of silver required.
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Figure 4. SEM image of 2.5 x 1010 AgNPs with scanning magnification of 75,000x.

Next, the effect of the scan rate was investigated. The AgNPs-GCE was immersed
in 0.10 M KNOs and linear sweep voltammetry (LSV) was undertaken by sweeping the
potential at -0.01 V to 1.0 V vs MSE and back to -0.01 V vs MSE at different scan rates.
Figure 5 presents a plot of peak current vs scan rate with an R2 = 0.980. The linear
dependence of the peak current on the scan rate suggests that the species is surface-
bound. For the analytical measurements reported below, a scan rate of 0.1 V sl was

adopted for the reasons outlined in Section 3.3.2.
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Figure 5. (a) Linear sweep voltammograms of AgNPs-GCEs immersed in 0.1 M KNO3 at different

scan rates and (b) a plot of scan rate vs peak current.
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To assess the reproducibility, AgNPs-GCE was immersed in 0.1 M KNO3 and held
at a potential of -0.01 V vs MSE for 30 s. Next, an LSV was performed from -0.01 V to
1.0 Vvs MSE and back to -0.01 V vs MSE at a scan rate of 0.1 V s-1 for three independent
tests. The average peak current and peak charges are calculated to be 64.9 + 0.3 pA and
59.6 £ 0.2 uC, respectively. As shown in Figure 6, a drop cast of 2.5 x 1010 AgNPs shows

excellent reproducibility of the silver stripping peak.
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Figure 6. Reproducibility of three GCEs modified with 2.5 x 1010 AgNPs in 0.1 M KNOs3: 1st test
(red), 2nd test (blue), 3rd test (yellow), at a scan rate of 0.1 V s-1.

The pre-stripping time before the LSV being recorded plays a very important
role to enable sensitivity of sensing performance. To assess the effect of pre-stripping
time on the silver stripping peak, the AgNPs-GCE was immersed in 0.1 M KNO3 and an
LSV was undertaken in three independent tests with different pre-stripping times from
zero to 500 seconds. As shown in Figure 7, a well-defined AgNPs stripping peak was
found to decrease with time in solution. At a pre-stripping time of zero to 100 s, the

peak is measurable, but at times of 200 s or above the peak is no longer discernible.
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This is as a result of the AgNPs slowly dissolving from the GCE surface into the
solution*®. The dissolution is driven by the reduction of oxygen, which is even still
present in micro-molar concentrations after extensive bubbling with nitrogen.40
Compared to other pre-stripping times, 30 s allows for time for the silver to react

without compromising the sensitivity, thus 30 s was selected for further experiments.
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Figure 7. Linear sweep voltammograms of AgNPs-GCE in 0.1 M KNOz with different pre-

stripping times at a scan rate of 0.1 V s-1.

3.3.2. Electrochemical Detection of Ultra-trace Level of Hg2+

With the silver stripping signal optimized in section 3.3.1., the use of the AgNPs-
GCE to detect Hg?* is next addressed. The stripping voltammetry detection approach
has two steps; the first is a pre-stripping step, which involves holding the potential at
a sufficiently negative value for a set length of time to allow the Hg?* throughout the
solution to react with the deposited silver without electro-deposition of mercury either
in elemental form or as an amalgam. In this step, Hg2* converts Ag to Ag* and so the

amount of material available for stripping is diminished by an amount reflecting the
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concentration of Hg?* in solution. The second step is the sweeping of the potential from
-0.01 V to 1.0 V vs MSE, which results in the electrochemical oxidation of Ag® to Ag* at
the GCE surface, allowing the detection of the Ag left unreacted by Hg?* and thus by
comparison with the stripping signal in the absence of Hg2*, the Hg2* concentration in
the solution.

The deposition and subsequent stripping of Hg2* on a GCE in the absence of
AgNPs were investigated. An unmodified GCE was immersed ina 50.0 uM Hg?*and held
for two minutes at -0.5 V vs MSE such that Hg?* deposition occurs26. The LSV was
measured by sweeping the potential at a scan rate of 0.1 V s-1 from -0.50 V vs MSE to
1.0 V and back to -0.50 V (red curve, Figure 8). Two oxidation peaks appear at peak
potentials 0f 0.046 Vand 0.222 V vs MSE, which correspond to Hg? oxidation to Hg* and
from Hg* to Hg?* respectively2641, The Hg(I) exists as Hg22*. In the absence of Hg?+, no

oxidative features are present (yellow curve, Figure 8).
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Figure 8. LSVs of unmodified GCE with starting potential of-0.5 Vin 0.1 M KNO3 (yellow curve),
of -0.5 Vin 50.0 uM Hg?* (red curve) and of -0.01 V in 50.0 uM Hg?+ (blue curve).
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To assess the effect of starting potential, an unmodified GCE was immersed in a
solution containing 50.0 uM Hg2*and an LSVs were recorded by sweeping the potential
at a scan rate of 0.1 V s'1 from -0.01 V to 1.0 V vs MSE (blue curve, Figure 8). At these
potentials, no mercury oxidation (Hg* and Hg?* stripping peaks) are observed. In the
analytical determination of Hg2* using AgNPs, the starting potential must be positive
enough to ensure that any oxidative features present are as a result of the interaction
between silver and Hg?*, and not from the oxidation of mercury, which was
electrochemically deposited (as would occur if the electrode was held at sufficiently
negative potentials), and negative enough such that measurement of the full silver
stripping peak is visible. With these constraints in mind, a starting potential of -0.01 V
was selected. At this potential Hg(l) is not deposited from Hg?* nor are the AgNPs
stripped. Having optimized the starting potential, the analytical response of the AgNPs-
GCE to different concentrations of Hg?* was examined.

To assess the electroanalytical performance of AgNPs-GCE in the detection of
ultra-trace levels of Hg?*, a AgNPs-GCE was immersed in solutions of varying Hg?+
concentrations (100.0 pM to 10.0 nM) at pre-stripping time of 30 seconds, then an LSV
was recorded at a scan rate of 0.1 V s1 by sweeping the potential from -0.01 V vs MSE
to 1.0 V and back to -0.01 V. As shown in Figure 9, in each case, two peaks appear. The
first peak at ca. 0.1 V vs MSE and the second at ca. 0.3 V vs MSE. The first peak
corresponds to the silver stripping, as established in section 3.3.1, whilst the second
peakis related to mercury stripping as investigated earlier in this section. The decrease
in the stripping peak as the Hg?* concentration is increased, as explained above, is likely
due to the reaction of Hg?* with the AgNPs, which at least until the AgNPs are
significantly oxidized, likely form an amalgam that is then oxidised at more positive

potentials giving rise to the peak at ca. 0.3 V vs MSE. Due to the fact that the mercury
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peak s heavily influenced by changes in kinetics and thermodynamics as the surface of
the electrode changes with mercury deposition, the silver stripping peak was selected

as the signal to be monitored rather than the mercury oxidation peak.
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Figure 9. LSVs of AgNPs-GCE (2.5 x 1010 AgNPs) immersed in different Hg2* concentrations with

pre-stripping time of 30 s and at scan rate of 0.1 V s-1,

To assess the relationship between the silver stripping peak and Hg?*
concentration, the AgNPs-GCE was immersed in 0.1 M KNOs and different
concentrations of Hg2* solutions. First, an AgNPs-GCE was immersed in a solution
containing 100.0 pM Hg?2* and held at a potential of -0.01 V vs MSE for 30 s. Then, an
LSV was recorded by sweeping the potential at a scan rate of 0.1 V s-1 from -0.01 V vs
MSE to 1.0 Vand back to -0.01 V. This procedure was repeated for eight others different
Hg?* concentrations in the range of 200.0 pM to 10.0 nM. The resulting data are shown
in Figure 10 with a “normalized stripping signal” plotted against various Hg?2*
concentrations. The reason for the normalization is as follows. In the absence of Hg?+,

the silver (AgNPs) stripping peak is affected by the pre-stripping time prior to the LSV
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measurement, which allows sufficient time for the partial loss of silver via reduction of
02. Note that the micro-molar concentration of Oz is still present in the solution even
after extensive bubbling with nitrogen.#2 The reduction of Oz drives the oxidative
dissolution of AgNPs from the GCE surface, thus decreasing the silver stripping peak.
In the presence of Hg?+, the silver stripping peak is affected by both the loss during the
pre-stripping time and the Hg?* in the solution. To measure the silver stripping peak
such that it only reflects the Hg?+ concentration, the signal was normalized by dividing
the peak obtained in the presence of Hg?* by the peak obtained in the absence of Hg?*

with no pre-stripping time. The ratio is the normalized peak current or peak charge.
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Figure 10. AgNPs-GCEs stripping peak in 100.0 pM-10.0 nM Hg?* solutions in 0.1 M KNOs. (a)

Plot of normalized peak current, (b) plot of normalized peak charge.

Figure 10 shows how the normalized stripping peak current and the stripping
peak charge on the first scan varies with the HgZ* concentration. Both normalized peak
current and peak charge ratios never reach a value of one because the pre-stripping
time of 30 seconds enables the AgNPs to react with Hg2* in the solution and decreases

the silver stripping peak. Both figures show linear trends of AgNPs-GCE in the range of
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100.0 pM to 10.0 nM Hg?*. The linearity of measurement was found to be Rz = 0.991

and R? = 0.982 for normalized peak current and peak charge, respectively.

3.3.3. The Effect of the Nanoparticle Size

The size of the nanoparticles used to modify the GCE was investigated in
relation to the sensitivity of the measurement. To assess the effect of nanoparticle size
on Hg?* detection, AgNPs with a mean radius of 6.2 (*/1.50) nm (batch “B”) or 22.5
(*/3.05) nm (nominally “50 nm diameter”) were separately drop cast onto a GCE
surface to give the same number of particles (2.5 x 1010 AgNPs). All experiments were
performed in 0.1 M KNOs, 500.0 pM, 2.0 nM and 5.0 nM Hg?* solutions. There is no
significant effect of AgNPs size on the resulting signal or sensitivity, suggesting that the
process is controlled by diffusion of Hg?* to the geometric area of the electrode rather
than due to the surface area of silver available for oxidation. This result is confirmed
by the analysis of variable surface coverages. A 2.5 x 1019 AgNPs with radius of 11.9
(*/2.2) nm, 1.25 x 1019 AgNPs with radius of 11.9 (*/2.2) nm and 2.5 x 1019 AgNPs with
radius of 6.2 (*/1.5) nm were drop cast to form a 1.75-monolayer, 1.0-monolayer and
0.5-monolayer, respectively. All experiments were performed both in 0.1 M KNO3 and
at 500.0 pM, 2.0 nM, 5.0 nM Hg?2* solutions and the surface coverage were not found to
affect the slope of the detection curve (Figure 11).

In summary, the proposed method for detection of ultra-trace levels of Hg?* in
aqueous solution monitors the loss of silver stripping peak from a drop cast ca. 1.75-
monolayer of 11.9 (*/2.2) nm AgNPs in response to the Hg2+ concentrations. The limit
of detection (LOD) based on 354344 was calculated to be 28.0 pM. The latter compares
favourably with alternative methods, which also involve much lengthier pre-treatment

processes.*5-49
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Figure 11. Normalized peak current of AgNPs stripping peak with different Hg?+
concentrations. Note that ca. 1.75-monolayer, r = 11.9 (*/2.2) nm (black, 1.0-30.0 pM Hg?*), ca.
1.75-monolayer, r = 11.9 (*/2.2) nm (red, 100.0 pM-10.0 nM Hg?+), ca. 1.0-monolayer, r = 11.9
(*/2.2) nm (blue) and ca. 0.5-monolayer, r = 6.2 (*/1.5) nm (grey).

3.4. Conclusions

A sensor for the detection and quantification of ultra-trace levels of Hg?* in
aqueous solutions has been developed by undertaking LSV using an AgNPs-GCE. This
sensor is appropriate for routine environmental monitoring and drinking water quality
assessment with the use of a disposable screen-printed electrode. The sensor is able to
achieve a limit of detection of 28.0 pM and a linear range of 100.0 pM to 10.0 nM,
meeting the 30.0 nM guidelines issued by the WHO? for inorganic mercury in drinking
water. The transfer of the proposed methodology onto a disposable screen-printed
electrode will make it accessible for routine monitoring and in situ applications. Future
work needs to directly tackle issues of selectivity and heterogeneity. In addition to this,
it is only by engaging with environmental samples that the full potential of

voltammetry can be realized.
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Chapter 4

Electrochemical Sensor for Al3* Using Tannic Acid-capped

Gold Nanoparticles

The previous chapter of this thesis dealt with the detection and quantification
of metal ion through galvanic displacement (under a suitable applied potential) and
using linear sweep voltammetry. In this chapter, the determination of aluminum ions
(AI3*) is achieved by utilizing tannic acid-capped gold nanoparticles through
complexation and by employing square-wave voltammetry (SWV). The combination of
gold nanoparticles and tannic acid as a capping/chelating agent (AuNPs@TA) results
in the accurate and sensitive detection of inorganic Al3* in aqueous solutions. The
presented methodology gives clear measurable signals even at the measurable lower
limit of 10.0 pM, markedly and usefully lower than the permissible level of 7.4 uM for
inorganic Al3* in drinking water as defined by the World Health Organization (WHO)
and which compares favorably with alternative detection methods.

The work herein presented has been published in Sensors and Actuators B:
Chemical (Sensors Actuators B Chem. 2018, 265, 682-690) and was carried out in
collaboration with Dr. Eden Tanner and Dr. Sabine Kuss, who helped with the
interpretation of the experimental results. Dr. Stanislav Sokolov (in collaboration with
Dr. Neil P. Young and Ms. Jennifer Holter from the Department of Materials, Oxford
University) obtained the scanning electron microscope images and measurement of

the zeta potential of the AuNPs@TA.
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4.1. Introduction

The contamination of drinking water and food products by aluminum ions (Al3+)
represents a serious health issuel, as it has been associated with the occurrence of
Alzheimer’s disease?, Parkinson’s dementia3, renal osteodystrophy# and chronic
kidney disease. The World Health Organization (WHO) has reported acceptable levels
for aluminum of <3.7 uM and <7.4 uM in treated water for large and small water
treatment facilities, respectively.6 Thus, a highly sensitive detection method that is
reliable and simple for the routine monitoring of Al3* in drinking water and food
products is needed.

The analytical determination of Al3*has conventionally been performed, but not
limited to, using inductively coupled plasma atomic emission spectrometry (ICP-AES)?,
electrothermal atomic absorption spectrometry (ETAAS)S8, UV-vis diffuse reflectance
spectroscopy (UV-vis DRS)? and spectrophotometry?0. Although these methods offer
reasonable sensitivity and reliability, their drawbacks such as extensive sample
preparation, required expertise in handling, expensive instrumentation and the
limitation to ex-situ analysis cannot be avoided. Voltammetry with its high sensitivity,
rapid analysis time, low cost and possible adaptation for in situ analysis is an ideal
technique for the routine monitoring of samples contaminated by Al3*. In the literature,
the determination of Al3*in aqueous solution by voltammetry was achieved via metal-
complexation in the presence of complexing agents, such as 1,2-
dihydroxyanthraquinone-3-sulfonic acid!l, alizarin S2, alizarin violet!3, pyrogallol
red!4, 8-hydroxyquinolinel> and ionophore ]JS-117; using thin mercury film electrodes,
renewable silver amalgam film electrodes, multi-walled carbon nanotube-modified
carbon paste electrodes, mercury electrodes, hanging mercury dropping electrodes

and screen-printed carbon electrodes, respectively. Although these chelating agents

71



have shown the capability to form a metal-complex with Al3+, it is desirable to use
alternative materials with a stronger and more selective binding with Al3+.

Herein, this chapter reports the electrochemical determination of Al3* in
aqueous solutions at a tannic acid-capped gold nanoparticle-modified glassy carbon
electrode (AuNPs@TA-GCE) using cyclic voltammetry (CV) and square wave
voltammetry (SWV). Because of their high activity towards many chemical reactions,
including molecular adsorptionl8, reduction process!®, and metal complexes?021,
metallic nanoparticles are extensively studied in areas of catalysis, sensing, and
electronic applications. In this chapter, the large surface area to mass ratio of
nanoparticles is exploited alongside their use to support chemically selective capping
agents. Specifically, by drop-casting nanoparticles, the surface area of an electrode is
much increased and permits an enhanced analytical performance, resulting in lower
levels of detection during sensing applications. Moreover, since the
aggregation/agglomeration state of the gold nanoparticles ideally needs to be
avoided?2-24, employing gold nanoparticles (AuNPs) in combination with tannic acid
(C76Hs2046,) as a capping agent has been shown to minimize this effect2>.26,

In plants, tannic acid (TA) is a naturally occurring polymer, exhibiting a range
of structures, molecular masses, and physicochemical and biological properties27.28, TA
consists of a central glucose core and surrounding covalently attached digalloyl ester
groups, containing reactive functional groups such as hydroxyl and phenolic hydroxyl],
which can bind metals.?829 Generally, the catechol or galloyl groups of TA provide
binding sites for metal ions, ranging from mono-type to tris-type complexes?7:3,
Diverse metals and heavy metal ions such as Fe(II)2°, Ti(IV)31, Hg(II)32, Pb(II)33,
Cu(I1)34, Ni(II)35, and Al(1I1)3¢ are reported to complex with TA by adsorption. Stability

constants of these complexes, indicating the affinity of the metal with TA, differ, and
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much higher values have been reported in the literature for Al3* than for other
ions.27,3137-39 This suggests the use of TA for the selective detection of Al3*. The
proposed methodology below is based on the complexation process between Al3* and
TA, at AuUNPs@TA-GCE. No strategy for the determination of Al3* in combination with
TA by voltammetry has been suggested in the past.

This chapter demonstrates a sensitive, reliable and low-cost alternative method
for the detection of Al3* in aqueous solutions. All voltammetric experiments were
achieved using a freshly modified electrode. The reusability of the electrode was not
assessed, as sensing principles are commonly transferred onto disposable screen-
printed electrodes in later steps. Employing the presented methodology clear
measurable signals are seen even at the low limit of 10.0 pM and a linear range up to

10.0 uM, evidencing the excellent utility of the sensor for practical purposes.

4.2. Experimental

Details about the chemical reagents here utilized can be found in Chapter 2,
Section 2.1. Note that tannic acid (TA) solutions were prepared freshly for all
experiments since the compound can be oxidized and decomposed by exposure to light
and atmospheric oxygen.2740 HCI-KCl solution solutions of pH 1.0 and pH 2.0 were
prepared by mixing 97.0 mL of 0.1 M HCl and 3.0 mL of 0.1 M KCI (pH 1.0) or by mixing
10.6 mL of 0.1 M HCl and 89.4 mL of 0.1 M KCI (pH 2.0). The GCE was modified by drop-
casting ca. 25.0 uL. of AuNPs@TA, which approximately corresponds to a surface
concentration of one-monolayer (see Appendix A.2), resulting in the AuNPs@TA-GCE.
Note that a gold electrode was used without further surface modification. The gold
electrodes were used to study the solution phase electrochemistry of the tannic acid

(see Section 4.3.1).
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4.3. Results and Discussion

In this section, the electrochemical characterization of solution-phase tannic
acid and of immobilized AuNPs@TA is first presented. Subsequently, the complexation
of Al3* and the AuNPs@TA-GCE is discussed by analyzing the resulting peak currents
during cyclic voltammetry (CV) and evaluating the effects of scan rate, the
concentration of target analyte and the electrode exposure time to sample solutions.
Finally, an evaluation of the experimental parameters for square wave voltammetry
(SWV) is presented, optimizing the electroanalytical performance of the chemical

Sensor.

4.3.1. Solution Phase Electrochemistry of Tannic Acid

Solution phase TA was electrochemically characterized in aqueous acid by CV
using a 0.96 + 0.02 mm radius gold electrode at varying pH, TA concentrations, scan
rates, and electrode exposure times. After polishing, the gold electrode was exposed to
TA concentrations, ranging from 1.0 to 15.0 mM. The CV measurements revealed an
oxidation peak of TA to TA-quinone at a peak potential of 0.58 V vs SCE at pH 1.0
(Figure 1a) and peak potential of 0.54 V vs SCE at pH 2.0. The shift in peak potential
with pH is consistent with the need for deprotonation prior to electron transfer and
the difference of ca. 40 mV suggests the loss of fewer protons than electrons. For a
particular concentration of TA, the current was approximately independent of pH,
consistent with the TA being fully protonated at the pHs studied and with literature
reports2841 of the pKa of TA (range from 2.5 to 8.5), which were independently verified
in this chapter which suggested the effective pKa of TA is ca. 3.7.

A linear peak current behavior on the scan rate was observed (Figure 1b),

suggesting the TA oxidation on the gold electrode surface is a surface-controlled
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process. Furthermore, the exposure time of the gold electrode in a 1.0 mM TA solution
prior to CV analysis was found to play an important role to maximize the oxidation of
TA, as the prolonged exposure time of the gold electrode to TA results in the increased
adsorption of TA to the electrode surface. By varying the exposure time from zero to
30 minutes at open circuit potential, a maximum peak current at 10 min was identified.
The adsorption of TA onto the gold electrode surface and its electrochemical reaction
is represented in Equation 1, where x and y are discussed below (Section 4.3.2.). Next,
the understanding of the electrochemical behavior of TA in its combination with AuNPs

is addressed in the following section.

XY, e Equation 1
TA (aq) —~ TA (ads) ———— Products (Equation 1)
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Figure 1. Electrochemical characterization of solution-phase TA using gold electrode by CV at

a scan rate of 0.1 V s+, (a) cyclic voltammogram of 1.0 mM TA in HCI-KCI solution (pH 1.0) and

(b) linear peak current behavior at various scan rates.

4.3.2. Characterization of AuNPs@TA
The size characterization of the AuNPs@TA was performed by scanning

electron microscope (SEM). Figure 2 shows an SEM image of AuNPs@TA, where a mean
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diameter size distribution of 60.0 = 3.0 nm was obtained (Figure 2, inset). The particle
surface charge was quantified by measuring the zeta potential in the water at 25 °C,
whereby an average zeta potential of -30.9 + 1.3 mV, conductivity of 0.023 mS cm,

was obtained. This value shows high stability of the colloidal gold dispersion.*2

SEI 50kV X90,000 100nm WD 53mm

Figure 2. SEM micrograph of AuNPs@TA (inset: size distribution of the AuNPs@TA)

In agreement with literature041, an estimated effective radius of the TA
molecules of 1.3 nm was calculated from the structure and known bond lengths and
angles, corresponding to an area of 6.46 x 10-18 m? of TA molecule (see Appendix A.2).
Therefore, the amount of TA in one-monolayer surface coverage was estimated to be
ca. 1,750 molecules per nanoparticle.

