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Abstract

Abstract

This thesis presents findings realising two main objectives. The first aim is to investigate the
electrochemical detection of nanomaterials with an emphasis on silver nanoparticles. The second

goal is to employ silver nanoparticles in electroanalysis to aid in the detection of other analytes.

First, the detection of silver nanoparticles was demostrated through two different electrochemical
methods, stripping voltammetry and ‘nano-impacts’. For stripping voltammetry, the potential of
metallic nanoparticles oxidation was quantified by various new analytical expressions for peak
potential. For the novel method of ‘nano-impacts’, individual silver nanoparticles were successfully
detected in an optically opaque suspension. Then, a comparison between the two techniques was
achieved via the oxidation of silver nanoparticles with different capping agents. Strong capping
agent effects was found for stripping voltammetry and one may markedly underestimate the
amount of silver nanoparticle present on the electrode surface. The electrochemical sizing of
nanoparticles via ‘nano-impacts’ remained unaffected by the capping agent effect. Amidst the
study on the various types of capping agent, it was discovered that cetyltrimethylammonium
bromide (CTAB) is electroactive due to the oxidation of its bromide content. This inspired the use of
‘nano-impacts’ to detect the presence of large CTAB micelles which self-assembled at

concentrations above the critical micelle concentration.

Next, various types of silver nanoparticles were applied to different electroanalytical systems to aid
in the measurement of other analytes. (a) Small silver nuclei, remaining after the oxidative stripping
of an electrode modified by silver nanoparticle suspension drop casting, allowed subsequent signal
enhancement (at least a factor of three) in anodic stripping voltammetry of silver ions. (b) The
thermodynamic favourable formation of silver halide complexes allowed the silver nanoparticle
modified electrode to analyse the halide content of a solution. Hence, a proof-of-concept for an
electrochemical sensor based on silver nanoparticle modified electrode for chloride ions was
established. This might be applied to the pre-screening of cystic fibrosis, a genetic disease
detrimental to many infants’ lives. (c) Another key halide in human body, iodide ions, was also

measured using a related concept. The level of iodide ions in synthetic human urine was determined.

Last, the strong affinity of silver to thiol groups also warranted a study devoted to their interaction
through electrochemical and spectroscopic measurements. It was found that there is no general

mechanism for silver-thiol interaction and each thiol must be treated as a separate entity.
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n

!

n

nyp

Faraday Constant, 96 485 C mol™
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Standard Electrochemical Rate Constant
Boltzmann Constant, 1.38 x 107 J K™" molecule™
Mass Transport Coefficient
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Surface Electron Transfer Rate
Concentration of Metallic Species on Nanoparticle Surface
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Number of Electrons Passed before the Rate Determining Step
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Gas Constant, 8.314 J K" 'mol™
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mol dm3
molcm™ s’

mol cm2 s’

mol dm™3
A mol™

moles
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moles
atoms

Dimensionless

Dimensionless

Dimensionless

C

C
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TEM
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XRD

Highest Occupied Molecular Orbital
Inductively Coupled Plasma Mass Spectroscopy
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Potassium lodide
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Chapter 1 | Fundamentals of Electrochemistry

Chapter 1 Fundamentals of Electrochemistry

This chapter provides a brief introduction to some of the fundamental concepts in
electrochemistry’™ which are relevant for the work presented in this thesis. The influence of mass
transport and electron transfer kinetics in voltammetry is discussed. The understanding of the key
differences between macro electrodes (dimensions of cm or mm) and micro (dimensions of um)

electrodes will aid in the understanding of the experimental results reported later in this thesis.

1.1 The Nernst Equation

Electrochemistry studies the interplay of electrical and chemical effects at an electrode/solution
interface.” It deals with the electrical current and chemical reactions.” Consider the simple

heterogeneous electron transfer:

A(aq) + e~ = B(aq) Equation 1.1
which may occur at an electrode/solution interface. A and B are a redox couple in the solution phase
related by a single electron transfer. If a piece of metal is inserted into the solution consisting of A
and B, it may facilitate the electron transfer within the redox couple. Figure 1.1 describes the
situation when the electrode has a higher energy than the lowest unoccupied molecular orbital
(LUMO) of A, an electron is transferred to A and hence reducing A to B. When the highest occupied
molecular orbital (HOMO) of B is of a higher energy compared to the electrode energy level, B loses
an electron and is hence oxidised. A dynamic equilibrium can be achieved if the electrode reaches an
energy level between the LUMO of A and the HOMO of B and both oxidation and reduction occur
at the same rate. At this point of equilibrium, no further net charge is observed and the charge
separations at the interface between the electrode and the solution give rise to an electrode
potential.” The electrode potential in an electrochemical system is measured against a reference
electrode with a fixed potential to allow comparison.> ® The concept of a reference electrode is

further discussed in Section 1.3.
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HOMO

f

LUMO

Increasing Energy

HOMO
+ +
A B

Electrode Solution Electrode Solution

Figure 1.1 A schematic diagram of the energy levels (not to scale) during reduction of A (left) and
oxidation of B (right).

The electrode potential is influenced by the concentration of A and B and this relationship is

summarised by the Nernst equation,’

E = E}? +};—Tln (g—:g) Equation 1.2
where E'is the electrode potential, £ is the formal electrode potential at unit concentration, R is
the gas constant of 8.314 J K™ mol”, T'is the temperature in Kelvin and F is the Faraday constant.
€Y and (Y are the concentrations of species A and B at the electrode surface respectively. Note

that the Nernst equation is only applicable to a system at a dynamic equilibrium. The activity

coefficients of the species are embedded within the formal potential, £2,

0 _ o 4 RT Ya .
Ef = E° + I (12) Equation 1.3
where E?is the standard electrode potential at unit activity (activity equals to one). y4and yz are

the activity coefficients of species A and B respectively.

Although the Nernst equation provides a description of the electrode potential for an
electrochemical reaction under equilibrium, almost all the electrochemical experiments in this thesis

are performed under non-equilibrium situations. The latter are elaborated in Section 1.2.
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1.2 Non-equilibrium Electrochemistry

At dynamic equilibrium (Section 1.1), no current flows through the system. In reality, most
electrochemists depend on disturbing this equilibrium to obtain information on the redox couple of
interest. Take an instance where a potential, £, more positive than the formal potential, E}g is
applied. From Equation 1.2, the ratio of A to B has to increase to conform to the new potential
(even though equilibrium is not necessary achieved). Thus, the new potential promotes the
oxidation of B to A and an anodic current passes through the working electrode. This change in
current with regards to potential or time gives data in the form of voltammograms (discussed in
Section 1.4). They aid in the understanding the electrochemical process which occurs on the
electrode. There are two main factors that influence the voltammogram and they are further

discussed below in Section 1.2.1 (electrode kinetics) and 1.2.2 (mass transport).

1.2.1 Electrode Kinetics
This section deals with the rate of electron transfer. From Equation 1.1, as A is reduced to B, the
rate of reaction is related to ks and kox, which are the rate constants of the reduction and

oxidation reaction respectively. They can be defined as:

kroq = kPexp [—‘%” Equation 1.4
kox = kexp |2 Equation 1.5

where Ris the gas constant of 8.314 J K™ mol™, Tis the temperature in Kelvin, Fis the Faraday
constant and &7 is the standard electrochemical rate constant. @ and £ are dimensionless transfer
coefficients which normally lie in the range from O to 1 for an one electron process and usually a +

[ =1.The overpotential, 0, is the potential applied relative to the formal potential and is defined as:
n=E—Ef Equation 1.6

The rate of reaction is strongly dependent on the overpotential and the rate constants (k:.sand

kox). The Butler-Volmer equation (Equation 1.7) explains the relationship between the net current
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observed at the electrode/solution interphase, I the amount of overpotential, 7, the standard

electrochemical rate constant, &%, and the concentration of the species involved." * 7~

aFn

I = —FA, . k° (exp [— RT

] - CY —exp [%] : cg) Equation 1.7

where Aesec is the area of the electrode. €4 and €% are the concentrations of species A and B at the
electrode surface respectively. Combining Equations 1.4, 1.5 and 1.7, the Butler-Volmer equation

can be rewritten in the form:
I'=FAgec(krea CL —kox - CP) Equation 1.8

As observed from Equations 1.4, 1.5 and 1.7, the rate of reaction increases when the deviation of
the potential from the formal potential increases. From the Butler-Volmer equation, it is seen that
the current correlates directly with the rate constants. When the value of the standard rate
constant, &7, is large, the electron transfer rate is faster, more species can be converted and hence

a larger current is passed.

1.2.2 Mass Transport
The mass transport of a species involves the movement of the reactants towards the electrode
surface and of products away from the electrode surface. If the electron transfer rate is fast, mass
transport limits the amount of current passed via the amount of reactant/product moved
towards/away from the electrode. The three main modes of mass transport (diffusion, convection

and migration) are introduced within this section.

First, diffusion is a phenomenon where a species spontaneously moves down its concentration
gradient to maximise entropy. This is quantified by the flux (mol cm™ s™), j; through Fick’s first law

where the number of moles of the species passing through a point, x; is given by,

. ac .
Jj= —Da Equation 1.9
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where Dis the diffusion coefficient of the species involved and g—i is the concentration gradient. The

diffusion coefficient (cm? s') determines how fast a species move across the solution and the
negative sign involved in Fick’s first law accounts for the species moving from an area of higher

concentration to lower concentration.

Fick’s second law gives the rate of change in concentration at point x;

ac _ . d%c

r Py Equation 1.10

One of the solutions of Fick’s second law is the Cottrell equation. This equation is applicable to the
current response of a single potential step on a large electrode and it is further discussed in Section

1.4.2.

The second form of mass transport is convection. It is the movement of species due to external
forces. There are two forms of convection: natural convection and forced convection. Natural
convection arises in the presence of a thermal or density gradient within the solution. To minimise
natural convection, the electrochemical cell can be kept under strict thermostat control to avoid
differences in temperature and to distribute any heat formed at the electrodes as a result of
electrolysis. The experimental time can be kept short to avoid the build-up of density gradients.
Forced convection comes from actions such as stirring, sonication, solution agitation and forcing a
gas to bubble through the solution. Forced convection keeps the diffusion layer to a minimum. The
diffusion layer is the distance adjacent to the electrode where the reactant is depleted. Hence, fresh
reactant has to move through the diffusion layer before reaching the electrode surface. Since
forced convection improves the mass transport rate and ensures that sufficient species is delivered
to and removed from the electrode surface, the diffusion layer is compressed, ideally allowing the

focus of the study to shift to the influence of electrode kinetics."

The third and final form of mass transport is migration. It is the movement of a charged species in
an electric field. The potential drop across the electrode/solution interface generates an electrical

field which leads to migration of charged species.’ This is complicated to model. Hence, in most
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electrochemical experiments, a high concentration (> 100 times of the analyte) of inert electrolyte
is added to the solution to supress migration. Figure 1.2 depicts a schematic diagram in the
presence of a high ion concentration. The arrangement of the ions at the electrode/solution
interface forms an electrical double layer so that most of the potential drop, ¢ - ¢s, occurs within
a short distance from the electrode (usually 10 — 20 A) for electrolyte concentrations of ca. 0.1 M
or above." If the potential applied at the electrode is more positive than the solution, anions and
solvent molecules will adsorb onto the electrode surface, forming the Inner Helmholtz Plane (IHP).
The Outer Helmholtz Plane (OHP) consists of solvated anions (which are attracted electrostatically)

non-specifically adsorbed to the electrode. The two layers help to maintain electrical charge

Electrode
+ + + + + + + + + + +

=
<

Potential

=
n

IHP OHP Distance from Electrode

Figure 1.2 Top: Schematic diagram showing the double layer at the electrode-solution interface.
Green sphere: anion; red sphere: cation; blue sphere: water molecule. Bottom: Schematic diagram
showing the drop in potential across the double layer.
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neutrality at the electrode/solution interface. Both solvated cations and anions form the diffuse
layer which extends from the OHP to the bulk solution. Due to the compact double layer (OHP and
IHP), the large potential gradient (caused by the difference between ¢ and bs) is kept within a
short distance of the electrode. This potential drop within the double layer is the driving force for
electrochemical reaction to occur when the reactant is within the electron tunnelling distance from
the electrode (also around 10 — 20 A)." Thus, with the addition of large amount of electrolyte (>
0.1 M), the potential gradient within the bulk solution is approximately zero where the electrical

field is minimised and migration of charged species is reduced.

The addition of the inert electrolyte also has several other advantages apart from minimising
migration. It improves the conductivity of aqueous solution which is otherwise highly resistive. This
mitigates potential problems such as a loss of current or a requirement of high overpotential
associated with high solution resistance. In addition, the presence of electrolyte also keeps the ionic
strength relatively constant, allowing the activity of the redox couple to be kept consistent,

facilitating the use of formal potentials (as discussed above).

Assuming fast electrode kinetics, the voltammogram is usually controlled by mass transport.
However, with the three different modes of mass transport, it is hard to determine the influence of
each individual component. Thus, in this thesis, migration and convection are minimised to
determine the diffusional controlled response. However, there is an exception in Chapter 6, Section
6.1 where forced convection was induced through solution stirring to maximise the amount of
silver ions arriving at the electrode surface prior to electrodeposition. This is discussed in further

detail in the corresponding chapter.

1.3 The Electrochemical Cell

In order to observe the changes in an electrochemical reaction under the influence of mass
transport and/or electrode kinetics, the classic three electrode system in Figure 1.3 is used to
perform electrochemical experiments.” "' The reaction of interest occurs at the interface of the

working electrode and solution. Most working electrodes are made of inert materials such as gold,
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Chapter 1 | Fundamentals of Electrochemistry

glassy carbon or platinum to avoid interference with the reaction of interest.'? At other times, the

working electrode may act as a catalyst to promote the redox reaction (e.g. proton reduction on

platinum electrode).’® '

Working
Electrode
Counter Reference
Electrode Electrode

Figure 1.3 A schematic diagram showing the working electrode in the three electrode system.

As mentioned in Section 1.1, the potential of the electrode in an electrochemical system is reported
relative to a reference electrode. Conventionally, the potentials are reported against the standard
hydrogen electrode (SHE) at 25 °C." A SHE consists of a platinum electrode immersed in a solution
containing protons at unity activity and hydrogen gas of pressure 1 atm. However, the difficulty of
handling hydrogen gas has driven scientists to adopt more convenient reference electrodes such as
the saturated calomel electrode (SCE) and the mercury/mercurous sulphate electrode (MSE)."> '
In a SCE, mercury and insoluble mercury(l) chloride are immersed in a saturated solution of
potassium chloride to give a potential of +0.24 V vs. SHE."” Within a MSE, mercury and insoluble

mercurous sulphate are immersed in a saturated potassium sulphate solution to maintain a stable

potential of +0.62 V vs. SHE."” A MSE is useful for systems which are sensitive to chloride ions.
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In all of the experiments performed within the thesis, a potential is applied at the working electrode
to observe the change in voltammograms. The potential applied is with respect to the reference
electrode.® Considering Section 1.2.2 where the electrostatic potential at the electrode, ¢u, and
the electrostatic potential in the solution, ¢s, are defined, the potential applied at the working

electrode follows the expression below:

Potential Dif ference = (¢, — d)wr — (b, — ®s)rE Equation 1.11

where the (bm — ds)we is the potential at the working electrode interface and (by — $s)zeis the
known potential which occurs at the reference electrode interface. This potentiostat system works
in a feedback mode and changes the potential difference between the working and reference

electrodes till the desired value is obtained.

Considering Equation 1.1, when a suitable potential is applied between the working and reference
electrode, the electrochemical reaction is driven to favour either the formation of A or B. Hence,
the concentration change of A and B results. Thus, a redox reaction occurs on the working
electrode, charges are passed and information on the redox couple is obtained. With a redox
reaction occurring on the working electrode, hence, a counter reaction is required to balance the
amount of electron flow. However, if the counter reaction was to occur on the reference electrode,
its equilibrium and hence the reference electrode potential would be disturbed, resulting in an
inaccurate reference potential. Thus, a third electrode known as the auxiliary or counter electrode is
introduced to allow the counter reaction to occur on its surface. Commonly, it is made of relatively
inert materials such as platinum or carbon in order to minimise its influence on the reaction
occurring on the working electrode. With a counter electrode in the circuit, no current needs to
flow through the reference electrode and a stable reference potential can be maintained. In a three
electrode system, the potential difference is applied and measured between the working and
reference electrode while the current flows between the working and counter electrode. This
completes the three electrode system which is a cornerstone for performing electrochemical

experiments.

Page | 9



Chapter 1 | Fundamentals of Electrochemistry

1.4 Electrochemical Methods

When a suitable potential is applied to the electrochemical cell, the plot of measured current against
potential or time will give information on the redox couple via a voltammogram or
chronoamperogram. The two main techniques of cyclic voltammetry and chronoamperometry used

in this thesis are discussed in Section 1.4.1 and 1.4.2 respectively.

1.4.1 Cyclic Voltammetry
Cyclic voltammetry changes the potential of the working electrode linearly in a forward and then a
backward direction, recording the current as the potential changes. ' '® ™ In practice, digitally
generated small potential steps (‘a staircase’) are made and the current is measured as the potential
is applied (Figure 1.4). The current, 7 is measured at one point along each step.”® The current
measurements are plotted against the potential to give a cyclic voltammogram. The scan rate is

determined by the how fast the potential changes with time.

Potential / V

Slope = Scan Rate

Time

Figure 1.4 A schematic diagram showing the waveform of a cyclic voltammogram. The current, 7, is
measured at each potential step. The scan rate can be determined by the slope.

The size of the working electrode also determines the wave form of the cyclic voltammogram. This

is because the mass transport on a macro electrode (usually with dimensions of cm or mm) is
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mainly attributed to linear diffusion while convergent diffusion (‘edge effects’) is responsible for the
main mode of mass transport towards a micro electrode (usually with dimensions of um) (Figure
1.5). Hence, the micro electrode has a more efficient diffusional transport towards the electrode

surface compared to a macro electrode.

Linear Diffusion Convergent Diffusion

Macro Electrode Micro Electrode

Figure 1.5 The different mode of mass transport at a macro electrode and a micro electrode.

Typical voltammograms obtained on a macro electrode are summarised in Figure 1.6. For an
electrochemically reversible reaction, where the rate of electron transfer is much faster than the
rate of mass transport. The solid black line in Figure 1.6 reflects Equation 1.1 where A is reduced to
B. As the potential applied, E, is more positive than the formal potential, E}? no current is passed as
the potential is not sufficiently negative to convert A. As the potential grows increasingly negative,
the potential is now suitable to reduce A to B and a large increase current is observed. While all the
species A next to the electrode surface is consumed; now the reactant has to diffuse from the bulk
solution to reach the electrode surface, thus the diffusion layer becomes thicker. Thus, the current
starts to decay away, giving a peak in the voltammogram. The reverse reaction of oxidising B to A is

recorded by an oxidation signal on the backward scan. As the rate of electron transfer slows down,
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the voltammetry is increasingly irreversible and from Figure 1.6, it is observed that peak current

decreases slightly and the peak to peak separation increases substantially.

Increasing
Irreversibility

Current/ A

Increasing
Irreversibility

Potential / V

Figure 1.6 The ideal cyclic voltammogram of a solution phase electrochemical reaction occuring on a
macro electrode with varying degree of electrochemical reversibility.

Equation 1.12 and 1.13 represents the Randles-Sev¢ik equations at 298 K for reversible and

irreversible reactions respectively.
I, = (2.69 X 10°)Agjec D> C1v0° Equation 1.12

I, = (2.99 X 105)a®5 A D, *° C ;00> Equation 1.13
The Randles-Sevéik equation relates how the peak current, 7, changes with the bulk concentration
of species A, Cj, the scan rate, v, the diffusion coefficient of species A, D4 and the area of

electrode, Aesec. a is the transfer coefficient.

At a macro electrode, assuming a ~ 0.5, Matsuda and Ayabe categorised reactions into reversible,
quasi-reversible and irreversible based on the magnitude of the standard electrochemical rate
constant, 22" Table 1.1 shows the relation between scan rate, v, and k? which determines the

electrochemical reversibility of a system.
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Classification Boundary

Reversible k°>0.3v"/2 cm st

Quasi-Reversible 03v72>k°>2x10"5 2 cm 5!

Irreversible k°<2x10%v/2cm st

Table 1.1 Criteria for the classification of electrochemical reversibility of macroelectrode voltammetry

At a micro electrode, where convergent diffusion takes place, the diffusion layer thickness is small
due to edge diffusion enhancing the reactant flux. Hence, in Figure 1.7, instead of having

voltammetric peaks, the current reaches a steady state as only a thin diffusional layer builds up.

Current/ A
<

E/
Potential / V

Figure 1.7 A typical “steady-state” cyclic voltammogram on a micro electrode.
At a microdisc electrode, the steady-state current is limited by the flux of the reactant and it can

be expressed as:

Lijyjm = 4FDC"r, Equation 1.14

limis the steady state current, Fis the Faraday constant, Dis the diffusion coefficient, C*is the bulk

concentration of the reactant and re is the radius of the electrode. Efficient mass transport at the
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electrode meant that a steady state current is observed as a thin diffusion layer builds up. However,

if the scan rate is increased sufficiently, the voltammogram looks similar to the ones in Figure 1.6.

In the above sections, a single electron transferred to A to form B (Equation 1.1) at the
electrode/solution interface has been considered. This heterogeneous electron transfer has
assumed both A and B as chemically stable in solution within the experimental time scale. However,
if either A or B are not stable, this can lead to different, more complex, mechanisms such as EC and
ECE. E is used to define a heterogeneous electron transfer while C is used to indicate a non-

electrochemical reaction.

If B is not chemically stable, the reaction may follow an EC mechanism. The reaction mechanism can

be written as:

A+e =B Equation 1.15

B-C Equation 1.16

where A and B are involved in the electrochemical step. B is formed as an instable product which is
chemical converted to C, an electrochemically inert and stable product. A good example of the EC
reaction would be the oxidation of 1,4-aminophenol in an aqueous acidic environment, as shown in

Figure 1.8." %2

However, if C in Equation 1.16 was electroactive, it would lead to the mechanism of ECE. A second

E step involving C may takes place, resulting in:

A+e =B Equation 1.17
B-C Equation 1.18
C+e =D Equation 1.19
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Two electrons are transferred per species A due to the two heterogeneous electron transfer steps.
One of the possible pathway for the reduction of 1,2-bromonitrobenzene in the absence of

protons is the ECE mechanism, as shown in Figure 1.9. "3

NH, NH

- 260 —> @ + 2H* (E)
OH o)
NH o)

+ HO ——> @ + NHj (C)
o) o)

Figure 1.8 The oxidation of 1,4-aminophenol, following an EC mechanism

NO, NO,
Br Br
e — > (E)
NO, | NO,
Br .
— + Br (C)
NO, NO,
t e —> (E)

Figure 1.9 The reduction of 1,2-bromonitrobenzene in an aprotic solvent, following an ECE mechanism
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Apart from the various mechanisms that can occur with heterogeneous electron transfer, another
factor that has to be brought into consideration is adsorption. Hitherto, all the reactions discussed
assume the reactants and products are in solution and move to the electrode via diffusion.
However, if both the reactant and product adsorb onto the electrode surface, it greatly alters the
waveshape of the voltammogram. Given an electrochemical reversible reaction of reducing A to B
(where both A and B adsorb onto the electrode surface), the voltammogram on a macro electrode
is expected to have the forward and backward peaks as symmetrical signals and peak potentials at
the formal potential of the A/B redox couple (Figure 1.10). As the reaction become increasingly

irreversible, the two signals occur at either side of the formal potential and the peaks become

significantly asymmetric. The net peak current of the signal from A(ads)+e =B(ads), is governed

by the following equations:

For a reversible surface bound reaction,Compton, 2011 #350}

2

F .
I, = ﬁz),cleleC];P Equation 1.20
For a irreversible surface bound reaction,’
AF?AgrocvTy .
I, =—=¢ge4 Equation 1.21
2.718RT

where /,is the peak current, Fis the Faraday constant, Ris the gas constant, T'is temperature, vis
the scan rate, Aeec is the electrode surface area, [X is the surface coverage of reactant at the

electrode surface and ais the transfer coefficient.

The technique of cyclic voltammetry and the influence of reversibility, diffusion, reaction
mechanism and adsorption on the voltammogram have been discussed in the present section. In

next section, we explore the method of chronoamperometry.
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Increasing
Irreversibility

Current/ A

Increasing
Irreversibility

Potential / V

Figure 1.10 Ideal cyclic voltammetric response of surface bound species. Black line: reversible
reaction; red dashed line: irreversible reaction.

1.4.2 Chronoamperometry
Chronoamperometry is an electrochemical technique which studies the change in current with time
as a potential step is applied at the working electrode. If the potential is held at a suitable potential,
all of the reactant near the electrode surface is consumed. Thus, in Figure 1.11, it is observed that a
huge current flows at the start of the chronoamperogram while the diffusion layer builds up. This is
attributed to Faradaic and capacitative current. As time passes, the current decreases and this is
mainly associated with Faradaic current. Assuming that the reactant is solely arriving at the
electrode surface via linear diffusion, the Cottrell equation is a solution for Fick’s second law for a
measurement at a macro electrode at a potential step from zero current to a diffusion controlled
current (chronoamperometry). It allows the net flow of reactants towards the electrode surface to
be converted into the form of a current response. At a suitable potential where all substrate

reaching the electrode surface is consumed, the Cottrell equation is written as:

_ FAgecVDC*

I'=—r=

Equation 1.22
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where 7is the net current, Fis the Faraday constant, Aeecis the electrode surface area, Dis the
diffusion coefficient, C*is the bulk concentration and tis time. As time approaches infinity, the

current decays to zero as all the reactant is converted into product.

Current/ A

Time /s

Figure 1.11 A typical chronoamperogram which plots current against time.

On the other hand, when a microdisc electrode is used, as mentioned in Section 1.4.1, edge

diffusion comes into play. Hence, another equation is required to determine the current decay at a

fixed potential.**

I =4FC*Dr, f (1) Equation 1.23

where r.is the electrode radius and 7= 4Dt/r.2.

Shoup and Szabo have estimated f{7) at all times to be:*®

— 1
F(1) = 0.7854 + 0.88627 /2 + 0.2146 exp~078237" /2 Equation 1.24

For both macro and micro electrodes, the current is solely determined by the mass transport

process, making chronoamperometry an attractive option for mass transport study.
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In this thesis, a current-time transient is employed for the novel techniques of ‘nano-impact’. This
method holds the electrode at a suitable potential; as a single nanoparticle comes into contact with
the electrode, the former is oxidised or reduced, resulting in a current ‘spike” seen on the current-
time transient. Hence, the study of single nanoparticles diffusing towards the electrode surface is
possible. Characterisation of the nanoparticle size and identity is achievable through the charge
passed and onset potential. It is possible to convert Equation 1.24 to estimate the number of

nanoparticle-electrode impacts via the equation below:?°

Nimpace = NaCivpns® (T + 143772+ 657 x 102 In7 — 3.35 x 103771 +3.43 x 1073 17 /2 +

349 x 1071772 ) Equation 1.25

where Nimpace is the number of nanoparticle-electrode impacts, Ny is the Avogadro constant of
6.022 x 102 atoms per mole, Cypis the bulk concentration of the nanoparticles, razis the radius of
the nanoparticle. The diffusion coefficient embedded in 7 (as seen above in page 18) can be

estimated via the Stokes-Einstein equation:

_ kgT
6T T hyd

Dyp Equation 1.26

The equation assumes that the nanoparticles are perfectly spherical where Dyp is the diffusion
coefficient of a nanoparticle, ks is the Boltzmann constant, n;is the liquid viscosity and ruyq is the
hydrodynamic nanoparticle radius. The technique of ‘nano-impacts’ is further discussed in Section

2.4 with examples.
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Chapter 2 Nanoparticles and Their Detection

Nanoparticles are a part of our daily lives due to their wide application in consumer products.”’ Their
novel properties have allowed technological advances (e.g. nanoelectronics®® ?°) which would be
otherwise be impossible.?” Although there are many conveniences and benefits brought along by
these small particles, the extent of the detrimental effects they may bring to the environment and
organisms is still unknown.?**?® Given their small size, new techniques are required to detect
nanoparticles through various means. Electrochemical methods such as stripping voltammetry®*®
and ‘nano-impacts’**? have been widely introduced for nanoparticle detection and are overviewed
in this chapter. A brief description on the available non-electrochemical techniques for nanoparticle
detection is also given this chapter.***® This chapter is partly based on an introductory survey co-
authored with Professor Richard G. Compton in ‘Electrochemical Strategies in Detection Science’

edited by Professor Damien Arrigan. The book is due to be published by the Royal of Society

Chemistry in October 2015.

2.1 Nanoparticles and Their Properties

Nanoparticles are a special class of material of any shape with at least one dimension between 1 to
100 nm based on the guidelines of IUPAC (International Union of Pure and Applied Chemistry).*?
They are important because their properties may deviate significantly from that of the bulk
material. One of the most studied aspects is their optical characteristics.®® Taking the
nanoplasmonic properties of silver nanoparticles as example, spherical silver nanoparticles are
known to have a yellow colour and a surface plasmon absorption around 400 nm.”" As the size of
the silver decreases to subnano (usually clusters smaller than 2 nm in diameter), fluorescent
properties start to develop.”? Bulk silver shows different optical properties®® and it does not
fluoresce. For such metallic nanoparticles, fluorescence develops at a size smaller than ~ 2 nm

because the continuum of energy levels found in bulk metal that allows the free flow of electrons

across the material breaks down and the energy levels become more distinct at this size.>* For other
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types of nanoparticles such as quantum dots, fluorescence may arise at sizes greater than 2 nm due

to the electronic structure present in the semiconductor materials.>®

Apart from the prominent field of nanoplasmonics, the physical properties of the particles may also
change at the nanoscale. First, the percentage of the surface atoms increases.”® A 1 nm diameter
palladium nanoparticle has about 80% of the atoms on the surface.*® This increases the surface area
to volume ratio leading to their possible application as effective catalysts.>’~>° Second, the decrease
in nanoparticle size increases the degree of surface curvature, resulting in a higher energy.®® This
leads to phenomena such as lowering of the melting temperature®' and alteration of the potential
of metal oxidation.®” ® A difference of around 500 °C in the melting temperature is found for
cadmium sulphide nanoparticles of radii 25 A and 50 A°®" The change in potential due to

nanoparticle size under different diffusion regimes is studied in Chapter 4, Section 4.1.

The properties of nanoparticles are also heavily influenced by the presence of capping agents. They
reduce agglomeration of the nanoparticles by using different mechanisms (i.e. electrostatic forces,
steric repulsions).®*®® However, the capping agents are used for much more than stabilisation. The
shape of silver nanoparticles synthesised can be controlled through the use of organic capping
agents such as poly(vinyl pyrrolidone) and sodium citrate.®” In turn, the surface plasmon peak
occurs at different wavelengths depending on the particle shape.®® With the variation of
triethanolamine, oleic acid or thioglycerol as capping agents, the luminescence properties of zinc
oxide nanoparticles differ.®® Likewise, the extinction coefficient of the gold nanoparticles changes
as the citrate capping agent is replaced by 1-decanethiol or oleylamine.”® This inspired a study in
Chapter 4, Section 4.3 which addresses the influence of capping agents on the two main

electrochemical techniques of cyclic voltammetry and chronoamperometry.

The novel properties of nanoparticles, such as a large surface area, can bring advantages that
greatly benefit the society through the form of improved or new industrial and consumer
products.”” For example, elemental silver is known to react with thiol groups and inhibit enzymes

with thiol groups, hence granting silver anti-bacterial activity.”" Silver nanoparticles are known to
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7273 which put stress on cells.”* 7> Thus, they are now

generate reactive oxygen species,
incorporated into products such as carpets’®, socks’’ and fabric softener?’ as an anti-bacterial
agent.”” 7®® A study on silver-thiol interactions was attempted in Chapter 7 to observe the
influence of thiol groups. On the other hand, the capability of zinc oxide nanoparticles to remain
invisible while blocking a wide spectrum of harmful ultraviolet rays makes them popular in
sunscreens.®” The tiny size of the nanoparticles allows them to be transparent compared to their
bulk counter parts that appear white.®? Janus particles, which have at least two surfaces of
different chemistry and/or polarity®®, can be used in water repellent fabrics.®> The hydrophilic side
attaches to the fabric, leaving the exposed hydrophobic portion to repel water.®> These products
are just a few examples of the thousands of items which employ ‘nanotechnology’. This industry is
estimated to be worth USD 20.7 billion in 2012 and predicted to expand to USD 48.9 billion in
2017 according to BCC Research.®® By October 2013, 1628 nanotechnology-enabled consumer
products have been registered with the ‘Consumer Products Inventory’ on ‘The Project on Emerging
Nanotechnologies’.?” The number of consumer products has increased rapidly over recent years.
The most popular nanomaterials, according to their major elements, are silver, followed by titanium
(including titanium dioxide and other forms), carbon (including fullerene, carbon nanotubes,
graphene, graphite and other forms), silica (found as silica oxide and other forms), zinc (including

zinc oxide and other forms) and gold.?’

Given the flourishing growth of nanotechnology based consumer products, there are also possible
negative implications. It is suggested that for pregnant mice injected with 100 ug of titanium
dioxide nanoparticles, the nanoparticles are passed to their offspring.*® Oral ingestion is also a
possible route for nanoparticles to pass from parent mice to child.*" A study in 2012 reported that
the exposure of an average American to titanium dioxide nanoparticles is less than 2 mg per kg of
body mass per day.’” A study on carbon-based nanomaterials showed that they might activate
inflammatory genes in pulmonary tissues in mice if their lung tissues are directly exposed to 125 ug
of nanoparticles.*® Given the possible health implications, nanomaterial usage likely needs regulation

and laws to construct a safety net.
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Current regulations are at an early stage but many countries and associations, including the
European Union (EU), China, India, Taiwan and Thailand, are making significant efforts in
nanoparticle research so as to make better legislation.?” For the EU, there are no current regulations
specific to nanotechnology.®® Instead, they actively promote research and discussions. The
programme of REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) has
stringent and broad regulations on chemicals and drugs to cover the risk of nanotechnology in the
EU.®? In 2012, France passed a decree for mandatory reporting of products containing
nanomaterials.?® China contributes significantly to the global joint effort to understand
nanoparticles so as to make better guidelines.”’ Internationally, many properties (like
concentrations, size distributions, impurities present, in vivo and in vitro toxicology effect) have
been recommended as should be reported and diverse techniques like microscopy, elemental

analysis, centrifuging and spectroscopy are recommended for nanoparticle analysis.*?

2.2 Non-electrochemical Techniques

To characterise nanoparticles, the International Life Science Institute Research Foundation/Risk
Science Institute suggests a wide variety of laboratory methods for analysis.?> These include
microscopy techniques such as transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). Laser techniques, such as nanoparticle tracking analysis (NTA) and dynamic light
scattering (DLS) are also recommended. Elemental analysis can be performed through inductively
coupled plasma mass spectroscopy (ICP-MS). A wide range of surface analysis techniques such as
X-ray diffraction (XRD) and X-ray photon spectroscopy (XPS) also play main roles in nanoparticle
characterisation. Ultra-violet visible (UV-vis) spectroscopy, capable of measuring surface plasmon
resonance, is also among the suggested techniques. As reported in Table 2.1, different
characteristics of the nanoparticles such as size, concentration, elemental composition, surface
properties and shape can be measured by various methods.?* In general, however, a combination of
techniques is required to fully characterise the nanoparticles. In the paragraphs below, the various

characterisation methods mentioned earlier are surveyed for their relative merits.
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Microscopy techniques such as SEM and TEM provide powerful magnification. SEM uses an
electron beam to scan and generate images and it is capable of resolving detail down to 3 nm.?* The
ability of SEM to ‘see’ the nanoparticles provides information on their size, shape and surface area.
However, SEM is incapable of differentiating between any capping agent and nanoparticle surface
features.>* Moreover, in order to be examined by SEM, the samples have to be conductive. Thus, a
thin layer of sputtered metal coating is often used for non-conducting samples.®* In addition, the
SEM sample studied has to be non-volatile and capable of tolerating vacuum conditions.®> SEM also

has a possible destructive nature as the electron beams may damage the sample.®®

The other powerful magnification technique, TEM, uses an electron beam to transmit through the
sample for imaging.”” TEM is able to detect particles as small as 0.1 nm.** ®” With aberration
correction, TEM is capable of reaching a higher resolution where single atoms can be seen.?® Figure

2.1 shows a high resolution TEM image of a gold nanoparticle.®

Figure 2.1 High resolution TEM image of a gold nanopatrticle. Scale bar of 5 nm. Adapted from ref 99
with permission from Elsevier.
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The lattice structure is atomically resolved. Each individual bright spot represents a single atomic
column. Similar to SEM, TEM is able to visualise and characterise nanoparticles. Viable samples for
TEM are subjected to strict criteria; they must be electron transparent and able to withstand the
vacuum environment.® °” 1% |n TEM, the energy from electron beam may damage the samples to

different extents (especially organic samples).®®

Various sample preparations have been improvised
to reduce the sample damage (e.g. TEM sample freezing with liquid nitrogen'", electrochemical

pre-treatment of metal nanoparticles etc.).®

The usage of lasers gives rise to the two different techniques of NTA and DLS. NTA uses a laser to
illuminate particles and a microscope to track the individual particles."®® By tracking the Brownian
motion of the particles, the diffusion coefficient (D) is obtained. The hydrodynamic radius of the

particle (rsyq) is then calculated with the use of the Stokes-Einstein equation:'®*

p=—" Equation 2.1
61T T hyd

where kg is the Boltzmann constant of 1.38 x 107?* JK' molecule™, T'is the temperature in Kelvin
and 7, is the viscosity of the liquid sample. The use of the Stokes-Einstein equation assumes that
the measured particle is a perfect sphere. In reality, spherical nanoparticle samples often contain
particles close to a spherical shape rather than being perfect spheres. Figure 2.2 shows a typical
sample of spherical silver nanoparticles (used in Chapter 6, Section 6.1) imaged by TEM and most
of them are not perfect spheres. However, NTA is not without advantages. This technique is easy to
use and only a small volume of sample is required (around 0.3 mL) each time."® The sample does
not have to undergo any special pre-treatment apart from dilution to the appropriate
concentration. Nonetheless, NTA has a narrow optimal concentration range of 107 - 10°
particles/mL in order to track sufficient particles to measure a proper size distribution.’®® Therefore,

an estimation of the sample concentration is usually required before NTA is performed.
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20 nm——

Figure 2.2 TEM brightfield image of a silver nanoparticle sample used in Chapter 6, Section 6.1. Scale
bar of 20 nm.