Next, the AuNPs@TA-GCE was electrochemically characterized by CV. For this
purpose, a GCE was modified by drop-casting ca. 5.6 x 108 AuNPs@TA, corresponding
to a surface concentration of ca. one-monolayer. This volume contains ca. 1012 TA
molecules in total (see Appendix A.2). AuNPs@TA-GCE was immersed in HCI-KCI

solution (pH 1.0) and CV was performed by sweeping the potential from 0.0 to 0.7 V vs
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SCE and back to 0.0 V vs SCE, at a scan rate of 0.1 V s-1. At the first forward scan, an
oxidation peak was observed at a potential of 0.31 V vs SCE attributed to the oxidation

of TA as illustrated in Equation 1 (see below for Figure 4a, blue curve).43
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Figure 3. Electrochemical analysis of the AuNPs@TA by CV. (a) linear relationship between

peak current and scan rate, (b) dependence of peak potential on pHs.

Following this, AUNPs@TA-GCE immersed in HCI-KCI solution (pH 1.0) and
analogous CV was performed but at different scan rates, from 25 to 100 mV s-1. As
shown in Figure 33, a linear relationship between peak current of AuNPs@TA and scan
rate was found, suggesting that the oxidation of AuNPs@TA at the GCE is a surface-
controlled process. An investigation of the electrochemical current behavior in
dependence of the pH reveals a decrease in peak potential with increasing pH values
(Figure 3b), along with a decrease in the peak currents. The response reflects the loss
of protons on oxidation, but the complexity of the TA structure precludes the
quantification of the exact number of electrons and protons being transferred, except
the sub-Nernstian slope of Figure 3b suggests y >> x related to Equation 1.

Further, the effect of exposure time of the AuUNPs@TA-GCE to the HCI-KCl
solution (pH 1.0), prior to voltammetric measurements were studied immediately and
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after 30 min. The resulting peak at the potential of 0.31 V vs SCE exhibits a higher
charge at 30 min compared to zero exposure time, suggesting the swelling of the TA
capping layers on the AuNPs over prolonged exposure times. The exposure time prior
to the CV being recorded plays a very important role to enable sensitivity of sensing
performance, since it allows to improve the accessibility of the capping layers and to
increase the possibility of Al3* being complexed. However, the length of exposure time
needs to meet a reasonable time scale of analysis without compromising the sensitivity

and linear range of the response.

4.3.3. Complexation of Al3* by AuNPs@TA

To explore the complexation of Al3* by AuNPs@TA, a CV experiment was
performed in the HCI-KCI solution (pH 1.0) using first an unmodified GCE in the
presence of 2.0 mM Al3+. The CV was recorded by sweeping the potential from 0.0 V to
0.7 Vvs SCE and back to 0.0 V vs SCE at a scan rate of 0.1 V s-1. As shown in Figure 4a (red
curve), no Al3* related signal was seen. After immobilisation of AuUNPs@TA at an
approximate coverage of one-monolayer, the cyclic voltammogram exhibited an
oxidation peak (peak 1) at a potential of 0.31 V vs SCE (Figure 4a, blue curve), which,
as above, is attributed to the oxidation of TA to form the TA-quinone (Scheme 1, green).
By exposing the AuNPs@TA-GCE to 2.0 mM Al3* solution, a second oxidation peak
(peak 2) becomes apparent at a potential of 0.52 V vs SCE (Figure 4a, green curve),
which is attributed to the oxidation of TA complexed with Al3* (Scheme 1, orange). The
possibility of a peak contribution from sulfate anions S042- of Al2(S04)3 (Al3* source)
was excluded after a control measurement in the K2SOs solution (Figure 4a, black
curve). A peak charge of 0.14 uC related to the number of TA oxidized per nanoparticle

(Figure 4a, green curve, peak-1) and peak charge of 0.23 pC related to the complexation
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of TA with Al3+ (Figure 4a, green curve, peak-2) were obtained by cyclic voltammetry

at the scan rate of 100 ms-1.

[ [

OH  Deprotonation /C[O' + AP
Equilibrium +
| A —Caulbium_ v 2HY =—
R2 R1

R2 R1

2¢ A

R2 R1

Peak-1 Peak-2

Scheme 1. TA exhibits several phenyl rings with acidic hydroxyl groups. These may be oxidized
at ca. 0.31 V vs SCE to yield peak-1 (Figure 4a, green curve). Solution Al3* can be complexed by
TA, raising its oxidation potential to that of “peak 2”. Note the complexation of Al3* may involve

more than two deprotonated OH- groups.

Next, the effect of the scan rate was addressed to identify whether the
AuNPs@TA in the presence of Al3* is a surface-controlled or diffusion-controlled
process. To assess this, AuNPs@TA-GCE was immersed in an HCI-KCI solution (pH 1.0)
containing 2.0 mM Al3+. The CV was recorded by sweeping the potential from 0.0 V to
0.7 V vs SCE and back to 0.0 V vs SCE, at different scan rates from 10 to 120 mV s-1.
Figure 4b presents the linear dependence of both peak currents on the scan rate, which
suggests that the oxidation of AuUNPs@TA/Al complex is a surface-controlled process,
as with the oxidation of the uncomplexed TA. The peak 1 is considerably enhanced in
the presence of Al3*, suggesting partial complexation of the TA leads to greater
accessibility of the capping layers. The peak potentials for both peaks were essentially
scan rate independent hinting at an electrochemically reversible process.
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Figure 4. (a) CVs of the GCE and AuNPs@TA-GCE immersed in different solutions at a scan rate

of 0.1 Vs, (b) Plot of the peak current of peak-1 and peak-2 at different scan rates.

The electrochemical response with respect to Al3* concentration during the

complexation process was investigated by CV. The AuNPs@TA-GCE was immersed in

HCI-KCI solution (pH 1.0) containing Al3* at concentration range between 0.1 mM and

10.0 mM. Figure 5a shows that peak 2, resulting from AuNPs@TA/Al complex,

increased linearly with Al3* concentration, within the concentration range studied.
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Figure 5. CVs of AuNPs@TA-GCE immersed in various Al3+ concentrations (a) and 2.0 mM Al3+

at different electrode surface concentrations (b), exposure times (c); at a scan rate of 0.1 V s-L.
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Furthermore, various surface concentrations of AuNPs@TA on the GCE were
analyzed to find the optimal condition for Al3* uptake during voltammetric
measurements. The GCE surface was modified by drop-casting varying amounts of
AuNPs@TA, corresponding to surface concentration in a range of 0.1 to 1.5-monolayer.
To assess this, AuUNPs@TA-GCE was immersed in the HCI-KCI solution (pH 1.0)
containing 2.0 mM Al3* and CV was recorded at a scan rate of 100 mV s-1. Figure 5b
shows that increasing the amount of AuNPs@TA resulted in an increase in both peak
currents during the CV. However, considering the cost of AuNPs@TA and the time
required to modify the electrode, one-monolayer surface coverage was selected for
further experiments.

Finally, the time of exposure of the AuNPs@TA-GCE to the analyte solution,
prior to voltammetric measurements (hereafter referred to as the exposure time),
plays an important role during the optimization of the sensitivity of the sensing
performance. The exposure time that generates a significant peak current increase,
related to the detection of Al3* within a reasonable timescale during CV, was evaluated
by immersing the AuNPs@TA-GCE in HCI-KCI solution (pH 1.0) containing 2.0 mM Al3+*
at various exposure times. The peak current of peak 2 increased continuously, 30 min
of exposure time was selected as giving good sensitivity.

To assess the complexation process for analytical purposes, an AuUNPs@TA-GCE
was immersed into the HCI-KCl solution (pH 1.0) containing different Al3*
concentrations, ranging from 10.0 pM to 10.0 mM with an exposure time of 30 min. CVs
were recorded by sweeping the potential from 0.0 V to 0.7 V vs SCE and back to 0.0 V
vs SCE at a scan rate of 100 mV s-1 (Figure 6). The peak current value of peak-2 was
plotted against the Logio of Al3* at different concentrations, resulting in a linearity

trend with RZ = 0.9798 (Figure 6b).
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Figure 6. (a) CVs of AuNPs@TA-GCE immersed in different Al3* concentrations at a scan rate of

0.1 Vs'L, (b) Plot of the resulting current of peak-2 versus Al3+ concentrations.

The amount species involved in the “peak 2” reaction, n (moles), was calculated
from the peak charge, Q¢ (Coulomb), obtained from the CV (Figure 6a) based on
Faraday’s law of electrolysis. To obtain the effective electrode coverage, I' (mol cm-2),
the calculated number of moles was divided by the geometric area of the electrode, A

(cm?2), as shown in Equation 2,

Q (Equation 2)

where z is the number of transferred electrons (z = 2) and F is the Faraday constant
(96485.33 C mol1).

To determine effective electrode coverage, a linear baseline correction was
performed to measure the charge under the voltammetric peaks. As shown in Figure 7,
a linear log-log relationship between the effective electrode coverage and the
concentration of Al3* in solution was observed for both peak 1 and peak 2, with an
intercept of -10.79 £ 0.02 and -10.67 + 0.02, respectively. In the HCI-KCl solution (pH
1.0) and with 30 min exposure time, the presence of Al3* resulted in significantly higher

effective electrode coverage, compared to a control solution, lacking Al3*. At a low
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concentration of Al3* (10.0 pM to 0.1 mM), the closely similar positive slope values of
0.097 £ 0.003 and 0.100 = 0.002 were obtained for peak 1 and peak 2, respectively,
indicate that the response of the TA capped is likely to reflect Al3* induced swelling of
the capping layer with an increased accessibility of chelating and oxidizable sites. The
fact that the slope is below unity may indicate that the surface of the TA capping layer
is partly saturated with Al3+. Note that at higher concentrations of Al3* (0.5 to 10.0 mM),
peak 2 increased strongly while peak 1 remained relatively constant. For concentration

above 0.1 mM Al3+, the effective electrode coverage of peak 2 increased much more

rapidly than peak 1.
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Figure 7. Dependence of the effective electrode coverage of the AuUNPs@TA/Al complex on the

solution containing Al3+. Note the log-log scale.

It should be noted that TA can form complexes with other ions. To address
possible interferences from other ions, the experimental stability constants (Log1o 3)
of various ions with TA were carefully reviewed from the literature. Table 1 shows that

the TA/AI3* complex is reported to have the highest stability constant (Logio ) of all
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TA/metal complexes. Moreover, an experimental validation shows the Al3+ detection
at the AuNPs@TA-GCE is significantly more sensitive than Zn?* at lengthier exposure
times, above 15 min (Figure 8). Where no stability constants are recorded for ions, such
as Cu?*, Ni2+ and Ca?*, available literature suggests no significant influence is expected

due to insufficient binding of ions to TA at low pH.27.3544

Table 1. Experimental stability constants reported in the literature for several ions

Complex Formation pH Stability Constant (Log1o ) Reference

TA/AI3+ 6.0 23.0 (37)
TA/A3+ 4.0 20.7 (45)
TA/TI4 4.0 16.5 (31)
TA/Fe3+ 5.0-7.0 9.0 (38)
TA/ Fe3+ <3.0 5.0-17.0 (39)
TA/Zn?+ 5.0 4.64 27)
TA/Pb2* 5.0 5.56 (27)
4-

m  Peak-2, AI*", R?=0.9823
m  Peak-2, Zn®*
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Figure 8. Evaluation of possible interference by Zn2+. The Al3+ detection (red dot) at the

AuNPs@TA is significantly more sensitive than Zn2* at lengthier exposure times.
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The effect of the exposure time of the AuNPs@TA-GCE to the analyte and a
control solution was investigated. At zero exposure time (as represented by 1.0 uM and
0.1 mM AI3+, Figure 7), the coverage of both peak 1 and peak 2 was lower compared to
an exposure time of 30 min, suggesting the swelling degree of TA capping layers, as
noted above, was affected by lengthier exposure time and increased accessibility of the
chelating sites.

The above demonstrates a possible new analytical sensing method for Al3-.
However, the identified required exposure time of 30 minutes is disadvantageous for
the routine monitoring and assessment of samples. In the following section, this aspect
can be improved by conducting square-wave voltammetry (SWV) analyses with the

established sensing strategy.

4.3.4. Optimized Parameters of the Chemical Sensor

Given the high surface area of the AuNPs@TA-GCE, capacitive and background
currents can hide currents due to TA/AlI3* complex oxidation. By using square wave
voltammetry (SWV), the capacitive current can be reduced. SWV is a pulse technique
based on a series of potential steps and heights on a linear time scale. In SWV, the signal
consists of a symmetrical square wave pulse of amplitude superimposed on a staircase
waveform of step height. The current is sampled twice during each square-wave cycle,
one at the end of the forward pulse and again at the end of the reverse pulse, therefore
resulting in very high sensitivity.

SWYV in the present system requires careful optimization of several analytical
parameters, namely exposure potential and time, frequency and pulse amplitude. To
determine an optimum exposure time, a AUNPs@TA-GCE was immersed in HCI-KCI

solution (pH 1.0) containing 2.0 mM Al3* and a holding potential of 0.0 V vs SCE was
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applied for exposure times ranging from 5 to 300 s. A potential sweep was performed
at a frequency of 40 Hz and amplitude of 0.02 V. Figure 9a shows that peak 2 was
increased up to an exposure time of 300 s, after which a strong analytically useful signal
is seen. This demonstrates a significant improvement in terms of time over the CV
approach and is reasonable for routine monitoring.

Analysis of the operating frequency during SWV (Figure 9b) showed an
increasing peak current for peak-2 up to 80 Hz, indicating optimal sensitivity for this
parameter. Finally, the amplitude for SWV was examined. In the presence of 2.0 mM
Al3+, the pulse amplitude was varied from 0.01 to 0.1 V. As shown in Figure 9c, peak
currents of peak-2 increased upon an increase of the pulse amplitude up to 0.04 V,
which was therefore selected as the optimum pulse amplitude for all subsequent

experiments.
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Figure 9. Parameter optimisation for square wave voltammetry (SWV), evaluating: (a)
exposure time, (b) frequency, and (c) amplitude for the AuNPs@TA-GCE immersed in HCI-KCI
solution (pH 1.0) containing of 2.0 mM Al3-.
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4.3.5. Measurement of Low Concentrations of Al3+

Having established a successful sensing strategy for the detection of Al3+ at
AuNPs@TA-GCEs, a measurable lower limit was determined by SWV in HCI-KCI
solution (pH 1.0) by selecting a frequency of 80 Hz, a pulse amplitude of 0.04 V, and
applying a holding potential of 0 V vs SCE for an exposure time of 300 s. Figure 10a
shows that very clear signals are seen for concentrations of Al3* in the range between
0.1 uM and 10.0 uM corresponding to the range of interest for drinking water. A
measurable lower limit of the signal was also extracted. The determined measurable
lower limit here represents the lowest concentration that can be distinguished
significantly from the background signal.

In order to determine a measurable lower limit for the proposed system, a
polynomial (typically of order 3) fit was performed to extract the signal from the
baseline. Subtracting the polynomial baseline from the original data, an
electrochemical signal significantly greater than the background can be seen for
concentrations as low as 10.0 pM with a relative standard deviation (RSD) of less than
4% across triplicate experiments (Figure 10b).

As shown in Figure 10b, a linear log-log relationship between the electrode
surface coverage (mol cm2) and the concentration of Al3* in solution was observed for
peak 2 at concentrations ranging from 10.0 pM to 2.0 mM Al3*. A linear trend was
observed from 10.0 pM to 10.0 uM Al3+. At concentrations exceeding 10.0 uM Al3+, the
modified electroactive area of the electrode probably tends to be saturated with Al3+.
A measurable lower limit of 10.0 pM compares favorably with alternative methods12.17
while offering lower costs and the potential to be applicable in routine water quality

assessments.
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In this chapter, however, that for use in heavily contaminated water, as opposed
to drinking water, the possible effect of humic acid and/or surfactants might need to

be investigated.
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Figure 10. Determination of Al3* by SWV. (a) Representative square-wave voltammograms of
AuNPs@TA-GCE in the presence of Al3*. (b) A linear log-log relationship between the effective
electrode coverage and various Al3+ concentrations. Error bars represent the relative standard

deviation, corresponds to an error of < 4%.

4. Conclusions

An electrode modification method is presented, employing tannic acid-capped
gold nanoparticles (AuNPs@TA) for the sensitive detection of inorganic Al3* in water.
The starting potential and optimization of SWV parameters become essential to
achieve selectivity, sensitivity and to eliminate other possible interference ions. The
suitable starting potential during voltammetry measurement controls which species
are taken up by the tannic acid capping agent and/or are electrochemically visible.
SWV measurements revealed a measurable lower limit of 10.0 pM and a linear range
up to 10.0 uM (meet the permissible level of <7.4 uM as declared by the WHO),
evidencing the excellent utility of the proposed analytical method.
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Chapter 5

Tannic Acid-capped Gold Nanoparticle-modified Screen-
printed Electrode: an Electrochemical Sensor of Hg2?+ for

Real-World Samples

This chapter further develops tannic acid-capped gold nanoparticle-modified
carbon electrodes (see Chapter 4) as an electrochemical sensor, in this chapter for
inorganic Hg2* in real-world samples, such as tap water. Moreover, one key strategy is
exploited to achieve an excellent selectivity performance of the sensor toward Hg?+
namely the starting potential during voltammetry, which controls which species are
taken up by the capping agent and/or are electrochemically visible. Specifically, a
starting potential of 0.3 V vs SCE allows the elimination of possible interference from
Al3* and Zn?* studied. Under optimal conditions and using square-wave voltammetry,
the presented methodology exhibits a measurable lower limit of 100.0 fM. The transfer
of the established sensing protocol onto screen-printed electrodes shows its
applicability to routine monitoring of inorganic Hg2* in tap water.

The work presented in this chapter has been published in the Analyst (Analyst
2018, 143, 9, 2035-2041) and was carried out in collaboration with Dr. Sabine Kuss
and Dr. Eden Tanner, who helped with the interpretation of the experimental results.
Dr. Stanislav Sokolov (in collaboration with Dr. Neil P. Young and Ms. Jennifer Holter
from the Department of Materials, Oxford University) obtained the scanning electron

microscope (SEM) images of the AuNPs@TA.
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5.1. Introduction

The World Health Organisation (WHO) has declared mercury as one of the most
toxic heavy metals to human health.! Inorganic mercury (Hg?+) accumulates in the vital
tissues and organs, interfering with proteins and enzymesZ, which can result in cellular
dysfunctions and health issues, such as learning and memory impairments, as well as
Alzheimer’s disease.3-> In addition, individuals with congenital mercury toxicity are
especially vulnerable to environmental mercury contaminations and may show severe
mental retardation® and neurological abnormalities?”, as well as profound
immunological and embryonic toxicological effects.8 Therefore, the exposure to
inorganic Hg?* by the consumption of contaminated drinking water has become a
global concern and a maximum permissible level of inorganic Hg?* in drinking water of
6.0 ug L1 was declared by the WHO, which corresponds to an approximate
concentration of 30.0 nM.?

The above-mentioned risks associated with inorganic Hg?+* in drinking water
require sensitive and selective detection and monitoring strategies to assure public
health. To date, various analytical methods have been developed for the detection of
trace and/or ultra-trace levels of Hg?*, such as gas chromatography-inductively
coupled plasma analysis (GC-ICPMS)19, atomic absorption spectrometry!! and UV-Vis
spectrophotometry??, as well as voltammetric techniques.1314 Voltammetry has been
widely accepted and is considered for the detection of metals, such as Hg2+, because of
its excellent sensitivity, low cost and its suitability for in situ applications. However,
particular aspects, such as a reasonable time scale of analysis, electrode modifications
and selectivity need to be thoroughly assessed!4, whereby straightforward and easy to
implement electrode pre-treatment procedures have become desirable if not

imperative. Electrode modifications using gold nanoparticles (AuNPs) are commonly

94



carried out for voltammetry.1>16 AuNPs are easy to synthesize, highly conductive, and
increase the electrode surface area, making AuNPs an excellent choice in sensing
applications. Employing AuNPs in combination with chemically selective capping
agents, aggregation/agglomeration effectsl7.18 can be minimized and selectivity of the
modified electrode towards Hg2* improved.

In this chapter, tannic acid (C76Hs2046, TA) is employed both as a stabilizing
agent for AuNPs and as a selective capping agent for Hg?*. TA is found in plant tissues,
such as leaves, gallnuts, and pods of certain plants!®, where it exhibits various
structures, molecular masses, and physicochemical and biological properties.20.21 In
addition, TA molecules contain a large number of reactive functional groups, such as
hydroxyl and phenolic hydroxyl groups, which can form complexes with heavy metal
ions, such as Hg?+.20.22 As an example, Luo et al?? have used TA modified Fe304 core-
shell nanoparticles for the adsorption and detection of Hg2* from contaminated water,
and it has recently shown that the combination of AuNPs and TA results in the sensitive
detection of Al3* in aqueous solutions with a measurable lower limit of 10.0 pM (see
Chapter 4).24 Furthermore, in biological related voltammetry applications, TA has been
used as an electrode surface modifier for the detection of dopamine?>, glucose?t,
bisphenol A?7, and epinephrine?28. The role of TA appears to be either as a dopant?>, as
a biocompatible host for an enzyme2¢ or the target?’, or alternatively “electron
mediation”28 with TA is suggested. Despite apparent success in various applications,
voltammetric strategies in connection with TA for the detection of inorganic Hg2* have
not been reported in the literature.

This chapter reports the electrochemical detection of inorganic Hg?* in aqueous
solutions and tap water at a tannic acid-capped gold nanoparticle-modified glassy

carbon electrode (AuNPs@TA-GCE) by square-wave voltammetry. The influence of
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coexisting ions on the detection of inorganic Hg?* is investigated and Hg?+-spiked tap
water samples analyzed. The developed sensing strategy is then transferred onto
disposable AuUNPs@TA-modified screen-printed carbon electrodes (AuNPs@TA-SPE),
demonstrating the ability to detect Hg2+* in tap water with a measurable lower limit of
100.0 fM, showing distinct signals above background, as well as making it accessible

for routine monitoring applications.

5.2. Experimental

Details about the chemical reagents here utilized can be found in Chapter 2,
Section 2.1. Analyte solutions were prepared in a HCI-KCl solution (pH 1.0) by mixing
97.0 mL of 0.1 M HCl and 3.0 mL of 0.1 M KCL.2° GCE was modified by drop-casting ca.
25.0 uL of AuNPs@TA, which approximately corresponds to a surface concentration of
one-monolayer (see Appendix A.2), then dried under a N2 stream resulting in a tannic
acid-capped gold nanoparticle-modified glassy carbon electrode (AuNPs@TA-GCE).

The water sample used in this chapter was collected from the laboratory water
tap (Rodney Porter Building, Oxford, 0X1 3RQ). The collected tap water was spiked
with various concentrations of Hg?*. The influence of interfering metal ions was
investigated using mixtures of tap water solutions containing Zn2* and/or Al3+ at
different concentrations. The transfer of the established method to disposable screen-
printed carbon electrodes was realized using DropSens screen-printed carbon
electrodes (DRP-110, DropSens, Llanera, Spain, SPE), with a built-in carbon (4.0 mm
diameter) working electrode, carbon counter electrode and silver reference electrode
- all printed on a L33 x W10 x HO.5 mm ceramic substrate. SPEs were modified by drop-

casting ca. 25.0 pL of AuNPs@TA suspension and dried under N2 flow, resulting in
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AuNPs@TA-SPE. A 50.0 pL of the sample was deposited onto the SPE surface, covering
all three electrodes. Each sample was analyzed in triplicate under optimized

experimental conditions as discussed below.