DLS measures the hydrodynamic radius through the light scattered by the particles.'® A shorter
wavelength is favourable for analysis as it is scatters more efficiently, thus lowering the limit of
particle size measurable.”®” According to the DLS manufacturer Malvern, the technique is capable of
detecting a large range of sizes from 0.3 nm to 10 pum."*® Pre-knowledge of the reflective index
and absorbed wavelength of the sample are required for the size analysis.'® Similar to NTA, DLS is
easy to use and sample preparation includes simple filtration and dilution. As both NTA and DLS
measure the particle hydrodynamic radii, a careful choice of capping agent of the nanoparticles is
required as certain capping agents, such as polyethylene glycol (PEG), can cause a significant
difference between the hydrodynamic radius and the actual radius.*® In addition, they are unable to
measure any optically opaque samples due to excessively light scattering. Chapter 4, Section 4.2
pioneers a novel electrochemical technique (‘nano-impact’) which is able to size nanoparticles in an

optically opaque medium.
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The elemental analysis of nanoparticles is often performed through ICP-MS. An argon plasma is
utilised to dissociate the analytes into fragments.'" The fragmented sample is separated according
to the mass-to-charge ratio and then detected through an electron pulse with an electron
multiplier. ICP-MS is capable of detecting certain metallic elements down to 1 part per trillion
(10").""° Moreover, isotopic analysis and screening for multiple elements in one single
measurement is possible.""® Due to its high sensitivity, contamination is a possible major concern.
Argon, which is abundant in the plasma, generates fragments such as *°Ar*, *°ArO* and ®°Ar," which
can interfere with “°Ca, *°Fe and ®°Se detection respectively; *°Fe and ®°Se are found commonly as

111

nanoparticles in the forms of iron oxide®” and cadmium selenide'"" respectively.

Surface analysis is commonly performed with XRD and XPS. XRD is based on the principle of Bragg’s
law; using a source of X-ray, crystalline samples are scanned at various angles and the surface
properties are derived from the way the electromagnetic waves are diffracted."’* " It determines
the structural composition of the sample and is also phase sensitive towards the different
morphology of lattice planes.”'* '"* However, XRD is limited to crystalline samples.® Another
method which use X-ray for the surface analysis is XPS.""* It reveals information on the elemental
composition on the sample surface. It is very sensitive towards changes on the surface which, for
example, allows the study of metal nanoparticle oxidation in air."* XPS is also capable of identifying
the capping agent on nanoparticles.*® Samples are processed after the XPS chamber is carefully
brought to ultra-high vacuum."™ XPS can operate as a non-destructive or destructive technique
(through mechanical sectioning).”™* The sample holder usually has to be cleaned through heating
and ion bombardment."™* Although both XRD and XPS uses X-rays for surface analysis, the key
difference is that XRD deals primarily with physical properties (e.g. phase and orientation of lattice
planes) while XPS essentially determines chemical properties (e.g. the chemical state of the

elements).

Last, UV-vis spectroscopy measures the surface plasmon signals caused by the oscillating electron

field of the nanoparticles.”'> Certain small changes on the nanoparticle surface can be detected
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through UV-vis spectroscopy. For example, a layer of oxide on silver and gold nanoparticles causes

|.** Changes in shape of the nanoparticles'” or presence of

a red shift in the surface plasmon signa
different capping agents'® on the nanoparticles can modify the wavelength of the surface plasmon
signal. Despite the capabilities of UV-vis spectroscopy, it is only able to give a rough gauge on the
nanoparticle size.>" In addition, the extinction coefficient changes with size, making it difficult to

determine the concentration of nanoparticles since a typical sample contains a distribution of

sizes.”" Often, it is used to confirm the presence of nanoparticles instead of quantifying them.*’

Although there are many approaches to detect and study nanoparticles, there is still 70 single ideal
technigue to fully characterise the nature of the dynamic nanoparticles.“® Usually, a combination of
methods is required to obtain the full picture. Nonetheless, various methods may measure a
different size average.*®* SEM and TEM, which visualise nanoparticles, determine the number
average while NTA obtains the number average based on the diffusion coefficient. A sample bias
towards a larger particle mean size is probable because larger nanoparticles are easier to detect.*®
The three techniques of SEM, TEM and NTA record the responses from individual particles. On the
other hand, DLS measures the ensemble feedback from the nanoparticles. Hence, the average size
measured by DLS is a weighted average based on the translational diffusional coefficient. Signals
generated by smaller nanoparticles can be difficult to detect due to the masking by the larger
ones.”® Therefore, the different techniques of nanoparticle sizing may result in various measured
average sizes due to the different calculation of the average, the polydispersity of the sample*® and
the capping agents present on the particles.”> Moreover, with techniques like TEM and SEM that
operate under vacuum, the removal of solvent from the nanoparticles can cause the sample to
change; for example, agglomeration occurs during drying after silver nanoparticles are drop cast on
the sample holder (Chapter 4, Section 4.1). However, it may be overcome through freeze drying

the sample or solvent sublimation.*® Aggregation and dissolution are the two main processes which

may cause a difference between the measured size and the actual size.

Page | 29



Chapter 2 | Nanoparticles and Their Detection

One major field that has not been fully utilised for nanoparticle characterisation is electrochemistry.
Given its fast, robust methodology and the recent development of nanoparticle-electrode impact
experiments, electrochemical methods have considerable scope and promise for nanoparticle

characterisation. These are overviewed in the following Sections 2.3 and 2.4.

2.3 Stripping Voltammetry

Electrochemical methods have the advantages of being fast, sensitive and robust. With the

116-119

invention of disposable screen printed electrodes and the use of small portable

120

potentiostats'“”, it is possible to perform electrochemical experiments at almost any location.

121,122 123-125

Blood glucose sensors , gas sensors , metal ions sensors'*® '?” and chilli heat (capsaicin)
sensors'?® are both successful point-of-use examples where electrochemistry is utilised. Given the
advantageous properties of electrochemical methods, it is potentially beneficial to use them as
nanoparticle detection techniques. Nanoparticles are often found in environmental settings such as
river water or seawater but especially in the discharge of effluents.'® Portable electrochemical
systems would be suitable for quick onsite sampling of nanoparticles. Currently, most studies are at
the fundamental levels where the nanoparticles are characterised and detected in laboratory

settings. If the nanoparticles are redox active species, the simplest and most direct method of

nanoparticle detection can be performed through stripping voltammetry.

Stripping voltammetry involves oxidising or reducing the nanoparticles immobilised on the electrode
surface through electrochemical techniques such as linear sweep voltammetry, cyclic voltammetry
and pulse voltammetry analysis (differential pulse voltammetry and square wave voltammetry) to

generate an electrochemical signal.

Cyclic voltammetry, as described in Chapter 1, Section 1.4.1, gives a voltammogram which looks
like Figure 2.3 when nanoparticles are immobilised on the working electrode surface. Figure 2.3
depicts an ideal cyclic voltammogram of an electrochemically irreversible oxidative stripping. The

amount of analyte present can be quantified through Faraday’s law.
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Q

Ngyrr = — Equation 2.2

The charge passed under the voltammetric signal, @, will correspond directly to the moles of
surface immobilised analyte, Ny through the Faraday’s law where n is the number of moles of
electrons involved in one mole of reaction and Fis the Faraday constant of 96 485 C mol™". Linear
sweep voltammetry works in the same way as cyclic voltammetry but the potential only swept in

one direction (half the cycle shown in Figure 2.3).

Potential / V

Time /s

Current/ A

Potential / V

Figure 2.3 The ideal irreversible oxidation of an analyte on a cyclic voltammogram. The insert shows
how the potential changes with time.

Pulse voltammetric methods such as differential pulse voltammetry and square wave voltammetry
are receiving increasing attention as they are more sensitive.”*° The additional sensitivity is achieved
by using a pulsed wave form in addition to a scanning potential.”*" The current differences between
the pulsed steps are plotted against potential to give a voltammogram. Commonly, this subtraction
allows the background current to be better offset, resulting in a greater resolution of the
voltammetric peaks. As a result, the sensitivity towards the redox species is improved. Moreover,
as the potential changes back and forth, the redox species is oxidised and reduced repeatedly if the

redox reaction is reversible.”®" This gives a larger amount of charge measured under the
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voltammetric signal. However, Equation 2.2 cannot determine the amount of nanoparticles
immobilised on the electrode surface. Instead, a calibration curve is often used for pulse

voltammetric methods.

Electrochemical methods are sensitive but nanoparticles often need to be analysed at very low
concentrations. In many experiments, the total Faradaic charge passed'*? or the voltammetric signal

34-36, 133-137
t

peak heigh are used to determine the amount of nanoparticles present. The charge
transfer at the electrode/solution interface is responsible for the Faradaic current. However, in
order to achieve a quantifiable signal, the nanoparticle concentration required is much higher than
those naturally found. Therefore, a pre-concentration step is part of the stripping voltammetry
analysis. A wide assortment of tactics like drop casting and adsorption can be used.® Figure 2.4

shows the three main types of pre-concentration strategies (adsorption, drop casting and affinity

enhancement) before stripping voltammetry is performed.

Affinity
Adsorption Drop Cast Enhancement

Figure 2.4 Main strategies for pre-concentration of nanoparticles. Drawings are not to scale.

First, the pre-concentration method of adsorption involves immersing the electrode into a
nanoparticle suspension and waiting for adsorption to occur. Commonly, a potential is held at the
electrode during adsorption to minimise the amount of nanoparticles desorbing.”® Adsorption can

also be performed at open circuit potential.”** '*® One main advantage is that the adsorption period
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can be extended when a sample of very low nanoparticle concentration is analysed. After the
adsorption step, stripping voltammetry analysis is performed to determine the amount of particles
present through Faraday’s law (Equation 2.2). One good demonstration of using adsorption as a

/"3 In their work, a carbon

strategy for pre-concentration is a work by Neumann et a
microelectrode is held at - 0.25 V vs. saturated calomel electrode (SCE) for a period of time to pre-
concentrate the silver nanoparticles onto the electrode surface before stripping voltammetry is

performed. As the adsorption time lengthens, the amount of silver nanoparticles adsorbed increases

and the voltammetric signal grows larger.

The correct choice of medium is essential to obtain quantitative data from stripping experiments.
For example, Pumera et a/. have electro-oxidised adsorbed gold nanoparticles to the gold chloride
complex AuCl,” in strong hydrochloric acid."** Comparing the oxidation of gold nanoparticles to
AuCl,” and the reduction of AuCl,” to metallic gold, the latter process allowed the concentration of
the gold nanoparticles to be determined at a higher sensitivity through a better, well-defined signal.
A similar concept has also been applied to the gold nanoparticles and bromide ions.?” Judging from
the success of changing nanoparticles into other forms, cathodic stripping voltammetry (CSV) may
be applicable to detection of metal oxides nanoparticles.”**"*” Typical systems used include the

oxides of manganese'** '*® and lead.”*> ¥’

Another way to promote adsorption is to use migratory forces."*® In one method, gold nanoparticles
are synthesized in situ in the presence of very little electrolyte."*® A positive potential is held on the
working electrode, attracting the negatively charged citrate capped gold nanoparticles. With the

extra migratory forces, the efficiency of adsorption is improved.

The second pre-concentration strategy is drop casting. When the nanoparticles are isolated, they
can be drop casted and immobilised onto the working electrode. This concept is illustrated in a
report on poly(N-vinylcarbazole) (PVK) nanoparticles.”*? PVK undergoes a two electron oxidation
and the amount of the redox active PVK can be determined through Equation 2.2.'*" The

synthesized PVK nanoparticles are drop cast and dried on a glassy carbon electrode. Oxidation

Page| 33



Chapter 2 | Nanoparticles and Their Detection

signals are observed in a cyclic voltammogram and the charge passed under the voltammetric peak
scales directly with the concentration of monomers present. It is reported that the moles of
electrons transferred per mole of reactant is close to 2."*? With this, a linear calibration is obtained
between the peak charge and the number of monomers present, allowing the determination of

unknown monomer concentrations on the electrode surface.

Instead of using the charge under peak area, the voltammetic peak height can also be used to
determine the amount of nanoparticles present on the electrode surface. In the work by Teo et al,
copper oxide nanoparticles were drop casted onto the working electrode and a cyclic
voltammogram was performed with the nanoparticle modified electrode.** The voltammetric peak
height was linearly correlated to the amount of nanoparticles drop cast on the electrode. This
method has been applied to nickel*®, nickel oxide®*, molybdenum® and silver® nanoparticle

detection.

Apart from determining the concentration of nanoparticles, it is possible to size the nanoparticles
through the measurement of the stripping peak potential with the strict control of surface

coverage. This is further developed in Chapter 4, Section 4.1.

The third pre-concentration approach is electrode modification to enhance the affinity of the
electrode surface for the nanoparticles. Making use of the strong interaction between silver and
thiol, cysteine modified electrodes have been used to improve the adsorption of silver
nanoparticles."? A similar concept has also been applied to gold electrodes with the modification
agent of meso-2,3-di-mercaptosuccinic acid (DMSA). The thiol group at both ends of DMSA helps
to anchor the silver nanoparticle onto the gold electrode.?® The efficiency of silver nanoparticles
adsorbing onto the DMSA modified electrode improved compared to an unmodified gold electrode.
This shortened the time required for nanoparticles pre-concentrating onto the electrode surface.
Currently, silver nanoparticles have been successfully captured on glassy carbon electrodes'?,
carbon screen printed electrodes'®, gold electrodes®® and home-made gold CD electrodes™* in

38, 142

laboratory conditions and in seawater.'* '** Future developments include leaving disposable
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electrodes in the environment for extended periods of time to capture nanoparticles before they

are collected for analysis."**

Apart from pure electrochemical methods, other techniques like microscopy and electrophoresis
have been combined with electrochemistry for nanoparticle detection. In the work by Batchelor-
McAuley et al, silver nanoparticles were tracked with a microscope through the scattered light
from a green laser."* Through the light scattered, holograms were constructed to determine the
size and the pathway taken by the nanoparticles as they adsorbed on an electrode. Stripping
voltammetry confirmed the amount of silver the particles contained (Equation 2.2). A similar
concept has been attempted by Munteanu et 4/ to track radical nanoparticles."*® In a different work
by Chua et a/, a lab on chip platform is used to separate nanoparticles of different sizes and sized

using electrophoresis and the measurement of retention time."*’

Stripping voltammetry detects numerous nanoparticles simultaneously. In the next section,
experiments to detect single nanoparticles through impacts on the working electrode surface are

surveyed.

2.4 ‘Nano-impacts’
The technique of studying the signal generated by a single nanoparticle impacting an electrode has
gained much attention recently and it is one of the most promising methods for single nanoparticle

detection.’® ™"

? or large organic matters'™> "** has been

Before the 2000s, the detection of macroparticles'
attempted. In the early 2000s, collisions between micron sized particles and electrodes were
observed as ‘spikes’ on voltammograms.’> '°® Scholz et al recorded single micron size
montmorillonite particles hitting the mercury drop electrode, disturbing the double layer around the
electrode, generating non-Faradaic signals in the form of ‘spikes’.’>> The non-Faradaic signals are

caused by the change in structure of electrode/solution interface instead of electron transfer

across the interface. The difference in the current between the ‘spikes’ and the background current
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can be related to the size of the particles.”””"® In an experiment by Banks et al, heptane droplets
were mixed into an aqueous solution of perchloric acid and studied with a gold working electrode.*®
As the heptane droplets hit the electrode surface, they momentarily block the electrode surface
and disrupt the interface. After the impact, the double layer reforms. This results in non-Faradaic
‘spikes’ observed at different electrode potentials as heptane droplets impact a gold electrode in
0.1 M perchloric acid."® Depending on the potential held, it generates oxidative ‘spikes’ (potential
held positive of the potential of zero charge (PZC)) or reductive ‘spikes’ (potential held negative of
PZC) which are exclusively of a non-Faradaic nature. For this system, the PZC is measured to be at
+0.01 V + 0.01 V vs. Pd/H,. Therefore, the transition of the spikes from oxidative to reductive

occurs at PZC and this provides a means of measuring PZC.

More recently, Faradaic charges resulting from impacts of the nano sized particles have been
studied and measured. Typically, this involves a chronoamperometric scan which holds the working
electrode at a constant potential for a period of time to generate a stable background current. The
nanoparticles are detected when they impact the electrode, giving a current transient. The change
in current appears as a ‘spike’ or a ‘step’ in the current-time transient (chronoamperometry). It is

usually performed on an electrode which is of a micro meter size to ensure a low background noise.

For impact experiments, the signal may arise directly from the redox reaction of the nanoparticles
or the signal can result from an indirect redox reaction which happens on the nanoparticle surface.
For indirect redox reactions, Wang et a/. have sub-classified them into two categories of ‘hit and
run’ and ‘hit and stand’."*® All of the three scenarios are illustrated in a schematic diagram in Figure
2.5. The first scenario (Figure 2.5A) involves a direct redox reaction. As the nanoparticle (light blue
sphere) impacts the electrode, the potential held on the electrode allows a redox reaction to occur,
generating a sharp voltammetry signal (‘spike’). This is also applicable to nanoparticles which are
reducible to generate reductive ‘spikes’. After the direct redox reaction, the products (small dark

blue spheres) diffuse away.
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Figure 2.5 The three main scenarios of impact experiments. The voltammogram generated by each
mechanism is next to the schematic diagram. A) Direct redox, hit and run B) Indirect redox, hit and
run C) Indirect redox, hit and stand.

The second scenario (Figure 2.5B) involves a ‘hit and run” and an indirect redox reaction. In this
case, the nanoparticle itself does not undergo any redox reaction. Instead, it catalyses a redox
reaction (green cubes to pink cubes). As the nanoparticle impacts on the electrode (‘hit’), the
electrons involved in the transformation generate a current. As the nanoparticle moves away from
the electrode (‘run’), the conversion stops and no further change in faradaic current is recorded.
This results in a ‘spike’ recorded in the voltammogram. In this scenario, the nanoparticles are not
consumed, making this a non-destructive detection technique. An advantage of this technique is
the amplification of the signal. Comparing the catalysis of substrate (assuming a high concentration
of reactants) to the direct oxidation or reduction of the nanoparticles, more electrons are passed in

the former case. Thus, the signal generated is often larger in magnitude.
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The third working scenario of impact experiments (Figure 2.5C) involves a ‘hit and stand’ and an
indirect redox reaction. Similar to the second scenario, this is also a non-destructive technique. The
nanoparticle once again catalyses a redox reaction (as illustrated by the conversion of green cubes
to pink cubes). However, in the third scenario, once the nanoparticle hit the electrode surface (‘hit’),
it remains on the electrode surface for a considerable time (‘stand’) and continue to convert the

reactants into products. Thus, a change in current (‘step’) is observed instead of a ‘spike’.

Identification of the nanoparticles is possible with the impact experiments. In a paper by Stuart et
al, a mixture of nickel and silver nanoparticles are identified through the different potential where
the ‘spikes’ occur at.”® The onset of silver oxidation ‘spikes’ began at +0.45 V vs. a silver-silver
chloride reference electrode whereas nickel oxidation ‘spikes’ only appeared beyond +1.55 V.*°
These onset potentials matched the potentials of the nanoparticles oxidation in the stripping

voltammogram and hence the identity of the nanoparticles is confirmed.

Nanoparticles can be sized through two ways. First, in the case of direct redox reaction (first
scenario), by relating the charge of a ‘spike’ through Faraday’s law, to the number of atoms present
in a nanoparticle and the size of the nanoparticle can thus be studied. Second, for the indirect redox
methods (second and third scenarios), the radius of the nanoparticle (assumed spherical), at least in

principle, can be determined through the current for the catalysed reaction.

In the first scenario of direct redox reaction, many redox active species have been identified.?® 4 4%

11173 For example, various papers on single silver nanoparticle detection have been published.?® **
42.161-1%8 Sjlver nanoparticles are added into the electrolyte and the impact of silver nanoparticles on
a micro carbon electrode is recorded.?® ** %> "°7"1%% The signal results from the direct oxidation of

the silver nanoparticles:

Agpy — xAg*(aq) + xe™(m) Equation 2.3
where x is the number of silver atoms in a silver nanoparticle. Figure 2.6 depicts a typical ‘spike’

obtained by the impact experiments. Each ‘spike’ relates to a single nanoparticle impacting and
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oxidising on the electrode and the size of the nanoparticles can be calculated through the equation

below, assuming the nanoparticles are spherical in shape.*®

__ 4nmFpryp’
- 34,

Q Equation 2.4

where Qs the charge passed under the ‘spike’, nis number of moles of electrons involved per mole
of reaction, Fis the Faraday constant, pis the density, rwris the radius of the nanoparticle and A is
the relative atomic mass. It has been shown that the size of the silver nanoparticles derived from
the ‘spikes’ matches with the sizing measured from SEM images."® ' In addition to determining
the size of the silver nanoparticles, if the size of the nanoparticles is plotted against time, the
aggregation kinetics of silver nanoparticles in electrolyte can be monitored.'® In a work by Ellison et
al, the proportion of monomer, dimer, trimer, tetramer, pentamer and hexamer of silver
nanoparticles can be determined with the impact experiments.’®® Lees et a/ showed that
aggregation is slowed down in presence of high amount of citrate, the capping agent of silver
nanoparticles.'® As an ultimate aim to detect nanoparticles in the environment matrix, Stuart et a/
showed through impact experiments, the detection of laboratory synthesized silver nanoparticles in
seawater is possible.*® They have further shown that the commercially available silver nanoparticles
can also be characterised in the environmental medium of seawater.'® The direct ‘hit and run’
method has also been applied to other nanoparticles including iron oxide (Fe;0,)'®, nickel'®" 7% 17",

d171—173

gol , cadmium’'”® ,organic nanoparticles such as fullerene*', indigo dye nanoparticles'’* and oil

blue dye nanoparticles'’® and liposomes containing vitamin C'’” and catecholamine."’®

As only a single nanoparticle undergoes the redox reaction each time upon impacting the
microelectrode, the amount of Faradaic charge generated is relatively small. For example, the
oxidation of a 20 nm radius silver nanoparticle will generate about 0.3 pC. Charges down to 1.22 fC
has been detected for a nanoparticle with radius 3.1 nm."”® The ‘spikes’ typically last from 5

milliseconds to 20 milliseconds.
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Figure 2.6 A typical ‘spike’ observed in the chronoamperogram.

In a variant, a type of impact experiments known as ‘tagged redox coulometry’ has been developed.
It follows the first scenario where there is a direct redox reaction. However, in ‘tagged redox
coulometry’, the nanoparticles themselves are not oxidised. Instead, redox molecules ‘tagged’ on
the nanoparticles undergo the reaction."®® '®” '8 The principle was demonstrated by Zhou et a4/,
where they attached 1,4-nitrothiophenol (NTP), which can undergo a 4 electron reduction, onto
silver nanoparticles.’®® ' As the nanoparticles hit the electrode surface, the NTP on the
nanoparticle surface are reduced, generating a ‘spike’. Thus, the ‘tagged redox coulometry’ method
allows the detection of nanoparticles, which are not necessarily redox active, without destroying

them.

The second scenario of indirect ‘hit and run’ involves three components: a redox reaction of
reactant to product where the reactant is abundant in the electrolyte, an electrode inert to the
redox reaction and a nanoparticle which catalyses the redox process. In this case, the
electrochemical signal is detected as the electrocatalytic process (green cubes to pink cubes in
Figure 2.5B) occurs when the catalytic nanoparticle hit the electrode surface.** "7 8183 The latter

is inert to the redox reaction at the potential applied. The amount of reactant used in the
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electrocatalytic process in the electrolyte brings about a signal amplification comparable to ‘tagged
redox coulometry’. One good example which demonstrates the second scenario is the catalysed
reduction of hydrogen peroxide by silver nanoparticles on an inert carbon microdisc electrode.’®’ As
the silver nanoparticles hit the electrode surface, hydrogen peroxide is reduced on the nanoparticle
surface, giving a ‘spike’ on the scan. The magnitude of the charge of the ‘spikes’ scales linearly with
the hydrogen peroxide concentrations, showing that signal amplification is possible by increasing
the reactant concentration. As the silver nanoparticle concentration increases, the frequency of
impacts correlated linearly with it. This method has also been applied to numerous other redox
systems such as water oxidation catalysed by iridium oxide nanoparticles,*® proton reduction
catalysed by nickel/nickel oxide nanoparticles,’’® hydrogen peroxide reduction by cerium(IV) oxide

% and proton reduction promoted by platinum nanoparticles."® Proton reduction,

nanoparticle
possibly catalysed by silver or gold nanoparticles of different sizes, was studied by Kahk et a/ who
showed authentic nano-catalysis (kinetic acceleration due to small particle size) is observed for the

studied silver nanoparticles.'®® Nano-catalysis was not observed on the gold nanoparticles.

The third scenario of indirect ‘hit and stand’ also depends on the nanoparticles to catalyse a redox
reaction. Platinum nanoparticles are widely studied under this scenario on electrodes of various
materials (carbon'® and gold'®*>'®"). In work by Xiao et a/, proton reduction is chosen as the redox
reaction to be catalysed by platinum nanoparticles on a carbon electrode.'® The platinum
nanoparticles remain on the carbon electrode for a substantial amount of time after hitting the
carbon electrode (‘hit and stand’). Proton reduction occurs at a lower potential on platinum
compared to carbon. Thus, as more and more platinum nanoparticles are adsorbed on the carbon
surface, an increased amount of proton reduction occurs on the electrode surface, resulting in a
staircase-like voltammogram. Figure 2.7 shows a typical step observed in a chronoamperometry
scan. The circled portion shows the current response when a single platinum nanoparticle hits the
electrode surface. An increase in current is observed as the nanoparticle adds to the amount of
electroactive surface where proton reduction can occur. This diffusional controlled process of

converting reactant to product, assuming a perfect spherical particle on a perfectly flat electrode,
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relates the radius of the nanoparticle, rap, to the amplitude of the current ‘step’, 7 through Equation

2 5 185, 188-190

I =4n(In2)nFDC*ryp Equation 2.5
where n is the number of moles of electrons transferred per mole of reaction, Fis the Faraday
constant, Dis the diffusion coefficient of the reactant, C*is the bulk reactant concentration and rwp

is the radius of the nanoparticle.

Current / pA

Time /s

Figure 2.7 A typical ‘step’ observed in a chronoamperogram for an indirect redox, hit and stand
mechanism.

Another well studied system to characterise platinum nanoparticles is through the catalysis of
hydrazine oxidation to nitrogen and protons.’®> "™ It is suggested that for hydrazine oxidation, at
low electrolyte concentrations (i.e. 5 mM), the impact frequency increases due to migration effects
of the negatively charged citrate capped platinum nanoparticles."® If a mercury drop electrode is
used instead of a gold or carbon electrode for hydrazine oxidation, as the platinum nanoparticles hit
the electrode, the mercury poisons the catalytic property of platinum, resulting in current ‘spikes’
observed instead of ‘steps’.'' However, the presence of hydrazine in the platinum nanoparticle

suspension may promote aggregation, leading to measurement of bigger clusters.'®® Titanium
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dioxide nanoparticles have also been sized through similar experiments.’®®> They photocatalyse the
oxidation of methanol and in the presence of light, ‘steps’ were observed in the

chronoamperometric scan.

How do the three scenarios compare to one another? All of them allow single nanoparticle
detection and they are able to identify and size the nanoparticles.?® 40 42 1617165, 167,169, 172174, 176, 181,
183,185,191, 192 A|| three experiments are also capable of studying nanoparticle aggregation.’®® '®* The
seeming advantages of indirect redox reactions (Figure 2.5B and C) over direct redox reaction
(Figure 2.5C) are that they are non-destructive and signal amplification can be attained. Thus, it is
easier to detect smaller nanoparticles which generate small signals using indirect redox methods.
However, direct redox reactions are less prone to false positive and system fouling. Further, across

the impact experiments, there is also often an assumption, for example in Equations 2.4 and 2.5,

that all the nanoparticles are perfect spheres.

The ‘nano-impact’ experiments give rise to other thoughts. First, for direct processes, the
possibility of under sizing the nanoparticles due to partial reaction is established as statistically
unlikely in a paper by Dickinson et a/'** By studying the interplay of the Brownian motion and the
timescale on which impacts occur, it is concluded that under direct oxidation or reduction, the
nanoparticles are either 0% or 100% oxidised. Thus, partial reaction is statistically unlikely and
hence the particles measured are not undersized. Second, for indirect processes, the presence of
large capping agents on the working electrode surface such as 12-mercaptodocecanic acid and
16-mercaptohexadecanoic acid can stop the platinum nanoparticles from promoting hydrazine
oxidation."®> Thus, the size of the capping agent used is important in controlling charge transfer
from the nanoparticle to the electrode. The capping agent used should not be too bulky. Third, the
factor limiting the minimum measurable size is the signal to noise ratio. A lower limit of detection is
achievable if the ratio is improved. One of the approaches to the issue is to reduce the size of the

electrode. In most of the literature work, microelectrodes are used to minimize noise, 2% 39-42. 138 150,

151, 162-168, 171, 172, 174-177, 181, 185, 186, 196-198 Klel_]n et a[ have developed a new prototype Of

Page | 43



Chapter 2 | Nanoparticles and Their Detection

nanoelectrode where they limit the size of the electroactive surface through controlling the amount
of electrolyte in contact with the electrode.”®® This limits the electrode size and hence reduce the
noise of the system. Last, the microelectrodes used in most experiments may experience shielding
effects from the sheath surrounding the electrode.”®® The nanoparticles approaching the electrode
may adsorb onto the glass before they reach the electrode surface. A micro cylinder electrode,
which consists of a wire protruding out from the surface, reduces the shielding effect of the glass
sheath, resulting in an increased impact frequency and allows detection of a lower nanoparticle

concentration.?”!

Impact experiments have also been combined with other electrochemical techniques which allow a
‘twin prong’ strategy for nanoparticle detection. When combined with the technique of stripping
voltammetry in Section 2.3, the sticking coefficient of nanoparticles can be calculated."”" " The
electrode is suspended in a nanoparticle suspension for a period to allow adsorption. Then, stripping
voltammetry is performed to obtain the number of nanoparticles adsorbed on the surface. After
that, impact experiments are used to determine the number of nanoparticles hitting the electrode
surface. The ratio of the number of nanoparticles sticking to the number of nanoparticles impacting
the electrode surface is taken to be the sticking coefficient. This has been performed on silver'®’,
nickel'”" and gold"’" nanoparticles, showing that about 10% - 20% of the nanoparticles stick to the

carbon electrode surface.’™ %7

In conclusion, the novel method of ‘nano-impact’ has started to revolutionise single nanoparticle
detection and characterisation. Though the work is still at the beginning stage, it has already
provided significant insights and this area of nanoparticle detection is predicted to grow rapidly. The
well-studied method of anodic stripping voltammetry complements it by providing both
fundamental and analytical information. However, recent work®®® has shown that incomplete
stripping of nanoparticles in anodic stripping voltammetry can lead to issues of quantification when

aggregation of the nanoparticles takes place on the electrode surface (Chapter 4, Section 4.1 and
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4.3). For this reason, single nanoparticle experiments may be preferred. In the next chapter, the

experimental details and chemical information are summarised.
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This chapter summarises the experimental reagents used in this thesis. The type of working

electrodes and reference electrodes are also described in this chapter. As many different samples of

silver nanoparticles are used within the thesis, their syntheses, characterisations and suppliers are

detailed in the sections in which they are employed.

3.1 Chemicals

This section details all of the chemical reagents used within this thesis (with the exception of silver

nanoparticles samples). All solutions were made up of ultrapure water with resistivity not less than

18.2 MQ cm at 298 K (Millipore, UK).

Chemical Name Chemical Formula Purity Supplier
6-mercapto-1-hexanol HO(CH,)¢SH >97% Fluka Chemicals, Gillingham, UK
Alumina Powder,
0.05 pum Al,O, Buehler, Coventry, UK
Cetyltrimethylammonium o . : .
Bromide (CTAB) (Cy6H33)N(CH;)4Br 95% Sigma Aldrich, Gillingham, UK
Ethanol C,H;OH >99.8% Sigma Aldrich, Gillingham, UK
Hexaamineruthenium(lIl) o . : .
Chloride Ru(NH;)6Cl5 98% Sigma Aldrich, Gillingham, UK
Hydrochloric Acid, HCl ~37% Fisher Scientific, Loughborough, UK
Concentrated
H 0,
Hydrogen Eeromde H,0, >l Fisher Scientific, Loughborough, UK
Solution w/Vv
L-Cysteine C;H,NO,S 97% Sigma Aldrich, Gillingham, UK
Lactic Acid (Solution in 0 . . .
Water) C5HgO4 >85% Sigma Aldrich, Gillingham, UK
Nitric Acid, Concentrated HNO, >70% Fisher Scientific, Loughborough, UK
Potassium Chloride KCl >99.5% Sigma Aldrich, Gillingham, UK
Potassium lodide Kl >99.5% Sigma Aldrich, Gillingham, UK
Silver Nitrate AgNO, >99% Sigma Aldrich, Gillingham, UK
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Sodium Borohydride NaBH, 99%
Sodium Chloride NaCl >99%
Sodium Nitrate NaNO; >99.5%
Sodium Sulphide 0
U — Na,S.9H,0 98+%
Sulphuric Acid, 0
Concentrated H250, >95%

Synthetic Sweat

Synthetic Urine

Trisodium Citrate Na;CgHsO, >99%

Urea CH,N,O >99%

Sigma Aldrich, Gillingham, UK
Sigma Aldrich, Gillingham, UK

Fisons Scientific, Loughborough, UK

Acros Organics, Geel, Belgium

Fisher Scientific, Loughborough, UK

Synthetic Urine e.k., Eberdingen,
Germany

Synthetic Urine e.k., Eberdingen,
Germany

BDH Laboratory Supplies, Poole, UK

Sigma Aldrich, Gillingham, UK

Table 3.1 List of chemicals used

3.2 Electrochemistry

This section describes the different type of electrodes used within this thesis. All electrochemical

experiments were performed in a thermostated Faraday cage at 25 + 1 °C with a three electrode

set up. For all the work in the thesis, a platinum mesh (99.99%

) from Goodfellow Cambridge Ltd,

Huntingdon, UK acted as a counter electrode. The electrochemical experiments were controlled by

a pAutolab Il or PGSTAT302N from Metrohm-Autolab BV (Utrecht, The Netherlands) using the

software of GPES or NOVA 1.10. For a glassy carbon electrode,
diamond sprays from Kemet (Kent, UK) in the sequence of siz

experiments. The micro carbon fibre electrode was polished

it was polished to a mirror finish on
e 3.0 um, 1.0 um and 0.1 ym for

on alumina powder from Buehler,

Coventry, UK in the size sequence of 1.0 pm, 0.3 um and 0.05 um before experiments.