5.3. Results and Discussion

The electrochemical detection of Hg2* using cyclic voltammetry (CV) was first
discussed. The characterization of AuNPs@TA-GCE in the absence and presence of Hg2*
at different scan rates, surface coverages and at various exposure times leads to the
determination of a measurable lower limit for Hg?*. The selectivity performance of the
AuNPs@TA-GCE towards possible interfering ions is discussed, before evaluating the
detection of Hg2* using square-wave voltammetry (SWV). As proof of concept, this
chapter demonstrates the application of the established sensing strategy to screen-

printed electrodes (AuNPs@TA-SPE) and tap water analysis.

5.3.1. Mercury Detection by Cyclic Voltammetry

The electrochemical characterization of TA in the solution phase has been
studied previously in Chapter 4, whereby an oxidation peak at a potential of 0.58 V vs
SCE was revealed.2* The CV of AuUNPs@TA-GCE exposed to HCI-KCI (pH 1.0) solution
results in an oxidation peak potential of TA at 0.31 V vs SCE and describing a surface-
controlled process.24 In addition, prolonged exposure time of the AuNPs@TA-GCE to
the solution of HCI-KCI (pH 1.0), prior to CV measurements, revealed the swelling of
the TA layers on the AuNP.24

Before assessing the oxidation behavior of Hg2* at AuNPs@TA-GCEs, the
unmodified GCE was immersed in a solution of HCI-KCI (pH 1.0), containing 2.0 mM

Hg?* and CV was performed by sweeping the potential from 0.3 V to 0.7 V vs SCE, at a
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scan rate of 0.1 V s-1. No electrochemical current signal related to Hg?* was observed
(Figure 1, black-solid curve), demonstrating the necessity for the proposed electrode
modifications. To obtain a fully functionalized AuNPs@TA-GCE sensor, AuNPs@TA
suspension were drop cast onto a GCE surface at a concentration of ca. 5.6 x 108
nanoparticles, corresponding to a surface concentration of approximately one-
monolayer (see Appendix A.2). Next, the AuUNPs@TA-GCE was immersed in a solution
containing 2.0 mM Hg?*, whereby CV (Figure 1, red-solid curve) reveals two oxidation
peaks at potentials of 0.40 V and 0.58 V vs SCE, respectively. The first oxidation peak
(peak-1) is attributed to the oxidation of tannic acid (TA) capping agent2430 and the
second peak (peak-2) is attributed to the oxidation of AuNPs@TA/Hg?* complex. TA is
likely to reflect Hg?* induced swelling of the capping layer with increased accessibility

of chelating and oxidizable sites to uptake Hg?* and results in peak-2 (see Chapter 4).
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Figure 1. Detection of Hg?* at unmodified and modified GCE by CV at a scan rate of 0.1 V s-1.
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The effect of scan rate was studied. To assess this, the AuNPs@TA-GCE was
immersed into a 2.0 mM Hg?2* solution and CVs were performed at scan rates of up to
0.12 V s'1. As shown in Figure 2a, peak currents of peak-1 and peak-2 increased
monotonically with scan rate. The linear dependence of the peak currents of peak-1
and peak-2 on the scan rate (Figure 2b) suggests that both the oxidation process of TA
and of the AuNPs@TA/Hg2* complex are surface-controlled processes. In addition,
peak-1 substantially increases in the presence of Hg?*, suggesting that the partial
complexation of TA leads to greater accessibility of the TA layers. The peak potential
positions of peak-2 at 0.58 V vs SCE were found to be independent of the scan rate,
indicating a reversible electrochemical process for the oxidation of the
AuNPs@TA/Hg?* complex. For further analytical measurements reported below, a

scan rate of 0.1 V s'1 was selected.
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Figure 2. Scan rate dependence of Hg2* detection. (a) CVs of AuNPs@TA-GCE at various scan

rates. (b) Linear peak current behavior at scan rates shown in (a).

Next, the effect of the electrode surface concentration of AuNPs@TA on the Hg?+
uptake was studied. Surface coverages between 0.1- and 1.5-monolayer of AUNPs@TA

were evaluated by crudely estimating a close packing of 91% (Figure 3a).31 All modified
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AuNPs@TA-GCE with specific surface coverages were exposed to 2.0 mM Hg?* in HCl-
KCI (pH 1.0). Figure 3b shows that peak currents of both peak-1 and peak-2 enhanced
monotonically with increasing AUNPs@TA concentrations at the GCE surface. This is
attributed to the greater number of accessible complexation sites of the AuNPs@TA-
GCE. Considering the cost of AUNPs@TA, a one-monolayer surface coverage was found

to be sufficient for good analytical performance and thus was selected for further

experiments.
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Figure 3. (a) CVs of the AUNPs@TA-GCE immersed in 2.0 mM Hg?+ at various electrode surface

coverages. (b) Linear peak current behavior at various surface coverages shown in (a).

One of the key aspects for achieving sufficient sensitivity and thus lowering the
detection limit is the exposure time of the AuNPs@TA-GCE to Hg?* ions in solution
before voltammetric measurements. To assess this, a AuNPs@TA-GCE was exposed to
1.0 uM Hg?* in HCI-KCI solution at varying exposure times between zero to 30 min. CVs
were recorded by sweeping the potential from 0.3 V to 0.7 V vs SCE and back to 0.3V
vs SCE at a scan rate of 0.1 V s-1. As shown in Figure 4, the peak current of peak-2
increased up to an exposure time of 10 min and significantly decreased at lengthier

time. This effect can be attributed to the swelling of TA capping layers, which reaches
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its maximum at 10 min when the effective electrode surface becomes saturated with
Hg?+. This suggests that with a practical exposure time of 10 min good sensitivity of the

AuNPs@TA-GCE towards the detection of Hg2* by CV can be achieved.
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Figure 4. Study of the electrode exposure times to 1.0 uM Hg?* by CV at a scan rate of 0.1 V s'L.
(a) CVs of AuNPs@TA-GCE at various exposure times. (b) Current behavior at peak-2 at

exposures ranging from zero to 30 minutes.

5.3.2. Measurable Lower Limit for HgZ+ at AuNPs@TA-GCE Using CV

An exposure time of 10 min was applied to determine a measurable lower limit,
representing the lowest concentration that can be distinguished from the background
signal, for the detection of Hg2* by CV. As discussed in Section 5.3.1., a one-monolayer
of AuNPs@TA and a scan rate of 0.1 V s'1 were selected. The AuUNPs@TA-GCE was
immersed in an HCI-KCl solution (pH 1.0) containing various Hg2* concentrations,
ranging from 10.0 pM to 10.0 uM (Figure 5a). A linear baseline correction was
performed, which revealed two effective linear regions at concentrations of 10.0 pM-
10.0 nM (Figure 5b, black line) and 10.0 nM-10.0 uM (Figure 5b, red line). These linear

relationships indicate the potential for sensitive Hg?+ detection at low concentrations.
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Notably, a measurable lower limit was determined at 10.0 pM Hg?*, considerably lower

than the guideline value of 30.0 nM for Hg?* in drinking water, as defined by the WHO.
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Figure 5. (a) CVs of AuNPs@TA-GCE immersed in various Hg?* concentrations at a scan rate of

0.1 Vs, (b) Linear peak current behavior at various Hg2* concentrations.

5.3.3. Selectivity Performance of the AuNPs@TA-GCE Using CV

In order to develop an efficient sensor for the detection of Hg2* in the
environment, possible interferences from other ions need to be excluded. As an
example, a fully functionalized AuNPs@TA-GCE was exposed to 10.0 uM Al3* or Zn?2+
and CV measurements were performed applying the previously established optimal
parameters. As shown in Figure 6, a strong oxidation signal for Hg?* was found without
a significant contribution by neither Al3* nor Zn?* ions.

The proposed Hg?+ detection strategy, based on AuNPs@TA-GCE as described
above, has shown the capability to selectively detect low concentrations of inorganic
Hg?* in aqueous solutions by cyclic voltammetry. In the following section, the
possibility of avoiding exposure time as high as 10 min by conducting square-wave
voltammetry (SWV), which offers reliable and more sensitive detection of Hg2* for the

routine monitoring and assessment of real-world samples, is discussed.
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Figure 6. Selectivity studies of the AuNPs@TA-GCE for Al3* and Zn2* at a scan rate of 0.1 V s'!

and exposure time of 10 min.

5.3.4. Mercury Detection by Square-Wave Voltammetry

In order to reduce capacitive and background currents by square-wave
voltammetry (SWYV), several analytical parameters, such as exposure potential and
time, frequency and pulse amplitude need to be optimized. To assess these parameters,
the AuNPs@TA-GCE was exposed to 1.0 nM Hg?* in the HCI-KCI solution (pH 1.0). First,
the effect of frequency on the current intensity was studied at a range of 10 to 50 Hz,
while maintaining all other parameters constant (preliminary selection of amplitude
of 0.03 V and an exposure time of 60 s). As shown in Figure 7a, the peak current
increased up to a value of 30 Hz and subsequently decreased at higher frequencies.
Hence, 30 Hz was selected as the optimal frequency for Hg2+ detection. Second, the
effect of amplitude variation on the AuNPs@TA sensitivity was studied at different
values, ranging from 0.01 V to 0.05 V, while maintaining an optimal frequency of 30 Hz
and a preliminarily selected exposure time of 60 s. As shown in Figure 7b, the optimal

amplitude of 0.04 V was found for the Hg?* detection, maximizing the electrochemical
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current signal. Finally, the exposure time was re-assessed for SWV in the range of zero
to 90 s, while maintaining all other optimum parameters constant. The limiting value
of peak current was obtained with an exposure time of 30 s (Figure 7c). In summary,
optimal parameters for the detection of Hg2* using SWV selected to be at a frequency

of 30 Hz, an amplitude of 0.04 V, and an exposure time of 30 s for all subsequent

experlments.
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Figure 7. Parameter optimisation for SWV. Evaluating: (a) frequency, (b) amplitude, and (c)

exposure time for the AUNPs@TA-GCE immersed in HCI-KCI (pH1.0) containing 1.0 nM Hg?*.

Having defined the optimum conditions of SWV, the selectivity and sensitivity

of the sensor are evaluated in the following section.

5.3.5. Selectivity Performance of the AuNPs@TA-GCE Using SWV
To assess the possible influence of various ions on the detection of inorganic

Hg?+, solution mixtures of Hg2*, Zn2* and Al3* in HCI-KCI solution (pH 1.0) in varying
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concentrations from 3.0 nM to 10.0 nM were prepared. SWVs (at optimal parameters,
see Section 5.3.4) were performed in triplicate to ensure reproducibility of the
measurement. As shown in Figure 8, both peak current and peak charge of the
AuNPs@TA-GCE in the presence of these cations and Hg?* remained relatively
constant. To obtain peak current values, a polynomial baseline correction (typically
order 3) was performed and subtracted from the raw data. The resulting peak current

and peak charge remains constant, indicating only minimal interference by these ions

with the proposed Hg?* sensor.
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Figure 8. Selectivity performance analysis of the AuNPs@TA-GCE by SWV. (a) and (b) showing

raw data acquired at mixture solution with three different concentrations of Zn2+and Al3+,

respectively. (c) and (d) showing a new curve after subtraction of polynomial baseline.
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5.3.6. Measurable Lower Limit for Hgz+ at AuNPs@TA-GCE Using SWV

The sensitivity of the sensor was evaluated by immersing AuNPs@TA-GCEs in
the HCI-KCI solution (pH 1.0), containing various Hg2* concentrations, ranging from
100.0 fM to 100.0 nM (Figure 9). A polynomial baseline correction was conducted to
determine peak current values. In the absence of Hg2*, no peak current could be
detected (Figure 9a, dotted line). As shown in Figure 9b, a linear peak current behavior
was observed for peak-2 at concentrations ranging from 100.0 fM to 100.0 nM Hg?+,
revealing a measurable lower limit, representing the lowest concentration that can be
distinguished from the background signal, of 100.0 fM. This result is presented in
Figure 9a with data showing a relative standard deviation (RSD) of less than 3% across
triplicate experiments. Given the sensitivity of the proposed strategy, significantly
below the permissible level of inorganic Hg?* in drinking water of 30.0 nM?, and
outperforming the system during CV, SWV compares favorably over other voltammetry

approaches3?-34, in addition to other methods, which require lengthier analysis

time.3536
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Figure 9. Detection of Hg?* by SWV. (a) SWVs of the AuNPs@TA-GCE immersed in various
concentrations of Hg?*. (b) Linear peak current behavior (error bars represent relative

standard deviation, with an error of < 3%).
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5.3.7. Tap Water Analysis by AuNPs@TA-GCE and AuNPs@TA-SPE

As a proof of concept, the characterized and optimized the system for the
detection of Hg?* ions at AuNPs@TA-GCE was exposed to Hg2*-spiked tap water and
SWV measurements were carried out. Tap water samples were collected in the
laboratory and spiked with 20.0 uM, 2.0 uM, and 20.0 nM Hg?2*. As shown in Figure 10a,
the oxidation peak (oxidation of TA bound to Hg?*) at a potential of roughly 0.60 V vs
SCE, increased with increasing Hg?* concentrations in solution. Even a concentration
of just 20.0 nM resulted in a significant peak current value in the presence of Hg?, in

contrast to Al3* and Zn?* ions (Figure 10b).
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Figure 10. Detection of Hg?* at AuNPs@TA-GCE in (a) spiked tap water with varying Hg?+
concentrations, (b) spiked tap water with different metal ions of 20.0 nM each and (c) binary

and ternary mixtures of different metal ions, using optimized SWV parameters.
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To validate the sensor’s selectivity further, the AuNPs@TA-GCE was assessed in
the presence of binary and ternary mixtures of tap water solutions, containing Zn2*
and/or Al3*ions at a selected concentration of 20.0 nM for each ion. As shown in Figure
10c, the presence of ZnZ* and/or Al3* in mixtures leads to an anodic peak current shift
to a potential of ca. 0.67 V vs SCE. The polynomial (typically order 3) baseline
correction revealed both peak current and peak charge of the binary and ternary
solutions remained constant to the value in the presence of 20.0 nM Hg?*-spiked tap
water. These results demonstrate that the AuNPs@TA-GCE sensor retains its
selectivity towards Hg?+, even if applied to more complex media, such as tap water.

Finally, the transfer of this strategy onto disposable screen-printed carbon
electrodes may facilitate the utilization of the demonstrated analytical method in
portable devices for routine monitoring purposes. A screen-printed carbon electrode
was modified by drop-casting AuNPs@TA suspension at an approximate surface
concentration of one-monolayer (assuming the particles are uniformly dispersed on
the SPE surface). The CV was conducted to assess whether the oxidation of the
AuNPs@TA in the absence of Hg?* is a surface-controlled or diffusion-controlled
process. The AuNPs@TA-SPE was immersed into the HCI-KCI solution (pH 1.0) and CV
measurements were carried out at scan rates from 10 to 125 mV s-1. As shown in Figure
11, a linear dependence of the peak current on the scan rate was observed, suggesting
a surface-controlled process. Furthermore, the peak potential positions at ca. 0.04 V vs
SCE were found to be independent of the scan rate, indicating an electrochemically
reversible process.

To detect Hg?* at AuNPs@TA-SPE and to establish a calibration curve,
functionalised sensors were immersed in HCI-KCI solution (pH 1.0), containing various

Hg?* concentrations from 10.0 pM to 1.0 uM (Figure 12a). As shown in Figure 12b, a
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linear dependence of the peak current as a function of logio of Hg?* concentrations was
observed, whereby this relationship might be used to determine possible Hg2+

contamination in tap water.
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Figure 11. Characterization of AuUNP@TA-SPE in HCI-KCl solution (pH 1.0). (a) CVs recorded at

AuNP@TA-SPE at various scan rates. (b) Linear peak current behavior at various scan rates.

The detection of inorganic Hg?* in tap water using AuNPs@TA-SPE was
conducted by exposing the sensor to tap water, spiked with 10.0 nM Hg?*. SWV was
performed in triplicate and experimental parameters were selected in accordance with
the optimization procedures outlined above. As shown in Figure 12c, a clear
electrochemical oxidation peak current can be seen at a potential of 0.45 V vs Ag, with
an average peak current value of 9.08 + 0.17 pA. Figure 12d presents the resulting
curve after subtraction of polynomial (typically order 3) baseline from raw data in
Figure 12c. Note that error bars represent the relative standard deviation from
triplicate experiments According to the linear calibration function (see Figure 12b),
this current value corresponds to an Hg?* concentration in solution with an average of

9.27 nM, close to the expected value of 10.0 nM, showing a recovery above 90%.
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Figure 12. Detection of Hg?* by SWV using AuNPs@TA-SPEs. (a) Voltammograms of
AuNPs@TA-SPE exposed to various HgZ* concentrations in HCI-KCI (pH 1.0), (b) linear peak
current behaviour for various Hg2+ concentrations, (c) detection of 10.0 nM Hg?* in tap water.
Raw data (black curve) with polynomial baseline (red curve), (d) resulting curve after

subtraction of polynomial baseline from raw data.

5.4. Conclusions

The work presented in this chapter demonstrates an effective analytical method
for the sensitive and selective electrochemical detection of Hg2* in aqueous solutions,
based on tannic acid-capped gold nanoparticle at carbon electrodes. This strategy
allows the quantitative analysis of Hg2* in real samples, such as tap water. The
electrochemical sensing parameters for CV and SWV measurements have been

characterized and excluded signal contributions from possibly interfering Al3+ and Zn?2+
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ions. This strategy for the detection of trace and/or ultra-trace levels of inorganic Hg2+

in aqueous solutions exhibits a measurable lower limit of 100.0 fM. The transfer of the

analytical method onto screen-printed electrodes (AuNPs@TA-SPE) makes it suitable

for the routine monitoring of inorganic Hg2* in drinking water, as it meets the critical

threshold value of 30.0 nM set by the WHO.
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Chapter 6

Tannic Acid Capped Gold Nanoparticles: Capping Agent

Chemistry Controls the Redox Activity

This chapter generalizes and extends the discussion in chapters 4 and 5,
exploring the role of the tannic acid capping agent in the redox activity for Hg2+ and
Zn?* detection through the nano-impacts method. The key role of the capping agent in
the detection of metal cations is assessed for tannic acid-capped gold nanoparticles
(AuNPs@TA) at both ensembles (using cyclic voltammetry) and single particles (using
oxidative and reductive nano-impacts). The results show that the capping agent
complexes with Zn2* and Hg?* in a reversible and Langmuirian manner in both cases.
The sensitivity of detection is determined by the amount of capping agent present on
the nanoparticles with similar values seen for both oxidation and reduction reactions.
The optimization of the capping agent loading is, therefore, key to metal ion detection.

The work presented in this chapter has been published in Physical Chemistry
Chemical Physics (Phys. Chem. Chem. Phys. 2019, 21 (8), 4444-4451) and was carried
out in collaboration with Dr. Giorgia Zampardi, who helped with the interpretation of
the experimental results. Dr. Hatem M. Amin (in collaboration with Dr. Neil P. Young
and Ms. Jennifer Holter from the Department of Materials, Oxford University) obtained
the dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) data and

transmission electron microscope (TEM) images for AuNPs@TA.
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6.1. Introduction

Understanding the role of the capping agent is important for the development
of the controlled synthesis of nanoparticles!, the prevention of nanoparticle
aggregation/agglomeration?, the attenuation of nanoparticle toxicity3, the control of
nanoparticle reactivity* and for understanding electron-transfer dynamics>6. In
addition, capped nanoparticles such as gold nanoparticle (AuNPs) are widely used
notably for colorimetric analysis?, electrocatalysis8, and electroanalysis®. This chapter
will define how the quantity of capping agents can control the electrochemical
responses.

The interaction between the capping agent of nanoparticles and metal cations
has been reported to influence the extent of agglomeration of nanoparticles.1® The
latter was found to have a correlation with the metal-capping agent complex formation
constant. For example, in the presence of Pb2*, silver nanoparticles reversibly form
agglomerates and this is induced by the complexation between Pb2* and citrate groups
of the capping agent. The capping agent can also tune the electron transfer kinetics
to/from the nanoparticle.11.12 For example, whilst citrate capped silver nanoparticles
are completely oxidized at low potentials, DNA capped particles require higher
potentials for complete oxidation and which is enough to oxidize the quinine and
adenine base pairs of DNA. This emphasizes the role of DNA capping agent as a
tunnelling barrier to insulate the particle core, and thus selectively control of the
oxidation process can be realised by adjusting the applied potential. An electron
transfer-gated mechanism has been also observed for poly(ethylene glycol) capping
agents, where a dynamic equilibrium between a wrapped and unwrapped silver

nanoparticle exists.13 Meanwhile, the reactivity of nanoparticles has been studied using
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cetyl trimethylammonium bromide (CTAB) capping agent.l* The CTAB shifted the
nanoparticle oxidation to significantly lower potentials, resulting in the more facile
oxidative dissolution of gold.

Macromolecular capping agents such as tannic acid (TA) have been exploited
for the electrochemical detection of specific metal cations via ensembles of the gold
nanoparticles.’>16 However, the electrochemical analysis of the TA capping agent
studied with an ensemble of AuNPs@TA (for example using stripping voltammetry)
does not reflect necessarily its behavior at the single nanoparticle level. In particular,
analysis of the nanoparticles using stripping voltammetry is unreliable because
capping agent effects in drop-casting may lead to particle aggregation and partial
oxidation.17.18

Recent advances in the nano-impacts method have demonstrated the possibility
of electrochemistry at the single-particle levell®-23. This method is performed by
suspending nanoparticles in solution so that single nanoparticle can stochastically
collide with an electrode surface due to their Brownian motion. Faradaic current-time
transients (spikes) in the background reveal the collision events. Usually, the spike is
produced from two possible sources: (1) an electrochemical reaction catalysed
(“mediated”) on the surface of the collided nanoparticles (“indirect impacts”) and (2)
the oxidation or reduction of the single nanoparticle itself when it hits the electrode
surface (“direct impacts”).23-2> This chapter will in contrast focus on the
electrochemistry of the capping agent on the nanoparticle surface using both oxidative
and reductive nano-impacts to understand the role of a TA capping agent (Scheme 1)
on gold particles for the detection of inorganic Zn?* and Hg?* and to generate

mechanistic and kinetic insights.
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Scheme 1. Schematic illustration shows that the tannic acid (TA) capping agent controls the

redox activity of the gold nanoparticle.