Working Electrode Supplier Size
Macro Glassy Carbon CH instruments, Austin, USA 1.5 mm radius
Micro Carbon Fibre BASi, West Lafayette, USA 11 pm diameter

Carbon Screen Printed

Electrode Dropsens, S. L., Llanera, Spain

2.0 mm radius

Table 3.2 Types of working electrode used
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Reference Electrode Supplier Potential vs. SHE
Silver/Silver lon Ag/AgNO; (10 mM)/ -
Reference Electrode NaNO; (90 mM) AEIEERS!S HOBLW v Sl I

Leak-less Silver/
Silver Chloride Electrode

Cypress Systems,

:*:
L awrence. USA +0.23 V vs. SHE

Ag/AgCI/KCl (1 M)

MSE (Mercury/Mercurous Hg/Hg,S0,/K,S0O, BASI, West

17
Sulphate Electrode) (saturated) Lafayette, USA HOoZ Vs Shils

SCE (Standard Calomel Hach Lange, 17
Electrode) Hg/Hg,Cl,/KCl (saturated) Salford, UK +0.24 V vs. SHE
Table 3.3 Types of reference electrodes used TExperimentally measured as +0.45 V vs. SCE

tExperimentally measured as -0.012 V vs. SCE

For the ‘nano-impact’ experiments, chronoamperometric scans of fifty seconds duration with a
sampling time of 0.0005 s were recorded. The number and magnitude of the ‘spikes’ were
determined by the software of SignalCounter. The software SignalCounter was developed by Dr.
Dario Omanovi¢ from Division for Marine and Environmental Research, Ruder Boskovi¢ Institutue,
Zagreb, Croatia for in-house use as a part of a collaboration. This software is programmed to pick
up ‘spikes’ of a minimum intensity of 5 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 taken as signal. All signals were further checked manually to

differentiate actual ‘spikes’ from noise through the signal shape.

3.3 Non-Electrochemical Instrumentation

All the ultra-violet visible (UV-vis) spectra were recorded on a UV-vis spectrometer (U-2001,
Hitachi, Tokyo, Japan) with a tungsten iodide and a deuterium light source. The scan rate and the
wavelength window are described in the respective sections. All of the nanosight tracking analysis
(NTA) experiments are performed on LM10 (NanoSight Ltd, Wiltshire, UK) at 25 °C. Dynamic light
scattering (DLS) (Zetasizer NanoZS, Malvern Instruments Ltd, Malvern, UK) was performed at
25 °C with a red laser of 633 nm. As different microscopes are used each time for SEM, the

individual machines are detailed in the respective sections.
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Chapter 4 Comparing Stripping Voltammetry and ‘Nano-impacts’

for Nanoparticle Detection

The strong demand for nanoparticle detection and characterisation propelled by the boom of the
nanotechnology industry has driven electrochemists to deploy stripping voltammetry and ‘nano-
impacts’ (Chapter 2, Section 2.3 and 2.4). In this chapter, we look at the detection of metallic
nanoparticles via the two methods. First, stripping voltammetry, as discussed in Section 4.1, is used
to investigate the oxidation of metal nanoparticles at various surface coverages. Then, analytical
expressions for the potential of metal oxidation were developed. The second method, ‘nano-
impact’, is studied in Section 4.2 where the detection of single silver nanoparticles in an optically
opaque solution was performed successfully. This would otherwise be impossible for dynamic light
scattering (DLS) and nanosight tracking analysis (NTA). Section 4.3 brings together the two
electrochemical techniques for comparison and contrast through the oxidation of silver

nanoparticles with different capping agents. These three works are published in Nanoscale,?®?

* and Chemistry - A European Journal®®® respectively. They are performed in

ChemistryOpen?°
collaboration with Dr. Christopher Batchelor-McAuley, Dr. Kristina Tschulik, Dr. Kerstin Jurkschat,
Prof. Margitta Uhlemann and Dr. Alison Crossley. Dr. Christopher Batchelor-McAuley is responsible
for the theoretical equations used in Section 4.1. Dr. Kristina Tschulik synthesised the silver
nanoparticles synthesis in Section 4.1. Both of them helped with NTA, ultra-violet visible (UV-vis)
measurements and the experimental interpretation in Section 4.1. Prof. Margitta Uhlemann and Dr.
Alison Crossley recorded the scanning electron microscope (SEM) images on the silver

nanoparticles in Section 4.1. The transmission electron microscope (TEM) images of silver

nanoparticles in Section 4.2 and 4.3 were kindly provided by Dr. Kerstin Jurkschat.
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4.1 Anodic Stripping Voltammetry: Electrochemical Evidence for the

Surface Agglomeration

4.1.1 Introduction
Nanoparticles and nanoparticle-modified electrodes find a number of uses within the field of
electrochemistry and have specific importance for electroanalysis.’®®?% In the literature,
nanoparticles have been employed in the detection of a wide range of analytes including, among
many others, DNA,?*°?'" proteins,?'? heavy metal ions?"® and glucose.”" Although commonly used,
the thermodynamics and chemical properties of these nanoparticles, which may be significantly
altered from that of the bulk material, are still relatively poorly understood. This is especially true
for an electrochemical system where the nanoparticles will interact with the surrounding
electrolyte, any surface stabilising capping agent and the ‘inert’ supporting substrate.?* For small
nanoparticles (<2 nm in diameter), the electronic structure of the material will be altered from that
of the bulk.>* However, even at larger sizes, the properties of the metallic species may still be
changed. Plieth proposed that for an isolated nanoparticle the formal potential for the oxidation of

the metallic species should vary with the particle radius in accordance with the following equation:®°

Efnpy = Ef —— Equation 4.1

NP

where Ef?(,vp) is the formal potential for the oxidation of the nanoparticle, £Z is the formal potential

for the bulk process, ais a constant which is dependent upon the surface energy, y, of the metal
and rwp is the radius of the nanoparticle. As the particle size decreases, the increased surface
curvature will lead to an increase in the surface energy and hence this will lead to an associated
decrease in the formal potential for the oxidation.®® However, the magnitude of a nanoparticle
surface energy is of debate; taking silver as an example, reports of the nanoparticulate surface
energy range between 0.97 J m™ to 7.2 J m2?"™ ?'® The value for bulk silver is commonly
estimated as being between 1.07 and 1.54 J m™>.*"® This wide range of values for nanoparticles

likely reflects, at least in part, the sensitivity of the surface energy to the supporting matrix.
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Consequently, in terms of an electrochemical experiment it is unclear how influential the surface

energy will be upon the thermodynamics of the nanoparticulate metal.

The use of electrochemical techniques to determine apparent ‘size effects’ of the nanoparticles
through electro-oxidation has been previously investigated within the literature.®® 2'7-2%°
Voltammetry provides a relatively facile experimental method by which to probe both the
thermodynamics and kinetics of an electron transfer process. However, due to the necessary
convolution of the time and energy domains, it is often found that the obtained voltammetric
results are complex in nature and require simulation in order to extract physically significant
information. To further complicate the issue, in the case of a reversible oxidation of an array of
nanoparticles, the diffusion of the ions from the electrode resulting from the oxidation must be
considered. For a particle on a surface, four diffusional cases for the mass-transport of the ions
from the particle may be considered, as outlined in Figure 4.1.°*" ?** First, at short times, a linear
diffusion regime will operate (case 1), provided the nanoparticles are sufficiently separated to be
diffusionally independent of each other. Due to the small size of the particles, this case will only be
operative at very short times (~°/Di.e. for many systems less than 1 ps). Therefore, this limit is
unlikely to be influential during normal voltammetric experiments on nanoparticle arrays; hence, this
regime is not considered further within this thesis. At relatively short times (but longer than ~7°/D)
or for lower surface coverages, the nanoparticles may still be considered to be diffusionally
independent but the mass-transport of the material from the particles becomes radial (case 2). At
further times and/or for larger surface coverages the diffusion layers of each nanoparticle will
overlap weakly, such that the particles will no longer be diffusionally independent (case 3). At
higher surface coverages or longer times still, the diffusion layers will overlap strongly, such that,
the diffusion of the produced material away from the surface may be considered to be linear across

the whole of the geometric area of the electrode (case 4).

Page | 51



Chapter 4 | Comparing Stripping Voltammetry and ‘Nano-impacts’ for Nanoparticle Detection

Case 1 Case 2

mm— Nanoparticle
'\

Diffusion——
Layer

[ Electrode

Case 3 Case 4

Figure 4.1 Schematic diagram showing the four limiting cases for diffusion at a nanoparticle and
nanoparticle ensembles.

This section develops new analytically useful expressions for the oxidation of nanoparticles under
the diffusional case 4 and case 2 limits. The voltammetric response due to irreversible electron
transfer kinetics is also considered. In all cases, we have assumed the electrode to be a conductive
support that is otherwise passive in the oxidation process. The transitional ‘case 3’ diffusion regime
must be solved numerically and has been dealt with previously by Ward-Jones et a/®* This section
develops these expressions further so as to account for a possible variation in the formal potential
of the oxidation, in accordance with the Plieth equation.®® In total, these theoretical results
demonstrate, first, that the peak potential for the nanoparticle oxidation is predicted to occur at
values more negative than the associated formal potential. This shift in the peak potential can be
large (hundreds of millivolts) and will occur even when the thermodynamics of the oxidation are
unaltered from that of the bulk material. Second, for the oxidation of an array of nanoparticles the

position of the peak potential is sensitive to the surface coverage of the metallic species. Changes
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to the formal potential for the oxidation will only likely cause a relatively minor shift in the peak

potential for many experimental cases.

Finally, experimental results for the oxidation of silver nanoparticles are presented showing good
quantitative agreement with the presented theory. At higher surface coverages of silver (74, > 3 x
107° mol m™), the peak potential is shown to be consistent with the theoretically presented
expression for a case 4 diffusion regime. However, at lower surface coverages (I, < 1.5 x 107°
mol m™?), the peak potential is found to become relatively insensitive to the surface coverage of
silver. This insensitivity is analysed in terms of the surface clustering and agglomeration of the silver
nanoparticles leading to a case 3 diffusion regime to become operative. The current work
demonstrates how the surface agglomeration can have a significant impact upon the peak potential
for the oxidation at low surface coverages. The measurement of the peak potential thus gives an

analytically useful route to determining the extent of the surface agglomeration.

4.1.2 Theory
The theory presented herein first gives new analytically useful limiting cases for the situation
originally studied exclusively via numerically simulation by Ward-Jones et a/®* Second, these
expressions are developed further to account for the predicted variation in the formal potential as a
function of the particle radius. This alteration of the formal potential follows that proposed by
Plieth.°® All the theoretical equations in this section (Equation 4.3 — 4.29) were derived by Dr.
Christopher Batchelor-McAuley. The key equations are listed in this section and all the detailed

derivations are found in Appendix A.

In general, the oxidation of a metallic species, M, may be described by the following reaction,

M(s) » M™*(aq) + ne~(m) Equation 4.2

where nis the number of moles of electrons passed per mole of reaction. For an array of randomly
distributed nanoparticles upon an electrode surface, two limiting diffusional regimes will be

considered. First, is the case in which the nanoparticle diffusion layers strongly overlap (case 4). The
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mass-transport of the M™ ions away from the electrode surface can be described as following a
linear diffusion regime across the whole of the electrode. Second, is the case in which the
nanoparticles are well separated and the diffusion layer at each nanoparticle does not overlap with
those of the neighbouring nanoparticles (case 2). For such cases, the oxidation of each nanoparticle
may be considered to occur independently. Under this regime, due to the small size of the particles,
the mass-transport of the formed M™ away from the metallic surface will be radial, such that, the
mass-transport may be described as being at a steady-state at all times after an initial short period

(~r°/D).

The following sections serve to provide analytical expressions for the decrease (due to oxidation) in
the radius of the nanoparticles as a function of the electrode potential. From consideration of the
number of moles contained in a sphere of radius ryp, the change in particle size can be related to the

total charge passed,
q= 4nnF3LAT (T‘NP3 — rNP,t?’) Equation 4.3

Q=nyp'q Equation 4.4

where, @ is the total charge passed, g is the charge passed per nanoparticle, nis the number of
electrons transferred per mole of reaction, Fis the Faraday constant (96485 C mol™), pis the
density of the metal, A4-is the atomic weight of the metal, rar is the particle radius at time equal
zero, rveeis the particle radius [which varies as a function of time, £, @ is the total charge passed
and nypis the total number of nanoparticles on the electrode surface. Moreover, current can be
expressed as dQ/dt, where tis time. Therefore, differentiation of Equation 4.4 gives a route by
which the size of the particles, rwe, as a function of potential, £ may be related to the predicted

current, /. Note, in the case of a linear-sweep voltammogram,
I=v—= Equation 4.5

dE

where vis the experimental scan rate.
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4.1.2.1  The Influence of Mass Transport on Stripping Voltammetry
Initially, the models assume that the formal potential for the oxidation of the nanoparticulate metal
is unaltered from that of the bulk material. This section serves to highlight both the significant
effect that the mass-transport regime has upon the stripping voltammetry and also demonstrates

the influence of the reversibility of the electron transfer.

41.2.11 Reversible Electron Transfer, Case 4

In the reversible limit, the surface concentration of M™ is described by the Nernst equation:

n+
M in Lo

— o
E=Ef + — 70

Equation 4.6

where, F'is the electrode potential, E}g is the formal potential, R is the ideal gas constant (8.314 J
K=" mol™"), Tis the temperature, /M#+]is the concentration of M™ at the nanoparticle surface, / J%is
the standard concentration (1 mol dm™) and all other symbols are as earlier. In a linear-sweep
voltammetric experiment, the potential held upon the electrode is varied linearly as a function of

time, such that,
E=E;+ut Equation 4.7
where Ejis the initial electrode potential, vis the scan rate and tis the time. Therefore,

[M™]
[1°

= exp(nf) = exp (% (E; + vt — E}?) Equation 4.8

where @is the dimensionless potential. The diffusion of the M™ away from the metallic surface is
taken to be linear across the whole of the electrode surface. This linear diffusion regime occurs due
to strong overlapping of the diffusional layers between adjacent nanoparticles. Using Fick's first law,
the change in the number of moles of metal (V) as a function of time, across the whole of the

electrode may be described by the following equation;

dN D .
— = ~Aetecy [M™] Equation 4.9

Page | 55



Chapter 4 | Comparing Stripping Voltammetry and ‘Nano-impacts’ for Nanoparticle Detection

where Aerec is the geometric area of the electrode, D is the diffusion coefficient (m? s™'), &is the

linear diffusion layer thickness and all other symbols are as before. Note, the diffusion layer

thickness may be described by the value of vnDt at short times; for larger times a steady-state
Nernst layer will be formed by the operation of natural convection.””* *** To find an expression for
the diffusional flux () of the oxidised material away from the interface, Equation 4.9 is divided

through by the number of nanoparticles on the surface (nyp) and the surface area of a nanoparticle;
j=—————= = [M"] Equation 4.10

where Iypis the surface coverage of the nanoparticles (= nyp/ Aeec). The flux, j, may also be defined

in terms of the change in the radius of the nanoparticle,

. ﬂ dTNp .
Jj= o Tar Equation 4.11

By combining Equation 4.10 and 4.11, we get,

jz_;.ﬂ.[MTH] — b . drae Equation 4.12

Using Equation 4.8 and rearranging we obtain;

2 dryp [1° D A, _ nFut )
(rvp) Gt = Tyans p exp(no;) exp( — ) Equation 4.13

where 6;is the dimensionless initial potential /(Z; - EZ)F/RT]. By assuming &is a constant, selecting
a suitable starting potential (where exp 6; = O, i.e. §; = -00) and solving the differential equation

then we obtain an expression for the change in the particles radius as a function of potential:

3[1° D Ay RT .
prr— i —- exp(nf) Equation 4.14

(TNP,t)3 = (TNP)3 -

Figure 4.2 depicts for a given set of parameters (see figure caption), the predicted voltammetric
wave shape and how the peak potential (£},) varies with both the nanoparticle surface coverage and

the initial particle radius. From consideration of Equation 4.14, where it is assumed that the
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diffusion layer thickness is rapidly established and constant,?** ?*° then the peak potential is also

predicted to shift with R7/nF vs. the natural log of the scan rate.

2
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Figure 4.2 Theoretically predicted anodic stripping voltammetric wave shape for the case 4 diffusion
regime. ryp=20nm, n=1, D=1x10° m?s™, 4,= 100 g mol™, Iyp= 1 x 10" particles per m?, §=
100 um, p=10 x 10°gm™ and v= 0.1 V s™. Inlays depict the variation in the peak potential (£,) with
the initial particle (top) (rn» = 5 — 80 nm) radius and nanoparticle surface coverage (bottom) (/v =
0.25 — 4 x 10™ m"z). For the inlays all other variables are kept the same as those used in the main
figure.

In all of the cases presented in Figure 4.2 (under conditions of diffusion only mass-transport and in
the absence of the thermodynamics being altered on the nanoscale), the oxidation occurs
significantly below the formal potential. This lowering of the potential occurs due to the mass-
transport of the oxidised material (M"™) away from the electrode and the finite surface coverage of
the metal. Experimentally, the variation of the peak potential as a function of surface coverage
gives a practical method for determining the likely diffusion regime operative upon an electrode
surface. A plot of the peak potential against natural log of the nanoparticle surface coverage should
yield a straight line with gradient R7/nF. The peak potential is also strongly dependent upon the
surface coverage of nanoparticles (/wp) and initial nanoparticle radius. As the size decreases, the
peak potential shifts to more negative values, where a plot of the peak potential vs. the natural log

of the nanoparticles radius should yield a straight line of gradient 3 R7/nF. However, it should be
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noted that this variation in the stripping peak with particle radius — for a given nanoparticle surface
coverage (/yp) — in fact only reflects the change in the total surface coverage of the metal (/w)
upon the electrode. This arises due to the fact that the surface coverage of nanoparticles is
inversely proportional to the cube of the particle radius, consequently, for a given metal surface
coverage (/m) the oxidation is insensitive to the size of the nanoparticles.® These results
demonstrate how for experiments involving the seed growth of nanoparticles on a surface (i.e. Iwp
is constant and only rypis varied), the stripping voltammetry of nanoparticle arrays under a case 4
diffusion regime will exhibit a clear size dependency due to the alteration of the quantity of metal
on the surface. This size dependency will be apparent even if the associated thermodynamics of the

metallic nanoparticles are equivalent to that of the bulk material.

41.2.1.2 Reversible Electron Transfer, Case 2
Equation 4.14, presented above, describes the variation in the nanoparticle radius as a function of
the potential for the case 4 limit. This equation predicts that the peak potential for the anodic
stripping will decrease ad infinitum with decreasing surface coverage. This situation is not physically
realistic. A lower limit for the peak potential may be obtained through consideration of the case 2
regime in which the nanoparticles are all considered to be diffusionally independent. The diffusion

only mass-transport limiting current (/) for a spherical particle on a flat electrode is given by,'®®

liim = 4nnFCDrypln2 Equation 4.15

where Cis the concentration of the reactant. Given that,

I = —nFApnpjnp Equation 4.16

where Anp is the surface area of a single nanoparticle for the current model. The mass-transport

limited oxidative flux at a nanoparticle, jwr, can be given as,

® This point is more clearly exemplified by considering that /wr = (3A4:74g)/(4pmrnp?), using the approximation that the
peak potential occurs when r= 0, then an expression for the peak potential in the case 4 regime may be given as £ - E¥r

=In [(F4gdnFv)/([ JPDRT)].
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jnp = —kyr[M™] Equation 4.17

where kyris the mass-transport coefficient (kwr = (D In 2)/r). The flux, jw», may again also be

defined in terms of the change in the radius of the nanoparticle,

Jnp = A% . d;’zp Equation 4.18
By combining Equations 4.17 and 4.18 we get,
np d;’ZP =-[1° %Dlnz exp(nb;) exp (ng;)t) Equation 4.19

solving this differential equation and recognising that if we select a suitable starting potential
(where exp 6, = 0, i.e. 8;= —o0), we obtain an expression for the change in the particle radius as a

function of potential:
(rup.)? = (ryp)? — 2[1° %Dan% - exp(nd) Equation 4.20

Figure 4.3 depicts for a given set of parameters — as indicated in the figure caption — the predicted
voltammetric wave shape and how the peak potential varies as a function of both the particle initial
radius and the experimental scan rate. This voltammetric response represents the lower limit at
which the oxidation may occur (for a given initial particle radius, under conditions of diffusion only
mass-transport and in the absence of the thermodynamics being altered on the nano-scale). Due to
the particles being diffusionally independent, within this limit, the peak potential is insensitive to the
surface coverage. However, the peak potential now directly depends upon the initial particle radius
(Figure 4.3 inlay). Again, this demonstrates how even in the absence of the thermodynamics of the
oxidation being altered, the voltammetry will exhibit a significant size effect. Finally, the variation of
the peak potential as a function of the scan rate is significantly simplified in this limit due to the
diffusional flux being at steady-state, hence the plot of peak potential vs. the natural log of scan

rate is predicted to vary with R7/nF.
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Figure 4.3 Theoretically predicted anodic stripping voltammetric wave shape for the case 2 diffusion
regime. rvp=20nm, n=1, D=1 x10° m*s™, 4,= 100 g mol™, Iy»= 1 x 10" particles per m?, p = 10
x 10 g m®and v=0.1 V s™ Inlays depict the variation in the peak potential with the initial particle
radius (top) (rn» = 5 — 80 nm) and the experimental scan rate (bottom) (v =0.025-0.4V s'l). For the
inlays all other variables are kept the same as those used in the main figure.

41.21.3 Irreversible Electron Transfer
In the irreversible limit, the oxidation process is insensitive to the mass-transport of the formed M™
away from the metallic surface, hence the voltammetric responses for all diffusional cases are
identical in this limit. Here the oxidative flux is described in terms of the Butler—Volmer equation

and the change in the particle radius:

Jnp = A%% = —k°[1%xp((n’ + B)B) Equation 4.21

where, k¢ is the rate of electron transfer, n”is the number of electrons passed before the rate
determining electrochemical step and s the transfer coefficient of the rate determining step. It
should be noted that for the current example &/ is equal to ks/m, where ks is the surface electron
transfer rate and Iy is the surface coverage of metal atoms on the metallic surface.®” The value of
I will be of the order of 1 x 107> mol m™? for macro surfaces, however, given that the current

work is focused on nanoparticulate systems, accurate determination of the surface coverage of the
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metal atoms is often not readily feasible. Consequently, it is more appropriate to use the value of k?
as a measure of the electron transfer rate constant. Solving Equation 4.21, we obtain the following

expression for the variation in the radius as a function of electrode potential:

Twpe =Typ — kO [1°- 22 RT)UF expl(n’ + B)0] Equation 4.22
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Figure 4.4 Theoretically predicted anodic stripping voltammetric wave shape for the case of

irreversible electron transfer kinetics. ry»= 20 nm, n’=0, £=0.5, D=1x10°m?s™ k=1x10°m
s, A,=100 g mol™, Iy»= 1 x 10" particles per m? p =10 x 10° g m™ and v = 0.1 V s ", Inlays

depict the variation in the peak potential with the initial particle radius (top) (rv» = 5 — 80 nm) and the
experimental scan rate (bottom) (v = 0.025 — 0.4 V s™%). For the inlays all other variables are kept the
same as those used in the main figure.

Figure 4.4 depicts the predicted voltammetric response for this model for the set of parameters
given within the figure caption. Again, the peak current is found to be insensitive to the surface
coverage. This insensitivity arises due to the electron-transfer, and not the mass-transport of M™,
being the rate limiting process. Also depicted is the variation in the peak potential as a function of
the initial particle radius and the scan rate. The variation of the peak potential as a function of scan
rate gives a readily analysable method for determining the value of (n”+ f). A final important point

on this model is that from Equation 4.22 the peak potential is also predicted to vary with the
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natural log of the rate of electron transfer. A plot of E, against In(%?) should give a straight line of

gradient —-RT/(n"+ BF.

41.21.4 Theory Overview
In summary, the newly presented theory has demonstrated how in all three of the limits studied,
not only is it possible for the peak potential for the oxidative stripping to occur significantly below
the formal potential for the redox couple but the position of the peak will demonstrate a clear
particle size dependency. This size dependency occurs even in the absence of the thermodynamics
being altered from that of the bulk material and is related in part to the finite volume of metal

present upon the electrode surface.

41.3 Plieth Correction to the Formal Potential
Next, we consider the situation in which the formal potential for the oxidation of the
nanoparticulate metal is altered in accordance with the Plieth equation.®® The Plieth equation
predicts that due to the increase in surface curvature of the nanoparticle with decreasing size, the
surface energy will correspondingly increase. This increase in the surface energy acts to decrease

the formal potential required for oxidation as described by the following equation:

E]?(NP) = Ef‘-g - = Equation 4.23

NP
where

a = 2y Ay

Equation 4.24
pF

where y is the surface energy and p is the density of metal. Due to this variation in the formal
potential as a function of the radius, the Nernst and Butler—Volmer equations require the addition

of an extra term. For a reversible oxidation;

[M™*] = [1° exp(nf) exp( ant ) Equation 4.25

T'NPRT

And for irreversible cases;

Page | 62



Chapter 4 | Comparing Stripping Voltammetry and ‘Nano-impacts’ for Nanoparticle Detection

jnp = —k°[1%exp((n' + B)6) exp (M) Equation 4.26

TNpRT
Developing the previous sections we can show that for case 4:

- 0
af ) r= —ﬁBLﬂexp(nB) Equation 4.27

TNPE . 2 (
T, ex
erP NP p p 6 I'yp4m nFv

RTTNP

For case 2:

NPt —ar - _ A (10 R i
erP TNpexp (RTer) dr = p Din2-[1°—-exp(no) Equation 4.28

For an irreversible oxidation:

TPt exp( —af ) dr = —kO[1°Z—2L _exp((n’ + B)9) Equation 4.29

NP RTryp p (n'+B)Fu

The integrals in the above three equations are best solved numerically. This may be readily achieved
by calculating how the potential varies as a function of the radius. Once this has been undertaken,
the charge and hence current as a function of potential may be calculated. It should also be
recognised that the scan rate dependencies of the peak potentials predicted from Equation 4.27,
4.28 and 4.29, are equivalent to the non-altered formal potential equivalents (Equation 4.14, 4.20

and 4.22).

As previously discussed, the surface energy, y, is a variable which is difficult to measure accurately.
However, regardless of its exact value — which also likely varies as a function of size’” - the
important feature is that as the nanoparticles decrease in size upon the electrode, their oxidation
will become progressively easier. Figure 4.5 depicts how the stripping voltammetry is predicted to
vary as a function of the surface energy for the case 2 model, with values for the surface energy, y,
ranging from O — 4 J m™. Note that where the surface energy is set as zero, the voltammetric
response is identical to the previous case 2 model in which the formal potential is assumed to be
equivalent to that of the bulk material. The very sharp oxidation current reflects the fact that below
a certain radius the nanoparticle is oxidised extremely rapidly due to the decrease in the formal

potential as predicted by the Plieth equation. It should be noted that the peak current for all of the
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predicted voltammograms in Figure 4.5 with a non-zero value of y are off the scale of the current
plot, and the scaling used has been selected so as to facilitate easy comparison between the
models. One important feature is that as the value of the surface energy increases, the peak
potential for the oxidation is shifted to more negative values. A second important feature is that
with this current model, the peak position does not scale linearly with the natural log of the initial
particle radius, as can be seen in the bottom inlay of Figure 4.5. This deviation away from linearity
reflects the alteration in the formal potential as a function of the particle size as described by the
Plieth equation. The influence of the ‘Plieth correction’ to the formal potential will only be significant

for nanoparticles of diameters below approximately 30 nm (assuming that y= 1 Jm™).
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Figure 4.5 Theoretically predicted anodic stripping voltammetric wave shape for a case 2 diffusion
regime where the Plieth correction to the formal potential has been considered. y=0—4Jm™, ryp=
20nm, n=1,0=1x10"m?s ™", k2=1x10°ms ", 4.= 100 g mol ™, Iy»= 1 x 10" particles per m?,
p=10 % 10° g m>and v=0.1V s The top inlay depicts the variation in the peak potential with the
surface energy (y=0J m [black], 0.5 J m™ [red] 1 J m ™ [blue], 2 J m™ [purple] and 4 J m™? [green]).
The bottom inlay depicts the variation in the peak potential as a function of the initial particle radius,
black squares the surface energy, y, is 1.0 J m~? and for the red triangles the surface energy is 0.0 J
m2. For the inlays all other variables are kept the same as those used in the main figure.

Even for particles with diameters of ~10 nm, the surface energy of the nanoparticle is predicted to
alter the stripping peak potential by approximately only 50 mV. In comparison for a particle of 10

nm in diameter, the change in the mass-transport regime and influence of the finite surface
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coverage of metal upon the electrode will result in a shift of approximately 300 mV of the peak
potential from formal potential of the bulk oxidation process (for a one electron process, in a case 2
diffusional regime). Consequently, it may be concluded that for many experimental cases, the
dominant ‘size effect’ upon the stripping voltammetry will arise due to the variation in the surface
coverage of the metal and not due to the possibly altered nano-scale thermodynamics of the

metallic particles.

41.4 Experimental

4.1.4.1 Silver Nanoparticle Synthesis and Characterisation
Citrate-capped silver nanoparticles were synthesised via a method based on the work of Lee and
Miesel.??® The silver nanoparticles were synthesised by Dr. Kristina Tschulik. 25 mL of 0.01 M silver
nitrate (AgNO,) solution was added to 225 mL distilled water in a clean 250 mL flask. The flask was
then heated in an oil bath at 100 °C with vigorous magnetic stirring. A solution of trisodium citrate
was prepared by dissolving 1 g of the salt in 100 mL ultrapure water. When the silver nitrate
solution reached boiling point, 5 mL of the citrate solution was added to the flask. Boiling continued
for 1 h and the reaction mixture was then allowed to cool in a cold water bath.”?” The resulting
unwashed silver particles were diluted with ultrapure water to the required concentration when
needed. The synthesised nanoparticles were characterised in the solution-phase via nanosight track
analysis (NTA) and UV-vis spectroscopy. The NTA data and UV-vis spectrum were obtained with
the help of Dr. Christopher Batchelor-McAuley and Dr. Kristina Tschulik. For both the NTA and UV-
vis analysis the synthesised nanoparticle solution was diluted by a factor of 10 prior to
experimentation. For UV-vis spectroscopy, the sample is scanned from 700 to 250 nm at a scan
rate of 100 nm min~". For NTA, the minimum required track-length was set automatically and the
particle distributions analysed from the raw data. Figure 4.6 shows both the NTA data and UV-vis
spectroscopy (inlay) of the synthesised nanoparticles. The NTA measurements showed that the
mean diameter for the synthesised nanoparticles was 26.6 + 12.4 nm. The UV-vis also shows the

characteristic surface plasmon peak situated at 427 nm indicating the presence of silver
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nanoparticles. The position of this peak is dependent upon the shape, size and environment (i.e.
capping agent) of the nanoparticles,®' ??® 2?° however, a peak at 427 nm is broadly consistent with

the presence of spherical particles in solution with a diameter of ~40 nm.
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Figure 4.6 Characterisation data for the synthesised nanopatrticles, showing their mean diameter in
the solution phase to be 26.6 + 12.4 nm from the NTA data. Inlay shows the UV-vis spectroscopy of
the produced material, showing clearly the distinct surface plasmon peak at 427 nm.

For the SEM images, the nanoparticle suspension was sonicated for five minutes and then drop cast
on a TEM grid modified SEM sample holder. The SEM used was a LEO Gemini 1530 (Zeiss,
Oberkochen, Germany). Prof. Margitta Uhlemann and Dr. Alison Crossley were responsible for the

SEM images.

4.1.4.2 Electrochemistry
A glassy carbon electrode was prepared as described in Chapter 3, Section 3.2. A leak-less
silver/silver chloride (1 M KCl) functioned as a reference electrode. All experiments were

conducted under a nitrogen atmosphere with the solution purged thoroughly with nitrogen.
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Nanoparticle modification of the glassy carbon electrode was achieved through drop casting 3 pL of
the diluted nanoparticle sample on to the electrode surface. The electrode was subsequently

allowed to dry under nitrogen flow prior to experimentation.

4.1.5 Results and Discussion
The oxidative stripping of silver nanoparticles from a glassy carbon electrode was studied in 0.1 M
sodium nitrate at a scan rate of 0.05 V s™'. Variable surface coverages of silver nanoparticles were
achieved through dilution of the synthesised nanoparticles in pure water. Subsequently, 3 pL of this
diluted material was pipetted onto the electrode surface and allowed to dry under a nitrogen air
flow prior to experimentation. It was ensured that the deposited droplet solely covered the
electrode and did not encroach upon the insulating support. Figure 4.7 depicts the recorded cyclic
voltammetric response; at least three repeats have been performed for each surface coverage.
During the cyclic voltammogram, the potential has been scanned linearly between 0.0 Vand +1.0 V
(vs. Ag/AgCl/CI~ [1 M]). A clear oxidative silver stripping peak is found at ~+0.4 V (vs. Ag/AgCl/CI-
[1 M]). This peak is ascribed as corresponding to the one electron oxidation of the metallic silver to
Ag*.®? Hence, measurement of the charge passed during the voltammetric scan gives a facile
method by which the surface coverage of silver (/) may be analysed (assuming complete
oxidation of the silver upon the electrode). Due to the produced nanoparticles exhibiting a
distribution of sizes (as evidenced from the particle characterisation in the solution phase [Figure
4.6]) it is more appropriate to define the experimental surface coverages in terms of the quantity
of silver upon the surface (/7). For high surface coverages, on the reverse scan a small reductive
peak — likely relating to the reduction of the formed Ag® - is observed at ~+0.15 V (vs
Ag/AgCl/CI~ [1 M]). At potentials higher than the stripping of the silver there is an increase in the

voltammetric current relating to the onset of the break-down of solvent.
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Figure 4.7 The oxidative stripping of silver nanoparticles from a glassy carbon electrode in 0.1 M
sodium nitrate at a scan rate is 0.05 V s™*. Variable surface coverages of silver; black: 2.5 x 107 mol
m?; red: 8.3 x 10° mol m™% blue: 4.6 x 10°° mol m™%; purple: 2.3 x 10°® mol m™; green: 1.0 x 107°
mol m™?, dark blue: 4.9 x 10" mol m™? and black: 3.5 x 10" mol m™.

For the current experimental case of silver nanoparticle oxidation, it is of importance that the
nitrate ion used for the supporting electrolyte will not ion-pair with the formed Ag*, hence the
formal potential for this oxidation is E‘,?(Ag/AgH =+0.567 V (vs. Ag/AgCl/Cl- [1 M]) and the diffusion

coefficient of Ag* may be taken as Dag* = 1.65 x 107 m? s™."7 All of the physical constants used
for the theoretical modelling of the silver stripping are summarised in Table 4.1. It should also be
commented that as the oxidation of the nanoparticles proceeds, the organic capping agent initially
present upon the metallic surface will be removed, consequently the stripping voltammetry should
be relatively insensitive to the capping agent used within the synthesis. Figure 4.8 depicts the
variation of the peak potential as a function of the surface coverage of silver. At high surface
coverages, > 3 x 107° mol m™, the peak potential is found to vary nearly linearly with the surface
coverage of silver. This dependency suggests that the oxidation of the nanoparticles is not
diffusionally independent. For the case 4 limit, as previously discussed, the position of the peak
potential depends upon the surface coverage of the silver and is consequently only indirectly

influenced by the size of the nanoparticles. The fitting of the high surface coverage data may be
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achieved without pre-supposing the size of the nanoparticles. Overlaid on Figure 4.8 is the
theoretically predicted peak potentials for diffusion layer thicknesses of 200 um, 100 um and 50

um, where good agreement is found with the experimental data for surface coverages above 3 x

107° mol m™.
Physical Constant Value
Diffusion Coefficient, Dy + 7 1.65x107m*s™
Formal Potential, E}Q(Ag/AgU 7 0.567 V (vs. Ag/AgCl/CI"[1 M])
Molecular Weight, A,,Ag17 107.9 g mol™
Density of Silver, pge '’ 10.5x10°gm™
Nanoparticle Radius, ryp 13.3x10°m
Surface Energy, y4,° 1.3Jm™
Geometric Electrode Area, 4A,/uc 7.07 x 10°m?

Table 4.1 Physical constants used within this section.

Although a good fit for the case 4 model is achieved at higher surface coverages of silver (> 3 x
107° mol m~?), at low surface coverages (< 1.5 x 107° mol m~?) the experimental peak potential
occurs at significantly higher potentials than that predicted by the case 4 model. Furthermore, the
peak potential becomes effectively insensitive to the silver surface coverage. Within the theoretical
framework presented within the this section, the insensitivity of the peak potential with surface
coverage may either be due to the particles being highly separated upon the electrode surface such
that they may be treated as being diffusionally independent or alternatively this insensitivity with
surface coverage may indicate that at these lower surface coverages the rate determining step has
become the electron transfer and not the mass-transport of the formed Ag* away from the

metallic surface.