6.2. Experimental

Details about the chemical reagents can be found in Chapter 2, Section 2.1. The
tannic acid-capped gold nanoparticles (AuNPs@TA, 2.2 x 1010 particles mL-1) colloid,
with a hydrodynamic diameter of 68.4 nm as indicated by the manufacturer, were used
as received (NanoComposix Inc., San Diego, US). The main ingredients of suspension
are Au (0.005% mass), tannic acid (<0.001% mass) and water (>99% mass). The
manufacturer declares that no residual reactants are present in the final formulation.2é
To ensure the reproducibility of all measured data, both glassy carbon electrode (GCE)
and carbon microelectrode disc were regularly re-polished.2”

For CV analysis of Zn2+, a ca. 2.0 x 10° particles of the AuNPs@TA suspension
were drop cast on the GCE surface then allowing them to completely dry under N2 flow.
This resulted in approximately one-monolayer surface coverage of AUNPs@TA-GCE
(see Appendix A.3). However, the possibility of particle agglomeration/aggregation is

recognized in the drop-casting method and can drive the incomplete stripping

117



oxidation of the nanoparticles.182829 CVs were recorded by sweeping the potential
from 0.0 Vto 0.7 V and reversed back to 0.0 V vs SCE, at a scan rate of 0.1 V s-1. The CV
analysis of Hg2* has been reported previously in Chapter 5.16

For nano-impacts experiments, the chronoamperometry was recorded at a
carbon microelectrode disc with the same reference and counter electrodes as above,
but using a home-built low noise potentiostat with a post-acquisition Bessel filtering
of 100 Hz and PyFemto software (version 0.6).39 This potentiostat accurately conserves
the overall amount of charge transferred due to a particle impact process despite
possible alteration in the spike shape.1>31 A 10.0 pM of the AuUNPs@TA suspension (ca.
8.8 x 107 particles) and various concentrations of either Zn2+ (10.0 to 300.0 mM) or
Hg?+ (1.0 to 100.0 uM) were added into a solution of 10.0 mM KCI + 10.0 mM HCI.
Chronoamperograms were recorded for 25 s at different oxidizing or reducing
potentials. For Zn2* analysis, potentials in the range from 0.4 V to 0.7 V and from -0.2 V
to -0.5 V were applied for oxidative and reductive nano-impacts, respectively. For Hg?+
analysis, chronoamperograms were recorded at potentials between 0.6 V to 0.9 V and
-0.2 Vto -0.6 V for oxidative and reductive nano-impacts, respectively. The magnitude
of the spike threshold is taken as either three or five times the estimate of the standard
deviation of the background current.32 The spikes were analyzed using
“SignalCounter”, which was developed by Dr. D. Omanovi¢ (Centre for Marine and
Environmental Research Zagreb, Croatia).33

Scanning electron microscopy (SEM) and zeta potential analyses of the
AuNPs@TA have been reported previously in Chapter 4.1516 In this chapter,
transmission electron microscopy (TEM), dynamic light scattering (DLS) and

nanoparticle tracking analysis (NTA) analyses were added and discussed.
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6.3. Results and Discussion

The physical characterization of the AUNPs@TA using TEM, DLS, NTA, and UV-
vis spectroscopy analyses was first reported. Following this, the electrochemical
analysis of AuNPs@TA was conducted at the ensemble (using cyclic voltammetry) and
single-particle (using nano-impacts) levels. Subsequently, both oxidative and reductive
nano-impacts experiments were performed in the absence and presence of Zn2* or Hg?+
on single particles of AuNPs@TA. Comparisons are used to infer the mechanisms
underlying the redox responses observed and the key role of the tannic acid (TA)

capping agent identified and defined.

6.3.1. Characterization of AuNPs@TA

Size characterization of the gold nanoparticle core and thickness of the tannic
acid (TA) capping agent was carried out using TEM. As shown in Figure 1, the
nanoparticle population exhibits qualitative homogeneity in their morphology, namely
roughly spheroidal particles. The average diameter size of gold nanoparticle core and

thickness of TA capping layers are 62.2 + 1.4 nm and 8.3 * 0.5 nm, respectively.

Core AuNP (©)

Capping Agent (TA)

]

ol H—l_

61 62 63 64 65 76 8.0 8.4 88 92 9.6
Diameter / nm Thickness / nm

Figure 1. (a) TEM micrograph showing the gold nanoparticle core capped with TA layers.
Statistical distributions of (b) diameter size of AuNP core and (c) layer thickness of TA, as

extracted from TEM micrographs of 60 particles.
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DLS and NTA analyses were undertaken to measure the average hydrodynamic
diameter of the AUNPs@TA. The results give an average diameter of 68.1 + 0.7 nm and
68.7 £ 0.4 nm for NTA and DLS analysis, respectively (see Appendix B.2). These results
are in good agreement with the manufacturer size specification and related to previous
chapters (see Chapter 4 and Chapter 5).1516

The stability of the AuNPs@TA in various concentrations of electrolyte was
assessed by UV-Vis spectroscopy in the range of 10.0 to 100.0 mM of KCI + HCl solutions
(pH 1.0). Each electrolyte was degassed thoroughly with a N2 before 10.0 pM of
AuNPs@TA (ca. 8.8 x 10° particles) suspension was added. As shown in Figure 2, the
most stable condition of AuNPs@TA was found in 10.0 mM KCl + 10.0 mM HCl solutions
(pH 1.0) with only a ca. 2.0% decrease in maximum absorbance during 15 min

observation, with the characteristic wavelength of 535 nm (see Appendix B.2).
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Figure 2. UV-vis analysis of AuNPs@TA. (a) UV-vis spectra of ca. 10.0 pM AuNPs@TA in a
solution of 10 mM KCI + 10 mM HCI (pH 1.0) and (b) plot of peak absorbance of AuNPs@TA in

various electrolyte concentrations during 15 minutes measurement.

The lowest stability was found in 100.0 mM KCI + 100.0 mM HCl solutions, with

a ca. 53% decrease in maximum absorbance. It is reasonable to conclude that the
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AuNPs@TA suspensions are stable over the time period (ca.15 min) of the subsequent

nano-impacts experiments (see below).

6.3.2. Electrochemical Analysis of AuNPs@TA Using Cyclic Voltammetry

Having physically characterized the AuNPs@TA, electrochemical
characterization of the ensemble of AuNPs@TA was investigated first using CV. This
was achieved by drop-casting ca. 2.0 x 10° particles of AuNPs@TA suspension onto a
GCE surface, leading to an approximately one-monolayer surface coverage of the
AuNPs@TA-GCE (see Appendix A.3). AuNPs@TA-GCE was then immersed in a solution
of 0.1 M KCl + 0.1 M HCI (pH 1.0) and CV was recorded by sweeping the potential from

0.0 Vto 0.7 V and reversed back to 0.0 Vvs SCE at a scan rate of 0.1 V s-1,

1.2

0.8 4
= 04
= 44
£
=
O

0.0

-0.4 1 Bare GCE in Blank Solution
= AUNPs@TA-GCE in Blank Solution
T T T

0.0 0.1 I Oé ' 05 I Oh I OE I Ob ' OH
Potential vs SCE / V

Figure 3. CV analysis of the ensemble of AuNPs@TA (oxidation of TA capping agent to TA-

quinone, Scheme 1)

As shown in Figure 3 (solid black line), a single broad oxidative peak (peak 1)

was observed at the potential of ca. 0.31 V vs SCE. This peak is consistent with the
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previous reports on the oxidation of TA to TA-quinone with the peak currents of the
peak 1 increased linearly with scan rate, ranging from 0.01 to 0.1 V s-1 (see Chapter 4
and Chapter 5).1516 The result confirms that the oxidation of the TA capping layers is a
surface-controlled process. Furthermore, the peak potentials of the peak 1 essentially
scan rate independent hinting at an electrochemically reversible process. Chapter 4
reports the peak potential and peak current of the peak-1 decreased with increasing
pH solutions?>, suggesting the loss of protons on oxidation of the TA capping agent.
However, analysis of the ensemble of AuNPs@TA via drop-casting method is
recognized to effect experimental results by causing aggregation/agglomeration of the
particles.17.28 Therefore, to get an accurate understanding of the role the TA capping
agent plays in the electron transfer process at a single particle level of AUNPs@TA, the
nano-impacts method was next performed.

Single particles of AuUNPs@TA were characterized via oxidative nano-impacts
with the aim of calculating the number of electroactive quinone or hydroquinone
species involved in the reaction at a single AuNPs@TA level. To assess this, a carbon
microelectrode disc was immersed in 10.0 mM KCI + 10.0 mM HCI solutions (hereafter
referred to as the blank solution) containing 10.0 pM (ca. 8.8 x 10° particles) of
AuNPs@TA. Chronoamperograms were recorded at applied oxidizing potential
ranging from 0.3 V to 0.7 V vs SCE. In the absence of AUNPs@TA (control experiment),
featureless continuous time-current transients were observed at all potentials studied
(see Appendix C.1). Subsequently, by introducing the AuNPs@TA into the system, the
oxidative spikes were observed at an applied potential greater than or equal to 0.5V
vs SCE (Figure 4). The lower oxidizing potential (0.3 V and 0.4 V vs SCE) gave spike
features too small to detect, suggesting the insufficient potential to oxidize the TA

capping layers at the single AUNPs@TA level.
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Figure 4. Representative chronoamperograms measured at a carbon microelectrode disc
immersed in a blank solution containing 10.0 pM (ca. 8.8 x 109 particles) AuNPs@TA at the
potential of 0.6 V vs SCE (inset image depicts the spike shape).

The average spikes charge, current, duration, and frequency, resulting from the
TA oxidation, were found to be ca. 0.32 £ 0.1 pC, 18.4 + 3.4 pA, 23.3+£4.5ms, 0.3 £ 0.1
spike s'1, respectively. These values are roughly constant at potentials of 20.5 V vs SCE
(Figure 4). The experimental number of TA molecules incorporated on a single AuNP
core is ca. 1.0 x 10> molecules, calculated by applying the Faraday’s first law and
considering a maximum of potentially 20 electron transfer from the TA molecular
structure!s (see Appendix A.3). This result is in good agreement with the apparent
number of the TA molecules of ca. 1.2 x 10> molecules as calculated by dividing the
volume of AuNP core with an estimated volume of a single tannic acid (TA) molecule
(8.6 x 10-28 m3) reported by Madhan et al3* (see Appendix A.3).

Subsequently, reductive nano-impacts experiments of AuNPs@TA were
undertaken by immersing a carbon microelectrode disc in either blank solution
(control experiments) or blank solution containing 10.0 pM (ca. 8.8 x 10? particles) of

AuNPs@TA. Chronoamperograms were recorded at applied reducing potential ranging
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from -0.1 V to -0.5 V vs SCE in each case. As a result, both in the absence and in the
presence of AuNPs@TA no reductive spike features were observed at all studied
potentials (see Appendix C.1). The result suggests that the TA capping agent,
incorporated on a single AuNP core, is not reduced under these potentials and thus is
electrochemically inactive. This result is consistent with previously reported data in
both Chapter 4 and Chapter 5.1516

The following section considers the role of the TA capping agent in the presence
of metal cations. The analysis was again carried out by exposing AuNPs@TA, either as
ensembles (using CV) or as single particles (using nano-impacts), into an aqueous

solution containing Zn2* or Hg2* ions.

6.3.3. Electrochemical Analysis of AuNPs@TA with Metal Cations

Ensembles of AuNPs@TA in the presence of Zn2* were analyzed using CV. One-
Monolayer surface coverage of AuNPs@TA-GCE was immersed in a blank solution
containing 1.0 mM Zn2* and CV was recorded by sweeping the potential from 0.0 V to
0.7 V and reversed back to 0.0 V vs SCE at a scan rate of 0.1 V s-1. As shown in Figure 5
(solid black line), two oxidative peaks were observed at a peak potential of 0.31 V vs
SCE (peak 1) and 0.48 V vs SCE (peak 2). The peak 1 was the result of the oxidation of
TA to TA-quinone (see Chapter 4 and Chapter 5), whilst peak 2 is attributed to the
oxidation of TA capping agent complexed with Zn2+. This leads to some swelling of the
TA layers during oxidation followed by some increased accessibility of the complexing
sites to uptake Zn?* and results in peak-2.1516 CV analysis of the Hg2* has been reported
in Chapter 5, with the peak 2 was observed at a more positive potential (0.58 V vs SCE).

These results suggest that TA capping agent uptakes metal cations.
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Figure 5. The CV of the ensemble of AuNPs@TA in 1.0 mM Zn?* at a scan rate of 0.1 V s'1.

Following this, the effect of the scan rate was studied to identify whether the
oxidation of the TA/Zn2* complexes in the ensemble of AuNPs@TA is a surface-
controlled or diffusion-controlled process. To assess this, the AuUNPs@TA-GCE was

exposed to a solution containing 1.0 mM Zn2* and then CVs were recorded at different

scan rates between 0.01 and 0.1 V s1.
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Figure 6. (a) CVs of one-monolayer surface coverage of AuNPs@TA-GCE immersed in 1.0 mM

Zn2+ at various scan rates, (b) Linearity of the peak current of the peak 2 at various scan rates

shown in (a).
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As shown in Figure 6, the peak current value of peak 2, baseline-corrected by
applying a polynomial fit (typically of order 4), increased linearly (RZ = 0.995) with
scan rates. The result suggests that the oxidation of AUNPs@TA complexed Zn?2* is a
surface-bound; a similar process as seen with Hg2* as has been reported in Chapter 5.16
Moreover, the peak potentials of the peak 2 were scan rate independent, again
suggesting an electrochemically reversible process, where the shift in peak potential
between peak 1 and peak 2 reflects the strength of the binding of Zn?* and TA.

Following this, the AuNPs@TA-GCE was immersed in a blank solution
containing various Zn?* concentrations ranging from 1.0 to 120.0 mM, at a scan rate of
0.1 V s'1. Equilibration of the AuUNPs@TA with the solution containing the ions, or not,
was realized within a matter of minutes.1516 The peak current of peak 2 increased with

the Zn?* concentration and saturated for concentration above 75.0 mM (Figure 7).
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Figure 7. (a) CVs of one-monolayer surface coverage of AuNPs@TA-GCE immersed in various
Zn2+ concentrations at a scan rate of 0.1 V s-1. (b) The plot of the peak current of peak 2 at

various Zn?+ concentrations.

This result indicates the limitation of the TA capping agent to uptake Zn2+* at
concentration beyond 75.0 mM. In addition, CV analysis of the ensemble of AuNPs@TA

in the presence of metal cations with different pre-equilibrium times has been reported
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previously (see Chapter 4 for Al3* and Chapter 5 for Hg2+).1516 For example in the case
of Hg?*, the peak current of peak 2 increased during a pre-equilibrium time of 10 min.
This result suggests that the swelling of the TA layer reached its maximum at 10 min
when the electrode surface becomes saturated with Hg2+.

Reductive CV scans were studied to identify whether the TA capping agent may
mediate the underpotential deposition of zinc on the gold core surfaces within the
AuNPs@TA ensemble. Underpotential deposition (UPD) is the deposition of a
monolayer or sub-monolayer of metal onto the different metal surface at potentials
more positive than the Nernst potential for bulk deposition of this metal.3>36 A one-
monolayer surface coverage of AuUNPs@TA-GCE was immersed in a 0.2 mM Zn2*
solution. Next, the CV was recorded by sweeping the potential from 0.0 V to -1.2 V and
reversed back to 0.0 V vs SCE at a scan rate of 0.02 V s-1. The UPD peak was observed
at the potential of -0.8 V vs SCE followed by a sharp increase in the cathodic current

from the potential of ca.-1.0 V to -1.2 V vs SCE (bulk deposition of Zn).
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Figure 8. UPD analysis of Zn2+ at the ensemble of AUNPs@TA, at a scan rate of 0.1 V s-1.
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As shown in Figure 8, the sharp UPD peak shape indicates that the reaction is
probably not controlled by mass transport to the ensembles of AuNPs@TA surface but
suggests that under sufficient reducing potential the Zn?* can complex with the TA
layers and on reduction, zinc metal is deposited on the gold core surface. Integrating
the UPD peak results in a peak charge of ca. 17.2 puC, with an apparent surface coverage
of the Zn deposition is approximately 2.2 x 1014 atoms cm-2. Note that no UPD signal
was seen in the absence of AuNPs@TA.

Having characterized the ensemble of AuNPs@TA in the presence of metal
cations using a CV, the next section will identify the role of the TA capping agent at
single AuNPs@TA in the presence of either Zn?+ or Hg2*. The analysis consists of both
oxidative and reductive nano-impacts at various potentials and for different metal

cation concentrations.

6.3.4. Oxidative Nano-impacts Analysis

Initially, control experiments were performed in the absence of the AuUNPs@TA.
A microelectrode was immersed in a blank solution containing various concentrations
of metal cation, either 10.0 to 300.0 mM Zn?* or 1.0 uM to 100.0 uM Hg?*. The
microelectrode disc was held at the potential of 0.4, 0.5, 0.6, and 0.7 V vs SCE for Zn2*
or 0.6, 0.7, 0.8 and 0.9 V vs SCE for Hg?*, independently. No spike features were
detected at any studied potential for these control experiments (see Appendix C).
Following this, 10.0 pM (ca. 8.8 x 109 particles) of AuNPs@TA was introduced into the
blank solution containing either 100.0 mM Zn?2* or 10.0 uM Hg?2*, and the potential was
applied as with the control experiments. Note that all analyte solutions were degassed

thoroughly with N2 flow prior to the measurement.
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Figure 9. Representative chronoamperograms of oxidative nano-impacts. A carbon microdisc
electrode immersed in solution containing of 10.0 pM AuNPs@TA (ca. 8.8 x 109 particles) and

(2) 100.0 mM Zn2+, (b) 10.0 uM Hg?+ at applied potential of 0.6 V and 0.7 V vs SCE, respectively.

As shown representatively in Figure 9, clear and sharp oxidative spikes were
observed for both of the metal cations studied. The results suggest that the oxidative
spikes resulted from the reduction of complexed metal cations upon collision of the
nanoparticles with the electrode surface. As shown in Figure 9, the spike magnitude
was found to be similar but a little larger in the presence of metal cations as compared
to the case of the uncomplexed AuUNPs@TA (Figure 4). The small increase in charge and
current may reflect swelling of the TA layer promoting the oxidation of more quinone
groups (as discussed above) whilst the duration and frequency may hint at
electrostatic factors being drops by the complexation.

To study the potential dependency, the average charge of 2,114 spikes at four
different potentials (0.4 V to 0.7 V vs SCE) were calculated and plotted as a function of
different Zn2* and Hg?2* concentrations. The average charge values were found to be
roughly constant at all potentials studied. Note that potentials <0.4 V gave features too
small to detect. The charge values increased up to 30.0 mM Zn2* and then saturating at

higher concentrations. In comparison, 1.0 uM to 100.0 uM of Hg2* was assessed in the
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same manner as with the Zn2* ions, but at applied potentials of 0.6 to 0.9 V vs SCE. The
average charge values were found to be roughly constant at all studied potentials (0.5,
0.6 and 0.7 for Zn2* and 0.6, 0.7, 0.8 and 0.9 V for Hg?*). The charge values in the

presence of Hg?* increased up to 25.0 uM Hg?* (Figure 10a, red).
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Figure 10. Overlaid plots of the oxidative spikes (a) charge, (b) current, (c) duration and (d)

frequency in the presence of various Zn2* (black) and Hg?* (red) concentrations.

Figure 10 shows comparisons of the oxidative spikes charge, current, duration,
and frequency for Zn2+ and Hg?*. Notably, these characteristics were shown to have
approximately similar qualitative behavior in both cases but, quantitatively,

responding differently to the metal cation concentration. For example, similar behavior
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of impact duration of 20-35 ms and frequency of ca. 0.3-0.4 spikes s'1 were observed at
a concentration region of <30.0 mM Zn2?* and <25.0 uM Hg?*, above which the value
tend to plateau at higher concentrations but, significantly, with similar values for each
case. These results suggest that TA controls the oxidation prior to the complexation

with metals and undergo oxidation in a similar manner for both metals.

6.3.5. Reductive Nano-impacts Analysis

The reductive nano-impacts experiments were performed by immersing a
carbon microelectrode disc in an outgassed solution containing the same
concentrations of either Zn?+ or Hg?* as in the oxidative nano-impacts experiments. The
potential was applied at -0.2 to -0.5 V vs SCE for Zn2* and -0.2 to -0.6 V vs SCE for Hg?*.
In the absence of the AuNPs@TA (control experiment), no reductive spikes were
observed (Appendix C). By introducing a ca. 8.8 x 107 particles of AuNPs@TA, the sharp
reductive spikes were found for both cations (Figure 11). The spikes result from the
collision events of the single AuNPs@TA with the electrode surface, which subsequent

deposition of Zn% or Hg? on the electrode surface during the impact residence time.
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Figure 11. Representative chronoamperograms of reductive particle impacts. A microdisc
electrode immersed in solution containing of 10.0 pM AuNPs@TA (ca. 8.8 x 109 particles) and
(2) 100.0 mM Zn?+, (b) 10.0 uM Hg?+ at applied potential of -0.2 Vand -0.4 V vs SCE, respectively.
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In the presence of Zn?*, the average reductive charge values were found to be
roughly constant at all studied potentials and, significantly, were similar to the values
seen for the oxidative nano-impacts. Analogous behavior was found in the presence of
Hg?+ with similar values of the reductive spikes current, duration, and frequency at
oxidative and reductive nano-impacts. As shown in Figure 12, the average spikes
charge, current, duration, and frequency were compared together as a function of
different Zn2* and Hg?* concentrations. Importantly, these characteristics show
roughly similar values as seen for the oxidative nano-impacts (Figure 10) but different

onsets of with respect to the cation concentrations. These results suggest that TA

controls both oxidation and reduction activity of the nanoparticle (Scheme 1).
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Figure 12. Overlaid plots of the reductive spikes charge (a), current (b), duration (c), and

frequency (d) in the presence of various Zn2+* (black) and Hg?* (red) concentrations.
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6.3.6. Mechanistic Insights

The charge vs Zn2* or Hg?* concentration data for AuUNPs@TA was analyzed
using the Langmuir adsorption model. The Langmuir isotherm can be expressed as
follows 8=KC / (1 + KC), where 6 is the fractional coverage that is directly related to
the charge, K is the equilibrium constant of adsorption and C is the metal cation
concentrations. The data was analyzed by selecting the charge vs concentration data

before saturation (<30 mM for Zn2* and <25 uM for Hg?+).
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Figure 13. Langmuir plots of a) Zn2+* and b) Hg?+ on single particles AuNPs@TA for oxidative
and reductive nano-impacts. Langmuir model applies with metal cation concentration before

saturation (£30.0 mM of Zn2?+ and <25.0 uM of Hg?+).

Figure 13a shows the reciprocal charge plotted against reciprocal of ZnZ*
concentrations, giving linearity of R2 = 0.988 and R2 = 0.995 for oxidative and reductive
nano-impacts, respectively. The linearity indicates that the complexation of Zn2* onto
TA at a single AuUNPs@TA is consistent with the Langmuir model. The adsorption
constant (K), as estimated from the reciprocal of the slope from oxidative and reductive
nano-impacts, were seen to have a similar value of ca. 0.1 mM-! for both the oxidative

and reductive nano-impacts of Zn complexed particles. Interestingly, the complexation
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of Zn2+ seen at the ensembles of AuUNPs@TA was also Langmuirian at the concentration
region of <75.0 mM Zn?* with adsorption constant of K = 0.12 + 0.003 mM-1 (see
Appendix C.1). The similar value of the adsorption constant of Zn at both ensemble and
single AuNPs@TA levels confirms the complexation mechanism, which is Langmuirian.

For comparison, the Langmuir adsorption model was also applied to Hg2* for
oxidative and reductive nano-impacts (Figure 13b). At the concentration region of
<25.0 pM, the linearity was found with Rz = 0.995 (K = 0.13 £ 0.003 pM-1) and R? =
0.986 (K=0.12 £ 0.002 uM-1) for oxidative and reductive nano-impacts, respectively.
The adsorption equilibration constant in the presence of ZnZ* or Hg2+*, for both
oxidative and reductive nano-impacts, was found to be roughly similar values although
the order of magnitude of the adsorption concentration differed by three orders of
magnitude between the two metals. This result suggests that the complexation of both

metal cations undergo a similar manner, in which TA controls the redox activity.

6.4. Conclusions

The TA capping agent markedly controls the redox activity of the nanoparticle,
prior to and after the complexation with either Zn2* or Hg?*. The maximum uptake of
these cations reflects the amount of capping agent that can undergo redox activity.
Analogous redox behavior of the metal cation complex TA-coated particles was
observed for both Zn2* and Hg?*, where the processes are Langmuirian, surface-
controlled and an electrochemically reversible process (giving similar values for
oxidative and reductive signals for both metals). It is evidenced that the quantity and
detection limit of the metals is controlled by the amount of TA capping agent used to

cap the nanoparticles.
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Chapter 7

Understanding Gold Nanoparticle Dissolution in Cyanide-

containing Solution via the Nano-impacts Method

In this chapter, citrate-capped gold nanoparticles (AuNPs@CA) are explored as
a model to understand the reactivity and the mechanism of gold dissolution at the
nanoscale in cyanide-containing solution and to contrast this with nanoparticle
ensemble behavior. Clear insights into the kinetics and mechanism of the process at the
single-particle level emerge. It was found that the AuNPs@CA showed different
dissolution behavior as ensembles than as single particles. At the single-particle level,
a nearly complete electrochemical oxidation of nominally 60 nm diameter AuNPs@CA
was achieved at concentrations =35.0 mM KCN and at an applied potential of 1.0 V vs
SCE. By studying single particle level using the nano-impacts method, the oxidation of
the single AuNPs@CA was shown to be controlled by a pre-adsorption step of CN- onto
the surface of single AuNPs@CA before the electron was transferred.

The work presented in this chapter has been published in Physical Chemistry
Chemical Physics (Phys. Chem. Chem. Phys. 2018, 20, 44, 28300-28307) and was carried
out in collaboration with Dr. Giorgia Zampardi, Dr. Sabine Kuss and Dr. Eden Tanner,
who helped with the interpretation of the experimental results. Dr. Hatem M. A. Amin
(in collaboration with Dr. Neil P. Young and Ms. Jennifer Holter from Department of
Materials, Oxford University) obtained the TEM, SEM, DLS, NTA and zeta potential data

of the AuNPs@CA.

138



7.1. Introduction

Gold nanoparticles have attracted much attention due to their use in catalysis
and electrocatalysis-3, in electrochemical sensing% in medicine as drug delivery
systems® and as therapeutic agents for cancer treatments®. Moreover, the applications
have been recently extended to the electrochemical detection and quantification of
pathogenic bacteria’8. Nevertheless, much chemistry of gold and gold nanoparticles
remains unclear.-12 Moreover, the challenges related to the technologies required to
synthesize gold nanoparticles, such as cost, environmental impact, and toxicity issues,
can potentially limit their use.1011 In order to minimize these effects, the recovery or
refinery of gold nanoparticles from diverse sources is becoming increasingly
important. The recovery of gold nanoparticles from aqueous solutions can be
performed using extracting agents such as biogenic-sulphidel3, surfactantsl4,
polymers!5 and cyanide salts in conjunction with aerial oxidation!t. Oxidative
dissolution of gold in cyanide media remains the key industrial of gold leaching
process!718 and is commonly used because of its relatively low cost and great
effectiveness. The main advantages are the selectivity of free cyanide for gold
dissolution and the high stability of the gold-cyanide complexes.1920 Recently, thiourea,
thiosulfate, chlorine, and acid leaching techniques have been developed as an
alternative to cyanide, but none of these has yet gained industrial application.21.22

In alkaline cyanide solutions, the aerial oxidation of gold is a pre-requisite for
its dissolution, an electrochemical process. The gold dissolution in cyanide-containing
solutions may be limited due to the passivation of the gold surface, resulting in the
formation of gold oxide and sub-oxide surface species.?324 The gold dissolution
oxidative process in cyanide-containing solution is a complex mechanism, which can

be affected by a number of influential parameters such as the cyanide concentration,
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availability of oxygen at the solid-liquid interface, the presence of ions other than CN-
in solution, pH and temperature.2>26 Many studies have been carried out to investigate
these factors, but there is less information regarding the behavior of gold at the
nanoscale level.

In this chapter, the oxidative dissolution of citrate-capped gold nanoparticles
(AuNPs@CA) in cyanide-containing solution is assessed both at nanoparticle
ensembles and at the single-particle level. The analysis of ensembles of AuNPs@CA was
performed through cyclic voltammetry of random arrays of AuNPs@CA drop cast onto
a glassy carbon electrode surface, while the analysis of single AuNPs@CA was
performed using the nano-impacts method.27-32

The nano-impacts method is a powerful technique that allows the study of the
electrochemical behavior of single particles. With this technique, it is possible to
characterize single nanoparticles and to study their reactivity in various solutions. In
the nano-impacts method, the nanoparticles are suspended in solution and, by virtue
of their Brownian motion, they randomly collide with the surface of a potentiostated
electrode immersed in the solution. Upon collision, the nanoparticles may, for instance,
adsorb, dissolve and promote various reactions, from catalytic to ion insertion, and
complex ion formation.27:33-35 The stochastic collisions of the nanoparticles against the
electrode surface typically result in spikes or steps in the background current recorded
at the electrode.

The oxidative dissolution of gold through nano-impacts has been given proof-
of-concept in the presence of bromide (Br-).3¢ Moreover, oxidative dissolution of
AuNPs@CA have been successfully detected and characterized using the nano-impacts

method in aqueous 0.1 M HCL37 Sticking probabilities have also been measured.38
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In this chapter, the analysis of the shape, charge, current, duration and
frequency of a statistically relevant number of single collision events have been carried
out in order to understand the reactivity and the mechanism of gold dissolution at the
nanoscale in cyanide-containing solution and to contrast this with the nanoparticle
ensemble behavior. Clear insights into the kinetics and mechanism of the process at the

single-particle level emerge.

7.2. Experimental

Details about the chemical reagents here utilized can be found in Chapter 2,
Section 2.1. Cyanide-containing solutions were prepared in 10.0 mM NaOH to avoid the
formation and volatilization of HCN during the experiment.3° For the nano-impacts
experiment, all chronoamperograms were recorded at the potential of 0.3 to 1.2 V vs
SCE for 25 s. An electrochemical cell was placed inside a double Faraday cage, where
an in-house built low noise potentiostat was used with a 100 Hz Bessel-type low pass
filter.40 Note that the potentiostat used in this chapter accurately conserves the charge
transferred due to a particle-impact process despite the possible distortion of the spike
shape.274142 [n this chapter, transmission electron microscopy (TEM), scanning
electron microscopy (SEM), dynamic light scattering (DLS), nanoparticle tracking
analysis (NTA), zeta potential and UV-vis spectroscopy analyses were performed to

characterize the AuNPs@CA.

7.3. Results and discussion

This section outlines the characterization and electrochemical measurements

of gold nanoparticles in cyanide-containing solutions. The voltammetry studies are
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conducted at the nanoparticle ensemble and at the single-particle levels. Studies of
nanoparticle ensembles are undertaken with cyclic voltammetry (CV) of drop cast
AuNPs@CA onto a GCE surface (AuNPs@CA-GCE). The presence of a gold stripping
peak, the effect of the scan rate and the surface concentration, the maximum peak
charge during successive scans and the percent conversion of oxidized AuUNPs@CA are
investigated. Following this, the nano-impacts method in a suspension of single
particles of AuUNP@CA was undertaken, and the observed spikes in the current-time
trace were integrated and sized. Finally, the AuNP@CA oxidation, and dissolution

mechanism and rate are discussed.

7.3.1. Characterization of Gold Nanoparticles

Initially, the physical characterization of the commercially sourced nominally
60 nm diameter citrate-capped gold nanoparticles (AuNPs@CA) was conducted using
transmission electron microscopy (TEM), scanning electron microscopy (SEM),
dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), zeta potential
measurement and UV-vis spectroscopy (UV-vis). As shown in Figure 1a, the AuNPs@CA
exhibit a spheroidal shape with an average diameter size of 62.9 + 2.7 nm, as extracted
from TEM micrographs of 100 particles, in accordance with the manufacturer’s size
specification of nominally 60 nm diameter.

The SEM analysis of the AuNPs@CA suspension drop cast onto a GC plate shows
numerous clusters due to particle aggregation/agglomeration (Figure 1b). This can
cause incomplete stripping oxidation of the AuNPs@CA.4344 Therefore, these effects
must be considered when the study of ensemble AuNPs@CA, through drop-casting

AuNPs@CA suspension onto GCE surface is undertaken (see below).
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Figure 1. (a) Statistical distribution of the AuNPs@CA radius size (inset: TEM micrograph of
the AuUNPs@CA). (b) SEM micrograph of AuNPs@CA showing the aggregation/agglomeration

state of the particles.

DLS was undertaken to measure the hydrodynamic diameter of the AuNPs@CA.
This analysis revealed that the average hydrodynamic diameter of the particles is 64.0
+ 0.3 nm (see Appendix B.3). The polydispersity index for all measurements was 0.07
+ 0.01, indicating that particle size was closely monodispersed. The NTA analysis
exhibited an average size of 65.0 + 0.9 nm (Appendix B.3). Meanwhile, zeta potential
analysis showed the values of -43.6 + 2.3 mV, -45.6 + 1.4 mV and -36.7 * 0.7 mV for the
overall electro-kinetic potential of each sample of AuNPs@CA in deionized water, in
10.0 mM NaOH and in 10.0 mM NaOH containing 50.0 mM KCN, respectively (see
Appendix B.3). The results suggest that AuNPs@CA suspension are electrically less
stabilized in cyanide-containing solution. This stability behavior will be discussed
further in the following section.

In order to gain information about the stability of the AuNPs@CA in cyanide-
containing solution, UV-Vis spectroscopy analysis was performed. Each sample was
degassed thoroughly with a high purity N2 flow prior to the measurements. Note that

in this context, stability means that the AuNPs@CA suspension is resistant to
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aggregation/agglomeration state. The stability of the AuNPs@CA can be monitored
using UV-Vis spectroscopy due to the presence of a surface plasmon resonance
absorption peak, which results in the observation of maximum absorbance at the
characteristic wavelength of 520-535 nm, depending on the nanoparticle size.*> As
shown in Figure 2, the AuNPs@CA showed higher stability in the solution containing
5.0 mM KCN than 25.0 and 50.0 mM KCN, over the time range studied. The result
suggests that AuNPs@CA stability in the colloidal phase decreased by increasing the

CN- concentrations.
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Figure 2. UV-vis spectroscopy analysis. (a) UV-vis spectra of the AuNPs@CA in a solution of
10.0 mM NaOH containing 5.0 mM KCN. (b) The plot of peak absorbance against time at

different KCN concentrations.

7.3.2. Electrochemical Analysis of Ensembles of AuNPs@CA

The redox properties of an ensemble of AuUNPs@CA were assessed by CV
performed at a AuNPs@CA-GCE immersed into a solution of 5.0 mM KCN + 10.0 mm
NaOH. First, an unmodified GCE was immersed in a solution of 5.0 mM KCN + 10.0 mM
NaOH and CV was recorded by sweeping the potential from -0.6 to 0.5 V vs SCE at a

scan rate of 0.1 V s'1. In the absence of AuNPs@CA (Figure 3, solid black curve), the
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voltammetric response of an unmodified GCE did not exhibit any oxidative features in
the potential range studied. Subsequently, the GCE surface was modified by drop-
casting 20.0 pL of AuNPs@CA suspension, resulting in approximately one-monolayer
surface coverage that corresponded to ca. 5.0 x 108 particles (Appendix A.4). Then,

analogous CV experiments as with the unmodified GCE were performed.
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- Io"/
——— AUNP-GCE in 5.0 mM KCN
< 10 -
b=
o
5 .
O | e e
0 -
-10 S
] 0.
02 0.1 00 01
Paotentialvs SCE (V)
I i I I

. I i I . . I
-06 -0.4 -0.2 0.0 02 0.4 0.6
Potential vs SCE (V)

Figure 3. CVs of the unmodified GCE immersed in a solution of 5.0 mM KCN (solid black curve)
and AuNPs@CA-GCE immersed in 10.0 mM NaOH (red dotted c) or in 5.0 mM KCN (red solid

curve) at a scan rate of 0.1 Vs..

In the absence of CN- (Figure 3, dotted red curve), two oxidative peaks in the
first forward scan of the voltammogram were observed at peak potentials of -0.05 V
and 0.40 V vs SCE, respectively. These peaks have been assigned to the oxidation of
gold to gold hydroxide Au(OH)ads (hereafter referred to as peak A) and to gold oxide

Au203 (hereafter referred to as peak B).46-48 The Au(OH)ads species is formed due to the
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reaction of AuNPs@CA with OH- from the electrolyte (Reaction 1). A further oxidation
process leads to the formation of Au203 layers at more positive potentials (Reaction 2).
The peak current of Au203 species increased linearly as a function of the scan rate,
suggesting a surface-controlled process involving the passage of a constant charge

within a fixed potential range.

Au (s) + OH- — AuOH (ads) + e (R1)

2Au (s) + 3Hz0 —» Auz03 + 6H* + 6e- (R2)

In the presence of 5.0 mM KCN, the AuNPs@CA-GCE exhibits two oxidative
features at peak potentials of ca. -0.10 V and ca. 0.28 V vs SCE (Figure 3, solid red
curve). These peaks are reported to correspond to the formation of AuCNads (hereafter
referred to as peak 1) and Au(CN)2- (hereafter referred to as peak 2), respectively,

which are formed through the following reaction pathways.49-51

Au (s) + CN- (aq) — AuCN- (ads) (R3)
AuCN- (ads) _ AuCN (ads) + e (R4)
AuCN (ads) + CN-  =—=  Au(CN)» (R5)

According to Kirk et al.#9, the reaction occurring at peak 2 is consistent with the
reactions R3 to R5, with reaction R5 as the rate-determining step. Meanwhile, the
reaction at peak 1 involves the same dissolution scheme as for peak 2, but with reaction
R4 likely to be the rate-determining step. The dissolution of gold in cyanide-containing
solution through the reaction pathways described above is suggested to be terminated

at potentials more positive than potential of peak 2 by the formation of Au(OH)s.4° It
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has been suggested that AuOHads species (R1) can potentially block the reaction with
CN- causing gold passivation>9°1, whilst the adsorption of CN- facilitates the dissolution
of the AuNPs@CA and leads to the complexation between AuNPs@CA and CN-,
promoting the oxidative dissolution of AuUNPs@CA. The dicyanoaurate(I) complex ion,
Au(CN)z;, is known for its high stability. It has an equilibrium constant value for the
formation of a complex Au-CN estimated in the range of 1.0 x 1037 to 2.8 x 1039.20

The coverage of AuUNPs@CA drop cast onto the GCE surface was varied in the
range of 0.1-to 1.0-monolayer. Analogous measurements were performed to these as
described above. As shown in Figure 4, the peak current of peak 2 increased
monotonically on increasing surface coverage in the range studied. This is attributed
to the greater number of nanoparticles readily available for complexation with CN-and
subsequent oxidation. A one-monolayer surface concentration was selected for further
experiments, in particular, to calculate the total charge of the peak 2 after successive

scans and to determine the percent conversion of the oxidized AuUNPs@CA (see below).
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Figure 4. Surface concentration study of AuNPs-GCE immersed in 5.0 mM KCN + 10.0 mM NaOH
at a scan rate of 0.1 V s-1. (a) CVs of AuNPs-GCE at various surface concentrations. (b) The plot

of the linear peak current of peak 2 at the various surface concentrations shown in (a).
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The effect of the scan rate at different fixed CN- concentrations were evaluated.
A one-monolayer of AuNPs@CA-GCE was immersed into solutions of 10.0 mM NaOH,
5.0 mM KCN + 10.0 mM NaOH and 50.0 mM KCN + 10.0 mM NaOH, independently.
Following this, CVs were recorded by sweeping the potential from -0.6 to 1.0 V vs SCE
at a scan rate of 0.02 to 0.2 V s'1. The peak currents were determined by applying a

polynomial fit (typically of order 6) to extract the signal from the baseline.
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Figure 5. Scan rate study of one-monolayer AuNPs@CA-GCE immersed in a solution of 10.0 mM
NaOH, 5.0 mM, and 50.0 mM KCN at different scan rates (showing the original voltammograms,
after polynomial (typically order-6) baseline correction and linear peak current behavior at

different scan rates).
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As shown in Figure 5, the peak currents increased linearly with scan rate,
consistently for all CN- concentrations. The linear dependence of the peak current on
the scan rate suggests that the oxidation is a surface-controlled process. Further, a one-
monolayer AuUNPs@CA-GCE was immersed into a solution of 10.0 mM NaOH containing
five different CN- concentrations, from 1.0 to 50.0 mM. The first forward scan of CVs
recorded at a scan rate of 0.1 V s'1 (Figure 6a) shows that the peak current values of
peak 2 increased linearly on increasing the CN- concentration. However, the peak
potential of peak 2 was shifted to more negative potentials by increasing CN-
concentrations (Figure 6b). This likely arises from an increased rate of reaction at

higher levels of CN-, leading to fuller stripping at lower potentials.
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Figure 6. (a) CVs of AuNPs@CA-GCE immersed in 10.0 mM NaOH containing various CN-
concentrations at a scan rate of 0.1 V s-1, (b) The plot of the peak potential of peak 2 against

different CN- concentrations.

Finally, the charges associated with peak 2 were measured to calculate the
percent conversion of oxidized AuNPs@CA. The percent conversion is determined as a
ratio between the experimental charges of the peak 2 recorded from the CVs and the

expected charges for complete particle oxidative dissolution (see Appendix A.4). To
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determine the total experimental charge of peak 2, a one-monolayer AuNPs@CA-GCE
was immersed into a solution of 10.0 mM NaOH with five different CN- concentrations,
and then a multiple cycle-CV was performed until the oxidative features were no longer
discernible. The total charge from successive CV scans was determined by integrating

the area of peak 2 until no oxidative features were observed (Figure 7).
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Figure 7. Successive CV scans of the one-monolayer AuNPs@CA-GCE immersed in a solution of
(a) 1.0 mM KCN, (b) 5.0 mM KCN, (c) 15.0 mM KCN, and (d) 50 mM KCN-containing 10.0 mM

NaOH at a scan rate of 0.1 V s-1,

The charge expected from the number of drop cast AuNPs@CA was estimated

to be ca. 600 pC (see Appendix A.4). The ratio between experimental and expected
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charge values, assuming one electron was transferred per gold atom, was then
considered as the yield of oxidized AuNPs@CA. The percent conversions of ensembles
of AUNPs@CA were found to be small, ranging from 1.6% to 7.8% throughout the five
different CN- concentrations studied (see Appendix A.4). These small percentages
correspond to the incomplete stripping of the AUNPs@CA, which is strongly affected
by the aggregation/agglomeration states of particles>233 as verified by the SEM image

(Figure 1b).

7.3.3. Nano-impacts Analysis of Single AuNP@CA

In this section, the spike shape, charge, current, duration, frequency and
oxidation rate resulting from the nano-impacts experiments are reported. The results
are obtained from stochastic single collision events of single AuNPs@CA with a
potentiostated carbon microelectrode disc immersed in the solution and polarised at a
fixed potential. A nominally 7.0 pm diameter carbon microelectrode disc was
immersed into a solution containing 10.0 mM NaOH and a ca. 42.0 pM AuNPs@CA
suspension (ca. 1.8 x 1010 particles mL-1). Chronoamperograms were then recorded by
applying a fixed potential ranging from 0.3 to 1.1 V vs SCE for 25 s. A series of
chronoamperograms were recorded in order to obtain at least 100 spikes for the
analysis. First, in the absence of CN- in the system, a featureless continuous time-
current transient was observed at all potentials studied (see Appendix C.2). This
procedure was repeated in the absence of AUNPs@CA, in which the system contained
10.0 mM NaOH and five different CN- concentrations, from 1.0 to 50.0 mM. Featureless
continuous time-current transients were also observed in this case (see Appendix C.2).
Subsequently, both ca. 42.0 pM AuNPs@CA suspension and particular CN-

concentrations were introduced together in the system and analogous experiments

151



conducted. Figure 8 depicts four representative chronoamperograms with their

zoomed spikes (inset) at an applied potential of 1.0 V vs SCE. The resulting spikes

features in the transient current are attributed to single AUNP@CA stochastically

colliding with the carbon microelectrode disc surface in the presence of CN-, consistent

with the oxidation of AuNP@CA occurring through surface complexation with CN-and

subsequent oxidative dissolution reaction. Note that smaller nanoparticles (nominally

12 nm and 20 nm diameter) gave features too small to detect (see Appendix C.2).
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Figure 8. Representative chronoamperograms of carbon microelectrode disc immersed in a
solution containing ca. 42.0 pM AuNPs@CA (ca. 1.8 x 1010 particles mL-!) and (a) 1.0 mM, (b)
5.0 mM, (c) 15.0 mM and (d) 50.0 mM KCN at applied potential of 1.0 V vs SCE.
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Chronoamperograms at nine different potentials (0.3 Vto 1.1 V) were measured

to analyze the potential dependency of the nano-impacts. Figure 9 shows that the

spikes were exclusively observed at potentials >0.4 V and <1.0 V. For 1.0 mM CN-,

spikes were only seen at potentials >0.8 V. For the other CN- concentrations, the charge

and current per spike tends to a plateau on increasing the potential to a maximum of

1.0 V. The absence of spikes at potentials <0.5 V is attributed to insufficient

overpotential for the particle oxidation. The absence of spikes at >1.0 V is probably due

to the formation of non-conductive hydroxide or oxide layers on the AuNP@CA surface,

which inhibiting particle dissolution.
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The average spike duration was determined as the full width at half-maximum
(FWHM), the width of a single spike at half of the maximum current amplitude. The
average duration was found to be shorter with increasing CN- concentrations, namely
ca.30+17ms, 20+ 12 ms, 12 + 6 ms and 11 + 6 ms for 5.0, 15.0, 35.0 and 50.0 mM,
respectively (Figure 9c). In addition, the spike shape was found to be independent of
the CN- concentration. The shorter nano-impacts duration implies a faster reactivity of
the single AuNPs@CA in higher CN- concentrations, leading to a quicker dissolution
reaction (see below).