® The reported values for the bulk surface energy of silver vary in the range of 1.07 — 1.54 J m2.26 K. K. Nanda, A. Maisels,

F. E. Kruis, H. Fissan and S. Stappert, Phys. Rev. Lett., 2003, 91, 106102.
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Figure 4.8 Variation in the peak potential (black squares) for the anodic stripping of silver
nanoparticles in 0.1 M sodium nitrate as a function of the surface coverage of atomic silver at a scan
rate of 0.05 V s™. Theoretical variation in the stripping peak potential for the case 4 regime: red dotted
line, diffusion layer thickness is 200 um; blue solid line, diffusion layer thickness is 100 ym and green
dotted line, diffusion layer thickness is 50 um, all other values are as given in Table 4.1.

Due to the known high sensitivity of silver oxidation towards chloride, as evidenced in Chapter 6,
Section 6.2, it was necessary to fully ensure that the observed invariant peak potential at low
surface coverages was not related to a chloride impurity present within the system. The sodium
nitrate salt is one likely source, as such experiments were performed in which the concentration of
the supporting electrolyte was increased to 1.0 M, however, this was found to have no influence
upon the potential. Secondly, the leak-less reference electrode was separated from the working
electrode by a glass frit, so as to further minimise any possible chloride leakage from the reference,
again the electrochemical response was found to be unaltered. Hence, it was concluded that the
invariance of the stripping peak potential at low surface coverages was not related to the presence

of chloride impurities within the system.

In order to elucidate the operative mechanism for the nanoparticle oxidation at low surface

coverages, the peak potential was investigated as a function of scan rate between 0.05 and
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0.4V s™', as shown in Figure 4.9. The peak potential is found to shift positively at higher scan rates,

where the plot of peak potential vs. the natural log of scan rate yields a gradient of 24.1 mV/In v.
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Figure 4.9 The voltammetric response of the oxidation of silver nanoparticles in 0.1 M sodium nitrate
at variable scan rates (0.05 — 0.4 V s %) with a silver surface coverage of 4.9 x 10~ mol m™. Inlay
depicts the variation of the peak potential as a function of the natural log of scan rate, where the
gradient was found to be 24.1 mV.

This value demonstrates that the electron transfer — although relatively insensitive to the surface
coverage of silver — is reversible. For the reversible case 2 limit — taking the silver nanoparticle
particle radius as being 13.3 nm as measured in the solution phase — the peak potential for this
diffusion limited reaction is predicted to occur at +0.270 V (vs. Ag/AgCl/CI™ [1 M]) assuming the
thermodynamics are unaltered from that of the bulk or +0.248 V (vs. Ag/AgCl/CI~ [1 M]) with a
Plieth corrected formal potential using a surface energy of 1.3 J m™. Both of these values are
considerably below the measured peak potential at low surface coverages. Consequently, it was

inferred that significant agglomeration of the nanoparticles upon the electrode surface during the
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drop casting results in the formation of relatively large silver agglomerates® upon the electrode.
Previous work by Brainina et a/ has discussed the influence of the dispersity of silver upon the

1

shape of the voltammetric wave shape.”®’ In order to validate this hypothesis of surface

agglomeration SEM images of the silver nanoparticles were recorded.

Figure 4.10 shows two representative images of the particles after being drop cast from an
undiluted sample of the synthesised material. The lower magnification image shows the non-
random deposition of the individual nanoparticles, with clusters ranging in size from tens to
hundreds of nanometers. The higher magnification image demonstrates that the clusters are
formed from loosely agglomerated particles where the constituent particles are of comparable

diameters to that found from the solution phase characterisation.

Figure 4.10 SEM images for the drop cast silver nanoparticles deposited from an undiluted sample of
the synthesised material. The images indicate the high levels of clustering present after evaporation
of the solvent.

Having validated the likely clustering and agglomeration of silver nanoparticles upon the electrode
surface, the relative invariance of the electrochemical peak potential at low surface coverages may

be reassessed. Assuming that the case 2 model is operative at the low surface coverages, the silver

¢ According to the IUPAC definition agglomeration and aggregation refer to a reversible and irreversible sticking of
pal’tides, reSpeCtiVely.ZBO' , DOI: 10.1351/goldbook.ATO7608, IUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). Compiled by A. D. McNaught and A.
Wilkinson. Blackwell Scientific Publications, Oxford (1997). - The analysis techniques referred to in this thesis detect both simultaneously.

Therefore, throughout the section only the expression agglomeration will be used to refer to both types of particle

adhesion for mutual convenience.
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stripping peak potential is consistent with the particles on the surface being of the order of 80 + 20
nm in radius. For an array of diffusionally independent particles with radii of 80 nm the peak
potential is predicted to be at +0.363 V (vs. Ag/AgCl/CI~ [1 M]). However, even for the lowest
experimental surface coverage (/4 = 3.47 x 107" mol m™) such a particle size would lead to an
average inter-particle distance of approximately 24 um. Given the likely magnitude of the diffusion
layer cf. 100 um (as consistent with the experimental case 4 data), this value of 24 um is still
comparably small. Consequently, it must be concluded that under such experimental conditions (/74,
< 1.5 x 107° mol m™?) the stripping of the silver is consistent with a case 3 diffusion regime. Thus,
the far smaller — but non-zero — variation in the peak potential with the surface coverage of silver,
at low surface coverages, relates to the decreasing diffusion layer overlap between the adjacent
silver clusters. As the magnitude of the surface coverage decreases further the peak potential will

tend towards the case 2 limit in which the clusters are diffusionally independent.

Although it has been concluded that the peak potential at low surface coverages is consistent with
a case 3 diffusion regime i.e. one in which the diffusion layers are not strongly overlapping, the
change in the response of the peak potential as a function of the surface coverage gives valuable
information regarding the dispersity of the nanoparticles upon the electrode surface. For a more
ideally dispersed sample the peak potential would continue to decrease linearly as a function of the
log of the surface coverage beyond that seen experimentally. Consequently, the transition from the
diffusional case 4 to case 3 limit as a function of the surface coverage gives a readily investigable
route to estimating the size of the surface clusters. Hence, knowledge of the surface cluster sizes
as compared to the size of the nanoparticles in solution gives insight into the degree of surface

agglomeration.

4.1.6 Conclusions
New general analytical expressions for the stripping voltammetry of metallic nanoparticles have
been presented. These equations clearly demonstrate, first, that the oxidation peak potential for

the stripping of metallic nanoparticles is expected to be well below (by hundreds of millivolts) the
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formal potential for the oxidation. This shift occurs even when the thermodynamics for the
oxidation are unaltered from that of the bulk material. Second, it is shown that for many
experimental cases the dominant size effect upon the measured voltammetry will relate to the
change in the surface coverage of the metallic species. Moreover, from the inclusion of the Plieth
correction to the formal potential into the models, it is highlighted that the change of the oxidation
thermodynamics on the nano-scale is only predicted to be influential for particles with diameters
less than 30 nm. Even for particles of 10 nm in diameter the alteration in the peak potential — due
to the increased surface energy — is only predicted to be of the order of 50 mV (assuming the

surface energies are comparable to that of the bulk material).

This newly presented theory was subsequently used to analyse the voltammetric response of the
anodic stripping of silver nanoparticles. At high surface coverage (> 3 x 10 mol m™) the
voltammetry is consistent with the case 4 diffusion regime. Here the diffusion fields of each
nanoparticle or nanoparticle cluster overlap strongly, leading to the mass-transport of the Ag* away
from the electrode being linear across the whole of the electrode. Conversely, at lower surface
coverages (< 1.5 x 107° mol m~2), the voltammetry is shown to deviate away from this case 4 limit.
This deviation occurs due to the aggregation of the nanoparticles upon the electrode surface. Due
to the larger inter-cluster distances the diffusion layers originating from the clusters only overlap
weakly (case 3). The transition from the case 4 to the case 3 limit as a function of the surface
coverage of the silver nanoparticles gives a new route by which the aggregation of the silver
nanoparticles upon the surface may be investigated. With the knowledge of stripping voltammetry
in mind, the next section looks at the other method of ‘nano-impacts’ and its key advantage over

optical methods.
4.2 ‘Nano-impacts’: Sizing in Optically Opaque Solutions

421 Introduction

As nanoparticles are defined by the International Union of Pure and Applied Chemistry (IUPAC) to

be any material with a single dimension below 100 nm, it is difficult to measure materials of such
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scale.”® Yet, the size of the nanoparticle is a crucial attribute because it can influence its
properties.®’ %72 232 For example, the catalytic properties of a nanoparticle can change with varying
size. Small silver nanoparticles catalyse the reduction of oxygen to hydrogen peroxide instead of
water.”* #* With decreasing size, silver nanoparticles are also known to absorb light at a smaller
wavelength® and are electrochemically oxidised at a lower potential (Section 4.1).°* Although
microscopy methods such as SEM and TEM are capable of resolving nanoparticles down to 3 nm
and 0.1 nm, respectively; both of these are ex situ methods.” ***> However, it is important that the
nanoparticle size is measured in the solution phase as the removal of solvent could result in
aggregation or agglomeration (Section 4.1). Therefore, many techniques such as NTA and DLS,

which analyse nanoparticle size in the solution phase, have been developed.

As mentioned in Chapter 2, Section 2.2, 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.’®* ' However, an opaque sample can contain
large particulates, which can strongly affect both DLS and NTA measurements. In DLS, the opaque
sample would scatter or absorb the majority of the light, thus, the light scattered by the
nanoparticle would be overwhelmed. For NTA, as the laser shines on the sample, the particulates
could be illuminated or they could absorb most of the light from the laser. Thus, the nanoparticles

would remain in the shadow, making detection difficult or impossible.

Given that both NTA and DLS are strongly dependent on light to record their signals and the
presence of large amount of inert macroparticulates can reflect or absorb most of the light, DLS
and NTA measurement is effectively impossible in an optically opaque suspension. Therefore, there
is a need for a technique that is capable of measuring nanoparticle size in an opaque medium.
Anodic particle coulometry (via ‘nano-impacts’) is a novel technique developed within the last 20
years that works on the basis of recording single nanoparticle—electrode impact events through
electrochemistry.”® These events are recorded though the electrochemical signal generated by the

redox reaction occurring on the nanoparticle. In this case, the citrate capped silver nanoparticle
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diffuses under Brownian motion and hits the carbon microelectrode held at a suitable oxidising
potential. Thus, the silver nanoparticle is oxidised into silver(l) ions, generating a current ‘spike’
which is observed in the chronoamperogram recorded. Through the use of Faraday’s law, the size of

the spherical nanoparticle can be estimated via the equation below.** "%

_ 3[304, .
Tnp = anFp Equation 4.30

where rypis the nanoparticle radius, @ is the total charge passed under a single ‘spike’, A is the

atomic molecular mass, Fis the Faraday constant and p is the density. In this section, citrate-
capped silver nanoparticles are detected in an optically opaque suspension that contains a high
concentration of alumina particles. First, the potential of the citrate-capped silver nanoparticle
oxidation is determined through anodic stripping voltammetry. Second, ‘nano-impact’ experiments
are performed in a suspension of silver nanoparticles, alumina particulates, and the electrolyte of
sodium nitrate. The size distribution of silver nanoparticles is matched against independent TEM

measurements to evaluate the size measured by ‘nano-impacts’ in the opaque medium.

421 Experimental

4.2.1.1 Nanoparticles
Citrate capped silver nanoparticles was obtained from NanoComposix, San Diego, USA. Size
characterisations were carried out using a JEOL 2010 analytical TEM (Herts, UK), which has a LaByg
electron gun and can be operated between 80 and 200 kV. This instrument has a resolution of 0.19
nm, an electron probe size down to 0.5 nm and a maximum specimen tilt of + 10 degrees along
both axes. The instrument is equipped with an Oxford Instruments LZ5 windowless energy
dispersive X-ray spectrometer (EDX) controlled by INCA software. It has facilities for point analysis
as well as mapping and line scanning through the SemiStem controller. The TEM samples were
prepared by depositing a drop of the silver nanoparticle suspension received on a carbon coated
copper TEM grid and dried at room temperature for several hours before examination in the TEM.

The TEM images were taken by Dr. Kerstin Jurkschat. They are sized by TEM in to be 14.8 + 2.2
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nm. Imagel software developed at the National Institutes of Health, USA was used to size the

nanoparticles recorded on the TEM images.

Figure 4.11 TEM image of the citrate capped silver nanoparticles.

4.2.1.2 Electrochemical Apparatus
A glassy carbon electrode was used as the working electrode for anodic stripping voltammetry. For
anodic particle coulometry, a carbon microdisc electrode was used as the working electrode. Prior
to all experiments, they were polished according the procedure in Chapter 3, Section 3.2. A

mercury/mercurous sulphate electrode (MSE) was used as a reference electrode.

4.2.1.3 Electrode for Anodic Stripping Voltammetry
For the silver nanoparticle modified electrode, 3 pL of the silver nanoparticle suspension supplied
was drop cast on the glassy carbon electrode. For alumina powder modified electrode, 3 pL of 5%
w/v suspension of alumina powder (0.05 pm) was dropcast on the glassy carbon electrode. The
modified electrodes were dried under flowing nitrogen. After drying, the nanoparticle modified
electrode was immediately used to perform a cyclic voltammogram swept from -0.6 V to +0.5 V

vs. MSE at a scan rate of 50 mV s™".

4.2.1.4 Anodic Particle Coulometry
Prior to every anodic particle coulometry experiment, the electrochemical cell was soaked in aqua
regia (3 HCl: 1 HNO,) for at least 30 minutes and sonicated in ultrapure water for 15 minutes to
avoid any contamination by rogue nanoparticles. The experiments were performed at the potential

of +0.6 V vs. MSE The silver nanoparticle suspension was diluted with 20 mM sodium nitrate
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solution containing 0.25% (w/v) alumina powder to give an aliquot of 100 pM of silver

nanoparticles used for experiments.

4.2.2 Results and Discussion
Silver nanoparticle modified glassy carbon electrodes prepared as described in the Section 4.2.1.3
were used to determine the potential of citrate-capped silver nanoparticle oxidation in the
presence of alumina powder (0.05 pym). An optically opaque electrolyte solution was obtained by
suspending 0.25% w/v alumina powder in 20 mm sodium nitrate solution. The suspension has the
colour and appearance of milk. Then, using voltammetric methods, the nanoparticle modified
electrode was scanned oxidatively from —0.6 V vs. MSE in the opaque electrolyte. In Figure 4.12, it
is seen that the silver oxidation signal occurs around +0.05V vs. MSE. The experiment was
repeated three times to ensure reproducibility. It was inferred that the oxidation of metallic silver to
silver(l) ions (Ag (s)=>Ag” (aq) +e~ (m)) is not influenced by the presence of alumina powder. From
the black dashed line in Figure 4.12, it is also concluded that alumina powder is inert under these
conditions. After determining the potential at which silver nanoparticles are oxidised in the opaque
electrolyte, ‘nano-impact’ experiments were performed in the opaque solution. The opaque solution
used for ‘nano-impact’ experiment is depicted in Figure 4.13 (sample on the right). The yellow silver
nanoparticles present in the suspension causes it to appear as a yellow milky suspension. ‘Nano-
impact’ experiments were performed by using chronoamperometry. Current-time transients of a
fixed duration (505s) were recorded at an overpotential of +0.6 V vs. MSE. The results are
summarised in Figure 4.14. In the absence of silver nanoparticles, no ‘spikes’ were observed; in
presence of silver nanoparticles, current ‘spikes’ were observed. This indicates that alumina powder
did not give any ‘spikes’, no ‘rogue’ nanoparticles were present, and the ‘spikes’ observed are solely

attributed to the silver nanoparticles.
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Figure 4.12 Blue solid line: The oxidation of citrate capped silver nanoparticles on a glassy carbon
electrode in 20 mM sodium nitrate and 0.25% w/v alumina powder (0.05 um) at a scan rate of 50
mV s™. Black dashed line: Cyclic voltammogram of alumina powder modified glassy carbon electrode
in 20mM sodium nitrate at a scan rate of 50 mV s™.

B
3

Figure 4.13 5% w/v alumina (0.05um) powder solution (left). Solution containing 100 pM of citrate
capped silver nanoparticle, sodium nitrate and alumina powder (used for anodic particle coulometry
experiments) (right).
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Figure 4.14 Fifty seconds chronoamperomogram for a carbon fibre microelectrode (radius = 4.9 um)
immersed in 20 mM sodium nitrate and 0.25% w/v alumina powder (0.05 um) measured at +0.6 V (vs.
MSE). Black: containing no nanoparticles. Red: containing 100 pM of citrate capped silver
nanoparticles. Inset: A close up of individual signals observed.

100-
90
80+
70
60-
50+
40-
30
20-
10
0 ey
8 10 12 14 16 18 20 22
Radius / nm

Count

Figure 4.15 Histogram showing the size distribution of the citrate capped silver nanoparticles obtained
from the chronoamperomogram.

In total, 498 spikes were recorded from 28 scans. The size distribution is depicted in Figure 4.15.
The average radius of the nanoparticles was calculated to be 13.8 + 2.2 nm. This is in excellent
agreement with the TEM sizing of 14.6 + 2.1 nm of the same batch of nanoparticles performed in
Section 4.2.1.1. It can be concluded that the nanoparticles sizes are consistent and that ‘nano-

impact’ experiments can be performed in opaque media.
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423 Conclusions
In summary, ‘nano-impact’ experiments were performed for silver nanoparticles in an optically
opaque medium (a suspension of sodium nitrate and alumina powder). Comparing the sizes of silver
nanoparticles obtained from TEM and ‘nano-impact’ experiments, the radii obtained were
consistent with one another. The ‘nano-impact’ technigue allows measurement of nanoparticle size

in opaque medium, which proves advantageous over optical techniques, notably NTA and DLS.

Since both stripping voltammetry and ‘nano-impacts’ have been individually addressed, in the next
section, the two electrochemical methods are compared and contrasted via the oxidation of silver

nanoparticles with various capping agents.

4.3 The Influence of the Nanoparticle Capping Agent: ‘Nano-impacts’

versus Stripping Voltammetry

4.3.1 Introduction
Scientific research has placed much emphasis on nanoparticles as their special properties are
appealing towards many commercial applications.?” ** #** 23> Due to the decrease in size,
nanoparticles tend to have a higher surface energy compared to bulk material, which may lead to
instability.®* °© Hence, nanoparticles often require capping agents to aid their stabilisation.?** #*’
Capping agents work through various mechanisms which can be broadly categorised into five
different types: electrostatic stabilisation, steric stabilisation, stabilisation by hydration forces,
depletion stabilisation and stabilisation by van de Waals forces.”?® ?*” Occasionally, multiple

mechanisms can occur with certain capping agents, for example, in the case of branched

polyethylenimine (BPEI) where it stabilises silver nanoparticles both electrostatically and sterically.®

The choice of capping agents on nanoparticles is crucial as the properties (such as size, shape and
the interaction with solvent surroundings) of the nanoparticle are strongly influenced by it.?*® For
example, the polymeric chain length of polyethylene glycol (PEG) is important in silver nanoparticle

synthesis as the number of monomers in PEG affects the nanoparticle size.?*° Apart from their main
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role of stabilising nanoparticles, some capping agents (i.e. citrate) are capable of the additional role
of reducing metal ions (e.g. silver ions reduced by citrate ions) into metal nanoparticles.?** ?*'

Therefore, the choice of capping agent is vital in the nanoparticle synthesis process.

Apart from their strong influence in the synthesis process, capping agents also affect nanoparticle
properties.?**?** For example, gold nanoparticles with organic capping agents with changed side
chains (alkyl, aromatic or cholesterol groups) display different interactions with gelatin solutions,
forming composites of contrasting morphologies.’*? In another example reported by Kuhn et al, it
was demonstrated that the capping agents containing amine groups on platinum nanoparticles
poisoned the catalytic properties of the nano-platinum, leading to a lower efficiency for ethylene
hydrogenation and carbon monoxide oxidation.”**> Otherwise, having a capping agent on a
nanoparticle surface can promote certain properties. In an anti-bacterial study of silver
nanoparticles, the usage of any of the three capping agents (Tween-80, sodium dodecyl sulphate

244

(SDS) or polyvinylpyrrolidone (PVP)) resulted in an enhanced anti-bacterial activity.

Given the significant influence of capping agents on nanoparticle properties, the question arises as
to whether capping agents affect the techniques used for nanoparticle detection and quantification.
Optical methods such as UV-vis spectrometry and Fourier transform infrared (FTIR) spectroscopy
are often used to characterise nanoparticles.>™ **>~**” For UV-vis spectroscopy, spherical silver
nanoparticles provide a characteristic maximum absorbance around 400 nm whilst spherical gold
nanoparticles have a strong absorbance around 500 nm.>" **> 2% Studies have shown that by
varying the concentration of capping agents (polyvinyl alcohol (PVA) or L-glutamic acid) on silver
nanoparticles, the UV-vis absorbance signal shifts and changes shape.”*® **° Similarly, literature has
reported that the UV-vis and FTIR signals of cadmium telluride (CdTe) semi-conductor nanocrystals
change with the capping agent on their surface.®”’ Thus, CdTe nanocrystals capped by
mercaptoacetic acid, mercaptopropionic acid or 2-mercaptoethanol show different responses for
the optical methods. Hence, the influence from the capping agents may result in possible scenarios

where the data obtained may be misleading. For example, the possible scenario of oversizing the
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nanoparticles when a blueshift in UV-vis signal could be due to a concentration change in capping

agent instead of a change in nanoparticle size.

In this section, the electrochemical techniques of anodic stripping voltammetry and anodic particle
coulometry (‘nano-impacts’) are studied to determine /f there is any influence from the capping
agents on the response of silver nanoparticles. Anodic stripping voltammetry determines the
concentration of metals ions in solution by pre-concentrating and oxidising them on a suitable
electrode. ? It gives an improved sensitivity because of its pre-concentration step.” ? Recently, it
has also been adapted to detect nanoparticles.'* 38140 259 One of the most commonly used
techniques for pre-concentrating nanoparticles is drop casting, where an analyte solution is
deposited onto the working electrode, the solvent is evaporated and a layer of analyte is left behind
on the electrode.”" Section 4.1 has reported that this method causes silver nanoparticles to
aggregate on the electrode surface because of solvent evaporation. As increasingly aggregated
nanoparticles are found on the surface, the percentage oxidation of the cast material in anodic
stripping voltammetry decreases, leading to the phenomenon of partial oxidation (“incomplete
stripping”).?°? Since capping agents play a crucial role in nanoparticle stabilisation and their
aggregation kinetics, it is plausible to speculate that they might have a significant effect on the
aggregation caused by drop casting and hence on the signal obtained in anodic stripping
voltammetry.®®> Therefore, to determine if the capping agents may have influence on the
electrochemical behaviour of silver nanoparticle aggregates, anodic stripping voltammetry are
performed on five spherical, similar sized silver nanoparticles samples each with a different capping

agent (BPEI, citrate, lipoic acid, PEG or PVP) as shown in Figure 4.16.

Page | 83



Chapter 4 | Comparing Stripping Voltammetry and ‘Nano-impacts’ for Nanoparticle Detection

NH.
ST e
."/\N/\/N\/\N/\/N\/\N" S-S
H H Lipoic Acid
NH
/r HO~"ToH
H,N n
Branched Polyethylenimine (BPEI) Polyethylene Glycol (PEG)

oo F
Citrate Polyvinylpyrrolidone (PVP)

Figure 4.16 The chemical structures of the capping agents studied.

To further investigate the partial oxidation of nanoparticle aggregates, a study of single
nanoparticle oxidation is essential. Therefore, ‘nano-impacts’ is pursued as a method well-suited for
this purpose. It records the electrochemical signals of single nanoparticles impacting the electrode
surface under Brownian motion in solution.?***? As the silver nanoparticle hits the electrode surface
held at a suitable oxidising potential, it is oxidised into silver(l) ions and this generates a current
‘spike” which appears in a chronoamperogram. In turn, the charge passed under the ‘spike’ can be
related to the size of the nanoparticles via Faraday’s law and hence the effects of capping agents on
the extent of partial oxidation of a single nanoparticle can be studied. To the best of our knowledge,
anodic particle coulometry has only been performed on silver nanoparticles capped with citrate.3* 4"

42183 Therefore, this work is the first to report on the influence of capping agents (i.e. BPEI, citrate,

lipoic acid, PEG and PVP) on silver nanoparticles using ‘nano-impacts’.
432 Experimental

4.3.2.1 Nanoparticles
Five samples of silver nanoparticles with different capping agents were received from

NanoComposix, San Diego, USA. The five samples used were BPEI capped silver nanoparticle, citrate
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capped silver nanoparticle, lipoic acid capped silver nanoparticle, PEG capped silver nanoparticle and

PVP capped silver nanoparticle.

4.3.2.2 Electrochemical Apparatus
A glassy carbon electrode was used for anodic stripping voltammetry. For anodic particle
coulometry, a carbon microdisc electrode was employed. A MSE was used as a reference electrode.

The rest of the experimental details are detailed in Chapter 3, Section 3.2.

4.3.2.3 Nanoparticle Characterisation
The TEM images were taken by Dr. Kerstin Jurkschat and the details on TEM are described in
Section 4.2.1.1. The silver nanoparticles capped by BPEI, citrate, lipoic acid, PEG and PVP were
sized to have an average radius of 15.0 + 1.6 nm (30 particles), 14.6 £ 2.1 nm (109 particles)
(Figure 4.11), 13.5 £ 3.9 nm (18 particles), 9.6 £ 2.0 nm (43 particles) and 13.5 £ 1.9 nm (33
particles) respectively. Figure 4.17 shows the TEM images of the spherical silver nanoparticles. The

TEM image of citrate capped silver nanoparticles is found in Section 4.2, Figure 4.11.

4.3.2.1  Silver Nanoparticle Modified Electrode for Anodic Stripping Voltammetry
The silver nanoparticle suspension supplied was diluted by a factor of 2.23 with ultrapure water to
ensure the total nanoparticle concentration was 100 pM. The glassy carbon electrode was drop
cast with 3 pL of the diluted nanoparticle suspension and dried under a nitrogen flow. After drying,
the nanoparticle modified electrode was immediately used for electrochemical experiments. A cyclic
voltammogram was swept starting from -0.6 V to +0.5 V vs. MSE at a scan rate of 50 mV s™' to

perform anodic stripping voltammetry.

4.3.2.1  Anodic Particle Coulometry
Prior to every anodic particle coulometry experiment, the electrochemical cell was soaked in aqua
regia (3 HCl: 1 HNO,) for at least 30 minutes and sonicated in ultrapure water for 15 minutes to
avoid any contamination by rogue nanoparticles. The silver nanoparticle suspension received was

diluted with 20 mM sodium nitrate solution to give an aliquot of 100 pM of silver nanoparticles
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used for experiments. Chronoamperometric scans were recorded at the potential of +0.6 V vs.

MSE.

UM A . : i S0

S05%m 2 501 nm

Figure 4.17 TEM images of spherical silver nanoparticles with different capping agents. The scale bar
is 50 nm in each image. A: BPEI capped silver nanoparticles; B: Lipoic acid capped silver
nanoparticles; C: PEG capped silver nanoparticles; D: PVP capped silver nanopatrticles.

433 Results and Discussion
Five different samples of commercially available silver nanoparticles with various capping agents
(i.e. BPEI, citrate, lipoic acid, PEG and PVP) were studied via anodic stripping voltammetry and

anodic particle coulometry.

Silver nanoparticle suspensions of 100 pM were drop cast onto a glassy carbon electrode and the
modified electrode was used for anodic stripping voltammetry. It is found that the silver oxidation
signal differs in size with the variance of capping agent. Next, the five silver samples were used for
anodic particle coulometry and it is observed that the ‘spikes’ obtained (sizes inferred from the
measured current) is quantitatively constant with the TEM characterisation data. Comparing the

data from the two electrochemical techniques, it is deduced that the capping agent induces the
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partial oxidation of the silver nanoparticle in anodic stripping voltammetry; the latter are likely

aggregated (as seen in Section 4.1).

4.3.3.17 Anodic Stripping Voltammetry
Silver nanoparticle modified glassy carbon electrodes prepared as described in the Section 4.3.2.1
were used to perform anodic stripping voltammetry. All electrodes were modified with the same
amount of silver. The electrochemical experiments were performed with five samples of
commercially available silver nanoparticles each containing a different capping agent (BPEI, citrate,
lipoic acid, PEG or PVP). Each experiment was repeated 3 times to ensure reproducibility. The
voltammetric scan started oxidatively from -0.6 V vs. MSE in @ 20 mM sodium nitrate solution at a
scan rate of 50 mV s and the resulting voltammograms are summarised in Figure 4.18. A broad
oxidation signal with a peak potential around +0.05 V vs. MSE was observed for all five samples. In
light of Section 4.1 and Chapter 6, Section 6.2, it is assigned to the oxidation of metallic silver to
silver(l) ions (Ag (NP)- e (m) = Ag" (aq)). The five scans show an oxidation signal which varies
greatly in size. A slight difference in onset of the oxidation signal is likely due to the influence of the
capping agent on the nanoparticle surface. The silver content of the 100 pM nanoparticle
suspension used to modify the glassy carbon electrode was 0.099 mg mL™". Through Faraday’s law,
it is expected that the oxidative charge from anodic stripping voltammery is 26 uC. As the oxidative
charge under the signal from Figure 4.18 is recorded and plotted against the expected charge, it is
observed that for all five types of the nanoparticles, slightly less than 100% oxidation occurred, as
depicted in Figure 4.19. It is also seen that the capping agents on the nanoparticle surface influence
the size and height of the oxidation signal. In Figure 4.19, PEG capped silver nanoparticles are seen
to give the oxidative signal of the largest magnitude (59% oxidation) while PVP capped silver
nanoparticles gave the lowest signal among the five (10% oxidation). BPEI capped silver
nanoparticles had 16% oxidation while citrate capped silver nanoparticles and lipoic acid capped

silver nanoparticles gave 31% and 36% oxidation respectively.
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Figure 4.18 The oxidation of silver nanoparticles with different capping agents on a glassy carbon
electrode in 20 mM sodium nitrate at a scan rate of 50 mV s™. Black: BPEI capped silver nanoparticle;
Red: Citrate capped silver nanopatrticle; Blue: Lipoic acid capped silver nanoparticle; Green: PEG
capped silver nanoparticle; Purple: PVP capped silver nanoparticle.

For these anodic stripping voltammetry experiments, the working electrode was prepared through
the method of drop casting. Section 4.1 reported that drop casting nanoparticles on the electrode
surface causes aggregation to occur. Previous study reported that the aggregated nanoparticles are
stripped incompletely through anodic stripping voltammetry.?®® Hence, it is reasonable to propose
that in Figure 4.19, there is an incomplete stripping of the silver nanoparticles. To compare the
oxidation of nanoparticle aggregates against single nanoparticles, further investigation of the
electrochemical behaviour of single nanoparticles is carried out through anodic particle coulometry

in Section 4.3.3.2.
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Figure 4.19 The oxidative charge under the peak area as the silver nanoparticles with different
capping agents are oxidised on a glassy carbon electrode in 20 mM sodium nitrate at a scan rate of
50 mV s™. The black dashed line indicates the amount of charge expected.

4.3.3.2 Anodic Particle Coulometry
For ‘nano-impact’ experiments, chronoamperograms of fifty seconds duration were recorded at
+0.6 V vs. MSE. To ensure that a blank scan (Figure 4.20 black line) was obtained before any
experiment with nanoparticles was performed, a current-time transient was measured on a carbon
microdisc electrode placed in a 20 mM sodium nitrate solution. This ensures that no contamination
of nanoparticles arises from previous experiments. A typical blank is shown as the black line in
Figure 4.20. It has been shifted vertically upwards by 33 pA for clarity. The red line in Figure 4.20
shows a typical scan that depicts single nanoparticles hitting the electrode through the observation
of 'spikes' in the current-time transient. Here, the 'spike' is the increase in current caused by the
quantitative oxidation of the silver nanoparticle as it diffuses and hits the working electrode held at
the oxidising potential.** ** In Figure 4.20 inset, multiple ‘spikes’ can be seen occurring over a time
scale of milliseconds. When the chronoamperometric scan was held at O V vs. MSE in the presence
of silver nanoparticles, no 'spikes' were observed, as shown in Figure 4.20. Thus, the spikes are only
observed when the potential held at the electrode is beyond the onset potential of silver oxidation,
allowing us to attribute the 'spikes' to the oxidation of the silver nanoparticles impacting the
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electrode.®® *? The blank scans carried out before the experiment at +0.6 V vs. MSE also ensured
that the 'spikes' observed in the chronoamperometry scan are caused by the nanoparticles added to

the aliquot instead of any possible contamination.
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Figure 4.20 Fifty seconds chronoamperomogram for a carbon microdisc electrode (radius = 4.9 um)
immersed in 20 mM sodium nitrate. Black: containing no nanoparticles measured at +0.6 V (vs. MSE).
The black line is shifted vertically upwards by 33 pA for clarity. Red: containing 100 pM of PEG
capped silver nanoparticles measured at +0.6 V (vs. MSE). Blue: containing 100 pM of PEG capped
silver nanoparticles measured at +0.6 V (vs. MSE). Inset: A close up of individual signals observed.

The charge passed under each ‘spike’ can be used to calculate the nanoparticle radius through the
Equation 4.30 in Section 4.2. The ‘spikes’ recorded can be converted into a histogram which depicts
the size distribution of the nanoparticle sample.*® ** For each of the five nanoparticle samples,
multiple current-time transients were recorded until about 500 'spikes' were counted. Then, the
data were processed to give a size distribution of the nanoparticle radii depicted in Figure 4.21. The
average radius of the five samples measured by anodic particle coulometry and TEM are tabulated

in Table 4.2.
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Figure 4.21 Histogram showing the size distribution of the nanoparticles obtained from the
chronoamperomogram. A: BPEI capped silver nanopatrticles; B: Citrate capped silver nanopatrticles;

C: Lipoic acid capped silver nanoparticles; D: PEG capped silver nanoparticles; E: PVP capped silver
nanopatrticles.

Silver Nanoparticle Sizing from Anodic Number of ~ Number of
Canbin A[\) ent Particle Coulometry Spikes Scans TEM (nm)

PPING A9 (nm) Processed Recorded
BPEI 123 +1.6 505 30 150+ 1.6
Citrate 13.2+ 2.1 541 14 14.6 £ 2.1
Lipoic Acid 123+1.9 469 85 13.5+3.9
PEG 114+£1.7 448 27 96+20
PVP 127 +£2.2 500 39 13.5+1.9

Table 4.2 Table showing the size of silver nanoparticles with different capping agent based on the two
techniques of anodic particle coulometry and TEM.

The size of the nanoparticle obtained by TEM is not affected by capping agents as the difference in
electron density allows the easy differentiation of the silver core and capping agents. Comparing
the radii measured by the two methods, it is seen that the nanoparticle sizes are similar. Therefore,
it can be concluded that the single nanoparticles of all five samples are fully oxidised in anodic
particle coulometry. Previous anodic particle coulometry papers on the citrate capped silver
nanoparticle has also shown a complete oxidation of the silver nanoparticles by matching the radius

calculated from ‘spikes’ to the sizing by microscopy methods.?® %42
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Please note that Table 4.2 includes data relating to the impact frequency. These values are
approximately consistent with an estimated frequency based on a simple Fickian diffusion model
but the latter is known to overestimate the values because of electrode adsorption effects and also
shielding of the micro disk electrode by adsorption on the insulating sheath.?® 2°% #°% 2>3 Also, the

effects of hindered diffusion near surfaces can influence the data.

4.3.3.3 Influence of Capping Agents on Oxidation

In the previous section (Section 4.1) and literature,”®

it was reported that drop casting can cause
nanoparticle aggregation, resulting in incomplete stripping during anodic stripping voltammetry.
Therefore, it is expected that the anodic stripping voltammetry performed by electrode modified
via drop casting might result in an incomplete stripping.’®® This results obtained in Figure 4.19
where the oxidative charges obtained from the five samples are lower than the expected charge of
26 uCis consistent with the idea of incomplete stripping. In Section 4.3.3.2, it was established that
all five types of single nanoparticle, regardless of the capping agent, undergoes complete oxidation
during ‘nano-impacts’. Thus, comparing the electrochemical behaviour of single nanoparticle and
drop casted nanoparticles, it is highly unlikely that the trend of partial oxidation in aggregates is
caused by incomplete stripping of single nanoparticles. Therefore, the trend of partial oxidation
observed in anodic particle coulometry is likely caused by the electrochemical behaviour of

aggregates where some of the aggregates may entirely be inactivated or alternatively each

aggregate may be partially oxidised.?%?