The nano-impacts is stochastic in nature, thus the number of collision events
observed per one chronoamperogram may vary. The average impact frequency,
number of single collision events per second, was found to be roughly constant with
increasing CN- concentrations and applied potentials (Figure 9d). This suggests that
the frequency of nano-impacts is essentially independent of CN- concentration, at least
in the concentration range studied.

The expected charge from the oxidation of the average AUNPs@CA, assuming a
one-electron transfer, was calculated to be ca. 1.1 pC (see Appendix A.4). The ratio
between the experimental and expected charge values was considered as the percent
conversion of the average AuNPs@CA. The percent conversion was calculated to be ca.
94 + 5% in the presence of 35.0 mM CN- or higher (Table 1). The nearly complete
oxidation process at 35.0 mM CN- or higher, also suggests the near-complete gold
particle dissolution into CN- solution. These results suggest that at the single-particle
level, nearly complete oxidation of nominally 60 nm diameter AuNPs@CA was
achieved at concentrations greater than or equal to 35.0 mM CN- and at an applied

potential of 1.0 V vs SCE.
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Table 1. Percent conversion of AuUNPs@CA at ensemble and single particle levels

KCN Cyclic Voltammetry Nano-impacts
Concentration First Scan Total Scan
1.0 mM 0.6% 1.6% 26.4%
5.0 mM 1.3% 2.2% 50.0%
15.0 mM 2.7% 4.8% 69.1%
35.0 mM 4.6% 6.2% 93.6%

Assuming a rate law of the form: rate/mole s-1 = k [CN-], as suggested by the
linearity of Figure 10 (a) and (b), the rate constant, k / cm3 s-1, can be inferred and the
values are shown as insets in the figures. For potentials in the range of 0.5 to 0.8 V, the
rate constant is approximately independent of potential, whilst for the range of 0.8 to
1.0 Vis higher (Figure 10b, inset). A comparison between Figures 3, 9 and 10 show that
significantly higher potentials are required for particle oxidation in the case of single
AuNPs@CA over ensembles. This likely reflects partly a high electrical contact
resistance in the case of solution-phase impacts as compared to dried drop casted
deposits as noted in related cases through direct measurement of contact resistance
via bridging impacts>4, coupled with a possible loss of driving force for electron transfer
resulting from the citrate capping agent on the particles and also possibly from oxide
layer formation. Assuming a significant contact resistance, the two kinetic regimes
evidenced in Figure 10 might be tentatively attributed to the change in rate-
determining step identified by Kirk et al.#° and discussed above on the basis of reaction

R3, R4, and R5 (see Section 7.3.2.).
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Figure 10. The oxidation rate of the single AuNPs@CA. The linear relationship between
oxidation rate and CN- concentrations at an applied potential of (a) 0.5 V to 0.8 V. and (b)

greater than 0.8 V. The rate constant is reported as an inset.

The complete or near-complete dissolution of the single AuNPs@CA for high CN-
concentrations contrasts strongly with the corresponding behavior seen for
AuNPs@CA ensembles as reported above. As an ensemble, the AuNPs@CA did not
achieve complete oxidation, at least partly due to the particle aggregation or
agglomeration states, and thus the gold particle dissolution is limited. In contrast,
nano-impacts experiments revealed that a nearly complete oxidation process occurred
at 35.0 mM CN- and higher, at a potential of 1.0 V for a single AuNPs@CA level. The data
in Figure 10b shows CN- is involved in the rate-determining step and since the reaction
is oxidative the CN- likely pre-adsorbs on the AuNPs@CA surface prior to oxidative

dissolution.

7.4. Conclusions

The electrochemical dissolution behavior of AuNPs@CA was evaluated at the
ensemble and at the single-particle level in cyanide-containing solutions, through CV

and nano-impacts experiments, respectively. The CV experiments of the nanoparticles
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ensemble exhibited incomplete oxidation of the single AuNPs@CA. In contrast, the

nano-impacts experiments revealed that a nearly complete oxidation of the AuNPs@CA

was achieved at 35 mM CN-and higher with an applied potential of 1.0 V. Moreover, by

studying single particles, the oxidation of the AuNPs@CA was shown to be controlled

by a pre-adsorption step of CN- onto the surface of single AuNPs@CA before the

electron was transferred. This further understanding of the AuNPs@CA dissolution

and their reactivity in cyanide-containing solution is of great importance for the

optimization of the AuNPs@CA recovery and refinery through the cyanidation process.
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Chapter 8

A Sensor for the Detection and Quantification of Li* in

Authentic Human Saliva

This chapter reports the development of a sensor for lithium ions (Li*) in
authentic human saliva at lithium manganese oxide (LiMn204)-modified glassy carbon
electrodes (LMO-GCE) and screen-printed electrodes (LMO-SPE). The sensing strategy
is based on an initial galvanostatic delithiation of LiMn204 according to the reaction:
LiMn,0, — x e~ = Li;;_x)Mn,0, + x Li* followed by linear sweep voltammetry (LSV)
to detect the re-insertion Li*. The process was investigated using powder X-ray
diffraction (PXRD) and voltammetry. Four different samples of authentic human saliva
were analyzed with the established sensing strategy using LMO-SPEs, showing good
linearity over a concentration range up to 5.0 mM, good reproducibility and
applicability for routine monitoring purposes. The total time needed to analyze a
sample is less than 3 minutes.

The work presented in this chapter has been published in the ACS Sens. 2019, 4,
2497-2506 and was carried out in collaboration with Dr. Bertold Rasche, who helped
with the PXRD analysis and interpretation of the experimental results. The work was
performed collaboratively with Prof. Dr. Philip ]. Cowen and Dr. Beata Godlewska from
the Department of Psychiatry, Oxford University. The LMO-SPE was fabricated by Sun
Chemical Ltd (Bristol, UK). Professor Simon J. Clarke (Department of Chemistry, Oxford

University) is acknowledged for the provision of the X-ray diffraction facilities.
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8.1. Introduction

Bipolar disorder (BD), also known as manic-depressive illness, is a recurrent
mood disorder that causes unusual changes in affect, energy and activity levels from
one extreme to another.12 According to the National Health Service (NHS) of the United
Kingdom, lithium salts (normally administered as lithium carbonate) are the first-line
treatment and officially approved for the management of BD.3 Lithium is also included
on the 20t World Health Organization (WHO) Essential Medicines List (EML) as one of
the most effective and safe medicine needed to treat BD.# During treatment, it is
necessary to monitor the level of lithium (Li*) since the therapeutic range (0.5-0.8 mM
in blood) is close to the levels associated with severe intoxication at 21.5 mM. Li* is
lethal at concentrations of 2.0-2.5 mM.5-¢ The monitoring of the Li*level is clearly an
important aspect of the treatment of BD, as toxicity and dose-related adverse effects
can be avoided by dose adjustment or change in the dosage schedule. It is therefore
currently necessary for clinicians to monitor their patient’s levels of Li* regularly with
repeated blood tests.

The monitoring of Li* ion levels in patients can also be achieved in saliva
because it is correlated with the content in the blood. Specifically, the Li* ion level in
saliva has been reported to be two/three times higher than in blood.57 Moreover, saliva
is a preferable and more practical matrix for monitoring of Li* levels because its
collection is less stressful compared to the collection of blood and furthermore allows
the patients to monitor their Li* level for themselves.8-2 The effective therapeutic Li*
range in the saliva is 1.5-2.5 mM.610 This range must be accurately monitored by a
highly sensitive analytical method that is reliable and simple to ensure adequate and

safe treatment.
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Several analytical methods have been described for Li* detection in different
samples including, but not limited to, high-performance liquid chromatography
(HPLC)11, capillary electrophoresis!?, inductively coupled plasma-atomic emission
spectroscopy (ICP-AES)13, fluorescence-based sensorl4, secondary ion mass
spectrometry!>, spectrophotometry®, and potentiometryl617. These methods are
reliable and have good sensitivity. However, they may involve extensive sample pre-
treatment and expensive instruments. In favorable cases, voltammetry could provide
simpler, cost-effective, user-friendly and fast analysis and the possibility to adapt the
process for in situ analysis; making it an ideal option for the routine monitoring
purpose. The effective use of voltammetric methods has been reported for the
detection of glucosel8, bisphenol A1, silver nanoparticles?9, metal ions?1-22, cortisol?324,
amphetamines?5, thiocyanate26, A%-tetrahydrocannabinol??, glutathione?82°, uric
acid3?, selegiline3! and modafinil32 in either synthetic or authentic human saliva.

In this thesis, a linear sweep voltammetry (LSV) method is employed to detect
Li* in aqueous solution, synthetic saliva, and authentic human saliva samples, using
lithium manganese oxide (LiMn204)-modified electrodes. The spinel-type LiMn204
(LMO) is employed as a cathode material for high-performance lithium-ion
rechargeable batteries.33 LMO can also be used for lithium extraction and insertion
from aqueous media due to its high selectivity for Li*, chemical stability, low cost, and
non-toxic nature.343> Furthermore, the delithiation kinetics from single LMO particles
has been studied in an aqueous solution by the nano-impacts method.3¢ In this thesis,
LMO is used as an electrode surface modifier for Li* detection (lithiation) through first
a galvanostatic partial delithiation and a subsequent LSV measurement. In the novel
approach described below, the LMO was first oxidized under galvanostatic delithiation

for 45 seconds at a current of 0.6 mA (current density of ca. 8.6 mA cm-2) and 10.0 pA
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(current density of ca. 80.0 pA cm-2) for a LMO-modified glassy carbon electrode (LMO-
GCE) and a LMO-modified screen-printed electrode (LMO-SPE), respectively. This first
step leading to partial expulsion of Li* from the spinel structure of LMO (Equation 1).

LiMn,0, — xe~ & Lig_»pMn,0, + xLi* (Equation 1)
Subsequently, the linear sweep voltammetry (LSV) was performed by sweeping the
potential from the end potential of the galvanostatic delithiation to 0.0 V vs SCE (for
LMO-GCE) or 0.0 V vs Ag/AgCl (for LMO-SPE) at a scan rate of 5.0 mV s-1. The latter
step led to the re-insertion (lithiation) of Li* in the reverse of reaction (Equation 1).
The peak current from the lithiation reflects both the amount of Li* that was expelled
in the first step and that present in the solution phase before the analysis, which one
aims to detect. Note that the use of solids to provide a selective approach for Li* in the
presence of other alkali metals can be compared to the use of Li* ionophore-based
polymeric membrane, as reviewed by Zdrachek and Bakker37, but with the advantage
that they may be easily screen-printed as demonstrated in this thesis. Moreover, the
use of solids may provide a corresponding good selectivity but with significantly lower
cost and synthetic requirements.

The transfer of the optimized sensing strategy onto screen-printed electrodes
(LMO-SPE) was assessed in an authentic human saliva sample from four healthy
volunteers. The results show distinct signals against the background with high
reproducibility (RSD <7%) and excellent sensitivity and selectivity, as well as making
it simpler, safe, and accessible for point-of-care diagnosis and routine monitoring of Li*
levels in saliva. More importantly, the linear response range of the sensor spans the
therapeutically relevant Li* concentrations in human saliva and the total time needed

to analyze a sample is less than three minutes.
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8.2. Experimental

Details about the chemical reagents here utilized can be found in Chapter 2,
Section 2.1. The proprietary formulation of the synthetic saliva (pH 6.8 £ 0.1) reflects
the standardized production process pursuant of DIN53160-1.38 The electrode surface
modifier was made of a mixture of LiMn204, carbon black (M 1100, Monarch® donated
by Cabot Performance, Billerica, USA) and polyvinylidene difluoride (PVDF, Solef
S5130, Solvay, Belgium) with a percent weight ratio of 80:10:10, respectively, and
diluted in N-methylpyrrolidone (Sigma Aldrich, UK).3¢ The LMO slurry was stirred
overnight with a magnetic stirrer. A high purity N2 flow (BOC Gases plc, UK) was used
to remove oxygen thoroughly in all aqueous solutions prior to the electrochemical
measurements. Neither synthetic saliva nor authentic human saliva was bubbled with
N2 (see Section 8.3.2 and 8.3.3) as the analysis does not require the removal of oxygen
or other dissolved from the saliva.

The freshly polished glassy carbon electrode (GCE) and glassy carbon disc
(GCD) were modified by drop-casting 5.0 pl of the LMO slurry and annealing it at 65 °C
for 10 min to evaporate the solvent, resulting in a LMO-GCE or LMO-GCD, respectively.
Electrochemical studies of LMO-GCE in aqueous solution were first conducted by cyclic
voltammetry (CV). LMO-GCE was immersed in a solution of 1.0 M LiClO4 and
voltammograms were recorded by sweeping the potential from 0.0 to 1.2 V and back
to 0.0 V vs SCE at different scan rates. The influence of the use of Faraday cage and
temperature was also studied by performing CV at a scan rate of 0.5 mV s-1. Next, the
LMO-GCE was immersed in solutions of LiClO4, LiCl, NaClO4, NaCl, KCl and MgClz, each
1.0 M respectively, and then the potential was swept as described above at a scan rate
of 0.5 mV s-1. The concentration of 1.0 M was selected in order to obtain clear signals

for the delithiation steps. In further CV experiments, initially, a reductive sweep was
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performed after holding the potential of 1.0 V for zero or 10 min by immersing the
LMO-GCE in 50.0 mM LiClO4 solution and sweeping the potential from 1.0 to 0.0 V and
back to 1.0 V vs SCE at different scan rates.

The selectivity studies were performed using LSV by immersing the LMO-GCE
either in a solution of NaCl, KCl, CaClz or MgClz, 10.0 mM each respectively, or in a
mixture of these. The concentration of 10.0 mM was selected to study the lithiation,
which underpins the sensor performance for practical purposes. LSV was recorded
after a delithiation step of 10 min at 1.0 V vs SCE, followed by sweeping the potential
directly to 0.0 V vs SCE at a scan rate of 5.0 mV s-1. The lower scan rate of 0.5 mV s1is
selected when performing CV for the modified electrode in both aqueous solution and
synthetic saliva. The aim of using this low scan rate is to study the electrode response
within delithiation steps. Meanwhile, the higher scan rate of 5.0 mVs-! selected to speed
up the lithiation step (Li* detection) of the sensor in aqueous solution, synthetic saliva,
and authentic human saliva. By improving the scan rate (5.0 mVs-1), reasonable
analytical times can be achieved without compromising the sensitivity or selectivity of
the measurement.

Electrochemical studies of LMO-GCE in synthetic human saliva were evaluated
first by CV at different scan rates. The components of commercial synthetic saliva
recipes vary depending on the supplier (see Table 8.1). In this thesis, the synthetic
saliva used contains inorganic ions such as Mg?2+, Ca2+, K+, Cl-, CO32-, HPO42~ and
unknown organic substances in order to adjust the viscosity level and pH 6.8 + 0.1.38
Next, both LMO-GCE, and LMO-GCD were analyzed by performing galvanostatic
measurements with a current density of 8.6 mA cm? (which is based on the
geometrical area of the electrode, not the particle surface area) at different times in

order to optimize the delithiation steps prior to the detection of Li*. The optimization
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of chronoamperometric time was studied in 5.0 mM Li*-spiked synthetic saliva through
LSV at a scan rate of 5.0 mV s-1. The powder X-ray diffraction (PXRD) measurements
were performed to analyze the structure of the LMO before and after the delithiation
at different times. Next, a measurable lower limit of the LMO-GCE was assessed in

synthetic saliva through galvanostatic delithiation followed by LSV measurement.

Table 8.1. Compositions of different synthetic saliva recipes.

Concentration (g L1)

Composition S.U. AFNOR Fusayama- SAGF Klimek Shellis
38 39 Meyer4-0 41 42 43
Inorganic NaCl 0.33 6.70 0.40 0.13 0.58 -
KCl 0.75 1.20 0.40 0.96 1.27 1.16
Na;HPO, - 0.26 - - 0.34 0.375
KH2PO4 - 0.20 - 0.66 0.33 0.35
K;HPO0..3H,0 0.76 - - - - -
NaHCO3 - 1.50 0.10 0.63 - 0.54
K2CO3 0.53 - - - - -
KSCN - 0.33 - 0.19 0.16 0.22
CaCl..2H-0 0.15 - 0.69 0.23 0.17 0.21
Na,S.9H,0 - - 0.005 - - -
Urea - - 1.00 0.20 0.20 0.17
NaH;P0..H,0 - - 0.69 - - -
NH4Cl - - - - 0.16 0.233
Na;S04.10H:0 - - - 0.76 - -
MgCl,.6H,0 0.17 - - - - 0.043
Sodium Citrate - - - - - 0.013
Organic  Ascorbic Acid - - - - 0.002 -
Glucose - - - - 0.03 -
Uric Acid - - - - - 0.0105
Creatinine - - - - - 0.0001
Choline - - - - - 0.013
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Mix. of = = = = = 0.0008

Vitamins
Protein/ Mucin - - - - 2.70a -
Poly- Glycoprotein - - - - - 2.5
peptide  a-Amylase - - - - - 3 x 105
Somogyi’
s unit L-1b
Albumin - - - - - 0.025
Mixture of - - - - - 0.041

Amino Acids
aBacto-Mucin Bacteriological.
bSomogyi’s unit L1 is a measure of the level of activity of amylase in blood serum. One Somogyi
unit is defined as the amount of amylase required to produce the equivalent of 1 mg of glucose

when acting on a standard starch solution under a defined condition.

As proof of concept, this thesis demonstrates the application of the established
sensing strategy for the analysis of Li* in authentic human saliva. Authentic human
saliva is primarily composed of water (99%), several inorganics (Na*, K*, Ca?+, CI,
HPO4%, etc.) and organic (uric acid, creatine, etc.) substances and others.? Details about
authentic human saliva and its preparation procedure can be found in Section 8.2 and
Chapter 2 (Section 2.1). The measurements of Li* levels in authentic human saliva
samples were performed using the LiMn204-modified screen-printed electrode (LMO-
SPE) comprised of three electrodes, which were screen printed by Sun Chemical Ltd
(Bristol, UK). The reference electrode was a silver-silver chloride electrode formed
using a 60:40 weight ratio of silver to silver chloride, stabilized by 1.0 M Cl- in aqueous
solution, 0.02 M chloride in synthetic saliva*! and by natural chloride content found in
authentic human saliva which is similar to the value in synthetic saliva. The counter
electrode was made of carbon (graphite/carbon black), whilst the working electrode

was made from carbon and LiMn20a4.
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8.3. Results and Discussion

This section outlines the method for the electrochemical detection and
quantification of Li* ion in aqueous solution, synthetic saliva, and authentic human
saliva. First, electrochemical characterizations of the LMO-GCE immersed in 1.0 M
LiCl04 aqueous solutions inside and outside of a Faraday cage, at various temperatures
and at various scan rates using CV were carried out. Then CV analysis of the LMO-GCE
in solutions containing different cations was performed at a scan rate of 0.5 mV s-1.
Selectivity in respect of possible interfering ions and the measurable lower limit of the
LMO-GCE were analyzed through linear sweep voltammetry (LSV). Second, the LMO-
GCE performance was optimized by galvanostatic delithiation followed by a LSV
measurement in synthetic saliva. Finally, with the knowledge about the galvanostatic
delithiation and LSV, the successful application of the LMO-SPE to detect Li* level in

four different authentic human saliva samples is demonstrated.

8.3.1. Electrochemical Behaviour of LMO-GCE in Aqueous Solution

The LMO-GCE was immersed in a solution of 1.0 M LiClO4 and a CV was recorded
by sweeping the potential from 0.0 to 1.2 V vs SCE and back to 0.0 V at a scan rate of
0.5 mV s, On the forward scan (Figure 1), two quasi-reversible redox waves (as judged
by the peak-to-peak potential separation) are observed at a potential of ca. 0.87 V vs
SCE (peak-A1l) and ca. 1.00 V vs SCE (peak-A2). Peak-Al and peak-A2 correspond to
the two delithiation steps in LiMn204. The first step (peak-A1) yields a phase with the
approximate composition Lio.sMn204 and the second step (peak-A2) is the lithium free
A-MnO2.#2 On the backward scan, two peaks (C2 and C1) were observed at ca. -0.86 V
and ca.-0.67 V vs SCE that correspond to the re-insertion of the Li* (lithiation) into the

spinel structure of the LM0O.36
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Figure 1. The CV of the LMO-GCE immersed in 1.0 M LiClO4 at a scan rate of 0.5 mV s-1.

The use of a thermostatted vessel or within a Faraday cage follows standard
analytical practice; it is not needed for the analytical measurement. To confirm this, the
LMO-GCE immersed in 1.0 M LiClO4 both inside (at 25 °C) and outside (at ambient
temperature) of the Faraday cage. The CVs were recorded by sweeping the potential
from 0.0 to 1.2 V vs SCE and back to 0.0 V vs SCE at a scan rate of 0.5 mV s-1. As shown
in Figure 2a, the two forward peaks resulting from the experiment performed outside
the Faraday cage (solid red curve) are clear; all redox waves can be distinguished and
seen at the same peak potential position, suggesting good reproducibility of the
modified electrode. The Faraday cage was not used for screen-printed electrode (SPE)
measurements, mimicking the condition for potential sensor applications outside of
the laboratory.

The temperature influence on the electrode response was verified by
performing the CV of the LMO-GCE immersed in a degassed solution of 1.0 M LiClO4

with a temperature setting of 20, 25, and 35 °C, all carried out inside the Faraday cage.
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CV experiments were performed as described above. As shown in Figure 2b, the
resulting cyclic voltammograms are very similar for all temperatures studied. This
result suggests that the temperature does not significantly affect the modified

electrode response, at least over the temperature range studied.
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Figure 2. CVs of LMO-GCE immersed in 1.0 M LiClO4 at a scan rate of 0.5 mV s-L. (a) Inside and

outside the Faraday cage, and (b) in various temperatures.

Next, the effect of the scan rate was studied. The LMO-GCE was immersed in a
1.0 M LiClO4 and CVs were undertaken by sweeping the potential at 0.0 V to 1.2 V vs
SCE and back to 0.0 V vs SCE at scan rates of 0.5, 1.0, 2.0 and 5.0 mV s-1. Note that each
experiment was undertaken using a freshly prepared LMO-GCE and degassed solution.
As shown in Figure 3a, the two forward peaks can be distinguished using a scan rate of
0.5 mV s-1, Higher scan rates result in distorted voltammograms likely due to the kinetic
limitations of the permeation of lithium cations through the deposited LMO at the
electrode surface. Note that this low scan rate is exclusively used for CV experiments
when the delithiation steps are studied. Figure 3b presents a plot of peak current vs

scan rate with an R%2 = 0.999 and R2 = 0.993 for peak-A1 and peak-A2, respectively. The
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two linear dependencies of the peak current values on the scan rate suggest that the

delithiation step is a surface-controlled process.
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Figure 3. CVs of LMO-GCE immersed in 1.0 M LiClO.. (a) at various scan rates and (b) linear

peak current behavior at various scan rates.

Next, the LMO-GCE was immersed in solutions of LiClO4, NaClOg4, LiCl, NaCl, KCl
or MgClz at a concentration of 1.0 M for each cation, then the CVs were recorded in the
same potential window (see above) with a scan rate of 0.5 mV s-1. As shown in Figure
4, oxidation peaks are observed in all solutions but the peak potentials of both peak-
Al and peak-A2 are shifted to more positive values by ca. 60 mV and 90 mV,
respectively, in LiClO4 and LiCl compared to other solutions. These first forward peaks
indicate the delithiation steps are exclusively related to the oxidation of the manganese
centers of the LMO. That two forward peaks appear at more negative potentials (for
NaClO4, NaCl, KCl and MgCl2 solutions) suggests an easier expulsion of lithium cations
out of the LMO structure. The backward peaks C2 and C1 (the re-insertion or lithiation
steps) are only observed in LiClO4 and LiCl solutions (Figure 4, solid and dotted black

curves). Therefore, lithiation only occurs if the bulk solution contains Li*.
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Figure 4. CVs of LMO-GCE immersed in various aqueous solutions at a scan rate of 0.5 mV s-1.

The lithiation process was next studied at different delithiation step times
under different scan rates. First, the LMO-GCE was immersed in a solution of 50.0 mM
KCl or 50.0 mM LiClO4. The potential was held at 1.0 V vs SCE for either zero or 10 min
followed by sweeping the potential from 1.0 V to 0.0 V vs SCE and back to 1.0 V vs SCE,
at a scan rate of 5.0 mV s-1. As shown in Figure 5a (solid and dotted red curves), two
backward peaks are observed at the peak potential of -0.64 V and -0.42V vs SCE
denoted as peak-C2 and peak-C1, respectively. Consistently, in the absence of Li* in the
solution, no backward peaks were observed. The peak current values increase with
lengthier delithiation step from ca. 0.1 mA to ca. 0.2 mA for peak-C2 and ca. 0.2 mA to
ca. 0.3 mA for peak-C1. Second, the LMO-GCE was immersed in a solution of 50.0 mM
LiCl04 and the potential held at 1.0 V vs SCE for 10 min. CVs were recorded in the same
potential window (see above) at scan rates of 0.5, 2.0, 5.0 and 10 mV s-1. As shown in
Figure 5b, the two backward peaks are not clearly seen at scan rates above 5.0 mV s-1.
The result indicates that the lithiation step is likely limited to the low permeation of Li*

and slow absorption kinetics of Li* into the LMO, at least for the LiClO4 concentration

174



studied. Therefore, for the analytical measurements reported below (for the lithiation
analysis), a “potentiostatic” delithiation step of 10 min and a scan rate of 5.0 mV s-1

were selected.
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Figure 5. CVs of LMO-GCE immersed in (a) 50.0 mM KCl or 50.0 mM LiClO4 at a scan rate of 5.0
mV s1 with different delithiation step times and (b) 50.0 mM LiClO4 with delithiation step of

10 min at 1.0 V vs SCE with different scan rates.

The selectivity of the LMO-GCE towards the ion of interest (Li*) in the presence
of potentially interfering ions, such as Na*, K*, Ca2+ and Mg?*, was investigated next. To
assess this, a LMO-GCE was exposed to 10.0 mM of LiClO4, NaCl, KCI, CaClz or MgClz,
respectively and LSV was recorded by employing a delithiation step of 10 minat 1.0 V
vs SCE followed by sweeping the potential from 1.0 V to 0.0 V vs SCE at a scan rate of
5.0 mV s1. As shown in Figure 6a, the backward peak is observed at all studied
solutions namely at a peak potential of 0.42, 0.54, 0.65, 0.60, and 0.57 V vs SCE,
respectively. The result indicates that these cations may insert into the LMO structure
during the LSV scan. To validate the sensor’s selectivity, the LMO-GCE was assessed in
the presence of binary and all cation mixtures, at a selected concentration of 10.0 mM

for each cation. As shown in Figure 6b (black and red curves), two backward peaks
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were observed at a peak potential of 0.65 V (or 0.58 V in the red curve) and 0.42 V vs
SCE that correspond to other cations and Li* insertions, respectively. However, in the
mixture of all cations (Figure 6b, blue curve), no significant interference from these
cations toward Li* was observed since only one backward peak is seen at a peak
potential of ca. 0.42 V vs SCE. These results suggest that the LMO-GCE has a good
selectivity towards Li* if applied to mixtures of multiple cations, which reflects the

conditions as found in authentic human saliva.
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Figure 6. LSVs of LMO-GCE immersed in (a) 10.0 mM solution of different cations, (b) mixture

of multiple cations; with delithiation of 10 min at 1.0 V vs SCE and at a scan rate of 5.0 mV sL.

Having defined the delithiation step time, scan rate and evaluated the selectivity
of LMO-GCE, the sensitivity of the sensor is investigated in the following. The LMO-GCE
was immersed in solutions of various Li* concentrations, from 50.0 uM to 5.0 mM, and
LSVs were recorded by employing the method as described above (Figure 7a). The
absolute peak current value at the cathodic peak position was used rather than using
linear baseline correction to determine the peak current values as discussed below. As
shown in Figure 7b, the absolute peak current values increase on increasing the Li*

concentration. At concentrations below 50.0 uM Li*, the backward peak is no longer
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discernible, revealing the measurable lower limit of the LMO-GCE. For Li* detection, a
linear peak current behaviour was observed at concentrations ranging from 50.0 uM

to 0.5 mM Li* with an R2 = 0.996 (Figure 7b, inset).
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Figure 7. The measurable lower limit and linearity analyses of the modified electrodes
immersed in different LiClO4 concentrations: (a) LSVs of LMO-GCE, (c) LSVs of LMO-SPE. (b)
and (d) are the plot of the peak current values against various LiClOs concentrations,

generating from (a) and (c), respectively.

Following this, the linearity of the measurement was further verified using a
lithium manganese oxide-modified screen-printed electrode (LMO-SPE) in an aqueous
solution containing various LiCl04 concentrations. The LSV was recorded by employing

a potentiostatic delithiation of 10 min at potential 1.0 V vs Ag/AgCl followed by
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sweeping the potential from 1.0 Vto 0.0 Vvs Ag/AgCl at a scan rate of 5.0 mV s-1 (Figure
7¢). As shown in Figure 7d, the absolute peak current value of the LMO-SPE increases
linearly with increasing Li* concentrations, showing excellent linearity from 50.0 uM
to 5.0 mM Li*. This result demonstrates the high applicability of the LMO-SPE to detect
Li* in analyte covering the therapeutic range of 1.5-2.5 mM. The practicability of the
LMO-SPE will be discussed further in Section 8.3.3, which is after optimization of the
galvanostatic delithiation and LSV measurement for the analysis of human saliva.

The above demonstrates a possible sensing method of Li* in an aqueous
solution. However, the identified required potentiostatic delithiation step of 10 min at
1.0 V vs SCE before LSV being recorded is disadvantageous for the routine monitoring
of samples. For practical and regular purposes, a direct-and-quick use of the sensor is
required by the user. In the following section, this aspect can be improved by

performing galvanostatic delithiation followed by LSV measurement.

8.3.2. Detection of Li* in Synthetic Saliva

This section will describe the electrochemical behavior of the LMO-GCE in
synthetic saliva, the optimization of the sensing performance via galvanostatic
delithiation-LSV and the sensitivity of the sensor.

First, the LMO-GCE was immersed in synthetic saliva and then CV was recorded
by sweeping the potential from 0.0 V to 1.2 V vs SCE and back to 0.0 V at a scan rate of
0.5 mV s'1. Note that the synthetic saliva was not bubbled with N2 in order to better
reflect conditions for practical purposes (direct-and-quick use of the sensor in
authentic human saliva). Figure 8 shows that the resulting peak significantly decreased
after 10 minutes of bubbling with N2. Moreover, the observation shows that synthetic

saliva becomes whitish or opaque if bubbled with N2 thoroughly before the
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voltammetric measurement. This whitish color of synthetic saliva after N2 bubbling is

likely caused by the denaturation of protein due to mechanical stress.
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Figure 8. CVs of LMO-GCE immersed in synthetic saliva, without and with 10 min N; bubbling,

ata scan rate of 0.5 mV s-L.

As shown in Figure 9a, two oxidation peaks are seen at a peak potential of ca.
0.96 V and ca. 1.07 V vs SCE that likely corresponds to the two delithiation steps of
deposited LMO on the electrode surface. Relatively no backward peaks are observed
on the backward CV scan, suggesting no Li* (from the delithiation) re-insert back into
the LMO. However, the cyclic voltammogram becomes distorted when applying higher
scan rates, or even at 5.0 mV s1 (Figure 9b), and extraction or absorption of unknown
species (from components of the synthetic saliva) may arise as shown in a backward
peak at a peak potential of ca. 0.5 V vs SCE. This scan rate influence, again (see Section
8.3.1), is likely related to the kinetic limitations of the permeation of Li* through the

deposited LMO at the electrode surface.
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Figure 9. CVs of LMO-GCE immersed in synthetic saliva without N, bubbling. (a)
Reproducibility of the LMO-GCE at a scan rate of 5.0 mV s, (b) at two different scan rates.

Second, the LMO-GCE was immersed either in 1.0 M LiClO4 or in synthetic saliva,
and then galvanostatic delithiation was performed at an applied current density of 8.6
mA cm2 for a particular period. In 1.0 M LiClO4, two delithiation steps were found at
ca. 0-420 s (up to the first plateau) and ca. 420-1800 s (up to the second plateau)
(Figure 10a, red curve). Meanwhile, in synthetic saliva two delithiation steps were
found at ca. 0-2000 s (up to the first plateau) and ca. 2000-4500 s (up to the second
plateau) (Figure 10a, black curve). The results suggest both delithiation steps in 1.0 M
LiCl04 aqueous solution is faster than in synthetic saliva, possibly due to the higher
ionic strength. At a higher concentration in aqueous solution (high ionic strength), the
rate of delithiation at the electrode-bulk solution interface may increase due to a higher
electrical field at the electrode-bulk solution interface. Therefore, this leads to a faster
flow of the charge into and out of the interface.

Next, the LMO-GCE was immersed in 5.0 mM Li*-spiked synthetic saliva and
then the galvanostatic delithiation with a current density of 8.6 mA cm-2 was performed
at different times, ranging from 20 s to 20 min. In the same analyte, immediately LSV
measurements were performed by sweeping from the ending potential of the
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galvanostatic delithiation to 0.0 V vs SCE at a scan rate of 5.0 mV s-1. Figure 10b shows
the response in the LSV becomes broadened for very long delithiation times and
weaker for very short delithiation times. After a galvanostatic delithiation of 45 s
(within the first plateau of the delithiation) the signal is very sharp and the peak
current already close to values at longer times. Indeed, 45 s is also a realistic time scale
of analysis for routine monitoring purposes and was therefore selected for all further

experiments described below.
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Figure 10. Optimizing galvanostatic delithiation time. (a) Comparison of galvanostatic
delithiation response of LMO-GCE in 1.0 M LiClO4 vs synthetic saliva, (b) LSVs of LMO-GCE

immersed in 5.0 mM Li*-spiked synthetic saliva at a scan rate of 5.0 mV s-1.

An explanation for the different responses during the lithiation after different
times in the galvanostatic delithiation can be found in the structural changes of LMO
concomitant with the delithiation process. The structural changes of LMO before and
after the delithiation steps were studied using the powder X-ray diffraction (PXRD)
analysis, which requires compatible substrate (disc type) for the measurements. To
assess this, a freshly polished glassy carbon disc (GCD) was first modified by drop-

casting 5.0 pl of the LMO slurry and annealing at 65 °C until completely dry, resulting
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in LMO-GCD. Next, the LMO-GCDs were immersed in synthetic saliva and then first
underwent a galvanostatic delithiation for different times followed by PXRD
measurements on a powder diffractometer. Subsequently, the LMO-GCDs were re-
immersed in synthetic saliva to perform the lithiation in LSV as described above. The
galvanostatic for the three samples was performed so that the first sample was stopped
within the first plateau, the second sample after the first step within the second plateau

and the third sample after the second step (Figure 10a, denoted as 4, B, and ().
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Figure 11. PXRD analysis of LMO-GCD before and after galvanostatic-LSV measurements in

synthetic saliva.

From PXRD analysis, three different structures can be distinguished, which are
the structure of the initial LiMn20s4, of Lio.sMn204 and of the fully delithiated A-Mn20s4,
as expected for the delithiation steps of LiMn204.42 As shown in Figure 11, the PXRD
patterns taken for the first, second and third sample (black, green and turquoise,
respectively) imply that the initial LiMn204 structure type remains intact during the
first plateau (with the composition LixMn204, with 0.5<x<1.0) whilst the LiosMn204
structure type is formed after the first step and remains intact during the second

plateau (with the composition LixMn204, with 0.0<x<0.5). The A-Mn204 is formed after
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the second step only when the structure contains no lithium. For the latter two, a small
part of the sample remains in the initial LiMn204 structure type, possibly due to larger
particles that are not completely delithiated. After the (re-)lithiation in the LSV
experiment, for the first sample, no structural differences can be seen, while the second
sample is mainly transformed back to the initial LiMn204 structure type. For the sample
that mainly consisted of the A-MnOz2, after the LSV measurement, a mixture of all three
structure types (dominantly the Lio.sMn204 structure type) was found. These results
demonstrate how the delithiation/lithiation process becomes more irreversible with
each structural transition passed in the delithiation process. This effect is already
obvious in the LSV experiment after delithiation of 20 min (Figure 10b). While after the
20 min delithiation step only the first structural transition is approached, the LSV
response already becomes broadened compared to all experiments with shorter
delithiation steps. On the other hand, for delithiation times where the initial structure
of LiMn204 remains intact (Figure 10b: 20 s to 5 min), the resulting LSV signal is sharp
and well defined with the peak current mainly varying with the delithiation time,
meaning the amount of delithiated lithium. Therefore, the galvanostatic delithiation
has to remain within the first plateau (Figure 10a) to avoid any structural changes.

In summary, the working mechanism of the electrode toward the detection of
lithium ions is as follows. The LiMn20s4 was first oxidized under galvanostatic
delithiation control leading to partial expulsion of Li* from LiMn204 (Equation 1).
Typically, the galvanostatic oxidation was stopped when a substantial amount of
delithiated Li(1-yMn204 had formed (x = 0.13), taking care not to go beyond x = 0.5
which would involve a phase transition.*? This requires driving the electrode for a
period of 45 seconds at a current density of ca. 8.6 mA cm2 and ca. 80.0 pA cm-2 for

LMO-GCE and LMO-SPE, respectively. The electrode potential then usually reached a
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value of ca. 0.70 V vs SCE (for LMO-GCE) or ca. 0.52 V vs Ag/AgCl (for LMO-SPE).
Subsequently, the potential was swept directly from the ending potential of the
galvanostatic delithiation to 0.0 V vs SCE (for LMO-GCE) or 0.0 V vs Ag/AgCl (for LMO-
SPE). This led to the re-insertion (lithiation) of Li* in the reverse of the reaction in
Equation 1 as revealed by a cathodic peak in the linear sweep voltammogram.

The sensitivity of the sensor was studied by employing the established sensing
strategy as described above. The LMO-GCE was exposed in various concentrations of
Li*-spiked synthetic saliva samples, ranging from 50.0 uM to 5.0 mM (Figure 12a). The
measurable lower limit was determined by the absolute peak current value at the
minimum peak position. As shown in Figure 12b, the absolute peak current value is
increased with increasing Li* concentrations added into the synthetic saliva. A linear
peak current behaviour was found at concentrations ranging from 50.0 uM to 0.5 mM
Li* with an RZ = 0.9906 (Figure 12b, inset). A measurable lower limit of 50.0 uM was

achieved, the same value as found in aqueous solution (see Section 8.3.1).
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Figure 12. The measurable lower limit of the LMO-GCE in different concentrations of Li+-spiked
synthetic saliva at a scan rate of 5.0 mV s-1. (a) LSVs of LMO-GCE, (b) A plot of the peak current

values against various Li*-spiked synthetic saliva concentrations.
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Having defined a measurable lower limit of Li* at the LMO-GCE in both aqueous
solution and synthetic saliva, the following section will describe the applicability of the

optimized system in authentic human saliva.

8.3.3. Detection of Li* in Authentic Human Saliva

Next, the optimized methodology developed above was transferred to screen-
printed electrodes and used to analyze Li* in authentic human saliva. The analysis was
conducted by standard addition method in triplicate, each from the same time of
sample collection (see below).

Initially, the LMO-SPE performance was characterized using CV in 1.0 M LiCl,
synthetic saliva or authentic human saliva. 50.0 uL. of the selected analyte was
deposited onto the LMO-SPE surface, covering all three electrodes. A CV was recorded
by sweeping the potential from 0.0 to 1.2 V and back to 0.0 V vs Ag/AgCl at a scan rate
of 0.5 mV s1. The experiment was performed in triplicate in order to ensure the
reproducibility of the result. As shown in Figure 13 (red curve), two forward peaks are
observed at a peak potential of ca. 0.74 V and ca. 0.88 V vs Ag/AgCl, which correspond
to the two delithiation steps in LMO. On the backward scans, two peaks were also
observed at a peak potential of ca. -0.70 V and ca. -0.82 V vs Ag/AgCl that correspond
to the re-insertion of the Li* into the LMO structure. This result suggests an excellent
analytical performance of LMO-SPE than LMO-GCE (Figure 1) with two well-
distinguished peaks observed clearly. In addition, exposing either synthetic saliva or
authentic human saliva to the LMO-SPE the forward peaks (ca. 0.55 Vand ca. 0.71 Vvs
Ag/AgCl) and backward peaks (ca. -0.60 V and ca. -0.47 V vs Ag/AgCl) are again clearly
observed (Figure 13, blue and black curves). Figure 13 shows that the SPE gives a

clearer electrochemical response compared to the GCE (Figure 9).
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Figure 13. The CV of LMO-SPE with different analytes at a scan rate of 0.5 mV s-1. Note that the
potential of the SPE Ag/AgCl reference electrode is poised by the chloride ion levels present

explaining the shift in peak potentials between analytes.

To conduct an analysis of Li* in authentic human saliva, a ca. 50.0 pL sample of
pristine authentic human saliva was put onto the LMO-SPE surface. Subsequently,
galvanostatic delithiation was performed with a current density of 80.0 pA cm-2 for 45
seconds (see above). Next, an LSV measurement was undertaken immediately by
sweeping the potential from the ending potential of the galvanostatic step
(approximately 0.5 Vvs Ag/AgCl) to 0.0 Vvs Ag/AgCl at a scan rate of 5.0 mV s-1 (Figure
144, solid red curve). To determine the Li* concentration in authentic human saliva, the
standard addition procedure was conducted by adding a LiCl04 standard solution with
a known concentration of 100.0 mM in subsequent steps to the sample (Figure 14a).
Three different authentic human saliva samples were measured up to 1.0 mM Li*
added, while for a fourth sample the added concentration range was extended up to a

concentration of 5.0 mM Li* to cover the therapeutic range (1.5-2.5 mM Li*). For each
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step, the same galvanostatic delithiation and LSV measurements were performed. This
procedure was repeated for three fractions from each of the four different authentic
human saliva samples to ensure the reproducibility of the result and to determine the
relative standard deviation. A plot of the absolute peak current values against the total
concentration of Li* was then generated. In a control experiment, synthetic saliva
containing no Li* was used. As shown in Figure 14b and Appendix A.5, the absolute
peak current values increase linearly with increasing concentration of Li*-spiked
authentic human saliva for the triplicate measurements of all four different samples in
the respective concentration ranges. Additionally, the recovery of Li* was determined
for the same authentic human saliva samples as before with an added 0.2 mM
concentration of Li*. The recovery was calculated from the differences between the Li*
concentrations found from standard addition (before spiking) and the Li*
concentrations found in the recovery test (after spiking) in relation to the spiked

amount of 0.2 mM Li*. The summary of these results is reported in Table 1.
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Figure 14. (a) Representative LSVs of LMO-SPE with different Li*-spiked authentic human
saliva concentrations, at a scan rate of 5.0 mV s-1. (b) Linear peak current behavior at various

Li*-spiked authentic human saliva concentrations.
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The first three samples analyzed are similar (ranging from 0.13 to 0.16 mM) in
around the value for a healthy person. Moreover, the relative standard deviation (%
RSD) from the random error was found to be 6.3%, 6.9% and 4.6% for sample-1,
sample-2, and sample-3, respectively. Together with the measurement of the zero Li*
current, the systematical and random errors add up to 0.05, 0.05 and 0.04, respectively.
For the fourth sample, the standard addition method was extended towards the
therapeutic range and beyond, demonstrating the linearity of the sensor response in
the whole relevant range. As shown in Figure 14b, the found concentration in the fourth
sample is 0.16 + 0.006 mM (RSD 3.8%) comparable to the values from the first three
samples. This result shows a reproducible linear response of the sensor also in an
extended range, including the therapeutically relevant concentrations as a linear
response is seen up to 5.0 mM Li*. This is also in agreement with the experiments
shown previously (see 8.3.1) using the LMO-SPE with potentiostatic delithiation
(holding the potential of 1.0 V vs SCE for 10 min prior to the LSV) for detection of Li* in
aqueous solution. The result demonstrates the practicality of the sensor for routine

monitoring of Li* in saliva for a patient with bipolar disease.

Table 1. Li* quantification in authentic human saliva samples and recovery results.

Sample Concentration (before RSD Recovery (after spiking
spiking) (mM) with 0.2 mM Li*)
1 0.16 £ 0.0100 6.3% 99.2%
2 0.14 £ 0.0096 6.9% 99.0%
3 0.13+£0.0060 4.6% 98.6%
4 0.16 £ 0.0060 3.8% 99.4%
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8.4. Conclusions

The electrochemical sensor based on a lithium manganese oxide (LiMn204)-
modified screen-printed electrode (LMO-SPE) exhibits a good selectivity towards
possible interfering cations, a sensitivity of 50.0 pM (in both aqueous solution and
synthetic saliva) and an excellent sensing performance in authentic human saliva. The
linear response range of the sensor spans the therapeutically relevant Li*
concentrations in human saliva (0-5.0 mM) and allows analysis in reasonable times of
less than three minutes. The sensor offers a low cost and easy to utilize alternative that
is applicable for routine monitoring of Li* levels. With the non-invasive sampling
approach, the sensor can be used directly by either patients or clinicians. For instance,
patients with bipolar disease can benefit from the point-of-care diagnosis with this
sensor, as during dose adjustment or change in the medication schedule, immediate
feedback is possible. This ensures that the Li* levels remain within the therapeutic

range, so patients are treated appropriately and safely.
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Chapter 9

Overall Conclusions

The motivation behind a significant proportion of the works reported in this
thesis is the increasing awareness of the toxicity of particular metal ions and the known
associated risks to the human body and environment. This thesis has addressed
specific sensing strategies of detecting and quantifying different toxic metal ions (Hg?2*,
Al3+, Zn?+, and Li*) in aqueous solutions including real-world samples. It has been
shown that these metal ions can be determined sensitively and selectively by
voltammetric methods with specific sensing protocols.