This section presents the first time where silver nanoparticles capped with BPEI, lipoic acid, PEG and
PVP are characterised by anodic particle coulometry. In a previous literature, platinum nanoparticles
were capped with thiols of different alkyl chain length and it was found for chain length beyond 12
carbons, no signal was observed in the nano-imapct experiments.'® Hence, large capping agents
such as 12-mercaptodececanic acid and 16-mercaptohexadecanoic acid have been reported to
prevent the oxidation of the platinum nanoparticles.'® However, none of the five capping agents

used in this section prevent the complete oxidation of single nanoparticles in anodic particle
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coulometry. Therefore, it proves that the capping agents involved in these five samples are not
large enough to block the redox reaction of the nanoparticle occurring on the electrode surface

despite the large size of BPEI, PEG and PVP.

In anodic stripping voltammetry, the large difference in the partial oxidation of aggregates in Figure
4.18 suggests a significant influence of the capping agent on the behaviour of the aggregates.
Thus, the different capping agents likely affected the partial oxidation of the nanoparticle
aggregates to varying extents in anodic stripping voltammetry. This is crucially relevant to the use
of anodic stripping voltammetry for nanoparticle quantification because most nanoparticles have
capping agents on their surfaces. Therefore, careful analysis of anodic stripping voltammetry data is
required when analysing nanoparticle aggregates with capping agent to avoid problems where the

amount of nanoparticles on the surface may be severely underestimated by the oxidation signal.

4.3.4 Conclusions
In this section, the electrochemical techniques of anodic stripping voltammetry and anodic particle
coulometry were performed on five differently capped silver nanoparticles to determine /#there is a
capping agent influence. From anodic particle coulometry, it was seen that the five capping agents
considered do not affect the complete oxidation of the single silver nanoparticle. It is the first time
where BPEI, lipoic acid, PEG and PVP capped silver nanoparticles are studied through ‘nano-
impacts’. Hence, it is viable to use the technique for nanoparticle detection and particle sizing in
particular. In contrast, with anodic stripping voltammetry, it is observed that capping agents
strongly affect the size of the silver oxidation signal. It was found that PEG capped silver
nanoparticles give an oxidation signal of the largest magnitude among the five (the greatest
percentage stripping was only 59%) while PVP capped silver nanoparticles had the smallest
stripping peak despite the same amount of silver deposited on the electrode surface. Therefore, it
must be noted that the quantification of nanoparticles may be markedly underestimated in anodic

stripping voltammetry because of capping agent effects.
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Therefore, in this chapter, the two main methods for nanoparticle detection have been
investigated. Analytical expressions for the anodic stripping voltammetry of metallic nanoparticles
from an electrode have been provided. The equations demonstrated how the peak potential for the
stripping process is expected to occur at values negative of the formal potential for the redox
process in which the surface immobilised nanoparticles are oxidised to the corresponding metal
cation in the solution phase. Next, ‘nano-impacts’ was found to have a significant advantage over
optimal techniques such as NTA and DLS for its capability to detect silver nanoparticles in the
presence of high levels of alumina particulates causing a milky white suspension. Lastly, the
comparison between the two mentioned techniques found that stripping voltammetry is more
susceptible to capping agent effects. In the next chapter, we look at the accidental discovery of the
oxidation signal of CTAB whilst comparing the differences between the capping agents on the silver

nanoparticles.
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Chapter 5 Detection of Single Micelles through ‘Nano-Impacts’

In Chapter 4, the detection of silver nanoparticles was discussed. By looking at different capping
agents on the silver nanoparticles in Chapter 4, Section 4.3, it was found that
cetyltrimethylammonium bromide (CTAB) capped silver nanoparticles behave differently from the
rest of the five capping agents studied. Figure 5.1 shows the oxidation of silver nanoparticles at a
nanoparticle modified electrode made with the procedure detailed in Section 5.2.4. A stripping
signal around O V vs. mercury/mercurous sulphate electrode (MSE) was seen for citrate capped
silver nanoparticles while no silver signal was observed for CTAB capped silver nanoparticles. The
absence of a silver stripping signal may be due to the long alkyl chain present in CTAB hindering
electron transfer to and from the electrode.'®® However, a signal is seen beyond 0.5 V vs. MSE and
assigned to the capping agent CTAB. This finding inspired the work in this chapter where the redox
active CTAB is detected through ‘nano-impacts’ of the self-assembled micelles. This chapter thus
electrochemically detects a new class of ‘soft’ particles, micelles, via ‘nano-impacts’ for the first

time. This chapter is published in Chemical Science.”*
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Figure 5.1 The oxidative stripping of silver nanoparticle modified electrode in 0.1 M sodium nitrate at
25 mV s™. Black: citrate capped silver nanoparticle, red: CTAB capped silver nanoparticle.
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5.1 Introduction

As mentioned throughout the thesis, ‘nano-impacts’ is a novel method developed to analyse single
particles."*® It works by recording the electrochemical signal generated when a single particle hits
the electrode held at a suitable potential.* For direct electrochemical detection, a redox reaction of
the particle occurs upon electrical contact with the electrode, Faradaic current is generated and this

results in a short increase in current (‘spike’) on the chronoamperogram.

Typically, this is used to detect ‘hard” metallic nanoparticles like silver®® “%, gold'”" "2, nickel?® """

and mercury halides'® °>. However, ‘soft’ particles are also detectable through ‘nano-impacts’>®

177.178.256.257 “starting with the work of Hasse et a/ where lecithin liposomes were recorded through
capacitative ‘spikes’."*® Recently, the direct oxidation of the encapsulated materials such as vitamin

C""7 and catecholamine hormones'’® have been used to determine the presence of liposomes.

Hitherto, most ‘soft’ particles analysed by ‘nano-impacts’ are liposomes.'>® 77178 256. 257 These lipid
vesicles are aqueous compartments enclosed by a lipid bilayer.?*® Figure 5.2 llustrates their
capability to capture a small volume of aqueous solution. Therefore, detection is often based on the
redox active components encapsulated within."”” 7% 2> However, in the current study, the direct
detection of micelles using ‘nano-impacts’ is explored. These are globular structures with polar head
groups surrounded by water whilst their hydrocarbon tails are isolated inside, facing one another
and away from the aqueous environment.?>® Figure 5.2 shows the close packing of the hydrophobic
groups of the micelle which confers thermodynamic stability.>® Within the digestive system, bile
salts forms micelles to aid in the uptake of fat soluble vitamins (i.e. vitamin A, D, E and K).?®° They
are also often used as soap as they emulsify oil, allowing water to wash away oil-containing

micelles.?®’
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Figure 5.2 The structure of micelle (left) and liposome (right). The spheres represent the hydrophilic
groups of the amphipathic molecule. The hydrophobic groups are represented by the green lines.

In the present study, CTAB is used as the analyte to form the micelles for detection. As shown in
Figure 5.3, it is a cationic agent containing a quaternary ammonium cation and a bromide anion.?®?
CTAB forms micelles as it only has a single hydrocarbon chain;*** molecules with two hydrocarbon
tails prefer to form liposomes due to their bulky hydrophobic groups.®* In addition, CTAB is a
regular reagent for DNA extraction in plants.”®>*®” Due to its importance, the critical micelle

concentration (CMC) of this micellar agent is well-studied.?®®*""

Figure 5.3 The chemical structure of CTAB.

Herein, the detection of CTAB micelles is performed through the electrochemical method of ‘nano-
impact’. The electrochemical oxidation of CTAB was first studied on a macro electrode system and
compared to the oxidation of free bromide ions in aqueous solution. Next, ‘nano-impacts’ were used
to determine the potential onset of the ‘spikes’ and the influence of CTAB concentration on the
chronoamperograms. Dynamic light scattering (DLS) was also performed to analyse the size

distribution of the CTAB micelles.

Page | 97



Chapter 5 | Detection of Single Micelles through ‘Nano-Impacts’

5.2 Experimental

5.2.1 Chemicals
Citrate capped silver nanoparticles are of approximately 50 nm in diameter and supplied by
NanoComposix, San Diego, USA. CTAB capped silver nanoparticles are also approximately of 50 nm

diameter and were bought from Nanopartz, Loveland, USA.

52.2 Electrochemical Apparatus
For cyclic voltammetry experiments, a glassy carbon electrode was used. For chronoamperometric
experiments, a carbon microdisc working electrode was used. The reference electrode used was a

MSE. The preparation procedure is detailed in Chapter 3, Section 3.2.

523 Chronoamperometric Experiments
Prior to every chronoamperometric experiment, the electrochemical cell was cleaned by sonication
in @ mixture of ethanol and water (1:1 ratio) for at least 30 minutes to avoid any contamination by
leftover CTAB. All electrodes were rinsed with ethanol and ultrapure water to ensure no CTAB is

carried over from previous experiments.

524 Silver Nanoparticle Modified Electrode
The CTAB capped silver nanoparticle suspension supplied was used as received. The amount of
silver surface coverage was kept consistent by diluting citrate capped silver nanoparticle by a factor
of four. The working electrode was drop cast with 3 pL of the diluted nanoparticle suspension and
dried under a nitrogen flow. After drying, the nanoparticle modified electrode was immediately used
for electrochemical experiments. A cyclic voltammogram was swept from -0.6 V to +0.5 V vs. MSE

at a scan rate of 50 mV s™' to perform anodic stripping voltammetry.

5.3 Results and Discussion

First, a solution of CTAB was oxidised on a macro glassy carbon electrode via cyclic voltammetry to

determine the oxidation arising from the bromide ion content. Next, the oxidation study of CTAB
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was performed on a carbon microdisc electrode to ensure that the data obtained on the two types
of electrodes can be compared across both cyclic voltammetric and chronoamperometric data.
Then, current-time transients were performed to observe the ‘spikes’ generated by the CTAB
micelles impacting the microelectrode. The onset potential of the signals was determined by holding
different potentials on the electrode during chronoamperometry. It is compared to the oxidation
signal obtained in cyclic voltammetry to ensure the ‘spikes’ originated from the CTAB micelles. Next,
the CTAB concentration was varied to determine its correlation to ‘spike’ frequency and magnitude.
Last, DLS was employed to determine the size distribution of the micelles and it is inferred that only

the large CTAB micelles are detected via the ‘nano-impact’ method.

5.3.1 Cyclic Voltammetry Studies
A freshly polished macro glassy carbon electrode was dipped into a solution containing 5.0 mM of
CTAB and 0.10 M of sodium nitrate supporting electrolyte. A cyclic voltammetric scan started
oxidatively from -0.6 V vs. MSE towards +1.1 V vs. MSE at a scan rate of 25 mV s™'. This
experiment (red line in Figure 5.4) gave two distinct peaks at +0.7 V and +0.9 V vs. MSE. In the
absence of CTAB (black dashed line in Figure 5.4), no oxidative signals are observed. To determine if
the peaks arose from the bromide ion in CTAB, the same cyclic voltammetry experiment was
performed with 5.0 mM of potassium bromide instead of CTAB. Two similar distinctive signals at
+0.6 V and +0.9 V vs. MSE are recorded for potassium bromide (green line in Figure 5.4).
Overlaying the two voltammograms, the slight difference in potential can be attributed to the ion

pairing present with CTAB. Thus, from literature, the two peaks correspond respectively to:*’* ?”?

1st wave: 3Br™(aq) —Br; (ag)+2e™ (m) Equation 5.1

2nd wave: 2Br” (ag) —Br, (ag) +2e” (m) Equation 5.2

Since these signals are both observed in the voltammogram of CTAB and potassium bromide, it is

highly likely that the electrochemical oxidation of CTAB involves its bromide counter ion.
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Figure 5.4 The cyclic voltammogram measured on a glassy carbon electrode in 0.10 M sodium nitrate
at a scan rate of 25 mV s™. Black dashed line: blank scan; red solid line: in electrolyte containing 5.0
mM CTAB; green solid line: in electrolyte containing 5.0 mM potassium bromide.

Next, the oxidation of CTAB on a carbon microdisc electrode was investigated to ensure that the
mechanism remains similar to the one observed on a macro electrode. This is to provide a basis for
chronoamperometric studies where a micro electrode was used to lower background noise. Thus, a
carbon microdisc electrode was immersed in a solution of 0.10 M sodium nitrate electrolyte and
various concentrations of CTAB. Cyclic voltammetry was performed with the same potential
window of -0.6 V to +1.1 V vs. MSE at a scan rate of 10 mV s™' and these voltammograms are
summarised in Figure 5.5. The increase in anodic current around +0.7 V vs. MSE is clearly noticeable
at 1.0 mM, 5.0 mM and 10.0 mM of CTAB in Figure 5.5 (green, blue and cyan line respectively).
This corresponds to the first oxidation signal occurring on the macro glassy carbon electrode at
+0.7 V vs. MSE in Figure 5.4. In addition, at 10.0 mM CTAB, the voltammogram has a two-step
increase in current at +0.7 V and +0.9 V vs. MSE which correlates to the two peaks (i.e. +0.7 V and
+0.9 V vs. MSE) observed in Figure 5.4. The slight difference in onset potential can be attributed to
the common occurrence of finding reversible electrochemistry on a macro electrode appearing as
less reversible on a microelectrode as a result of the increased roles of mass transport. Thus, there

is no significant difference between the oxidation of CTAB on a macro glassy carbon electrode and
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a carbon microdisc electrode. At 100 uM of CTAB, no increase of anodic current is observed as the

CTAB concentration has fallen below the detection limit of the cyclic voltammetric system.
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Figure 5.5 The cyclic voltammogram on a carbon microdisc electrode in 0.10 M sodium nitrate at a
scan rate of 10 mV s™. Black dashed line: blank scan; red solid line: 100 UM CTAB; green solid line:
1.0 mM CTAB; blue solid line: 5.0 mM CTAB; cyan solid line: 10.0 mM CTAB.

53.2 Chronoamperometric Studies

The ‘nano-impact’ method involves performing current-time transients with a carbon microdisc

|42

electrode held at a fixed potential.”* As a single micelle comes into contact with the oxidising

electrode surface, the redox species (i.e. CTAB) is oxidised, generating a ‘spike’.

Two different experiments were performed in this study to ensure that the signals are caused by
CTAB micelles. First, multiple blank chronoamperometric scans were performed before the start of
every ‘nano-impact’ experiment. The electrode was placed in 0.10 M sodium nitrate and held at a
potential of +1 V vs. MSE for fifty seconds. No ‘spikes’ were observed for blank scans in the

absence of CTAB. ‘Spikes’ were only observed after an aliquot of CTAB was added into the solution.

Second, it was determined that the onset potential for the ‘spikes’ matches the potential of CTAB

oxidation observed in the cyclic voltmmograms. Current-time transients were performed in a
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solution of 10.0 mM of CTAB and 0.10 M sodium nitrate at different potentials ranging from +0.6
Vto +1V vs. MSE. In Figure 5.6, the number of ‘spikes’ observed per scan is overlaid with the cyclic

voltammogram of a solution containing 10.0 MM CTAB and 0.10 M sodium nitrate.
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Figure 5.6 The cyclic voltammogram on a microcarbon electrode in 0.10 M sodium nitrate and 10.0
mM CTAB at a scan rate of 10 mV s™ overlaid with a plot of the number of spikes observed per scan
against the potential the chronoamperograms are performed.

At +0.6 V vs. MSE, no ‘spike’ is seen in the chronoamperograms and no oxidation is occurring in
cyclic voltammogram. At +0.8 V vs. MSE, a clear increase in anodic current is seen in the cyclic
voltammogram and 3 ‘spikes’ are seen in a total of 11 current-time transients. At +1 V vs. MSE, a
total of 229 ‘spikes’ are counted from 33 chronoamperograms whilst CTAB is oxidised at this
potential in the cyclic voltammograms. Thus, the onset potential of the ‘spikes’ has a slight
overpotential compared to its cyclic voltammogram counterpart. The small overpotential is required
to oxidise the bromide content in the stabilised micelles compared to the non-micellar bromide ions
in solution. Hence, the comparison of the onset potential of the ‘spikes’ and the oxidation signal in
cyclic voltammogram indicated that the ‘spikes’ are caused by CTAB micelles. The mechanism of

oxidation of the micelles might occur either via electron hopping as described by Amatore et a/. for
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the case of a dendrimer molecule or via coupled oxidation of bromide ions and loss of cationic

surfactant molecules.?’*

Next, chronoamperometric scans were performed across different concentrations of CTAB (i.e.
0.01 mM to 20 mM) in 0.10 M sodium nitrate to determine the concentration effects on ‘spikes’.
All fifty-second current-time transients were recorded at +1 V vs. MSE with a carbon microdisc
electrode. The individual chronoamperograms at each concentration can be found in Figure 5.7.
Examples of the ‘spikes’ observed in the chronoamperograms are displayed in Figure 5.8. The
background current increases with CTAB concentration due to the increase in free CTAB molecules

present in the solution.
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Figure 5.7 The chronoamperograms performed on solutions with 0.1 M sodium nitrate and different
CTAB concentrations.
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Figure 5.8 Examples of ‘spikes’ observed in the chronoamperogram at CTAB concentrations of
A) 0.5 mM B) 5 mM C) 10 mM D) 20 mM.

In Figure 5.9, the number of ‘spikes’ observed per scan are plotted against the CTAB concentration.
Figure 5.10 is a close up on the lower concentration range of Figure 5.9. It is seen that with
increasing amount of CTAB, the number of ‘spikes’ observed increases. The onset of signals (at least
one ‘spike’ per scan) coincides with the CTAB CMC of 0.05 mM.?®® This indicates that the
significant number of ‘spikes’ recorded are attributed to the CTAB micelles formed above CMC. This
could possibly provide a novel method for CMC determination instead of the traditional technique

of surface tension measurement.
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Figure 5.9 The number of spikes observed per scan (box plot) and the concentration of CTAB at
which the spikes are recorded (scatter plot). Inlay: The number of spikes recorded per scan agalnst
the full range of CTAB concentratlon tested. Red dotted line: The CMC of 0.05 mM from literature.
The box reflects the 25™ and 75" percentile. The short dash represents the maximum number of
spikes observed per scan while the square represents the mean. The error bars represent the
standard deviation of the data.
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Figure 5.10 A close up of part of Figure 5.9.
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In Figure 5.11, the charge passed under a ‘spike’ is plotted against the amount of CTAB in solution
with the standard deviations plotted as error bars. As observed in Figure 5.11, there is no
correlation between the amount of current passed and the CTAB concentration. The average
charge measured per ‘spike’ across all concentrations of CTAB is 2.1 pC. If all the current measured
is Faradaic, this corresponds to the oxidation of 1.3 x 10’ CTAB molecules given that CTAB
oxidation is a one electron reaction. Thus, very large micelles must be responsible for the Faradaic
charge measured. Additionally, there might be capacitive coupling whereby the Faradaic signal is
amplified by the change in interfacial capacitance on impact. The possibility of ‘spikes’ originating
only from a capacitative nature is ruled out because a control experiment was performed at

negative potentials (i.e. -0.8 V to -1 V vs. MSE) and no ‘spikes’ were recorded.
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Figure 5.11 The charge under a spike (box plot) is plotted with the CTAB concentration (scatter plot)
where the spikes are recorded. The number of spikes recorded at each concentration is listed near
the datum point. The box reflects the 25" and 75" percentile. The short dash represents the
maximum number of spikes observed per scan while the square represents the mean. The error bars
represent the standard deviation of the data.

The distribution of the charge passed under each ‘spike’ across all CTAB concentrations are
displayed in Figure 5.12. Most of the recorded ‘spikes’ are small and 37% of them have a charge

lower than 0.5 pC. In fact, 80% of all ‘spikes’ recorded contained less than 3 pC. From Figure 5.12,
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the charge distribution resembles the tail of a log normal distribution. Thus, it is hypothesized that
only the large CTAB micelles are recorded on the chronoamperograms under the assumption that
the micelles follow a log normal or similar size distribution. This hypothesis is supported by the data
in Figure 5.9 and Figure 5.11. In Figure 5.9, as the concentration of CTAB increases, the number of
large micelles grows, thus leading to an increase in frequency of ‘spikes’. However, the average
charge per ‘spike’ is independent of CTAB concentration (Figure 5.11). This is because size
differences among the larger micelles do not change the current measured significantly compared
to micelles of a smaller size. Assuming a surface reaction, a 2% increase in current is observed when
a particle changes from 100 nm to 101 nm while a 21% increase is seen as a particle changes from
10 nm to 11 nm. Therefore, to show that the CTAB micelles indeed follow an approximate log

normal size distribution, DLS was next performed to support the hypothesis.
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Figure 5.12 The charge distribution of the current recorded under a spike.

5.3.3 Dynamic Light Scattering Studies
DLS was performed on a sample of 10.0 mM CTAB in 0.10 M sodium nitrate to measure the size
distribution of the CTAB micelles. The raw data were weighted according to the particle scattering

intensity and the intensity weighted size distribution is summarised in Figure 5.13. The black line
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shows the CTAB micelle sample approximately following a log normal distribution with an average
hydrodynamic diameter of 41.2 nm and a mode of 56.7 nm. The sample has a polydispersity index
of 0.245. This observation of a log normal size distribution strongly supports the hypothesis of the
‘nano-impact’ method measuring only the larger micelles and the tail of the size distribution is

detected through the chronoamperograms in Figure 5.12.
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Figure 5.13 The intensity weighted hydrodynamic diameter of the CTAB micelles in sodium nitrate
solution containing 10.0 mM CTAB at 25 °C. Black: 0.10 M sodium nitrate; red: 0.50 M sodium nitrate

To carry this hypothesis further, the electrolyte concentration was varied for the DLS and ‘nano-
impact’ experiments. From literature, it is known that smaller micelles are formed in the presence of
a lower electrolyte concentration.?®® From Table 5.1, it is observed that at 0.05 M sodium nitrate,
the CTAB micelles have an average diameter of 11.7 nm compared to 41.2 nm (0.10 M sodium
nitrate, black line in Figure 7) and 61.7 nm (0.50 M sodium nitrate, red line in Figure 7) at higher
concentrations of electrolyte. The counterpart electrochemical control experiment was performed
with 10.0 mM CTAB in a lower electrolyte concentration of 0.05 M sodium nitrate via ‘nano-
impacts’. No ‘spike” was observed in the chronoamperograms. This is likely due to the absence of
very large micelles in the lower electrolyte concentration environment. Thus, this further
strengthens the hypothesis where ‘nano-impacts’ are detecting the large micelles present in the
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CTAB solution. It is to be taken note that DLS was attempted with 0.05 M sodium nitrate in the
current study. However, the polydispersity nature of the sample resulted in an unsuccessful

measurement.

Average Polydispersit Temperature
[NaNO;]/M  Hydrodynamic Mode/nm YCISPETSILy pe Reference
. Index /°C
Diameter/nm
0.05 11.7 - 0.23 30 268
41.2 56.7 0.24 25 Current study
0.10
38.4 - 0.24 30 268
61.7 119.5 0.43 25 Current study
0.50
71.0 - 0.51 30 268

Table 5.1 DLS results of the solutions containing 10.0 mM CTAB and various concentrations of
sodium nitrate.

Despite the micelles having an average hydrodynamic diameter of 41.2 nm at 0.10 M sodium
nitrate, most of the particles are not detected via ‘nano-impacts’. In the literature, silver
nanoparticles of 6 nm diameter have been successfully analysed and sized.'”® Comparing with a
previous study in Chapter 4, Section 4.3 where the exact same set-up and microcarbon electrode
were utilised, silver nanoparticles of an average diameter of 24 nm were detected. The silver
nanoparticles gave an average charge of 0.66 pC with a background noise level of 6 pA. In the
current study, the average charge measured was 2.1 pC. As mentioned previously, the background
current increases with the CTAB concentration due to the increased amount of free CTAB
molecules in solution (Figure 5.7). It is also observed that the variation of CTAB concentration
resulted in different background noise: 6 pA (0.5 mM CTAB), 20 pA (4.0 mM CTAB) and 40 pA
(20.0 mM CTAB). Thus, the magnitude of the background noise correlates with the amount of
CTAB present in the solution. With a higher noise, there is a greater difficulty to differentiate the
signals from the background noise. Hence, the rest of the smaller micelles remain undetected as the
‘spikes’ they generate cannot be resolved from the background noise. Therefore, ‘nano-impacts’ has

detected the larger single CTAB micelles towards the tail of the size distribution.
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5.4 Conclusions

This chapter reports for the first time, ‘nano-impacts’ to be a novel method for the detection of
large CTAB micelles. From the cyclic voltammetric experiments, it is found that CTAB oxidation is
attributed to the oxidation of its bromide ion. This one electron oxidation is responsible for the
Faradaic current generating the ‘spikes’ in ‘nano-impacts’. In the chronoamperometric scans, the
onset potential of the ‘spikes’ matches the potential of CTAB oxidation in the cyclic voltammogram.
Hence, the signals are attributed to the CTAB micelles present in the solution. By varying the
concentration of CTAB, it is found that the number of ‘spikes’ per scan increases with concentration
as more CTAB micelles are formed. Comparing the charge distribution of the ‘spikes” and DLS data,
it is concluded that large CTAB micelles are detectable by ‘nano-impacts’. This represents an
entirely new class of ‘soft’ particles that can be studied via this means. While Chapter 4 and Chapter
5 focus their attention on nanomaterial detection, in the next chapter, the nanoparticles themselves

are used for quantifying other analytes.
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Chapter 6 The Application of Silver Nanoparticles in

Electroanalysis

The previous chapters illustrated the application of electrochemical techniques towards the
detection of silver nanoparticles. As mentioned in Chapter 2, nanoparticles are employed in
numerous consumer products. In this chapter, we look at the possible application of silver
nanoparticles as the basis of sensors for the analysis of silver ions (Section 6.1), chloride ions
(Section 6.2) and iodide ions (Section 6.3). These three works have been published in Sensors and
Actuators B: Chemical’”® and the Analyst?’® 2”7, They were performed in collaboration with Dr.
Christopher Batchelor-McAuley, Dr. Kristina Tschulik and Ms. Christine Damm. The experimental
interpretation in Section 6.1 was done together with Dr. Christopher Batchelor-McAuley. Ms.
Christine Damm performed the transmission electron microscope (TEM) imaging for the silver
nanoparticles used in Section 6.1 with Dr. Kristina Tschulik’s coordination. Dr. Christopher
Batchelor-McAuley and Dr. Kristina Tschulik helped with nanosight track analysis (NTA) in Section
6.2 and the scientific interpretation of the experimental results in Section 6.2 and 6.3. Dr. Kristina
Tschulik was responsible for silver nanoparticles synthesis and the scanning electron microscope
(SEM) image of the silver nanoparticles used in Section 6.2. Dr. Sven Ernst helped with the home
made reference electrode used in Section 6.2. The silver nanoparticles in Section 6.3 were

synthesised with Ms. Jessica C. Lees.

6.1 Using Pre-created Nucleation Centres to Improve the Limit of

Detection in Anodic Stripping Voltammetry

6.1.1 Introduction
Anodic stripping voltammetry is a very well established technique for the detection of trace metals
and sometimes other materials.” *’® It is characterised by a high level of sensitivity coming from the
pre-concentration of the target onto an electrode by reduction to the metallic form. The pre-

concentrated metal is analysed by means of a positive going (‘anodic’) potential sweep. A similar
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approach is used in cathodic stripping voltammetry except that the target metal ions are typically
concentrated as metal oxides rather than metals and the analysis is via a cathodic potential

SWeep.135' 136,279, 280

The anodic stripping voltammetry technique can be optimised in various ways to allow for greater
sensitivity or lower limits of detection. One obvious approach is to prolong the pre-concentration
step so as to enhance the amount of metal deposited. Note that because of the interplay of
nucleation and growth, this is not necessarily a simple linear effect; in particular for progressive
nucleation, non-linear effects in time may be anticipated.?®’ A different approach is to modify the
potential sweep so as to enhance the measurement sensitivity, for example, by replacing a linear
sweep with a pulse voltammetric approach (for the benefits mentioned in Chapter 2, Section
2.3).7827%%7 Equally, the prevailing mass transport conditions can be enhanced to promote a greater
flux of material to the electrode surface. In particular, the use of microelectrodes rather than
macroelectrodes can increase sensitivity,”®® as well as reproducibility of transport conditions,?®® and

the use of microelectrodes array?®

are further developments. Alternatively, forced convection
approaches can be utilised, of which sonovoltammetric methods are perhaps the best in terms of
sensitivity enhancement.???°? In addition, surface modification of electrode surface with organic
molecules or other metals has been attempted to make the surface more favourable for metal

deposition,?87293-298

In this section, we present a proof-of-concept method of an alternative strategy for improving the
sensitivity and limit of detection of anodic stripping voltammetry. Metal nanoparticles of the target
metal ion are employed for an electrode pre-treatment procedure to provide nucleation centres in
advance for the analyte of interest. A schematic diagram is provided in Figure 6.1 to illustrate the
concept. By pre-treating the electrode via depositing and stripping of metal nanoparticles, small
metal nuclei that are not detectable electrochemically are left behind on the electrode surface.”®
3% During the pre-concentration step of the anodic stripping voltammetry, these small metal nuclei

then act as nucleation centres for metal ions of the same identity so as to enhance the deposition.
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Thus, more metal is deposited onto the electrode surface with the same pre-concentration
duration as nucleation sites are already pre-created. This speeds up the deposition process because
nucleation site formation can be a slow process that requires a high overpotential compared to
metal growth.*®" Hence, a larger peak charge can be measured within the same time frame with a
pre-treated electrode as compared to an untreated electrode. The greatest advantage of this
strategy lies in its simplicity. The pre-treatment only involves a simple drop casting of a metal
nanoparticle suspension and then oxidising the nanoparticles. No other foreign materials or
impurities are introduced apart from the metal of interest. In this section, silver is taken as an

example to illustrate this proof-of-concept.
Pre-treatment [ Deposition )

&
—

@ © o

(%] o
Q . :

Metal NP Small Nuclei \_Nuclei Growth /

Figure 6.1 Schematic diagram showing the concept of improving the limit of detection of anodic
stripping voltammetry. Pre-treatment starts with drop casting of metal nanoparticles suspension onto
the electrode surface which are then oxidised. Small metal nuclei are left behind from this pre-
treatment and the pre-treated electrode is immediately used for deposition experiments. The metal
ions in deposition experiment are deposited onto the small nuclei, resulting in nuclei growth and
improved analytical sensitivity.

6.1.2 Experimental

6.1.2.1 Voltammetry
The working electrode was a glassy carbon electrode. A mercury/mercurous sulphate electrode
(MSE) was used as a reference electrode. The rest of the conditions are detailed in Chapter 3,

Section 3.2.
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6.1.2.2 Silver Nanoparticle Synthesis and Characterisation
Silver nanoparticles capped with citrate were synthesised based on a method by Wan et a/*°* In
summary, 20 mL of 1% (w/v) trisodium citrate solution and 75 mL of ultrapure water was heated
to 70 °C for 15 minutes. 1.7 mL of 1% (w/v) silver nitrate solution and 2 mL of freshly prepared
0.1% (w/v) sodium borohydride were added in quick succession to the heated solution. The mixture
was stirred vigorously for another hour at 70 °C. After cooling to room temperature, ultrapure
water was added to make the final volume of the nanoparticle suspension 100 mL. A clear yellow
suspension of silver nanoparticles with a total silver concentration of 1 mM was obtained. All
glassware were cleaned thoroughly with aqua regia (a mixture of concentrated hydrochloric acid

and concentrated nitric acid in 3:1 ratio) prior to silver nanoparticle synthesis.

The characterisation of the silver nanoparticle suspension was performed by ultra-violet visible
(UV-vis) spectroscopy and TEM (FEI TECNAI T20, 200 kV accelerating voltage, lanthanium
hexaboride (LaBg) filament). For UV-vis analysis, the nanoparticle suspension was diluted by a
factor of 24 with ultrapure water. A wavelength scan from 600 nm to 250 nm at a scan rate of
400 nm min™" was performed. The surface plasmon peak is known to be affected by the size and
shape of silver nanoparticles and the maximum absorption wavelength decreases with the
nanoparticle size.> *% A surface plasmon peak at 392 nm was recorded and this indicated the
presence of spherical silver nanoparticles smaller than a diameter of 29 nm.”" Ms. Christine Damm
recorded the TEM images of the nanoparticles. The nanoparticles represented in the TEM images
were analysed with the software Image J (National Institutes of Health, USA). The areas of the
clearly defined nanoparticles were measured and nanoparticle radii were calculated from the areas
to take into account slightly non-spherical nanoparticles. A total count of 1223 nanoparticles gave
a measurement of an average radius of 4.7 £ 1.8 nm. Figure 2.2 and Figure 6.2 display a TEM
brightfield image of the silver nanoparticles. Figure 6.3 shows the size distribution of silver

nanoparticles and the UV-vis spectra measured.
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Figure 6.2 A high resolution TEM image of the silver nanoparticles used in this section. The scale bar
represents 1 nm.
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Figure 6.3 Size distribution of silver nanoparticles. Average radius of 4.7 + 1.8 nm. Inlay: UV-vis
spectrum of silver nanoparticles showing a distinct surface plasmon peak at 392 nm.

©6.1.2.3  Electrode Pre-treatment Procedure
The glassy carbon electrode was pre-treated to deposit silver nuclei to enhance subsequent
electrodeposition using the following approach. First, nanoparticle modification of the glassy carbon
electrode was carried out by drop casting 3 pL of the diluted silver nanoparticle suspension onto

the electrode surface and drying the electrode under a flowing nitrogen atmosphere. The silver
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nanoparticle suspension had a total silver concentration of 1 mM and was diluted with ultrapure
water by a factor of 500 before drop casting. Next, linear sweep voltammetry was performed with
the modified electrode by scanning from -0.3 V to 0.2 V vs. MSE. A signal was observed at around
0 V vs. MSE which corresponds to the oxidation of silver to silver ions. The linear sweep
voltammetry removed most but not all of the silver cast. A second scan from -0.1 V to 0.5 V vs.
MSE was conducted and no silver oxidation signal was observable. The second linear sweep
voltammetry began at a higher potential of -0.1 V vs. MSE instead of -0.3 V vs. MSE to ensure
fresh silver ion generated from oxidation in the first scan did not deposit back onto the electrode,
causing a false positive. The absence of signal in the second scan showed that any small metal nuclei
left behind are not electrochemically detectable and the oxidation signal from the deposition
experiments comes solely from the deposited silver. As the pre-treatment is performed ex-situ (i.e.
not in sample solution) and the majority of the silver utilised is removed, the possibility of
contamination of the sample by pre-treatment is minimal. In addition, even if one was to assume
that a//of the nanomaterial used during the pre-treatment was to act as a contaminant, an absolute
maximum contamination of ~6 x 107> moles is possible. Taking the sample volume to be 10 mL,
the contamination will result in an error of 0.6 nM of silver. This is significantly lower than the
lowest concentration (i.e. 30 nM Ag") detected in this section. In addition, it is not expected that
the citrate capping agent will influence the experiment as during the linear sweep voltammetry
performed during the pre-treatment, the citrate capping agent will have been concomitantly
removed along with the majority of the drop cast silver. After the first linear sweep voltammetry
from -0.3 V to 0.2 V vs. MSE, the electrode is considered as “pre-treated”. The electrode was

rinsed in a vial of water and used for silver deposition experiment immediately.

6.1.3 Results and Discussion
In this section, pre-treated electrodes are shown to be more favourable for subsequent silver
deposition as compared to a bare untreated glassy carbon electrode. In Section 6.1.3.1, the proof-

of-concept is presented with a deposition experiment with 300 nM of silver nitrate. In Section
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6.1.3.2, a range of silver nitrate concentrations are used in deposition experiments to display the

effects of silver ion concentration on the amount of silver deposited.