A sensor for inorganic Hg2+*was achieved by monitoring the change in the AgNPs
stripping peak with Hg?* presence in the analyte, resulting from the galvanic
displacement of silver by mercury under suitable applied potential. The measurable
lower limit of 100.0 pM more than meets the guideline value set by the World Health
Organization (WHO) of 30.0 nM for Hg?* in drinking water.

A sensor for Al3* or Hg2* was achieved by utilizing tannic acid (TA)-capped gold
nanoparticles-modified carbon electrodes through complexation and by employing
square wave voltammetry (SWV) using a suitable starting potential during
voltammetry, which controls which species are taken up by the TA capping agent
and/or are electrochemically visible. The starting potential and optimization of SWV
parameters become essential to achieve selectivity between Al3+, Hg2+, and Zn2+* and to
eliminate other possible interference ions. Meanwhile, the nano-impacts method has

successfully characterized the role of TA capping agents in the detection of metal ions.
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The TA has been shown to markedly control the redox activity of the gold nanoparticle,
prior to and after the complexation with metal ions. The nano-impacts method shows
how the TA complexes with Zn2+ and Hg?* in a reversible and Langmuirian manner in
both cases. The sensitivity of detection is thus determined by the amount of TA capping
agent present on the gold nanoparticles. The measurable lower limit of 10.0 pM and
100.0 fM were achieved for Al3* and Hg?2*, respectively. These sensor sensibility meet
the permissible level of 7.4 uM and 30.0 nM for inorganic Al3* and Hg?* in drinking
water as defined by the World Health Organization (WHO), respectively.

The nano-impacts method also has successfully characterized the reactivity and
mechanism of gold nanoparticle dissolution at the single-particle level in cyanide-
containing solution, drawing contrasts to what is seen at the nanoparticle ensemble
level. The result shows that ensembles of AuUNPs@CA undergo the partial oxidation
(incomplete stripping) through various KCN concentrations studied. Meanwhile, at the
single-particle level, nearly complete oxidation of the gold nanoparticle was achieved
at 235.0 mM KCN and at an applied potential of 1.0 V vs SCE.

A sensor for Li* determination in authentic human saliva was successfully
developed using a lithium manganese oxide (LiMn204)-modified screen-printed
electrode. The sensor realizes a low cost, fast analysis and high reproducibility and
applicability for routine monitoring purposes. With the non-invasive sampling
approach, the sensor can be used directly by either patients or clinicians.

All these original findings and developed sensing protocols have generic values
that contribute notably to the field of electroanalysis. Recent advances in this field have
brought us closer to replacing conventional analytical methods with excellent
voltammetric techniques, providing simplified sensing platforms for in situ

determination of toxic metal ions in the real world samples.
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Appendix A. Calculation Details

A.1. Calculation Details for Chapter 3

A.1.1. Expected Charge of Silver Stripping Peak
The lognormal distribution of the particle size gave a mean radius, rp, of 11.9

(*/2.2) nm. The amount of AgNPs (in mole), Nnp, is calculated as follows

. Vnp
Nnp = pAr

where pis the density of silver (10.5 x 106 g m-3), Ar is the atomic mass of silver (107.9
g mol-1) and Vnp is the volume of a single nanoparticle, calculated as:
4
Ve = - rp°
A Nnp was calculated to be 7.1 x 10-2# moles or 4.3 x 105 of silver atoms (Avogadro’s

number, 1 mole = 6.022 x 1023 atoms) in a single nanoparticle.

A known concentration of AgNPs suspension is 5.0 x 1015 particles dm-3.

Therefore, an expected (theoretical) number of AgNPs in 5.0 uL of drop cast is
Drop cast volume * [AgNPs suspension]

=5.0x10¢ dm3 * (5.0 x 1015 particles dm3)
= ca. 2.5 x 1010 particles.

Therefore, a total number of silver atoms (the number of species undergoing
electrochemical processes) is calculated as
= Number of AgNPs * (number of silver atom per single AgNPs)
= 2.5 x 1010 particles * (4.3 x 105 silver atoms particle-1)

=ca. 1.1 x 1016 Ag atoms.
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An expected (theoretical) charge, @, assuming that each silver atom transfers
one electron, e=1.602 x 10-19 C, is found to be ca. 1.8 mC as calculated from:

Number of silver atom * (1.602 x 10-1° C atom™1)

A.1.2. Surface Coverage
The mean radius of GCE, re, is 1.48 £ 0.02 mm and the mean radius of AgNPs is
11.9 (*/2.2) nm. The surface area of GCE, 4e, is calculated as below:
Ae = re? * (close packing of 91%)
=7(1.48x 103 m)2*91%

=6.2x10°m?2.

The surface area of single silver nanoparticle, Anp, calculated as m.re?
=1(1.19 x 10-10 m)?

=4.45x 1016 m2,

The total number of AgNPs occupied the GCE surface for approximately one-
monolayer surface coverage is calculated by dividing Ae with Anp, and found to be
approximately 1.43 x 1019 nanoparticles (ca. one-monolayer). Therefore, a surface
coverage for 5.0 uL drop cast of AgNPs suspension onto the GCE surface is

Number of AgNPs in 5.0 pL drop cast

X ]
Number of AgNPs for one — monolayer monolayer

2.5x 10" particles
Surface coverage = n - monolayer = ca. 1.75-monolayer.
1.43 x 1010 particles
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A.2. Calculation Details for Chapter 4 and Chapter 5

OH

An estimated effective radius of a single tannic acid (TA) molecule was
approximately determined by measuring the length from its center (denoted as “A”) to
one of its hydroxyl groups (denoted as “B”) based on the known bond lengths and
angles. The length of A to B was measured to be ca. 1.3 nm. The surface area of a single
molecule of tannic acid, A, crudely estimate that molecule is symmetrical and planar,
is calculated as [2 * (1.3 x 10-° m)]?%, which is ca. 6.46 x 10-18 m2,

A mean diameter size distribution of single AuNPs@TA, according to SEM
micrographs, is 60.0 + 3.0 nm. The surface area of a single nanoparticle, Anp, is
calculated as 47(30 x 102 m)?, which is ca. 1.13 x 10-14 m?2.

The amount of TA in one-monolayer surface coverage of single nanoparticle is

calculated as follow,

The surface area of a single AuUNPs@TA (Anp)
The surface area of a singe TA (Ata)

_113x10" ' m?
" 6.46x 1018 m?2

=ca. 1,750 TA molecules occupied per single nanoparticle.
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An expected (theoretical) amount of AuNPs@TA for one-monolayer surface

coverage of GCE is calculated as follow:

The surface area of GCE (A,)
The surface area of a single AuNPs@TA (Anp)

6.2x 1078 m?2
T 1.1x10"14 m?2

= ca. 5.6 x 108 nanoparticles.

An expected (theoretical) number of TA molecules associated with a one-
monolayer coverage of nanoparticles is then calculated as follow
= 1,750 TA molecules per nanoparticle * (5.7 x 108 nanoparticles)

=ca. 1.0 x 102 molecules.

An expected (theoretical) charge, Q, for one-monolayer surface coverage and
assuming that each TA molecule transfers one electron (e = 1.602 x 10-1° (), is

calculated as Q = number of TA molecule * 1.602 x 10-1° C, which is ca. 0.16 uC.

Drop cast mass needed to make one-monolayer coverage is calculated as follow:

Expected number of AuNPs@TA for one — monolayer coverage

The concentration of AuUNPs@TA suspension (indicated by the manufacturer)

5.6 x 108 nanoparticles

"~ 2.2x 1019 nanoparticles mL™1

= ca. 25.0 pL.

Relative Error Calculations
1) Standard error of linear regression for quantification of Al3* ions, [Al3*] =y

Error progression calculation, A[Al3+], is calculated as follow
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9(10)
ay

A[AB*] =

A[AB*] = 1n 10 * 10% * Ay

A[AB*] = 2.303 * [AI3*] x Ay

A[A13+] 2.303 x A
—_— = . k
[A3+] Y
A[A13+] = 0.392
AR+ ~

1) Standard error of linear regression for quantification of Hg2* ions [Hg2*] = y
Error progression calculation, A[Hg2+], is calculated as follow

9(10%)

A[Hg**] = 3y

A[Hg?*] =1n10 = 10¥ = Ay

A[Hg?*] = 2.303 = [Hg?*] * Ay

A[Hg?*]

——=2.303 %A
(Hg?*] 2.303 * Ay
A[Hg?*]

—— =0.263
(Hg?*] 0.26

A.3. Calculation Details for Chapter 6

Concentration of AuNPs@TA suspension = 2.2 x 1010 particles mL-1. Surface

area of GCE (7re?) = ca. 6.9 x 10-° m? and mean radius of the core AuNP, rp, is 31.1 nm.

A.3.1. Ensembles of AuNPs@TA (Cyclic Voltammetry)
Number of AuNPs@TA particles onto GCE surface for one-monolayer surface

coverage, Nnp, considering closest packing of the equal sphere of 91%, is calculated as
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The surface area of GCE
The surface area of AuNPs@TA

N =091*

= ca. 2.0 x 107 particles.

Total surface area of AuNPs@TA drop casted onto GCE surface, Anp, calculated as:
Ane = N*(4mr?)
= 2.0 x 109 particles * (1.2 x 10-14 m2)

=ca.2.4x105 m2.

A.3.2. Single AuNPs@TA (Nano-impacts)

From the oxidative nano-impacts experiments with the absence of the metal
cations (oxidation of TA capping agent), the experimental average spikes charge, Q, was
found to be ca. 0.3 pC. The number of moles, n, of TA molecule involved in the reaction

is calculated using Faraday’s first law:

"
zF

where z is the number of electron transfer during oxidation of TA (assuming fully
oxidized, z = 20) and F is the Faraday’s constant (96485.33 C mol-1). The number of
moles TA was found to be ca. 1.6 x 10-1° or equal to ca. 1.0 x 105> molecules.

The apparent number of TA molecules incorporated in a single core AuNP, N7y,
was calculated by dividing volume of core AuNP with known volume of a single TA
molecule of 8.6 x 10-28 m3 (B. Madhan, A. Dhathathreyan, V. Subramanian and T.

Ramasami, /. Chem. Sci., 2003, 115, 751-766).

N 1.07 x 10722 3
TA =
8.6 x10728 m3

=ca. 1.2 x 105 molecules
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A.3.3. Underpotential deposition of Zinc onto Ensembles of AuNPs@TA
From CV experiments, the reductive charge of the Zn (UPD), Q, is ca. 17.2 uC. An
effective surface coverage of 0.2 mM Zn2* UPD (considering z = 2) calculated as follow

Q 17.2 x1076C
zZFA ~ 2% 96485.33 C mol~1  0.24 cm?

= 3.7 x 1019 mol cm2 or approximately 2.2 x 101# atoms cm-2.

A.4. Calculation Details for Chapter 7

A known concentration of AuNPs@CA concentration is 2.6 x 1010 particles mL-1
Average radius of AuNPs@CA (indicated from TEM sizing), rp=31.45 £ 1.33 nm
The volume of single-particle (Vnp = %nrp3) =1.30x 1022 m3
Estimate number of AuNPs@CA in one-monolayer surface coverage (considering

closest packing of equal spheres 91%), Nnp, is calculated as follow

_ Surface area of GCE (6.26 x 10~° m?)
" The surface area of the single AuNPs@CA (1.12 x 10~14 m?)

Nnp *919%

=ca. 5.1 x 108 particles.
Drop cast mass needed to make one-monolayer coverage is calculated as follow

_ Nnp
Volume = : -
The concentration of AuNPs@CA suspension

~ 5.1 x 108 particles
~ 2.6x1010 particles mL~1

= ca. 20.0 pL drop cast.

A.4.1. CV Experiments
An expected (theoretical) charge for a single AuNPs@CA, assuming 1le- transfer

and z = 1, is calculated as follow:
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_ Density of Au * Volume of AuNPs@CA _
- Atomic Mass of Au

z*F

~1.93x107 gm™3 *1.30 x 107%? m3

5 — *1*96485.3 C mol!
1.97 x 102 g mol—1

= ca. 1.2 x 10-12 C per single particle of AuNP@CA.

An expected charge, Q, for one-monolayer surface coverage is calculated as follow
=1.2x 10-12 C particle! * 5.0 x 108 particles
= ca. 600.0 pC.

The percent conversion is determined as a ratio between the experimental
charge of the peak-2 recorded from the CV experiments and the expected charge for

complete particle oxidative dissolution. The results can be found in Table 1.

Table A.1. The percent conversion of the oxidized ensembles of AuNPs@CA.

[KCN] (mM) Experimental Charge (Qexp) % Converted AuNPs@CA
1.0 9.6 uC ca. 1.6%
5.0 12.5 uC ca.2.1%
15.0 28.7 pC ca. 4.8%
35.0 37.1 pC ca. 6.2%
50.0 47.0 nC ca. 7.8%

A.4.2. Nano-impacts Experiments

The number of Au atom per particle:

(Density of Au * Vaunp
Atomic Mass of Au

) * Avogadro’s number = 7.6 x 106 atoms per single particle
Number of Au particle added in the system
= 0.7 mL * 2.6 x 1010 particles mL-1

= 1.8 x 1010 particles
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The number of Au atoms (number of species undergoing electrochemical process) is
= 7.6 x 10 atoms per single particle * (1.8 x 1010 particles)

=ca. 1.4 x 1017 atoms.

Expected (maximum) charge for 0.7 mL of AuNPs@CA suspension (each atom transfers
e =1.602 x 10-19 C) is calculated as follow
=1.4x 1017 atoms * 1.602 x 10-1° C atom1

=ca. 0.02 C.

Expected charge, Q, for a single AuNPs@CA particle is calculated as follow

_ 0.02 C
" 1.8 x 1010 particle

=1.1x 1012 C per single AuNPs@CA.

The ratio between the experimental nano-impacts and expected (maximum)
charge values at the single-particle level was considered as the percent conversion of
the oxidized AuNPs@CA. Table A.2 summarises the percent conversion of the single

AuNP@CA level at different CN- concentrations.

Table A.2. The percent conversion of the oxidized single AuNP@CA level.

[KCN] (mM) Experimental Charge (Qexp) % Converted AuNPs@CA
1.0 0.29 pC ca. 26.4%
5.0 0.55 pC ca. 50.0%
15.0 0.76 pC ca. 69.1%
35.0 1.03 pC ca. 93.6%
50.0 1.04 pC ca. 94.2%
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A.5. Calculation Details for Chapter 8

Linear plots

between the absolute peak current value and different

concentrations of Li*-added authentic saliva, from the first three different samples,

denoted as (a), (b) and (c), are presented (see below). The found concentration (Li*

levels in the analyte) was calculated by dividing the intercept with the slope.

W Test-1
@® Test-2
Test-3

10

Py Test-1 =0.15 mM
4 Test-2 =0.16 mM
Test-3 =0.17 mM

Absolute Peak Current (uA)

[Sample-1]1=0.16 =+ 0.01 mM

(a) : RSD = 6.3%
-O' 4 ' -Ol.2 UO.O | 072 | O!4 . 0?6 . 018 . 1!0
Added [Li*] (mM)
Equation y=a+b*x
Plot |Peak Current|-1  |Peak Current|-2 |Peak Current|-3
Weight No Weighting No Weighting No Weighting
Intercept 1.18E-6 + 1.9E-7 1.27E-6 + 1.94E-7 1.29E-6 + 8.53E-8
Slope 8.03E-6 + 3.14E-7 7.72E-6 + 3.20E-7 7.61E-6 + 1.41E-7

Sum of Squares
Pearson's r
R-Square(COD)
Adj. R-Square

2.76936E-13 2.86108E-13 5.55436E-14
0.9969 0.9966 0.9993
0.9939 0.9932 0.9986
0.9924 0.9915 0.9983
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10

W Test-1
® Test-2
Test-3
8 =
<
=
5 6-
5
(&)
X
(0]
()
o
L 44
3
E] 3 Test-1=0.13 mM
< Test-2 = 0.16 mM
Test-3=0.14 mM
(b) [Sample-2] = 0.14 £ 0.0096 mM

RSD =6.9%

—
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Added [Li*] (mM)

Equation y =a+ b*x
Plot |Peak Current| |Peak Current| |Peak Current|
Weight No Weighting No Weighting No Weighting
Intercept 1.11E-6 + 5.66E-8 1.34E-6 + 6.54E-8 1.19E-6 + 2.42E-8
Slope 8.51E-6 +9.34E-8 8.18E-6 + 1.08E-7 8.37-6 + 3.99E-8
Sum of Squares 2.44E-14 3.23E-14 4.46E-15
Pearson'sr 0.9998 0.9997 0.9999
R-Square(COD) 0.9995 0.9993 0.9999
Adj. R-Square 0.9994 0.9991 0.9999
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10

B Test-1 X
® Test-2 /
Test-3 i /

Test-1 =0.13 mM
Test-2 =0.12 mM
Test-3=0.13 mM

Absolute Peak Current (uA)

A [Sample-3] = 0.13 + 0.006 mM
(c) p RSD = 4.6%

I e I % T

© T T T T y
04 -0.2 0.0 0.2 04 0.6 0.8 1.0
Added [Li*] (mM)

Equation y =a+ b*x
Plot |Peak Current| |Peak Current| |Peak Current|
Weight No Weighting No Weighting No Weighting
Intercept 1.11E-6 £+ 9.36E-8 1.04E-6 + 7.94E-8 1.06E-6 + 9.16E-8
Slope 8.35E-6 + 1.54E-7 8.50E-6 + 1.31E-7 8.39E-6 + 1.51E-7
Sum of Squares 6.67E-14 4.81E-14 6.41E-14
Pearson'sr 0.9993 0.9995 0.9994
R-Square(COD) 0.9986 0.9991 0.9987
Adj. R-Square 0.9983 0.9988 0.9984

Galvanostatic delithiation experiment

Surface area of the GCE (re = 1.48 £ 0.02 mm) is ca. 0.07 cm?.

Surface area of the screen-printed electrode (re = 2.0 mm) is ca. 0.125 cm?.

The current density (based on the geometrical area of the electrodes) in galvanostatic

delithiation is 8.6 mA cm-2 (for LMO-GCE) or 80.0 pA cm2 (for LMO-SPE).
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Appendix B. Characterisation of the Materials

This appendix comprises a supplementary of the characterization result of the
materials utilized within this thesis. Some results of the material characterization are

also presented and discussed in the relevant chapter.

B.1. Characterization of Silver Nanoparticles (AgNPs)

N=127

N

_

N\

7

o
Q
c
0
2

Figure B.1. TEM micrographs of citrate-capped silver nanoparticles (AgNPs) and sizing
histograms displaying the statistical distribution of the particle size of (a) Batch “B” and (b)
“nominally 50 nm diameter”. A lognormal curve is used to fit the data. The AgNPs revealed a
lognormal distribution of the particle size with a mean radius of 6.2 (*/1.5) nm and 22.5 (*/3.1)

for Batch “B” and “nominally 50 nm diameter”, respectively.
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B.2. Characterization of Tannic Acid-capped Gold Nanoparticles

20 4

1.6x10% -
(a) NTA Analysis ] (b) DLS Analysis
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Figure B.2. Size characterization of the AuNPs@TA using (a) NTA and (b) DLS analysis.
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Figure B.3. UV-vis analysis of the AuNPs@TA. (a) UV-vis spectra of 10.0 pM AuNPs@TA
suspension in a solution of 10.0 mM KCl + 10.0 mM HCL. (b) The plot of peak absorbance of

AuNPs@TA in various electrolyte concentrations during 15 min measurement.

Zeta Potential analysis of the AuNPs@TA at 25 °C

Dispersant Record Zeta Potential Mobility Conductivity
(mV) (um cm/Vs) (mS cm1)
Deionised Water 1 -30.9 -2.42 0.023
2 -29.6 -2.40 0.025
3 -32.2 -2.44 0.022

Mean -309+x1.9
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B.3. Characterization of Citrate-capped Gold Nanoparticles
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Figure B.5. Size characterization of the AuUNPs@CA using (a) DLS and (b) NTA.
Zeta Potential analysis of the AuNPs@CA at 25 °C
Dispersant Record Zeta Potential Mobility Conductivity
(mV) (um cm/Vs) (mS/cm)
Deionised Water 1 -42.0 -3.29 0.004
2 -42.6 -3.34 0.004
3 -46.2 -3.62 0.004
Mean -43.6 £ 2.3
10.0 mM NaOH 1 -44.8 -3.51 1.06
2 -44.8 -3.52 1.110
3 -47.2 -3.70 1.140
Mean -45.6 + 1.4
50.0 mM KCN + 1 -36.1 -2.83 12.700
10.0 mM NaOH 2 -37.4 -2.93 13.000
3 -36.6 -2.87 13.200
Mean -36.7 £ 0.7
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Appendix C. Nano-impacts Analysis

This appendix complements the nano-impacts analysis discussed in Chapter 6

(for AuNPs@TA) and Chapter 7 (for AuNPs@CA).

C.1. Nano-impacts Analysis of AuNPs@TA
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Figure C.1. Oxidative nano-impacts analysis of the AuNPs@TA. Representative
chronoamperograms of microelectrode disc immersed in solution containing of 10.0 mM KCI +

10.0 mM HCI (blank solution) at applied potential of 0.4, 0.5, 0.6 and 0.7 V vs SCE.
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Figure C.2. Reductive nano-impacts analysis of AuUNPs@TA. Representative chronoamperograms of carbon microelectrode immersed in solution
containing of (a) 10.0 mM KCI + 10.0 mM HCI (blank solution) and (b) AuNPs@TA + blank at applied potential of -0.3, -0.4 and -0.5 V vs SCE.
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Figure C.3. The linear relationship between average spikes: (a) charge, (b) current, (c) duration
and (d) frequency with different potentials at various Zn2* concentrations, resulting from
oxidative and reductive nano-impacts method.
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Figure C.4. Langmuir plot of Zn2+ on ensembles AuNPs@TA (before saturation).
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C.2. Nano-impacts Analysis of AuNPs@CA
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Figure C.5. Representative chronoamperograms of carbon microelectrode immersed in solution of (a) 42.0 pM AuNPs@CA + 10.0 mM NaOH at varying

potential of 0.3 Vto 1.2 V vs SCE. (b) 1.0 mM to 50.0 mM KCN + 10.0 mM NaOH at applied potential of 1.0 V.

213



0.5+

0.32 4
(a) _ (b)
0.4 4
0.28
; <é
€ e
S 03 o
5 5
(@) Q
0.24
0.2 4
12 nm AuNP 20 nm AuNP
0.1 T T T T T T T 1 0.20 T T T T T T T T 1
5 10 15 20 25 5 10 15 20 25
Time/s Time/s

Figure C.6. Chronoamperograms of 42.0 pM AuNPs@CA added in 5.0 mM KCN + 10.0 mM NaOH at a potential of 1.0 V vs SCE. No spikes were observed
at both (a) “nominally 12 nm diameter” and (b) “nominally 20 nm diameter” AuNPs@CA.
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