6.1.3.1  Proof of Concept
Silver deposition experiments were performed on two types of electrodes — first a bare untreated
glassy carbon electrode which was polished to a mirror finish and second on an electrode pre-
treated with the procedure described in Section 6.1.2.3. On both electrodes, the deposition of
silver was performed at a potential of -0.4 V vs. MSE for 15 minutes in a solution containing 300
nM of silver nitrate and 0.1 M sodium nitrate as the electrolyte. A stirring rate of 200 rotations per
minute was maintained with a magnetic stir bar (25 mm in length) for deposition and stirring was
switched off 2 minutes before the scan (after the first 13 minutes of deposition). Stirring was
crucial to the experiment as it reproducibly delivered metal ions to the electrode surface and kept
the diffusion layer thickness of the electrode to a minimum. The diffusion of the metal ions alone
within the time of 15 minutes was insufficient to deposit a substantial amount of metal onto the
electrode surface for electrochemical analysis. Consequently, stirring during deposition ensures that
the analysis can be performed within shorter timescales. Throughout the 15 minute deposition,
silver ions were pre-concentrated and deposited as silver onto the working electrode. After that, an
anodic stripping voltammetry starting from -0.3 V to 0.2 V vs. MSE and sweeping back to -0.6 V
vs. MSE was performed at 0.05 V s™'. A broad oxidative stripping peak was obtained at around O V
vs. MSE and the charge underneath the signal was measured to determine the amount of silver
deposited upon the surface. The voltammogram obtained from deposition experiments with
electrolyte containing 300 nM of silver nitrate for both the bare untreated glassy carbon electrode
and the pre-treated electrode are plotted in Figure 6.4. As observed, the silver stripping signal of
the pre-treated electrode is larger than the untreated electrode. Upon closer inspection, the
amount of silver deposited on a pre-treated electrode is ~ 40 times greater than a bare untreated

glassy carbon electrode.
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Figure 6.4 The oxidative stripping of silver from a glassy carbon electrode after deposition at -0.4 V
vs. MSE for 15 minutes in 0.1 M sodium nitrate spiked with 300 nM of silver nitrate at a scan rate of
0.05 V s Stirring at 200 rotations per minute was maintained for the first 13 minutes of the
deposition. Black line: Bare untreated glassy carbon electrode. Red line: Pre-treated glassy carbon
electrode.

Although the electrodes used in the pre-treated and untreated experiments were both glassy
carbon electrodes, it is concluded that the pre-treatment provided small amounts of silver clusters
on the electrode surface. These clusters improved the signal of the pre-treated electrode by
providing pre-existing nucleation centres for immediate deposition of silver, where for the
untreated electrodes, nucleation must occur before deposition can take place. Within the literature,
silver has been known to deposit at a lower potential when nucleation centres are present.’®
Previous studies showed TEM images where the electrochemical oxidation via a linear sweep
voltammetry is insufficient to remove all the silver drop cast or deposited and the small nuclei were
relatively stable and only completely removed when an overpotential of 500 mV vs. Ag/Ag" is
maintained for a duration of more than an hour.?*® 3 Thus, the pre-treatment is inferred to have
left sufficient nucleation centres for more silver to be deposited onto the electrode surface during

the 15 minutes deposition period, leading to a greater peak charge. Here, peak charge is defined as

the Faradaic charge measured under the peak. Consequently, this provides a possible route for
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lowering the detection limit of anodic stripping voltammetry. Moreover, in the next section, the

experiment was repeated with various silver nitrate concentrations to further develop this idea.

6.1.3.2 Response to Different Silver Nitrate Concentrations
Deposition experiments with pre-treated electrodes and bare untreated glassy carbon electrodes
were performed at 7 different concentrations of silver nitrate. The silver nitrate concentrations
tested were 30 nM, 50 nM, 100 nM, 200 nM, 300 nM, 600 nM and 1 pM. Otherwise, identical
parameters were used as the ones in the experiments above in Section 6.1.3.1. Figure 6.5 depicts
the peak charge measured at various concentrations of silver nitrate with a pre-treated electrode
or a bare untreated glassy carbon electrode. Figure 6.6 is a close up of Figure 6.5 at the lower
concentration range. At silver nitrate concentrations equal or less than 100 nM, there was no signal
recorded for silver oxidation for a glassy carbon electrode without pre-treatment. However, at all
concentrations from 30 nM to 1 uM of silver nitrate, a silver oxidation signal, which is at /east three
times larger than the untreated electrode, was observed for the pre-treated electrode. This
variable enhancement reflects the fact that upon the bare, untreated electrode, nucleation centre
formation is easiest with high concentrations of silver ions. Conversely, it is this requirement of
nucleation centre formation which hinders the conventional electrochemical stripping analysis for
lower metal ion concentration (i.e. the deposition is limited by the formation of nucleation centres).
Therefore, via by-passing the nucleation step with pre-treatment of the electrode, this resulted in

the largest signal enhancement in the lower nanomolar range.

As seen in both Figure 6.5 and Figure 6.6, the relationship between measured peak charge and
silver nitrate concentration is not linear despite the trend of increasing peak charge with increasing
silver nitrate concentration. During the deposition period, there are two main processes of
nucleation and growth. Nucleation refers to formation of a ‘seed’ on the electrode surface while
growth refers to the additional deposition of silver onto the ‘seed’. Nucleation requires a higher
overpotential than growth.>*' The presence of existing nucleation centres speeds up the process of

growth since nucleation is no longer essential. Hence, the difference in rate for both processes
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accounts for the non-linear trend observed cross the various silver nitrate concentrations.
Accordingly, given that signal amplification is observed with the pre-treated electrode, detection of
silver ions at a much lower concentration is possible. Hence, the threshold value of this analysis had
been lowered and it is demonstrated how the use of nanoparticles can enhance the voltammetric
signal allowing lower concentrations of metal ions to be readily estimated. This is achieved by
circumventing the issue of nucleation by providing pre-existing nucleation centres allowing

deposition to occur even at very low metal ion concentrations.
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Figure 6.5 The oxidative stripping of silver from a glassy carbon electrode after deposition at -0.4 V
vs. MSE for 15 minutes at a scan rate of 0.05 V s™. Deposition was performed in 0.1 M sodium nitrate
spiked with different concentrations of silver nitrate. Stirring at 200 rotations per minute was
maintained for the first 13 minutes of the deposition. The peak charge of the voltammetric signal is
plotted against the concentration of silver nitrate. Each datum point consists of a minimum of 3
repeats. Black squares: bare untreated glassy carbon electrode. Red diamonds: pre-treated glassy
carbon electrode.
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Figure 6.6 A close up of part of Figure 6.5.

To further lower the detection limit, the deposition time can be altered. When the deposition time is
extended, more time is given for the growth process and at a lower concentration of silver nitrate,
a larger signal is recorded and the detection limit is lowered. Thus, experiments with different
deposition time were performed (see Figure 6.7). With a silver nitrate concentration of 30 nM, the
pre-treated electrode underwent various deposition time of 7.5, 15, 22.5 and 30 minutes. Similar
to the experiments reported in Section 6.1.3.1, a stirring rate of 200 rpm was maintained and
switched off 2 minutes before the voltammetric scan. This meant that the stirring was sustained
for 5.5, 13, 20.5 and 28 minutes respectively. The oxidation of deposited silver on the electrode
surface gave a signal and the peak charge was measured and plotted against deposition time to give
Figure 6.7. It shows that with increasing deposition time, more silver deposits onto the electrode
surface and the peak charge measured increases. Hence, smaller concentrations of silver ions can

be detected when deposition time is prolonged.
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Figure 6.7 The oxidative stripping of silver from a pre-treated glassy carbon electrode after deposition
at -0.4 V vs. MSE for various time frames in 0.1 M sodium nitrate spiked with 30 nM of silver nitrate at
a scan rate of 0.05 V s™. Stirring at 200 rotations per minute was maintained during deposition and
switched off 2 minutes prior to the scan. The peak charge of the voltammetric signal is plotted against
the deposition time. Each datum point consists of a minimum of 3 repeats.

6.1.4 Conclusions
Anodic stripping voltammetry is a very common method of quantifying the amount of metal ions in
solution and within the literature, many studies have been attempted to lower the detection limit by
adding organic molecules or other metals.?®” 2°*"2% This section aims to provide a simple proof-of-
concept, where the detection limit can be lowered without complicated pre-treatment or
modification, illustrated for the case of silver deposition. By pre-treating the electrode, small silver
clusters, not detectable by electrochemical means but their presence are confirmed by TEM, can be
formed and act as nucleation centres for the subsequent deposition of silver and amplify the signal
obtained from anodic stripping voltammetry of silver. The pre-treated electrode gave a signal
which is at /east three times larger than the bare untreated glassy carbon electrode across the
concentration range of 30 nM to 1 pM of silver nitrate. At 300 nM of silver nitrate, there is a 40
fold increase of the peak charge with pre-treated electrode compared to the bare glassy carbon
electrode. For silver nitrate concentration equal or below 100nm, no signal is recorded on the

untreated electrode. In contrast, an analysable signal is still obtained on the pre-treated electrode.
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The strength of this simple strategy lies in the fact that greatest signal enhancement occurs for the
lower concentration range. To further lower the detection limit, the deposition time of silver can be

extended.

In the next section, the strong silver-halide interaction is utilised as a basis to develop a chloride ion
sensor based on silver nanoparticle modified electrode. This sensor can potentially be applied for

the preliminary screening of the genetic disease of cystic fibrosis (CF).

©.2 Detection of Chloride Levels in Sweat: A Basis for the Preliminary

Screening for Cystic Fibrosis

6.2.1 Introduction
CF is a common genetic disease caused by an autosomal recessive gene known as the cystic fibrosis
transmembrane conductance regulator (CFTR) gene.?®* It affects multiple organs including the lungs
and the intestines. The defective gene leads to an expression of a non-functional channel protein,
leading to irregular transport of sodium and chloride ions across the epithelial cells.*> 3°° In the
bronchial tissues, chloride ions are unable to move across the epithelial cells, leading to a high
chloride concentration in the mucus in the lungs. CF patients suffer from chronic bacterial lung
infection as the salt-sensitive antibodies are inactivated.*®”*® It is a life-long incurable disease with
only symptom alleviation available.>*® A person is diagnosed as a CF patient when one has high
sweat chloride content and two genetic mutations of CFTR gene.*** *'° Since one of the main
symptoms for CF is a high level of chloride in sweat, a borderline sweat test is used in hospitals as
the primary screening and diagnosis method for CF, along with genetic analysis of CFTR gene as a
diagnosis test.?*> 3% 3% For the borderline sweat test, the sweat chloride level is measured and
matched against a guideline. The references for sweat chloride levels for adults are categorised
into: less than 39 mM (negative), 40 - 59 mM (borderline) and greater than 60 mM (positive). For
infants, sweat chloride levels are categorised as: less than 29mM (negative), 30 - 59 mM

(borderline) and greater than 60 mM (positive).>'°"® The Cystic Fibrosis Foundation from the USA
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recommends a sweat chloride sensor range to be 10 - 160 mM.?"® The Association of Clinical

Biochemistry from the UK states that the maximum level of sweat chloride in human is 160 mM.*'®

320

Current methods for determination of chloride levels include colorimetry, coulometry,
indirect/direct ion selective electrodes and manual titration using Schales procedure.*'>?" The
Association of Clinical Biochemistry based in UK recommends coulometry out of the various
methods available.*'® This method uses argentometry where a standard silver ion solution (e.g.
silver nitrate) is used to titrate the chloride ions through the spontaneous formation of silver
chloride. The conductivity of excess silver ions is used to determine the end point and hence the
chloride level in sweat. Nonetheless, the coulometry equipment faces laboratory constraints.
Trained personnel are required to operate the equipment and special buffers are required for

selectivity and sensitivity.>*’

Electrochemistry opens up the alternative possibility of having a point-of-care system to detect
sweat chloride levels. Ideally, this would involve the use of a low cost and disposable screen printed
electrode which has a three electrode system consisting of the working, reference and counter
electrode. It has been reported previously that oxidation of silver is sensitive to chloride ion
concentration.?”? Here, we use silver nanoparticle modified screen printed electrodes to detect
chloride levels in sweat, giving proof-of-concept for a CF screening system. The basis of such a
procedure is depicted in Figure 6.8; layers of silver nanoparticles are deposited onto the working
electrode of a screen printed electrode and anodically stripped off to generate silver cations. In the
absence of chloride ions, the anodic stripping voltammetry of silver nanoparticles yields a single
silver oxidation peak. Conversely, in the presence of chloride ions, the favourable conditions of
formation of silver chloride causes two stripping peaks to be voltammetrically recorded, one for
formation of silver chloride (AgCl (s)) and another for the oxidation of silver to silver ions (Ag*(aq)).
Herein, it is demonstrated that the silver chloride peak may be used for the quantitative

determination of chloride concentration.??? Silver nanoparticles are chosen for the experiments as
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they provide a facile method for producing a finite surface coverage on carbon electrodes which is
needed to give the peaked responses. The usage of silver nanoparticles further ensures that the
signal for the formation of silver chloride from silver is not dominated by the signal for silver
oxidation to silver cations.®* *?? In the following sections, chloride ion quantification is performed

using a silver nanoparticle modified screen printed electrode.
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Figure 6.8 Schematic diagram for the preparation and use of the silver nanoparticle modified screen
printed electrode and the anodic stripping voltammogram of silver nanoparticles. Step 1: Drop casting
of silver nanoparticle suspension onto a screen printed electrode with micropipette. Step 2: Dry
electrode in a 50 °C oven for 12 minutes. The modified electrodes are used for anodic stripping
voltammetry in two conditions: in the absence of chloride ions and in the presence of chloride ions. In
the presence of different concentration of chloride ions, the peak height of the voltammetric signal at
the lower potential increases with increasing chloride concentration.

6.2.2 Experimental

6.2.2.1 Chemicals
Synthetic sweat sample 1 was obtained from Synthetic Urine e.k., Eberdingen, Germany. The solid
given was dissolved in water. The solution was tuned to the required pH of 6.5 + 0.1 with the given

ammonia hydroxide solution and 0.1 M nitric acid. The final volume was ensured to be 100 mL.
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Synthetic sweat sample 1 had a sodium chloride concentration of 5 g/L, which equates to 85.5 mM
of chloride ions in the sample. Synthetic sweat sample 2 was prepared following British Standard
(BS 1811-1999). However, a reduced sodium chloride concentration (10% of original value) was
used.’”® It was then tuned to pH 6.5 with the same ammonia hydroxide solution and 0.1 M nitric
acid used for synthetic sweat sample 1. It contained a sodium chloride concentration of 1.08 g/L,
which equates to 18.5 mM of chloride ions present in the sample. The sweat samples were then
diluted by a factor of four with sodium nitrate solution (0.133 M). The diluted samples contained a

quarter of the original chloride concentration and 0.1 M of sodium nitrate.

6.2.2.2 Silver Nanoparticle Synthesis and Characterisation
Silver nanoparticles capped with citrate were synthesised based on a method devised by Lee and
Miesel.??® Dr. Kristina Tschulik synthesised the nanoparticles and recorded the SEM images. In
summary, 25 mL of silver nitrate (0.1 M) solution was added to a flask containing 25 mL of
ultrapure water. The solution mixture was heated in a 110 °C oil bath with violent magnetic stirring.
1 g of trisodium citrate was dissolved in 100 mL ultrapure water. 5 mL of the trisodium citrate
solution was added into the boiling silver nitrate solution. The solution was left to boil for an hour
before it was cooled in a cold water bath. The resulting solution of silver nanoparticle obtained was
washed with ultrapure water twice and the supernatant was removed each time. The suspension
was centrifuged at 4200 rpm for 27 minutes for each step. The pellet which remained after the
second wash from 13.5 mL of unwashed silver nanoparticle suspension was made into a 3 mL
washed silver nanoparticle suspension. All glassware was cleaned thoroughly with “piranha” solution
(30% hydrogen peroxide solution and concentrated sulphuric acid in 1:3 ratio) prior to the synthesis

of silver nanoparticles.

The washed silver nanoparticle suspension was characterised by UV-vis spectroscopy. For the
analysis, the washed nanoparticle suspension was diluted by a factor of 30 with ultrapure water. A
wavelength scan from 600 nm to 250 nm with a scan rate of 400 nm min™' was run. A broad

surface plasmon peak at 419 nm was observed and indicated the presence of silver nanoparticles.
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NTA was performed to size the silver nanoparticles in solution-phase. NTA was performed by Dr.
Christopher Batchelor-McAuley and Dr. Kristina Tschulik. Figure 6.9 shows the nanoparticle
tracking analysis for the sample. The mean diameter of the nanoparticles was 35 + 12 nm. SEM
(LEO Gemini 1530, Zeiss, Oberkochen, Germany) was used to confirm that the synthesized

nanoparticles were about 40 nm in diameter (Figure 6.10).
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Figure 6.9 Nanoparticle tracking analysis for silver nanoparticles. Mean = 35 + 12 nm.

Figure 6.10 SEM image of the synthesised silver nanoparticles.
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6.2.2.3 Voltammetry
A glassy carbon electrode was used as the working electrode. A homemade reference electrode of
Ag/AgNO; (10 mM) & NaNO; (90 mM) was used. Dr. Sven Ernst helped with the fabrication of the
homemade reference electrode. It was calibrated against a hexammineruthenium(lll) chloride
solution (1 mM hexaamineruthenium(lll) chloride and 0.1 M sodium nitrate). The redox peaks were
found to differ by +0.45 V compared to an experiment with a saturated calomel electrode (SCE)
(+0.24 V vs. SHE)." Thus, the Ag/AgNO5(10 mM) & NaNO; (90 mM) reference electrode has a
potential of +0.69 V vs. SHE. The reference electrode consists of a silver wire submerged in a
solution of 10 mM silver nitrate and 90 mM sodium nitrate. The silver nitrate/sodium nitrate
solution was changed regularly to maintain electrode stability. All experiments were performed

under a nitrogen atmosphere and all solutions were degassed thoroughly with nitrogen.

Screen printed electrodes consisted of a 4.0 mm diameter carbon working electrode, a silver
pseudo reference electrode and a carbon counter electrode. 50 pL of solution was used to fully

cover the electrode. The rest of the experimental details are mentioned in Chapter 3, Section 3.2.

The glassy carbon electrode was polished as detailed in Chapter 3, Section 3.2. Nanoparticle
modification of the glassy carbon electrode involved drop casting of 3 pL of washed silver
nanoparticle sample onto the clean electrode surface and drying the electrode in an oven at 50 °C
for 10 minutes. Five coatings of silver nanoparticles were applied to the glassy carbon electrode.
Screen printed electrodes were modified in a similar manner with 5.3 pL of washed silver
nanoparticle sample to compensate for the difference in working electrode area. Each coat was

dried for 12 minutes in a 50 °C oven. Three repeats were done for each experiment.

6.2.3 Results and Discussion
First, control experiments were performed on glassy carbon electrodes (section 6.2.3.1). Silver
nanoparticles were coated onto the glassy carbon electrode and anodic stripping voltammetry was
undertaken in sodium nitrate solutions spiked with different concentration of potassium chloride. A

linear correlation of the voltammetric peak height and chloride ion concentration is found. In Section
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6.2.3.2, analogous experiments were performed on screen printed electrodes and similar
correlation between peak height and chloride ion concentration was observed. In Section 6.2.3.3,
we repeat measurements and calculations of the sweat chloride levels for two synthetic sweat
samples using the calibration plot obtained from the linear correlation of peak height and chloride

ion concentration obtained from Section 6.2.3.2.

6.2.3.1 Glassy Carbon Electrode Experiments
Sweat chloride levels are crucial to the diagnosis of CF. Hence, a set of experiments in an
electrochemical cell with a silver nanoparticle modified glassy carbon electrode was performed to
determine if chloride detection is possible in an electrochemical system. The oxidation of silver
nanoparticles to form silver chloride in the presence of chloride ions is the main concept behind this
work. Thus, the anodic stripping of silver nanoparticles was performed in a 0.1 M sodium nitrate
solution with varied chloride ions concentration to observe silver nanoparticles’ behaviour in the
presence and absence of chloride ions. Silver nanoparticles were drop cast onto a glassy carbon
electrode through five coatings of 3.0 pL of washed silver nanoparticle aliquot. Each of the coatings
was dried in an oven at 50 °C for 10 minutes. The modified electrodes were used in cyclic
voltammetric experiments, which started at -0.7 V vs. Ag/AgNO; (10 mM) & NaNO; (90 mM),
swept towards +0.4 V before returning back to -0.7 V in a cell filled with 0.1 M sodium nitrate and
varying concentration of potassium chloride (2 mM — 40 mM). For every new scan, the electrodes
were polished to a mirror finish before silver nanoparticles were drop cast on. Each experiment was
repeated for three times. Sodium nitrate was chosen as the electrolyte, as the nitrate ion is a
weakly co-ordinating anion. Hence, it does not affect the peak positions as it does not form a
strong ionic pair or precipitate with the silver ions. The nitrate ion is also not expected to alter the

diffusion coefficient of silver ion or the rate constant for silver oxidation.

To determine the behaviour of silver nanoparticles in the absence of chloride ions, a control
experiment was performed. As seen in the green line of Figure 6.11, without the presence of

potassium chloride, only a broad peak at around +0.2 V vs. Ag/AgNO;(10 mM) & NaNO; (90 mM)
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(peak B) was observed. In the presence of potassium chloride (all the lines in Figure 6.11 except the
green line), two broad peaks at around -0.25 V vs. Ag/AgNO5(10 mM) & NaNO; (90 mM) and
+0.2 V (peaks A and B) were observed. In the absence of chloride ions, only peak B was observed.

Peak B corresponds to the one electron oxidation of metallic silver:®?

Ag (s) —»Ag" (aq) +e” (m) Equation 6.1

The formal potential of the redox pair of Ag/Ag* (Equation 6.1) is +0.80 V vs. SHE."” Given that the
reference electrode had a potential of +0.69 V vs. SHE, the oxidation of metallic silver is expected
to occur at +0.11 V under the experiment condition. The slight apparent overpotential of +0.1 V
observed in experiments can be accounted by the high surface coverage of the silver nanoparticles.
At high surface coverages, linear diffusion of silver ions away from the whole geometric surface of
electrode surface takes place. Under this diffusion regime, it has been previously shown in Chapter
4, Section 4.1 that the stripping peak potential varies with the silver surface coverage. Since the
oxidation of silver to silver cation occurs at +0.11 V under experimental conditions, peak A, which
occurs around -0.25 V in presence of potassium chloride, does not account for oxidation of silver

to silver cations. We deduce that at peak A, the following reaction occurs:

Ag (s) +Cl" (ag) —AgCl (aqg) +e™ (m) Equation 6.2

First, this conclusion is evidenced by the observations in Figure 6.11 inlay. The peak height of peak
A correlates linearly with the concentration of chloride ions. Second, the formal potential of the
redox couple of Ag/AgCl (Equation 6.2) corrected for the concentration of chloride ions at 20 mM
is +0.32 V vs. SHE. Given that the formal potential of the Ag/Ag* redox couple (Equation 6.1) is
+0.80 V vs. SHE, peak A and B should have a theoretical potential difference of ~0.48 V; which is
close to the experimentally measured difference of 0.45 V."” Third, when peak A increases in
height, the height of peak B decreases. This indicates that the process at peak A has consumed
some of the silver nanoparticles attached to the working electrode, causing less charge to be

passed under peak B. Due to the finite surface coverage of silver nanoparticles on the glassy carbon
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electrode, at higher chloride concentrations, the peak height no longer correlates linearly with
chloride ion concentrations. As observed from the inlay of Figure 6.11, the linear range of the glassy
carbon electrode system is between 2 mM and 40 mM of potassium chloride with a sensitivity of
1.64 x 10° A M"". The sensitivity of the system should not be affected by the size, the size
distribution and the surface density of the silver nanoparticles as long as there is sufficient silver
present for the formation of silver chloride and silver ion. In this case, 67.5 nanomoles of silver was

deposited on the electrode surface to maintain sensitivity.
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Figure 6.11 The oxidative stripping of silver nanoparticles from a glassy carbon electrode in 0.1 M
sodium nitrate spiked with different amount of potassium chloride (KCI) at a scan rate of 0.05 V st
Green: No KCI; Black: 2mM KCI; Pink: 8mM KCI; Orange: 16mM KCI; Blue: 32mM KCI. Reference
electrode: Ag/AgNO; (10 mM) & NaNO3; (90 mM) Counter electrode: Platinum mesh; Inlay: Calibration
plot of peak height of peak A against the concentration of chloride ions. Each datum point consists of
a minimum of 3 repeats.

6.2.3.2  Screen Printed Electrode Experiments
Having developed an electrochemical system capable of determining chloride levels accurately
below 40 mM, to achieve the objective of developing a point-of-care sensor, the concept was
reinvestigated using disposable screen printed electrodes. The disposable screen printed electrode
has a 4.0 mm diameter carbon working electrode, a silver pseudo reference electrode and a carbon

counter electrode. In order to achieve comparable surface coverages of silver nanoparticles, each
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coat was changed from 3.0 pL to 5.3 plL of washed silver nanoparticle suspension. The five coatings
of silver nanoparticles were dried in a 50 °C oven for 12 minutes each. For the voltammetric
measurements, 50 pL of analyte solution was used to cover the entire screen printed electrode.
The analyte consisted of 0.1 M sodium nitrate and varying concentrations of potassium chloride
from 2 mM to 40 mM. Each experiment was repeated for three times. The same trend for peak A
and peak B was observed for the measurements done on the screen printed electrodes. The
voltammetric signal height of peak A forms a direct linear correlation with concentration of chloride
for up to 40 mM with a sensitivity of 1.14 x 10 A M™" and the calibration graph has been plotted

in Figure 6.12.
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Figure 6.12 The oxidative stripping of silver nanoparticles from a screen printed electrode in 0.1 M
sodium nitrate spiked with different amount of potassium chloride at a scan rate of 0.05 V s™. The
peak height of peak A (see Figure 6.11) is plotted against concentration of chloride. Each datum point
consists of a minimum of 3 repeats.

6.2.3.3  Synthetic Sweat Sample Analysis
To evaluate the feasibility for a practical CF borderline sweat test, two synthetic sweat samples
fulfilling industrial standards were tested against the system. Synthetic sweat is made up of the
major components of sodium chloride, lactic acid, urea and ammonium hydroxide while real human

sweat contains more minor components such as amino acids, sugar and metals.*** However, the
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minor components should not interfere with the measurements as the concentration of chloride ion
is of more than one order of magnitude greater than the minor components.?”* Synthetic sweat
sample 1 was prepared in accordance to the German industrial standard (DIN-53160-2). Synthetic
sweat sample 2 was prepared from a recipe from the British Standard (BS 1811-1999) but the
amount of sodium chloride used was 10% of its original value. This is because the original chloride
amount was beyond the 160 mM recommended by authorities and beyond the sensing range of 2
mM to 40 mM.*">3'% 320 Each sweat sample was diluted with sodium nitrate solution by a factor of
four with final concentration of chloride ion being a quarter of the original and the concentration of
sodium nitrate being 0.1 M. The dilution of sweat sample by a factor of four ensures that the
sensing range of 2 mM to 40 mM of chloride ions complies with the recommended range of 10
mM to 160 mM of chloride ions. Dilution with sodium nitrate solution also brings about advantages
of lowering the amount of sweat sample required to 12.5 pL and providing the electrochemical
system the essential supporting electrolyte. 50 pL of the diluted synthetic sweat sample is dropped

onto the disposable silver nanoparticles modified screen printed electrode.

Cyclic voltammograms were recorded from -0.2 V to +0.8 V vs. Ag before sweeping back to -0.2
V. Each experiment was repeated three times. Figure 6.13 shows the voltammograms recorded
from the synthetic sweat samples. Similar to the glassy carbon electrode system, 119 nanomoles of
silver was deposited onto the disposable screen printed electrode to maintain the sensitivity of the
system. By measuring the peak height of peak A in Figure 6.13, the measured concentration of
chloride ion in the diluted sweat samples was calculated. The experimentally measured value was
18.9 £ 1.3 mM and 3.9 + 0.6 mM for diluted synthetic sweat samples 1 and 2 respectively. The
expected chloride ion concentrations for diluted synthetic sweat samples 1 and 2 are 21.4 mM and
4.6 mM respectively. Table 6.1 summarises the values of the expected and measured chloride ion
concentration. The inlay in Figure 6.13 displays the synthetic sweat samples at the expected
chloride concentration. As seen in Figure 6.13 inlay and Table 6.1, the synthetic sweat samples had
a slightly lower measured concentration compared to the expected chloride ion concentration.

Since the system targets giving patients a pre-screening test, the resolution will not affect the
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answers of ‘positive’, ‘borderline” or ‘negative’. The system could be employed as a pre-screening
test before the hospital tests for the high sweat chloride ion level and two genetic mutations for

confirmation of CF.39%370
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Figure 6.13 The oxidative stripping of silver nanoparticles from a screen printed electrode in 0.1 M
sodium nitrate with different synthetic sweat samples (diluted by a factor of 4) at a scan rate of 0.05
V s™. Black: Synthetic sweat sample 1; Blue: Synthetic sweat sample 2. Inlay: Black line: Calibration
plot of peak height of peak A against concentration of chloride from screen printed electrode data;
Pink: Diluted synthetic sweat sample 1; Red: Diluted synthetic sweat sample 2. Each datum point
consists of three repeats.

Measured Chloride

Expected Chloride Concentration/mM Concentration/mM

Synthetic Sweat

Undiluted Sample Diluted Sample Diluted Sample
Sample
1 85.5 21.4 189+13
2 18.5 4.6 39106

Table 6.1 Summary of the expected chloride concentration and the measured chloride concentration
of various synthetic sweat samples.
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6.2.4 Conclusions
CF is an important and common disease which can be diagnosed in a preliminary manner with sweat
chloride levels. Given the sensitivity of oxidised silver nanoparticles towards chloride ions in anodic
stripping experiments, the chloride content can be qualified from the analysis of voltammetry
peaks. The experiments involving synthetic sweat samples concluded that sweat chloride content
determination is possible on screen printed electrodes. The system was found to allow reliable
chloride ion quantification in a measurement range from 2 mM to 40 mM of chloride ions. Thus, the
dilution of sweat sample by a factor of four allows the recommendation range of 10 mM to 160
mM to be sampled. In conclusion, this section presents a proof-of-concept for a point-of-care

system which can be as a screening system for CF.

In the next section, the silver-halide concept used in this section is applied to fabricate an iodide ion
sensor. When applied to detect urinary iodide levels, it is capable of indicating iodine deficiency or

excess iodine in the body.

6.3 Quantification of lodide Ions in Synthetic Urine

6.3.1 Introduction
lodine deficiency can cause goitre, hyperthyroidism, hypothyroidism and intellectual disability.??>-33°
The most conventional test is an absorbance based urinary iodine analysis because 90% of iodine is
excreted through urine.®® A spot urine test (collection of a single sample) or a 24 hour urine sample
collection can be used for sample collection.?”> The Sandell-Kolthoff reaction, involving iodide ions
catalysing the reduction of yellow cerium (IV) ions to the colourless form of cerium (lll), is used to
determine the iodide ion concentration in urine.®®" After the urine sample is collected, ammonium
persulfate is added to oxidise any possible interference species.>*” Then, arsenic acid and cerium
ammonium sulphate is added to the sample. The absorbance signal at 420 nm corresponding to the

cerium(lV) ion concentration is measured after 30 minutes and then the number is converted into

the urinary iodine concentration.>**> The current test requires a toxic, carcinogenic reagent (arsenic
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acid, H;AsO;) and laboratory handling for synthesis, storage and disposal of the reagents. A simpler

and non-toxic approach to iodide ion determination is developed in this section.

In this section, we provide a proof-of-concept for an alternative, simple and robust electrochemical
method capable of detecting iodide ion levels in synthetic urine. The targeted iodide concentration
range is geared to match the World Health Organisation guidelines in Table 6.2.**° Thus, the

biological relevant iodide concentration in this section is defined as 0.3 uM to 6.0 uM.

!\/\edian(lirgi?aL;y lodine Corresponding l(i?\i/\d)e Concentraton lodine Status
<20 <0.32 Severe deficiency
20 - 49 0.32-0.77 Moderate deficiency
50 - 99 0.79 - 1.56 Mild deficiency
100 - 199 1.58-3.14 Optimal
200 - 299 3.15-4.71 More than adequate
> 300 >4.73 Excess

Table 6.2 Urinary iodine guidelines for assessing individuals = 6 years old.>*

The main advantages of the proposed method are that the chemicals required in this method are
non-toxic and the sample can be processed within a few minutes. The concept behind this present
method is the ready formation of silver iodide by oxidation of silver in presence of iodide ions. The
iodide sensor is illustrated as a schematic diagram in Figure 6.14. The test proposed works as
follows, a clean glassy carbon electrode was drop cast with silver nanoparticles and dried under
nitrogen atmosphere. The modified electrode was exposed to electrolyte spiked with iodide ions
and cyclic voltammetry was performed. In the absence of iodide ions, no signal was observed. In the
presence of iodide ions, two signals were recorded. Peak | corresponded to the oxidation of silver to
silver iodide. The reduction signal of silver iodide is represented by peak Il and its peak height was
used to derive a calibration curve for the iodide concentration. From there, the unknown iodide
concentrations in urine can be determined. In the present method, it is crucial that silver

nanoparticles are used instead of a bulk silver electrode. The large surface area present allows the
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pre-concentration of silver iodide on the surface. Using the linear relationship between the
reduction peak height and iodide concentration, this system holds great potential for further

development into a point-of-care system for urinary iodine detection.

Silver NP
w I
Electrode ! |- Ag(s) ‘I’( 1> Agl(s) + e (m)
Synthetic Uring Aels) EHaa) Aglls) T e lm
y Il : Agl(s) + e (m)-> Ag(s) + I'(aq)
S Electrochemical Cyclic
Modification Experiment Voltammogram

Figure 6.14 Schematic diagram of silver nanoparticle based iodide sensor.

6.3.2 Experimental

©6.3.2.1 Chemicals
Synthetic urine was obtained from Synthetic Urine e k., Eberdingen, Germany and used as received.
The synthetic urine received adheres to the standards of DIN EN 1616. It contains 0.2 M of

chloride ions and no iodide ions.

6.3.2.2 Voltammetry
A glassy carbon electrode was used as the working electrode. For chloride-free experiments, a MSE
was used as a reference electrode. For the synthetic urine experiments, a SCE was used as a
reference electrode. All solutions were thoroughly degassed with nitrogen prior to the experiments.

The other experimental details can be found in Chapter 3, Section 3.2.

6.3.2.3 Nanoparticle Synthesis and Characterisation
The silver nanoparticles used are capped with citrate and synthesized using the method developed
by Wan et a/°°* They have been fully characterised in a previous paper as Batch Il by Lees et a/'®

The silver nanoparticle suspension has a total silver concentration of 3.1 mM and they were sized
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by SEM to be 13.6 + 3.7 nm in radii. The nanoparticles are synthesised together with Ms. Jessica C.

Lees.

6.3.2.4 Detection Procedures
A freshly prepared silver nanoparticle modified electrode was used for electrochemical experiments.
The modification was performed by diluting the synthesized silver nanoparticle suspension with
ultrapure water by a factor of 100 to ensure the diluted suspension contained 31 uM of silver. The
glassy carbon electrode was polished with the procedure in Chapter 3, Section 3.2. 3 L of the
diluted nanoparticle suspension was drop cast onto a glassy carbon electrode and dried under a
nitrogen flow. The dried electrode was used immediately. The concentrations of potassium iodide
(K1) tested were 0.3 pM, 0.8 uM, 1.6 UM, 3.2 uM, 4.7 pM and 6.0 uM. The solutions were all

degassed with nitrogen before the start of the experiments.

6.3.2.4.1 Detection Procedures in Sodium Nitrate
0.3 UM to 6.0 uM of KI were made up by dissolving different amounts of KI'in 0.1 M sodium nitrate.
The scan rate was 10 mV s" and a MSE was used as a reference electrode to maintain the chloride-
free environment to circumvent the possible interferences from other halides. The voltammetric

scan started by scanning oxidatively from -0.6 V to -0.2 V and back to -0.7 V vs. MSE.

6.3.2.4.2 Detection Procedures in Synthetic Urine
Different amounts of KI were dissolved in synthetic urine to make up the range from 0.3 uM to 6.0
UM. They were used as the electrolyte for the electrochemical experiments. A SCE reference
electrode was used. The cyclic voltammetric scan started from -0.2 V to +0.045 V and then back

to-0.3V vs. SCEat5mVs™.

©0.3.2.4.3 Detection Procedures for Standard Addition
A synthetic urine sample containing 0.2 uM of KI was separated into portions and an additional 0.5
UM, 1.0 uM and 1.5 pM of Kl were spiked in the separate sample portions. Then, a freshly prepared
silver nanoparticle modified electrode was used to perform the cyclic voltammetry which started

from -0.2 V to +0.045 V and back to -0.3 V vs. SCEat 5 mV s
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6.3.3 Results and Discussion
Herein, the detection of iodide ions using a silver nanoparticle modified electrode is reported. The
diluted silver nanoparticle suspension was drop cast onto a polished glassy carbon electrode, dried
under a nitrogen atmosphere and used to record a cyclic voltammogram in a degassed electrolyte
containing iodide ions. An oxidative peak was observed for the oxidation of silver to silver iodide and
a reductive peak was observed for the reverse reaction. The peak height of the latter was used to

establish a calibration curve to measure the iodide concentration.

One important factor to be considered in this system is the presence of chloride ions. The formation
of silver iodide is thermodynamically favoured compared to the formation of silver(l) ions.
Therefore, the oxidation to silver iodide occurs at a lower potential compared to the oxidation to
silver(l) ions. In Section 6.2, this concept has also been applied to chloride detection. The
thermodynamically favoured formation of silver chloride also decreases the oxidation peak
potential. Therefore, the iodide sensor was first tested in a chloride-free environment to prevent
the possible interference from chloride ions (Section 6.3.3.1). Nonetheless, the ultimate aim was to
detect iodide ions in synthetic urine and synthetic urine contains 0.2 M of chloride ions. The redox
potentials for the formation of silver chloride and silver iodide both depend greatly upon of the
halide ion concentrations. In the presence of 0.2 M of chloride ions, the oxidation signal for the
formation of silver iodide, at the medically relevant iodide concentrations, occurs at a lower
potential than the silver-silver chloride redox couple. Thus, the potential window was optimised to
stop before the bulk formation of silver chloride (Section 6.3.3.2). Hence, it is possible to detect
the iodide ions in the presence of chloride ions. In Section 6.3.3.3, the measurement of a low iodide

concentration was attempted through the standard addition method.

6.3.3.1 lodide Calibration in Sodium Nitrate
Figure 6.15 shows the close up of the voltammograms for silver nanoparticle oxidation in the

presence of different concentrations of Kl. In the absence of KI (dashed grey line in Figure 6.15), no
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voltammetric peak was observed. In the presence of Kl, an anodic peak occurred between -0.3 V to

-0.4 V and it corresponds to the oxidation of silver to silver iodide.

Ag (s) + 1" (ag) — Agl (s) +e (m) Equation 6.3

A reduction signal occurred between -0.4 V to -0.55 V in the presence of Kl and it is accounted by

the reduction of the previously formed silver iodide to silver.

Agl (s)+e (m) —Ag (s) +I” (aq) Equation 6.4
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Figure 6.15 The oxidation of silver nanoparticles on a glassy carbon electrode in 0.1 M sodium nitrate
spiked with different concentrations of Kl at a scan rate of 10 mV s™. Grey dashed: No KI; Black: 0.3
UM KI; Red: 0.8 uM KiI; Blue: 1.6 pM KiI; Green: 3.2 uM KiI; Purple: 4.7 pM KI; Pink: 6.0 puM KiI.

Both the oxidation and reduction signal correlate linearly with the concentration of KI present. The
reduction signal has a larger peak height as it is a surface bound wave and reflects the quantity of
silver iodide present. Thus, the peak height of the reduction signal was plotted against the
concentration of Kl in Figure 6.16 to achieve a greater sensitivity. The experiment at each individual
KI concentration was repeated for at least three times with a freshly prepared silver nanoparticle
modified electrode (Section 6.3.2.4) to determine a standard deviation. A linear relationship was

found, giving a slope of 1.46 x 10> A M™" and a R’ (coefficient of determination) value of 0.999.
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The R is a value between 0 and 1 and a high number indicates a good correlation between the data

points and the trend. The linear relationship is determined to be:

[I'1=(my)(I,)+C4 Equation 6.5

where [F]is concentration of iodide ions (mol dm™), m; is the gradient of 1.46 x 10°* A mol™" dm”?,

I,is the peak height (A) and C7is the intercept of -2.7 x 10 mol dm.
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Figure 6.16 Calibration plot of reduction peak height against the concentration of Kl in 0.1 M sodium
nitrate. Each datum point consists of a minimum of 3 repeats.

©6.3.3.2 lodide Calibration in Synthetic Urine
The analytical system introduced in Section 6.3.3.1 was further optimised to determine the iodide
ions concentration in synthetic urine. The synthetic urine supplied contains 0.2 M of chloride ions.
The synthetic urine sample did not contain iodide ions and iodine. Hence, the same range of Kl as in
Section 6.3.3.1 (0.3 uM to 6.0 uM) was spiked into the synthetic urine. No additional supporting
electrolyte was added. Due to the presence of chloride ions, the reference electrode was changed
from a MSE to a SCE. It is known that silver nanoparticles oxidise to silver chloride in the presence
of chloride ions.*** The large signal which arises from the formation of silver chloride might
dominate the signal of interest. The solubility product of silver iodide and silver chloride at 25 °C are
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1.5 x 107"® mol”> dm™ and 1.6 x 107"° mol® dm™® respectively."” The stronger affinity of iodide to
silver causes the oxidation of silver to silver iodide to occur at a lower potential compared to the
oxidation of silver chloride. Hence, cyclic voltammetry was performed by sweeping oxidatively from
-0.2 V to +0.045 V and then back to -0.3 V vs. SCE to limit the potential window so as to exclude
potential at which silver chloride is formed.? No signal of interest was detected for 0.3 uM Kl when
the system was applied in synthetic urine. Neither the oxidation of silver to silver iodide nor the
reduction of silver iodide was seen. Only the initial onset of the oxidation of silver to silver chloride
was observed. Therefore, the scan rate was reduced from 10 mV s™ to 5 mV s™' to ensure that the
signal of interest was observed across the entire concentration range of interest. The optimised
detection procedure is summarised in Section 6.3.2.4 and Section 6.3.2.4.2. Performing the
experiments with the optimised system, the close-up of the voltammograms recorded with
different concentrations of iodide ions are depicted in Figure 6.17. It can be seen that the oxidation
of silver to silver iodide at -0.02 V to +0.045 V vs. SCE occurred on the steep slope which was the
start of a large oxidation signal of silver to silver chloride. The peak of interest now occurred as a
reductive signal between O V to -0.15 V vs. SCE. The peak height of the signal was plotted against
the concentration of Kl in Figure 6.18 and a linear calibration curve was obtained. A slope of 3.58 x
102 A M was measured and a R? value of 0.942 was obtained. The linear relationship is

determined to be:
[17]=(my)(ip)+C, Equation 6.6

where /F]is the concentration of iodide ions (mol dm™), m;is the gradient of 3.58 x 107* A mol
dm?, I, is the peak height (A) and Czis the intercept of 1.1 x 10°® mol dm™. This showed that silver

nanoparticles can be employed to detect iodide ions in synthetic urine.

4 The corresponding potential window vs. MSE is -0.58 V to -0.335 V to -0.68 V.
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Figure 6.17 The oxidation of silver nanoparticles on a glassy carbon electrode in synthetic urine
spiked with different concentrations of Kl at a scan rate of 5 mV st Grey dashed: No KI; Black: 0.3
UM KI; Red: 0.8 uM KI; Blue: 1.6 uM KI; Green: 3.2 uM KI; Purple: 4.7 uM KI; Pink: 6 uM KI. Inlay: a
further close up of the reduction signal of interest at different concentrations of K.
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Figure 6.18 Calibration plot of peak height against the concentration of Kl in synthetic urine. Each
datum point consists of a minimum of 3 repeats.
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6.3.3.3 Application of the Standard Addition Method
To further validate this method, the standard addition method was used on a sample of synthetic
urine containing (spiked with) 0.2 uM of KI. This particularly low concentration was chosen as it is
challenging to measure very low iodide concentrations. The chosen method of standard addition
refers to the addition of known concentrations of analyte to deduce the unknown amount of
analyte present in the sample.®*> Here, a synthetic urine sample containing 0.2 uM of K| was
separated into portions and an additional 0.5 uM, 1.0 uM and 1.5 pM of K| were spiked in the
separate sample portions. The optimised system in Section 6.3.3.2 was used to measure the
concentration of iodide ions in the spiked samples. The iodide concentration measured was derived
from the calibration Equation 6.6 obtained in Section 6.3.3.2 Instead of the traditional standard
addition plot where the measured signal is plotted against the Kl concentration added, in Figure
6.19, the concentration measured was plotted against added concentration. This is because the
calibration plot in Figure 6.18 has a non-zero intercept and this is attributed to the underlying
electrochemical reduction of silver chloride formed. It is seen that the results of this standard
addition test deemed the urine sample to contain 0.29 + 0.11 puM. This is a good estimate as the

actual KI concentration in the urine sample is 0.2 uM.

1.4+

3127 Intercept=0.29 + 0.11uM

Actual = 0.2 uM
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Figure 6.19 Standard addition plot to determine the concentration of iodide in synthetic urine.
Calculations are based on the calibration graph in synthetic urine in Equation 6.6.
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6.3.4 Conclusions
The measurement of urinary iodine concentration is a key indicator of the health of the thyroid.
Both excess and insufficient iodine in the body can lead to swelling of the thyroid. Hyperactivity or
hypoactivity of the gland is also possible. Although the urine samples are easily obtainable, the
standard assessment based on Sandell-Kolthoff reaction requires a carcinogenic reagent and a
thirty minutes incubation before an UV-vis absorbance measurement. In this section, the silver
nanoparticle modified electrode used is capable of detecting the biologically relevant iodide range
of 0.3 pM to 6.0 uM in the synthetic urine. Moreover, the sample processing time is reduced to a
few minutes. In samples with very low iodide concentration, standard addition can be performed to
determine the urinary iodide concentration. Therefore, this system is capable of detecting the
iodide concentration in urine. To utilise this sensor for urinary iodine test, a reducing agent can be
added to convert the iodine in urine. This in turn allows to the distinguishing of the various iodine

statuses (deficiency, optimal or excess) in individuals in a reliable and non-toxic manner.

Therefore, in this chapter, the approach which silver nanoparticles can be used as electrochemical
sensors is discussed. The anodic stripping voltammetry signal can be enhanced by leaving behind
small silver nuclei via pre-treatment to bypass the nucleation stage. The favourable formation of
silver halide complexes allowed the use of silver nanoparticle modified electrode to detect chloride
and iodide ions as a point-of-care system. This resulted in a pre-screening system for the genetic
disease, CF, and the determination of the one’s iodine status in the body. With the silver-halide
interaction in mind, in the next chapter, we look at another class of molecules, thiols, which also

have a strong interaction with silver.
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Chapter 7 Interactions between Silver Nanoparticles and Thiols:

A Comparison of Mercaptohexanol against Cysteine

Chapter 6, Sections 6.2 and 6.3 showed that the interaction of halides with silver has a huge impact
on the electrochemical oxidation of the silver nanoparticles. Herein, we look at the influence of thiol
on silver nanoparticles oxidation. UV-visible (UV-vis) spectra were also recorded to deduce the
nature of silver-thiol interactions. This work was performed in collaboration with Dr. Christopher
Batchelor-McAuley and Dr. Kristina Tschulik who also helped with the scientific interpretation of
the experimental results. The silver nanoparticles were synthesised together with Ms. Jessica C.

Lees. This work has been published in Science China: Chemistry.**°

7.1 Introduction

Silver exists as silver metal and silver ions of different oxidation states of +1, +2, +3 and +4.%*” The
most common states of silver are silver(0) metal and silver(l) ion and both of them interact with
thiols in their own complex manner. A well-known reaction of silver metal is the tarnishing of
silverware to form silver(l) sulphide. It was discovered in 1930 that apart from the presence of

hydrogen sulphide gas, oxygen is also required in this reaction:***>

4Ag (s) +2H,S (g) +0,(g) —2Ag,S (s) +2H,0 (g) Equation 7.1

The role of oxygen varies from the intermediate formation of silver(l) oxide to being the hydrogen
acceptor to form water or hydroxide ions.>** *** The overall reaction of silver tarnishing forms the
product silver sulphide (Ag,S) but there are case specific mechanisms depending on conditions such

as pH, oxygen level, ultraviolet light presence and moisture levels.***3

Silver(l) ion complexes with both inorganic and organic thiols with no redox reaction involved. With
inorganic thiols like HS™ and S, it is possible to form many species such as AgSH, [Ag(SH),] and

341
t.

[Ag,(SH),S]1* depending on the concentration of the anions presen With organic thiols, silver(l)

ion forms the thermodynamically favourable complex of silver(l) thiolate (AgSR) with log K¢ ~ 13
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mol®> dm™.3*" Silver(l) thiolate compounds, depending on the substituent group, are able to form
polymer chains with various structures and formulas. A linear chain polymer is favoured with linear
substituent groups while a double helix-like structure is favoured with bulky side groups.®*"**? For

cysteine and glutathione, they form polymers with various silver to thiol ratios.**?

It is known that silver nanoparticle properties differ from those of the bulk metal and thus the
interaction between silver nanoparticles and thiols may vary from bulk silver and silver(l) ions.”* ’®

340,344 Gjlver nanoparticles have been widely utilised to exploit their novel properties (e.g. anti-

80, 345, 346 57, 58, 347

bacterial properties, catalysis and biosensing®*#**°) and their possible risks (e.g.

351

toxicity®>' and possible cancer risk*** **?) have been researched extensively. With thiols, silver

nanoparticles have been proposed to form various types of compounds with different

structures.®>**° One of the plausible reaction routes suggested for organothiols is: *>*3>°

4RSH () +4Ag (s) +O,(g) —4AgSR (s) +2H,0 (qg) Equation 7.2

It has been shown that with organothiols, AgSR remained on the surface, forming a shell, as
evidenced by SEM.?>* Battocchio et a/ suggested a shell of more than one species of silver thiolates
— amix of AgSR and Ag,S-like complexes, were formed when organothiols were added during silver
nanoparticle synthesis.**® In the typical environmental setting with plenty of oxygen, moisture and
naturally existing thiols, given sufficient time, the final product of redox reaction of silver
nanoparticles and thiols in the environment is speculated to be Ag,S with many possible
intermediates such as AgSR.*?% %" 3>* 3> Utilising the silver sulphide concept, water treatment
plants have been proposed to make use of the naturally occurring thiols to transform silver
nanoparticles into a harmless version of silver sulphide (Ag,S) to combat the possible toxicity
concerns brought by silver nanoparticles.®®” **® An important question that has to be answered is:
Do the naturally existing thiols have the capability to convert silver nanoparticles into a final

product of silver sulphide?

Beyond studying the basic interaction between silver nanoparticles and thiols, many analytical

sensors have exploited the strong silver-thiol affinity. UV-vis spectroscopy, fluorescence studies
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and electrochemical studies have all been employed as methods to monitor levels of cysteine,
glutathione and silver nanoparticles.'#? 344 348-3%0. 359 Apart from for detection purposes, cysteine
and glutathione have also been employed as a capping agent for silver nanoparticles to prevent
aggregation.®®® *°' At alkaline pH, the negatively charged carboxylic group keeps the cysteine
capped silver nanoparticles apart and hence stabilises them. However, in mildly acidic pH, when
both the carboxylic acid and amino group are charged, they interact electrostatically, causing the

silver nanoparticles to aggregate.*°

As highlighted above, the reaction between silver nanoparticles and thiols is complicated. In the
formation of polymeric silver(l) thiolates from silver(l) ions and thiols, the effect of the substituent
groups is evident.>*'*** |t may be anticipated that silver nanoparticles show different behaviour or
interaction with different thiols. With the possibility of many products like Ag,S and AgSR and the
complex kinetics and solubility constants that are involved, the question arises as to whether there
is a general mechanism for silver-thiol interactions which can be applied or if each thiol needs to be
considered individually? Given that the interaction between silver nanoparticle and thiols is a redox
reaction, electrochemical methods are naturally employed in the present work to determine if a
general mechanism of silver-thiol interaction exists. UV-vis spectroscopy was also used in this
study of silver nanoparticles to further support the electrochemical observations. Two different
thiols are chosen to determine if they react in a similar way with silver nanoparticles.
Mercaptohexanol is chosen as a model compound; its basic structure consists simply of a thiol
group (-SH) and a hydroxyl group (-OH). The simple structure of this compound allows the study of
the effect of thiol groups on silver and circumvents possible effect of other functional groups. In
addition, cysteine is chosen as an analyte with strong biological importance. It acts as an antioxidant

363 The considerable difference between

and a precursor to peptides like glutathione.?®*
mercaptohexanol and cysteine in terms of silver-thiol interactions is explained in this chapter
through electrochemical experiments and UV-vis studies. The voltammograms ascertain the

changes in the ease and extent of oxidation of silver nanoparticles to silver(l) ions whilst the UV-vis
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spectra examine the changes in the nanoparticles’ surface properties. Through this, a comparative

view of silver-thiol interaction for mercaptohexanol and cysteine is presented.

O

HoN

©)
T

[92]
I

/\/\/\/SH
HO

Figure 7.1 The chemical structures of mercaptohexanol and L-cysteine.

7.2 Experimental

7.2.1 Chemicals
All solutions were degassed with nitrogen for 15 minutes thoroughly for both electrochemical and

UV-vis spectroscopy experiments.

7.2.2 Nanoparticle Synthesis and Characterisation
Silver nanoparticles capped with citrate were synthesised using the method developed by Wan et
a/**? Two different batches of silver nanoparticles were synthesized and the smaller nanoparticles
had a total silver concentration of 1.0 mM in the suspension and were sized as having radii of 4.7 +
1.8 nm by transmission electron microscope (TEM) as reported in Chapter 6, Section 6.1. The
bigger nanoparticles were synthesized through seeded growth synthesis. They had a total silver
concentration of 3.1 mM in the suspension and were sized by scanning electron microscope (SEM)
as 13.6 + 3.7 nm in radii.'® The bigger nanoparticles were synthesised together with Ms. Jessica C.
Lees. All glassware were cleaned thoroughly with aqua regia (a mixture of concentrated

hydrochloric acid and concentrated nitric acid in 3:1 ratio) prior to silver nanoparticle synthesis.

In summary, to synthesis the smaller batch of silver nanoparticles, 20 mL of 1% (w/v) trisodium
citrate solution and 75 mL of ultrapure water was heated to 70 °C for 15 minutes. 1.7 mL of 1%

(w/v) silver nitrate solution and 2 mL of freshly prepared 0.1% (w/v) sodium borohydride were
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added in quick succession to the heated solution. The mixture was stirred vigorously for another
hour at 70 °C. After cooling to room temperature, ultrapure water was added to make the final
volume of the nanoparticle suspension 100 mL. A clear yellow suspension of silver nanoparticles

with a total silver concentration of 1 mM was obtained.

The silver nanoparticles with radii 13.6 £ 3.7 nm was synthesised in a two step reaction. First, 80
mL of ultrapure water and 2 mL of 1% citrate solution were boiled for 10 minutes. Then, 10 mL of
nanoparticle suspension of radii 4.7 + 1.8 nm, following by 1.7 mL of 1% (w/v) silver nitrate
solution was added. The mixture was stirred and refluxed for one hour before cooling to room
temperature. Ultrapure water was added to make the final volume of nanoparticle suspension 100
mL. Next, 2 mL of 1% (w/v) trisodium citrate solution and 75 mL of ultrapure water was boiled for
15 minutes. Then, 10 mL of the nanoparticle suspension obtained in the previous step and 1.7 mL
of 1% (w/v) silver nitrate solution was added to the mixture. Vigorous stirring and reflux was
maintained for 1 hour before another 1.7 mL of 1% (w/v) silver nitrate solution and 2 mL of 1%
(w/v) trisodium citrate solution was added. Both stirring and reflux was maintained for another
hour. A further 1.7 mL of 1% (w/v) silver nitrate solution and 2 mL of 1% (w/v) trisodium citrate
solution was added and after another hour of reflux and stirring, the mixture was cooled to room
temperature. Ultrapure water was added to bring the volume up to 100 mL to give the nanoparticle

suspension.

7.2.3 Voltammetry
A glassy carbon electrode and a mercury/mercurous sulphate electrode (MSE) were used as a part
of the three electrode system. The rest of the details with regards to voltammetry can be found in

Chapter 3, Section 3.2.

7.2.4 Silver Nanoparticle modified Electrode
The silver nanoparticle suspensions of particles of radii 4.7 £+ 1.8 nm and 13.6 + 3.7 nm were
diluted with ultrapure water by a factor of 10 and 31 respectively to ensure the diluted samples

contain a total concentration of 0.1 mM of silver. 3 pL of the diluted nanoparticle suspension was
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drop cast onto the glassy carbon electrode and dried under a nitrogen flow. The electrode after
drying was used immediately for electrochemical experiments. A cyclic voltammetry was swept
starting from -0.3 V vs. MSE to +0.5 V and then reductively to -1.8 V vs. MSE to perform the

electrochemical experiments.

7.2.5 UV-vis Spectroscopy
UV-vis spectroscopy was performed using a spectrometer with a wavelength scan from 700 nm to
250 nm at a scan rate of 400 nm min™". For UV-vis analysis, the nanoparticle suspensions of radii
4.7 £ 1.8 nm and 13.6 £+ 3.7 nm were diluted by a factor of 24 and 48 with ultrapure water

respectively to obtain absorbance in the analytically meaningful range of below 1.

7.3 Results and Discussion

Herein, the electrochemical and UV-vis spectroscopic results of the interaction between silver
nanoparticles and thiols are summarised. First, all the experimental data for mercaptohexanol is
summarised, the observations were grouped and explained using a hypothesised silver-
mercaptohexanol interaction. Next, the experiments performed with cysteine are tabulated and the
observation were also categorised and interpretated with a possible silver-cysteine interaction
mechanism. Lastly, the changes in silver nanoparticle oxidation and the silver nanoparticle surface

plasmon peaks in presence of mercaptohexanol and cysteine are compared and contrasted.

7.3.1 Mercaptohexanol

7.3.1.1 Electrochemical Oxidation of Silver Nanoparticles in the Presence of
Mercaptohexanol
A silver nanoparticle modified glassy carbon electrode was electrochemically oxidised In the
presence of the model compound mercaptohexanol. Cyclic voltammetry was performed by
sweeping oxidatively from -0.3 V vs. MSE with a degassed electrolyte containing mercaptohexanol
and 0.1 M sodium nitrate at a scan rate of 0.05 V s™'. Two batches of silver nanoparticles,

measuring 4.7 £ 1.8 nmand 13.6 = 3.7 nm respectively, were studied. In order to study the silver-
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thiol interaction, two different sets of experiments were performed. In the first set of experiments,
the modified electrode was electrochemically oxidised /mmediately after the exposure to the
electrolyte containing different concentrations of mercaptohexanol ranging from 1 — 100 uM. In
the second set of experiments, the modified electrode was electrochemically oxidised after soaking

in the mercaptohexanol containing electrolyte for a period ranging from 5 minutes to 16 hours.

In Figure 7.2, cyclic voltammograms of silver oxidation for the nanoparticles of radii of 13.6 £ 3.7
nm with increasing mercaptohexanol concentrations are presented. In the absence of
mercaptohexanol, as depicted by the black dashed line in Figure 7.2, the silver nanoparticles bound
to the working electrode were oxidised to silver(l) ion to give a signal at +0.05 V vs. MSE. In the
presence of mercaptohexanol, the potential shifted positively from O V vs. MSE to +0.2 V vs. MSE
depending of mercaptohexanol concentration. An analogous set of experiments was performed
with the smaller nanoparticles (radii = 4.7 + 1.8 nm) and the voltammogram are shown in Figure
7.3; the increase in potential of the signal was also observed for these smaller nanoparticles. The
oxidative charge measured under the voltammetric signals can be related to the amount of metallic
silver present on the electrode as described by Faraday’s law. The total oxidative charge under the
voltammetric peaks for both batches of nanoparticles was measured and tabulated against the
mercaptohexanol concentrations in Figure 7.4. As seen, the oxidative charges decreased when
mercaptohexanol was added to the electrolyte. Thus, the amount of metallic silver available for
electrochemical oxidation decreased in the presence of mercaptohexanol. Moreover, the
nanoparticle batches both showed an inverse relationship between mercaptohexanol concentration
and peak area. With increasing mercaptohexanol concentrations, the single oxidation signal split into
two. As seen in Figure 7.2 and Figure 7.3, the second oxidation signal at +0.2 V vs. MSE grew in

dominance as the concentration of mercaptohexanol increased.
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Figure 7.2 The oxidative stripping of silver nanoparticles with radii of 13.6 £ 3.7 nm from a glassy
carbon electrode in 0.1 M sodium nitrate spiked with varying concentrations of mercaptohexanol
measured at a scan rate of 0.05 V s™. Black dashed line: No mercaptohexanol; Red: 10 uM; Green:
25 pM; Pink: 50 pM; Purple: 75 pM; Blue: 100 pM.
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Figure 7.3 The oxidative stripping of silver nanopatrticles (radii = 4.7 + 1.8 nm) from a glassy carbon
electrode in 0.1 M sodium nitrate spiked with varying concentrations of mercaptohexanol measured at

a scan rate of 0.05 V s™.

50 pM; Blue: 100 pM.

Black dashed line: No mercaptohexanol; Red: 10 uM; Green: 25 puM; Pink:
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Figure 7.4 The oxidative stripping charge of silver nanoparticles from a glassy carbon electrode in 0.1
M sodium nitrate spiked with different concentrations of mercaptohexanol recorded at a scan rate of
0.05 Vv s™. Nanoparticles of two different size distributions were used. Red triangles: silver
nanoparticles of radii 4.7 £ 1.8 nm; Black squares: silver nanoparticles of radii 13.6 + 3.7 nm. Solid
lines: average peak charge under the oxidation signal when no mercaptohexanol is present.

In the time variation experiments, the silver nanoparticle (radii = 13.6 + 3.7 nm) modified electrode
was soaked in 0.1 M sodium nitrate containing 10 uM of mercaptohexanol for various times before
electrochemical oxidation via cyclic voltammetry was performed. The voltammograms and
oxidative peak charge underneath the signals are summarised respectively in Figure 7.5 and Figure
7.6. As seen in Figure 7.5, increasing the mercaptohexanol exposure time gave rise to a split
oxidation signal where the dominance of the second peak grew with time. Figure 7.6 shows the
oxidative charges (obtained by integration under the peaks) remained relatively constant as the
soaking time increased. Comparing the two sets of experiments involving varying concentrations
and exposure times, there is a key difference between the two: the oxidative peak charge had a
negative correlation with mercaptohexanol concentration (Figure 7.4) whilst the recorded peak

charge remained effectively constant with exposure time (Figure 7.6).
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Figure 7.5 The oxidative stripping of silver nanoparticles (radius = 13.6 + 3.7 nm) from a glassy
carbon electrode in 0.1 M sodium nitrate spiked with 10 uM mercaptohexanol with different exposure
times recorded at a scan rate of 0.05 V s™. Black dashed: voltammogram recorded immediately with
NO mercaptohexanol; Red: voltammogram recorded immediately with 10 uM mercaptohexanol;
Green: voltammogram recorded after electrode was exposed to 10 pM mercaptohexanol for 15
minutes; Pink: 30 minutes; Purple: 16 hours.
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Figure 7.6 The oxidative stripping of silver nanoparticles (radii = 13.6 + 3.7 nm) from a glassy carbon
electrode in 0.1 M sodium nitrate spiked with different amounts of mercaptohexanol measured at a
scan rate of 0.05 V s™. The peak charge under the oxidation signal is plotted against the exposure
time to mercaptohexanol. Red squares: 10 uM mercaptohexanol in electrolyte; blue triangles: 25 puM
mercaptohexanol in electrolyte. Solid line: peak charge under oxidation signal when no
mercaptohexanol was added and the voltammogram was recorded immediately.
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To explain the trends observed above, the existing literature research summarised within the
introduction has to be considered. Knowing that AgSR and Ag,S are probable products in this redox
reaction between silver nanoparticles and mercaptohexanol, therefore, two sets of control

experiments involving AgSR and Ag,S were performed.

First, equal amounts of silver nitrate (50 mM) and mercaptohexanol (50 mM) was mixed and a
sparingly soluble white product of AgSR., (where R, = -(CH,)sOH)) was precipitated. The latter
was drop cast onto the electrode and a cyclic voltammetry was performed. From Figure 7.7, no
oxidation signal was recorded and a reduction signal at -1.7 V was seen in the first scan. Hence, the
absence of oxidation signals reveals that AgSR,, is not responsible for the oxidative charge and it is a
possible candidate that caused the decrease of peak charge. The reduction signal at -1.7 V
corresponded to the reduction of AgSR,, into silver which is supported by the observation of a silver

oxidation peak at +0.05 V in the second scan.
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Figure 7.7 The oxidative stripping of sparingly soluble solid formed by mixing 50 mM of silver nitrate
and 50 mM of mercaptohexanol from a glassy carbon electrode in 0.1 M sodium nitrate at a scan rate
of 0.05 V s™. Black: first scan; Red: second scan.
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Second, to form Ag.S, silver nanoparticles (radii = 13.6 + 3.7 nm) were oxidised in the presence of
Na,S. From Figure 7.8, the oxidative charge recorded under the signal decreased with increasing
concentration of sodium sulphide. No split oxidation peaks was observed as silver sulphide, Ag,S,
was formed and the oxidation signal remained at the same potential.>*** Thus, silver sulphide did not
contribute to the oxidative charge or caused the split oxidation signals. However, the formation of

silver sulphide can cause a decrease in oxidation peak charge as it oxidises silver for its formation.
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Figure 7.8 The oxidative stripping of silver nanoparticles (radii = 13.6 + 3.7 nm) modified glassy
carbon electrode in 0.1 M sodium nitrate spiked with different amount of sodium sulphide (Na,S) at a
scan rate of 0.05 V s™. Black: No sodium sulfide; Red: 100 uM; Blue: 500 pM.

7.3.1.2 UV-vis Spectroscopy of Silver Nanoparticles in the Presence of Mercaptohexanol
To further support the electrochemical findings, UV-vis spectroscopy of silver nanoparticles in the
presence and absence of mercaptohexanol was performed. The citrate capped silver nanoparticles
exhibit a surface plasmon peak around 400 nm in a UV -vis spectrum.”’ The surface plasmon peak is
known to be sensitive to several factors such as size, capping agent, solvent and shape.** >" 1'% 3%
364.383 Through the process of aggregation or increasing the size of silver nanoparticles, the surface

plasmon peak red shifts.”"
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Similar to the electrochemical experiments, the two factors of concentration and time were varied.
For the concentration experiments, both batches of silver nanoparticles were diluted and exposed
to different concentrations of mercaptohexanol. In the time variation experiments, the
nanoparticles of radii 4.7 + 1.8 nmand 13.6 £+ 3.7 nm were diluted by a factor of 24 and 48, spiked
with 5 pM and 10 pM of mercaptohexanol and monitored over a period of 45 minutes and 15
minutes respectively. All the solutions were thoroughly degassed with nitrogen in both sets of

experiments.

In the time study, as depicted in Figure 7.9 and Figure 7.10, without mercaptohexanol, a sharp
surface plasmon peak at about 395 nm indicated the presence of silver nanoparticles.>' As seen in
Figure 7.9, for the smaller silver nanoparticle (radii = 4.7 + 1.8 nm), increasing mercaptohexanol
exposure time caused the peak to broaden within a short period. Conversely, in Figure 7.10, the
bigger silver nanoparticle (radii = 13.6 + 3.7 nm) had a drop in the absorbance peak at around 400
nm and a new peak around 500 - 600 nm appeared with increasing mercaptohexanol exposure

time.
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Figure 7.9. UV-vis spectrum of silver nanoparticles (radii = 4.7 + 1.8 nm) after exposure to 5 uM of
mercaptohexanol for different amounts of time. Black: No mercaptohexanol; Red: immediate. Blue: 5
mins. Cyan: 45 mins. Measurements were taken at intervals of 5 minutes for 45 minutes.
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For the concentration variation experiments, with increasing mercaptohexanol concentration, the
effect of mercaptohexanol on the spectrum was the same as increasing mercaptohexanol exposure

time. The spectra of increasing mercaptohexanol concentration are recorded in Figure 7.11 and

Figure 7.12.

In addition, a control UV-vis spectrum was recorded for silver nanoparticles (radii= 13.6 + 3.7 nm)
mixed with different concentrations of sodium sulphide (Na,S). With increasing sodium sulphide
concentration, the surface plasmon peak at 395 nm showed a decrease in absorbance but no peak
around 500 - 600 nm appeared. Hence, the additional signal detected was not due to the presence

of Ag,S formation on the nanoparticle.>** (Figure 7.13)
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Figure 7.10 UV-vis spectrum of silver nanoparticles (radii = 13.6 £ 3.7 nm) after exposure to 10 pM of
mercaptohexanol for different amounts of time. Black: No mercaptohexanol; Red: immediate; Blue: 5
mins; Green: 10 mins; Pink: 15 mins.
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Figure 7.11 UV-vis spectrum of silver nanoparticles (radii = 4.7 £ 1.8 nm) exposed to different
concentrations of mercaptohexanol. Black line: no mercaptohexanol; Blue: 1 uM; Green: 5 uM; Pink:
10 pM.
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Figure 7.12 UV-vis spectrum of silver nanoparticles (radii = of 13.6 £ 3.7 nm) exposed to different
concentrations of mercaptohexanol. Black line: silver nanopatrticles with no mercaptohexanol; Blue: 1
pUM; Green: 5 pM; Pink: 10 pM; Red: 100 pM.
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Figure 7.13 UV-vis spectrum displaying interaction between silver nanoparticles (radii = 13.6 £ 3.7
nm) and sodium sulphide (Na,S). Black dashed line: silver nanoparticle with no Na,S; Red: silver
nanoparticle with 100 uM Na,S; Blue: silver nanoparticle with 1 mM Na,S; Green: 100 mM of Na,S in
absence of silver nanopatrticles.

Hence, there are six major observations for the interaction between silver and mercaptohexanol to

be accounted for, as follows.

The decreasing oxidative peak charge with increasing mercaptohexanol concentration
(Figure 7.4)

The increase in peak potential in the presence of mercaptohexanol (Figure 7.2 and Figure
7.3)

The occurrence of the split electrochemical oxidation signal with increasing
mercaptohexanol concentration or increasing exposure time (Figure 7.2, Figure 7.3 and
Figure 7.5)

The constant electrochemical oxidative charge with increasing mercaptohexanol exposure
time (Figure 7.6)

The apparent absence of a size effect in electrochemical experiments (Figure 7.4)

Page | 161



Chapter 7 | Interactions between Silver Nanoparticles and Thiols: A Comparison of
Mercaptohexanol against Cysteine

e The decreasing absorbance and change in UV-vis peak shape with increasing
mercaptohexanol concentration or increasing exposure time (Figure 7.9, Figure 7.10, Figure

7.11 and Figure 7.12)

Taking all the observations into consideration, an overview of the silver-mercaptohexanol

interaction is provided below, giving a full and consistent explanation.

7.3.1.3 The Decreasing Oxidative Peak Charge with Increasing Mercaptohexanol

Concentration
Thiols consume metallic silver by oxidising it to silver (I) to form silver-thiol complexes. This
reaction concomitantly results in reduction products such as protons, hydrogen gas or water
depending on pH and the availability of oxygen.**% *** Hence, the cause of the decreasing peak
charge is likely related to the redox reaction resulting in the formation of AgSR. or Ag,S-like
complexes (Figure 7.4).2°%3%%3%7 Gjven that AgSR,, is an intermediate in the formation of Ag,S - like
complexes, it is likely that AgSR,, formation is responsible for the initial drop in oxidative charges.®

With different concentrations of mercaptohexanol, varying amounts of AgSR,, are formed, leading

to the variation of the measured peak charge.

7.3.1.4 The Increase in Peak Potential in the Presence of Mercaptohexanol
In the control experiments of AgSR and Ag,S, no oxidation signal from +0.1 V to +0.3 V vs. MSE
was found (Section 7.3.1.1). Thus, the observed increase in redox potential is not due to silver
being oxidised to form AgSR,, or Ag,S (Figure 7.2, Figure 7.4, Figure 7.5, Figure 7.7 and Figure 7.8).
Since neither AgSR,, nor Ag,S is involved, the oxidation signal is related to the oxidation of silver to
silver(l) ions. It is speculated that mercaptohexanol reacts with silver nanoparticles to give a shell of
AgSR,, as reported in the literature.®* Given that AgSR,, was observed to be a sparingly soluble solid

in the control experiments (Section 7.3.1.1), AgSR, might form an insoluble shell which

352

€ In this case, the AgSR_ shell formed on the nanoparticle surface®*? is suggested to be a solution phase chemical reaction

and not detected electrochemically.
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encapsulates the silver metal core. The trend of oxidation signal shifting to a higher potential (+0.1
V vs. MSE) in the presence of mercaptohexanol can be explained by the slowed kinetics of silver

nanoparticle oxidation due to the insoluble AgSR,, shell.

7.3.1.5 The Occurrence of the Split Oxidation Signal with Increasing Mercaptohexanol

Concentration or Increasing Exposure Time
As described above, the oxidation of silver to silver(l) ions is the sole contributor to the observed
oxidative peak charge since oxidation of silver to either AgSR., or Ag.S are not likely responsible for
the oxidative charges (Section 7.3.1.4). Hence, the silver-mercaptohexanol interaction must have
further obstructed the kinetics of silver oxidation to silver(l) ions to cause the observed split
oxidation signals. In the previous Section 7.3.1.3, it was surmised that an insoluble AgSR,, shell is
formed on the nanoparticle surface. Battocchio et al reported a mixture of AgSR and Ag,S-like
complexes was found in the shell that encapsulated the silver nanoparticles.®® Therefore, it is
possible that given time or sufficient mercaptohexanol concentration, the AgSR., shell may undergo
a phase transition to form a compact shell with a mixture of AgSR,, and Ag,S-like complexes. Thus,
the kinetics of silver oxidation would be further obstructed after this phase transition occurred. This
would give rise to a split oxidation signal where the silver oxidation kinetics are hindered by two
different extents — one by the insoluble shell of AgSR, (+0.1 V vs. MSE) and another by the
compact shell of AgSR and Ag,S-like complexes (+0.2 V vs. MSE). In addition, a phase transition can
have a delayed onset compared to the quick formation of AgSR,,, hence the peak at +0.2 V gains
dominance with increasing time and is more favoured when mercaptohexanol concentration

increases.

7.3.1.6  The Constant Oxidative Charge with Increasing Mercaptohexanol Exposure Time
With increasing exposure time to mercaptohexanol, the peak charge under the oxidation signals
remained effectively constant as depicted in Figure 7.6. Therefore, following Faraday’s law, no more
metallic silver was oxidised by mercaptohexanol with increasing time. As suggested in Section

7.3.1.3, AgSR,, is formed on the nanoparticle surface in the presence of mercaptohexanol. This
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sparingly soluble shell of AgSR,, can stop the approach of additional mercaptohexanol which diffuses
to the surface with increasing exposure time. Thus, with increasing time, no additional AgSR,, is
formed, no more silver metal was consumed and the measured oxidative charge remained

effectively constant with increasing mercaptohexanol exposure time.

7.3.1.7 The Apparent Absence of a Size Effect
As shown in Figure 7.4, two different batches of nanoparticles of radii 4.7 + 1.8 nmand 13.6 + 3.7
nm were used in the experiments. Given that the nanoparticles have different surface areas and
AgSR., is speculated to form a shell on the nanoparticle surface, one might anticipate a possible
difference in the decrease of the oxidative charges. However, no significant difference was found
between the two batches of nanoparticles. It was observed in Figure 7.6 that the formation of
AgSR,, (drop in oxidative charge) occurred effectively instantaneously (time scale of at most a few
seconds). It is surmised that the rate of AgSR, formation is controlled by the rate of
mercaptohexanol diffusion to the surface. Considering the diffusional regime which occurs at this
high silver surface coverage (4.2 x 10° mol m™), there is a complete overlap of the individual
diffusional domains to give a linear diffusion profile across the entire working electrode (Chapter 4,
Section 4.1).%* In this linear diffusion regime, based on calculations, it takes less than one second to
cover the surface with thiol through diffusion if the concentration of mercaptohexanol is at 10
uM.?>? Taking into account the convection caused by electrode insertion into the electrolyte, the
actual time taken for mercaptohexanol to cover surface is even shorter. The short time which is
required for thiol to diffuse to the surface and form AgSR,, might explain the instantaneous drop in
peak charge. Moreover, at this diffusion regime where there is a linear diffusion to the electrode,
the amount of mercaptohexanol diffusing to the electrode surface is solely dependent on electrode
area instead of nanoparticles’ surface area. Since the working electrode used for both batches of
nanoparticles is the same, similar amounts of mercaptohexanol reached the electrode surface. This
would result in similar amount of AgSR,, formed, explaining the apparent indifference in the

decrease of peak charge between both batches of nanoparticles in Figure 7.4. Hence, it is very
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probable that the interaction between silver nanoparticles and mercaptohexanol is a diffusion

limited process.

7.3.1.8 The Decreasing Absorbance and Change in UV-vis Peak Shape with Increasing

Mercaptohexanol Concentration or Increasing Exposure Time
With increasing exposure time or mercaptohexanol concentrations, a broadening of the absorbance
signal at 395 nm was seen for nanoparticles of radii 4.7 + 1.8 nm in Figure 7.9. For the bigger
nanoparticles (radii = 13.6 + 3.7 nm), the absorbance signal at 395 nm decreases and a signal at
500 - 600 nm grows (Figure 7.10). The red shift of an absorbance signal is often linked to an
increase in size or aggregation.®" *** The observations in the experiments may thus be related to
aggregation. It is known that the larger the silver nanoparticles, the greater the red shift.>" It was
observed in Figure 7.9 and Figure 7.10 that the red shift of the peak occurred to a different extent.
If this was solely due to aggregation, one would expect the two different nanoparticle batches to
have the same response as they both aggregate into large particles. Moreover, when the
electrochemical data is considered, aggregation cannot explain the electrochemical trend of split

oxidation signals seen in Figure 7.2 and Figure 7.5.

It is known from previous literature and Chapter 4, Section 4.1 that at this surface coverage where
the linear diffusional regime across the electrode is dominant, the peak potential is solely dependent
on the silver surface coverage instead of the size of nanoparticles.®® If only aggregation was
occurring, there should be a continuous size distribution with unchanged silver surface coverage
and the surface coverage will remain constant. Thus, no change in electrochemical peak potential

should be observed. Hence, another process must have taken place to explain the observations.

The hypothesis of a phase transition supports the observations of split oxidation signals (Section
7.3.1.5) and the change in shape of the UV-vis signals. The work of A. Henglein established that a
change in surface plasmon peak can be caused by different coatings on the silver nanoparticles
surface.*** *% The absorbance signal of silver nanoparticles with different thickness of silver oxide

have been known to red shift to different extents.** This phenomenon supports the theory of a
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phase transition taking place, proposed in Section 7.3.1.5 where a phase transition causes the
surface plasmon peak to occur at different wavelengths. Hypothesising that phase transition is a
process where the AgSR., shell transforms into a shell containing AgSR., and Ag,S-like complexes,
there are two populations in the silver nanoparticles suspension during the UV-vis experiment.
Hence, the signal at 400 nm could be attributed to the nanoparticles with AgSR,, on the surface
before phase transition. On the other hand, the absorbance peak at 500 — 600 nm may be linked to
the nanoparticles that underwent phase transition. The phase transition could cause a change in
shell composition, giving rise to two distinct populations to cause two separate signals where one of
them is red shifted to 500 — 600 nm. The smaller silver nanoparticles (radii = 4.7 £ 1.8 nm) have a
broadening signal instead of two distinct signals. It is known that the shell thickness may affect the

1.** As the two batches of silver nanoparticle differ

degree of the red shift of surface plasmon signa
in size, the AgSR,, shell on the nanoparticle surface can be of different thickness, resulting in a
milder extent of red shift of the surface plasmon peak. Therefore, from both UV-vis spectra and
electrochemical observations, it is proposed that it is more likely that the phase transition of silver
nanoparticles caused the change in shape of absorbance peak instead of aggregation. In addition,
given that the second signal did not appear in the control experiment of Na.S, it signifies that the

substituent group on mercaptohexanol is crucial to phase transition even though it may not be

directly involved in the silver-mercaptohexanol interaction.

7.3.1.9 Summary of the Interaction between Silver Nanoparticles and Mercaptohexanol
In summary, all six major observations are explained above with strong supporting evidence. First,
the drop in oxidative charge with increasing mercaptohexanol concentration can be explained by
the immediate formation of AgSR,, that consumes metallic silver. Second, the increase of peak
potential in the presence of mercaptohexanol could be due to the formation of AgSR, on the
nanoparticle surface which obstructs the oxidation process of silver to silver(l) ions. Third, the split
oxidative peak with increasing mercaptohexanol concentration or exposure time can be explained
by the instant formation of AgSR,, on the nanoparticle surface which obstructs the silver oxidation

kinetics, giving the first oxidation signal at +0.1 V vs. MSE. A phase transition can occur with AgSR,,
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on nanoparticle surface to form a compact layer of AgSR,, and Ag,S-like complexes which further
hinder the kinetics of silver oxidation, giving rise to the second oxidation signal at +0.2 V vs. MSE.
Fourth, the constant oxidative charge with increasing mercaptohexanol exposure time may be
explained by the instant formation of the sparingly soluble AgSR,, shell which slows the approach of
incoming mercaptohexanol and decreases the formation of AgSR,, and the consumption of silver
metal to a minimum. With increasing exposure time, it is suggested that only phase transition of
AgSR,, is occurring, resulting in a growing dominance of the second signal at +0.2 V vs. MSE
without decreasing the oxidative charge. Fifth, the linear diffusional regime of mercaptohexanol
towards the electrode may cause similar amounts of mercaptohexanol to reach both batches of
nanoparticles; hence, no apparent size effect is observed. Sixth, the spectroscopic data also
supports the hypothesis of phase transition through the appearance of the second absorbance

signal at 500 — 600 nm.

7.3.2 Cysteine

7.3.2.1  Electrochemical Oxidation of Silver Nanoparticles in the Presence of Cysteine
In this section, experiments analogous to those performed in Section 7.3.1 were carried out
between silver nanoparticles and cysteine for the ease of comparison and contrast with silver-
mercaptohexanol interaction. Thus, concentration and time studies were carried out with cysteine.
For the concentration studies, an electrode modified with silver nanoparticles of either radii 4.7 +
1.8 nmor 13.6 + 3.7 nm was electrochemically oxidised in the presence of different concentrations

from 10 nM to 1 mM of cysteine.
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Figure 7.14 The oxidative stripping of silver nanoparticles (radii = 4.7 £ 1.8 nm) from a glassy carbon
electrode in 0.1 M sodium nitrate spiked with different amounts of cysteine measured at a scan rate of
0.05 V s™. Black dashed line: No cysteine; Red: 500 nM; Green: 1 uM; Pink: 25 uM; Purple: 100 pM.

Cyclic voltammetry was performed by sweeping oxidatively from -0.3 V vs. MSE at a scan rate of
0.05 V s" once the modified working electrode was exposed to the degassed 0.1 M sodium nitrate
containing cysteine. The voltammograms of silver nanoparticles (radii = 4.7 + 1.8 nm) exposed to
increasing concentrations of cysteine are shown in Figure 7.14. The voltammograms for the bigger
silver particles (radii = 13.6 £ 3.7 nm) are found in Figure 7.15. It is seen that the peak potential of

silver to silver(l) ions remained essentially constant and split oxidation signals were not observed.
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Figure 7.15 The oxidative stripping of silver nanoparticles (radii = 13.6 + 3.7 nm) from a glassy carbon
electrode in 0.1 M sodium nitrate spiked with different amounts of cysteine measured at a scan rate of
0.05 V s™. Black dashed line: No cysteine; Red: 500 nM; Green: 1 pM; Pink: 25 uM; Purple: 100 pM.

In Figure 7.16, the oxidative peak charge measured (integration underneath the voltammetric
signals) was plotted against the concentration of cysteine. Similar to mercaptohexanol, with
increasing cysteine concentration, the peak charge decreased. Considering the inherent variability
of the experiments, it is not possible to show a significant difference between the two batches of
nanoparticles. Hence, with increasing cysteine concentration, a decrease in oxidative peak charge, a
constant oxidative potential and an absence of a split oxidation signal are reported. In contrast, the
mercaptohexanol studies showed an increase in peak potential and the appearance of split oxidation
signals with increasing mercaptohexanol concentration. Therefore, the two thiol compounds have

silver-thiol interactions which differ from one another.
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Figure 7.16 The oxidative stripping charge of silver nanoparticles from a glassy carbon electrode in
0.1 M sodium nitrate spiked with different amounts of cysteine measured at a scan rate of 0.05 V s™.
Black squares: silver nanoparticles of radii 4.7 £ 1.8 nm; Red diamonds: silver nanoparticles of radii
13.6 £ 3.7 nm. Black line: average peak charge under the oxidation signal when no mercaptohexanol
is present for nanoparticles of radii 4.7 + 1.8 nm. Red line: average peak charge under the oxidation
signal when no mercaptohexanol is present for nanopatrticles of radii 13.6 + 3.7 nm.

Next, time studies were performed by soaking a silver nanoparticle (radii = 4.7 + 1.8 nm) modified
electrode in degassed sodium nitrate containing 5 UM cysteine for a duration varying from 60
minutes to 945 minutes before cyclic voltammetry was performed. The voltammograms are shown
in Figure 7.17 and it was observed that there was an inverse correlation between cysteine exposure
time and the oxidative peak charge under the signal. Moreover, a constant peak potential but no
split oxidation signals were observed for silver oxidation even after 16 hours of exposure to

cysteine.
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Figure 7.17 The oxidative stripping of silver nanoparticles (radii = 4.7 £ 1.8 nm) from a glassy carbon
electrode in 0.1 M sodium nitrate spiked with 5 uM cysteine with different exposure times recorded at
a scan rate of 0.05 V s™. Black: voltammogram recorded immediately; Blue: voltammogram recorded
after electrode was soaked for 60 minutes; Pink: voltammogram recorded after electrode was soaked
for 15 hours 15 minutes.

7.3.2.2  UV-vis Spectroscopy of Silver Nanoparticles in Presence of Cysteine
Both batches of the nanoparticles were diluted for UV-vis spectroscopy and cysteine was added.
Both cysteine concentration and exposure time were varied. The cysteine concentration study for
the nanoparticles are summarised in Figure 7.18 and Figure 7.19. The time variation study was
performed with nanoparticles of radii 4.7 + 1.8 nm with 1 mM cysteine and the spectrum is
recorded in Figure 7.20. For both batches of silver nanoparticles, with increasing cysteine
concentration, the absorbance signal remains effectively constant with the exception of the small
initial drop. With increasing exposure time, there is a small constant decrease in absorbance at

400nm. For all the UV-vis experiments, no new surface plasmon peak was observed.
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Figure 7.18 UV-vis spectrum of silver nanoparticles (radii = 4.7 + 1.8 nm) exposed to different
concentrations of cysteine. Black dashed line: silver nanoparticles with no cysteine; Green: 5 pM;
Pink: 10 uM; Red: 1 mM.
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Figure 7.19 UV-vis spectrum of silver nanoparticles (radii = 13.6 = 3.7 nm) exposed to different
concentrations of cysteine. Black dashed line: silver nanoparticle with no cysteine; Blue: 1 uM; Green:
5 pM; Pink: 10 uM; Red: 1 mM.
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Figure 7.20 UV-vis spectrum of silver nanopatrticles (radii = 4.7 = 1.8 nm) after exposure to 1 mM of
cysteine for different amount time. Black: immediate. Green: 10 mins. Light green: 90 mins.
Measurements were taken at intervals of 10 minutes for 90 minutes.

Consequently, there are three main group of observations for the behaviour of silver nanoparticles

in the presence of cysteine which need to be accounted for:

e The decreasing electrochemical oxidative charge and constant UV-vis absorbance signal
with increasing cysteine concentration (Figure 7.16, Figure 7.18 and Figure 7.19)

e The constant electrochemical peak potential, the absence of split oxidation signals and the
absence of a UV-vis absorbance signal at 500 — 600 nm with increasing cysteine
concentration or increasing exposure time (Figure 7.14, Figure 7.17, Figure 7.18 and Figure
7.19)

e The apparent absence of a size effect (Figure 7.16)

Developing the model hypothesized in the mercaptohexanol studies, the difference in behaviour

between mercaptohexanol and cysteine is explained in the following sections.
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7.3.2.3 The Decreasing Electrochemical Oxidative Charge and Constant UV-vis

Absorbance Signal with Increasing Cysteine Concentration
With increasing cysteine concentration or increasing exposure time, the oxidative charge
decreased. The amount of oxidative charge is linked to the amount of silver available for oxidation,
hence, the amount of metallic silver available for oxidation on the electrode decreased. It was
suggested in the mercaptohexanol studies (Section 7.3.1) that the decreasing oxidation charge
with concentration and time was related to the formation of AgSR,, from silver nanoparticles and
mercaptohexanol. Following the mechanism of mercaptohexanol studies, if the silver(l) thiolate
complex AgSR. (where R, = -C;HgNO,) was formed continuously, the silver nanoparticles would get
smaller. At this range of nanoparticle size, the extinction coefficient decreases with size, thus, the
UV-vis spectrum should display a decrease in UV-vis absorbance with increasing cysteine
concentration.®™ ?*° However, it is seen that the UV-vis absorbance signal at 400 nm remained
effectively constant in Figure 7.18 and Figure 7.19. Therefore, the mechanism which applies to
cysteine is different from one which operates for mercaptohexanol. It is proposed that cysteine
replaces the citrate capping agent around the silver nanoparticles to give cysteine-capped silver

nanoparticles.*®°

To prove the presence of cysteine capped nanoparticles, a control experiment was performed by
mixing citrate capped silver nanoparticles (radii = 4.7 £ 1.8 nm) with cysteine and UV-vis spectra
were recorded at different pH. Silver nanoparticles (radii = 4.7 + 1.8 nm) diluted by a factor of 24
with water was exposed to 1 mM of cysteine. The mixture at pH 6.9 had a UV-vis spectrum
recorded in Figure 7.21. 8 pL of 0.1 M citric acid was added change the solution pH to pH 5.7 and
another UV-vis spectrum was recorded as shown in the red line of Figure 7.21. The solution had
about 0.4 mM citric acid in order to lower the pH. The sudden shift in the UV-vis spectrum matches
the previous literature on cysteine capped silver nanoparticles where the UV-vis responses changes
with different pH.*®® The synthesized cysteine capped silver nanoparticles aggregated at pH 5.7

while maintaining their form at pH 6.9. This indicates that cysteine capped nanoparticles are formed
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when cysteine and silver nanoparticles are mixed.*®® No such behaviour occurred with citrate

capped silver nanoparticles at different pH, as seen in Figure 7.22.
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Figure 7.21 UV-vis spectrum of “cysteine capped silver nanoparticles” (silver nanoparticles (radii = 4.7
+ 1.8 nm) with 1 mM of cysteine) at different pH. Black: pH 6.9; Red: pH 5.7.
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Figure 7.22 UV-vis spectrum of citrate-capped silver nanoparticles (radii = 4.7 + 1.8 nm) in at different
pH. Black: pH 7.7; Red: pH 5.5.

Page | 175



Chapter 7 | Interactions between Silver Nanoparticles and Thiols: A Comparison of
Mercaptohexanol against Cysteine

In the UV-vis experiments, similar to the citrate capped silver nanoparticles, cysteine capped silver
nanoparticles give an absorbance signal at 400 nm.*®® A slight drop in UV-vis absorbance
corresponded to the oxidation of silver metal by cysteine to covalently attach itself to the silver
nanoparticle. Assuming a thin layer formation of AgSR. on the silver nanoparticle surface to form
the cysteine capping layer, a constant amount of silver is required to form the cysteine capped
nanoparticles. Thus, the silver nanoparticle size drops slightly to a similar extent with a thin cysteine
capping layer formed. Consequently, the absorbance signal recorded on the spectrum remains

effectively constant as the cysteine concentration changes.

Speculating that a fixed amount of silver is consumed to form the cysteine capped nanoparticles, in
the electrochemical experiments, the oxidative charge measured in the presence of cysteine should
have remained effectively constant. However, it was observed in Figure 7.16 that the measured

oxidative charge has an inverse relationship with cysteine concentration.

Therefore, another control experiment was performed. Silver nanoparticles of radii 4.7 £ 1.8 nm
diluted by a factor of 10 with water were exposed to 10 mM of cysteine to synthesize the cysteine
capped silver nanoparticles. 3 pL of the synthesized nanoparticles were drop cast on onto the
glassy carbon electrode and dried under a nitrogen flow. The electrode after drying was used
immediately for electrochemical experiments. From Figure 7.23, no oxidation signals were observed
at the window of O V to +0.3 V vs. MSE for the cysteine capped silver nanoparticles although the
same amount of silver was drop cast onto the electrode compared to the citrate capped
nanoparticles. Therefore, the cysteine capping agent might have either inactivated the silver
surface, stopping silver oxidation or caused detachment of the nanoparticles from the electrode.
Both will cause the drop in electrochemical oxidative charge with increasing cysteine concentration.
Hence, having cysteine capped silver nanoparticles as a product of silver nanoparticle-cysteine
interaction can explain the constant absorbance signal and the decrease in the electrochemical

oxidative charge measured.
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Figure 7.23 Black dashed line: the oxidative stripping of citrate capped silver nanoparticles (radii = 4.7
+ 1.8 nm) from a glassy carbon electrode in 0.1 M sodium nitrate; Red line: the oxidative stripping of
synthesized cysteine capped silver nanoparticles from a glassy carbon electrode in 0.1 M sodium
nitrate. Scan rate: 0.05 V s™.

7.3.2.4 The Constant Electrochemical Peak Potential, the Absence of Split Oxidation

Signals and the Absence of UV-vis Absorbance Signal at 500 - 600 nm with Increasing

Cysteine Concentration or Increasing Exposure Time
It is surmised that cysteine forms a capping shell with inactivation of the nanoparticle surface or
nanoparticle detachment from the electrode. Therefore, only the silver nanoparticles with
incomplete replacement of citrate by cysteine contribute to the oxidative charges. Thus, despite
the presence of cysteine, the kinetics of silver oxidation remained unaltered and the oxidation peak
potential remained constant and no split oxidation signals was recorded. Therefore, in the UV-vis
experiments, given that the solution consisted of citrate capped silver nanoparticles and cysteine
capped silver nanoparticles, the species which caused an absorbance signal at 500 — 600 nm with
mercaptohexanol is not present in the cysteine experiment. In short, the trends observed in the
mercaptohexanol studies were not observed in the cysteine studies due to significant differences in

the silver-thiol interactions.
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7.3.2.5 The Apparent Absence of a Size Effect
As seen in Figure 7.18 and Figure 7.19, two different sizes of nanoparticles of 4.7 + 1.8 nm and
13.6 £ 3.7 nm were used in experiments. Due to the experimental inherent variability, it is not
possible to show a significant size effect. From Section 7.3.1.7, the silver-thiol interaction is a
diffusion limited process where the high silver surface coverage (4.2 x 10~ mol m™?) causes a linear
diffusion profile across the entire working electrode. Based on similar calculations to those
presented in Section 7.3.1.7, it takes less than 10 milliseconds for sufficient cysteine to diffuse and
cover the surface at 10 uM of cysteine. In the actual experiment, it takes even lesser time due to
the convection caused by electrode insertion into the electrolyte. Therefore, within the short time
scale that the linear diffusion profile is applicable, the amount of cysteine reaching the electrode
surface is similar for both batches of nanoparticles. However, the kinetics of cysteine replacing
citrate as capping agent is unknown. Moreover, the extent of how much cysteine replacement is
needed to exhibit cysteine capped nanoparticles’ characteristics is also unspecified. Thus, further
detailed kinetics studies on how cysteine displaces citrate have to be attempted before the effects

of the nanoparticle size can be explained and quantified in detail.

7.3.2.6  Summary on the Interaction between Silver Nanoparticles and Cysteine
In summary, cysteine interacts with silver nanoparticles in a way different from mercaptohexanol.
Cysteine likely replaces the citrate capping agent and bonds covalently with silver nanoparticles to
give a UV-vis absorbance signal at 400 nm regardless of cysteine concentration. In the
electrochemical experiments, the oxidative charge measured decreased with increasing cysteine
concentrations. This was speculated to be an inactivation of silver surface through cysteine capping

or the detachment of cysteine capped nanoparticles from the electrode surface.

7.4 Conclusions

The two thiols compounds studied, mercaptohexanol and cysteine, interacted with silver
nanoparticles differently despite both having a thiol group as the primary structure motif. Figure

7.24 summarises the hypothesised silver-thiol interactions of the two investigated thiols.
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Mercaptohexanol was suggested to form a sparingly soluble shell of AgSR,, with silver, which
remains on the nanoparticle surface, allowing further phase transition to occur. Both
mercaptohexanol’s electrochemical and UV-spectroscopy data have shown an additional signal
which is speculated to be due to formation of a compact layer of AgSR., and Ag,S-like complexes
via phase transition of initially formed AgSR,, shell on the nanoparticle surface. In contrast, cysteine
is surmised to displace the citrate capping agent to give cysteine capped nanoparticles. The change
in capping agent can cause an inactivation of the nanoparticles or the detachment of the
nanoparticles from the electrode surface. Thus, the oxidation signal decreases with cysteine
concentration. The UV-vis spectrum remained similar with the presence of cysteine as the silver
nanoparticles (regardless of citrate capped or cysteine capped) gave the same surface plasmon
peak near 400 nm. In conclusion, it is evident that no general mechanism for the interactions of

thiol with silver nanoparticles exist and that each thiol should be treated individually.

Cysteine
Mercaptohexanol
Cysteine
Phase
Transition
AgSR shell AgSR +Ag S-

Figure 7.24 A schematic diagram showing the hypothesised mechanism of the silver-thiol interaction
for mercaptohexanol and cysteine. The grey spheres represent silver nanopatrticles.
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Chapter 8 Conclusions

There is a growing importance and application of silver nanoparticles in consumer and industrial
products partly due its anti-bacterial properties. Despite its wide-spread usage, nanoparticles are
still not completely understood. Thus, the first step to regulating nanoparticle usage to circumvent

any possible negative implications is through reliable detection.

Herein, the detection of the nanoparticles was approached and realised with two different
techniques, stripping voltammetry and ‘nano-impacts’. For stripping voltammetry, theoretical
expressions based on the different possible diffusion regimes at the nanoparticle surface were
developed to analyse the potential of metallic nanoparticle oxidation. The surface coverage of the
nanoparticles on the electrode was found to have a stronger influence on the potential shift
compared to the change in nanoparticle surface energy. Silver nanoparticles were also found to
aggregate when they were drop cast onto the electrode. To overcome the problem of aggregation
in ex-situ methods, the novel method of ‘nano-impacts’ was used to analyse nanoparticles in the
solution phase. To expand the possible matrices and suspensions used for ‘nano-impacts’, individual
silver nanoparticles were successfully detected and sized in an optically opaque suspension. This
confers ‘nano-impacts’ a significant advantage over in-situ optical techniques such as dynamic light

scattering (DLS) and nanosight tracking analysis (NTA).

Next, a comparison between the two electrochemical methods was undertaken via the
investigation of capping agent effects. It was found that the capping agents on the nanoparticles
have different influences depending on the methods utilised. In stripping voltammetry, the silver
nanoparticles (various capping agents, similar size and surface coverage) gave significantly different
current under the oxidation signal. The variation of peak charge was attributed to the change in
aggregation with capping agent. In comparison, the change in capping agent on silver nanoparticles
did not affect the capability of ‘nano-impacts’ to size the single particles. All five samples were
detected, electrochemically sized and matched to the ex-situ method of transmission electron

microscopy (TEM). Thus, using stripping voltammetry to determine the quantity of nanoparticles
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should be used with caution to avert underestimation while ‘nano-impacts’ is definitely a promising

technique to be considered for single nanoparticle detection and characterisation.

Admist the comparison of capping agents on silver nanoparticles, cetyltrimethylammonium bromide
(CTAB) (a common capping agent) was found to be electroactive via its bromide oxidation. At high
concentration, CTAB forms self-assembled micelles in aqueous solution. This inspired a study where
CTAB micelles were detected via ‘nano-impacts’. The oxidation of the micellar bromide content
resulted in a direct detection of the presence of large micelles in solution and allows the
measurement of the critical micelle concentration without recourse to surface tension

measurements. This widens the range of nanomaterials which ‘nano-impacts’ can characterise.

Apart from exploring the techniques for nanoparticle detection, this thesis also applied silver
nanoparticles in potential practical electroanalytical sensors. Comparing with bulk material,
nanoparticles has a much large surface area to volume ratio, thus the latter greatly reduces the
amount of metal required for the same purpose. Here, the separate analyses of silver ions, chloride
ions or iodide ions were developed using silver nanoparticle modified electrodes. First, the anodic
stripping voltammetry signal from silver ions was significantly enhanced. Since the former pre-
concentrates metallic ions onto the electrode by reducing them to their metal form, nucleation is
often the greatest barrier that the process has to overcome. By pre-treating the electrode with
silver nanoparticles, stripping and leaving behind meta-stable silver clusters which are undetected
electrochemically, the stage of nucleation can be averted in subsequent anodic stripping
voltammetry of silver ions. Comparing to an untreated electrode, an improved signal (by at least
factor of three) on the pre-treated electrode was observed for silver deposition. Second, making
use of silver-halide interactions, a proof-of-concept sensor for cystic fibrosis (CF) pre-screening
was developed. In presence of halide ions, the silver oxidation signal changes shape due to the
formation of the stable silver halide. Since high sweat chloride content is a characteristic symptom
of CF patients, the detection of chloride ions is used as a pre-screening and diagnostics method. By

measuring the peak height of the silver chloride formation signal on a silver nanoparticle modified
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screen print electrode, the chloride content in synthetic sweat was determined, suggesting the
possibility of pre-screening if one has the genetic disease of CF in a quick, robust and cost-efficient
route. Third, using a related concept, a silver nanoparticle modified electrode was used to analyse
the concentration of iodine ions in synthetic urine. The iodide level in urine is used as an indicator of
health where excess or deficiency of iodide can lead to thyroid diseases. The possible interference
of chloride ions in urine was avoided as the silver iodide formation signal occurs at a lower potential
compared to silver chloride formation. The reduction of silver iodide concentrated on the electrode
was used to measure the iodide content as the surface bound wave has a better defined shape.
From the amount of iodide ions in urine, information on health status can be obtained as one is
capable of judging if there is deficiency or excess iodine in the body. Hence, using silver-halide
interaction, the biological relevant concentrations of chloride and iodide ions were analysed and
proof-of-concept systems for a CF pre-screening device and a urinary iodide sensor were

developed.

Finally, given the successful examples of using silver-halide interaction to develop sensors, the
silver-thiol interaction was also studied. Thiols are of a more complex nature due to the variety of
side chains linked to the thiol group. Cyclic voltammograms and UV-vis spectra recorded with silver
nanoparticles and two different thiols were used to gauge if all thiols interact in a similar manner. It
was found that mercaptohexanol, a simple thiol with a hydroxyl group, was suggested to form a
sparingly soluble shell of AgSR, on the nanoparticle surface which undergoes a further phase
transition. In contrast, cysteine is hypothesised to form cysteine capped silver nanoparticles via the
displacement of the citrate capping agent. Hence, each thiol must be treated as a separate entity

for silver-thiol interaction.
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Appendix A

A. Theory for Section 4.1

For easy illustration of the equations, a one electron oxidation of a metallic NP, M, is considered.

M(s) » M*(aq) + e~ (m) Equation A.1

The Nernst expression for this oxidation is:

_ 6 , RT, [M*] -
E = Ef +?an Equation A.2

where E is the applied potential, £Z is the formal potential, R is the gas constant, T is the
temperature, Fis the Faraday’s constant, /M*]is the surface concentration of metal ions at the

electrode and / Vs the standard concentration of 1 mol dm™.
The applied potential £'is defined as:

E=E; +ut Equation A.3
where Ejis the initial potential applied, vis the scan rate and tis the time.

Combining Equation A.2 and A.3, we obtain an expression of [M*], surface concentration of metal

ions at the electrode surface, in terms of potential and time.

+
Ei+vt = Bf + 7 In 5] Equation A.4
F mt .
— (vt + E; — Ef)=In [[]0] Equation A.5
[M*] = []%xp(6) Equation A.6

__ Fut _F 0
where § = ——+6;and 6; = E(Ei - Ef)
Since the surface area of a spherical nanoparticle, Ayr, can be written as:
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Anp = 4m(ryp)? Equation A.7

where rypis the radius of the nanoparticle. The number of atoms in a nanoparticle, Nz, is given as:
Nyp = =2 (twp)? Ai Equation A.8

where pis the density and A4,is the atomic molecular mass.

Therefore, the rate of change in the number of moles of metallic ions at a nanoparticle with regards

to the radius of the nanoparticle, dNyp/drye can be defined as:

dNnp

= 2, P -
o 471t (ryp) 4 Equation A.9

From Equation A.8, the charge passed under a voltammetric peak, @, can defined as:
Q =nyp _347;) -nF ((ryp)® — (tupe)®) Equation A.10

where at time ¢, where the radius of nanoparticle is expressed as rvg:and at time equals to zero and

the radius of the nanoparticles is defined as rye.

The predicted current can be obtained by differentiating the charge, @, with regards to potential, £

I = v Equation A.11

A.1 Reversible Electron Transfer, Case 4
The surface coverage of the nanoparticles, I, is defined as:

Equation A.12

where nyp is the number of nanoparticles on the electrode surface and Aeec is the area of the

electrode.

At Case 4 diffusional regime, there is linear diffusion of metallic ions away from the electrode
surface. Hence, the flux across the electrode, j, will be the combination of the rate of metal ions

generated at all of the nanoparticles.
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. 1 dNpyp
- . “n
] Aelec dt NP

Equation A.13

where dNyp/dt is the rate of change of the concentration of metallic atoms at each nanoparticle

with regards to time.

Putting Equation A.12 into Equation A.13, we obtain an expression of flux in terms of nanoparticle

surface coverage.

. dNNp
= r .
] NP,

Combining Equation A.9 with Equation A.14,

, p dryp
=Iyp - 4m(ryp)? - — 2L
J=1Iyp 4m(ryp) A Tar

The flux can also be defined as:

j==5M*]

Equation A.14

Equation A.15

Equation A.16

where the surface concentration of [M*] generated at the electrode surface is related to D, the

diffusion coefficient and &'is the diffusional layer thickness. The negative sign accounts for the

phenomenon of moving down a concentration gradient.

Combining Equation A.15 with Equation A.16, we can express the radius of the nanoparticle at time

t

p dr D
Inp - 41'[(TNP)2 A—r% = —E[M-‘-]
2 4. — __ D A et
(ryp)? dr = pr [M*]dt

Equation A.17

Equation A.18

Equation A.18 is integrated with the limits of at time ¢ where the radius of nanoparticle is

expressed as ryerand at time equals to zero and the radius of the nanoparticles is defined as rye.

t D

[N ryp)? dr = [ ——=— "2 [M*] dt

NP

Equation A.19
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Substituting Equation A.6 into Equation A.19,
[TVPtryp)dr = [f——— 2219 exp O dt Equation A.20

NP 0 4'TL'6FNP P

t Fut .
frrl\zlvpp,t(mp)z dr=——2—.2r. 119 exp@, - /, exp%dt Equation A.21

If we choose the starting potential, £, to be the much more negative than the formal potentiaI,Eﬁ,

Equation A.21 can be expressed as:

D A t Fut .
f:}\”vpp't(er)z dr = ~ o [1°-expb; J, exp%dt Equation A.22
NPt D A Fut]t :

[— (TNP)B = —m7 []0 epoL _F[ %]0 Equatlon A23
1 D A RT .
E((TNP,t)3 - (TNP)3) = T amerer p [1° "OF exp® Equation A.24

3 3D Ay rq0 RT s .
Tnpt = ((TNP) —m; [] U_F expe) Equatlon A.25

Hence, plotting Equation A.25 with various time will allow one to determine the change in

nanoparticle radius under Case 4 diffusion regime.

A.2 Reversible Electron Transfer, Case 2
Considering Equation A.1, the diffusion only mass transport limiting current, Zm, for a spherical

nanoparticle on a flat electrode is given as:

Liim = 4nnFCDrypln2 Equation A.26

where C is the concentration of the reactant. Given that the current generated at a single

nanoparticle is,

I =—=FAppjnp Equation A.27
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where the surface area of the nanoparticle, Ay, is the area at which Equation A.1 takes place. jyris

the flux at a single nanoparticle. Hence,

=1 Equation A.28

Inp nFanp

Considering the current generated at the nanoparticle is related to the concentration of M*; thus, at

limiting current, substituting Equation A.26 into Equation A.28 gives:

an[M*]Drypln2

jnp = B e—— Equation A.29
NP
With a further substitution of Equation A.7 into Equation A.29,
+
jup = 22 Equation A.30
NP

At a single nanoparticle, the flux of ions is equal to the amount of ions generated by metal oxidation

at the electrode surface. Hence, the flux of metal ion at a single nanoparticle, jxz, can be defined as:

— L .dNnp ~
= Equation A.31

jNP

where Anpis the surface area of a nanoparticle and dNwe/dtis the change in the number of moles of

metal atoms with regards to time.

Substituting Equation A.7 and A.9 into Equation A.31, we get an expression for flux at a single

nanoparticle, jxp, as a function of the rate of change of nanoparticle radius with time, dryz/dt.

Jnp = ﬁ ) A% ~4m(ryp)? 'd:i% Equation A.32
Jnp = A% : d:i% Equation A.33

Combining Equation A.30 and A.33, we obtain:
Jnp = Dl%[:ﬁ] = —A% : d;% Equation A.34
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Hence, Equation A.34 can be solved to obtain an expression of rys, nanoparticle radius at time ¢ in

terms of time:

DIn2[M*

ryp dr = — Mr gt Equation A.35

Equation A.35 is solved with the limits of time ¢ and zero, where the radius of nanoparticle is
expressed as rwprand ryprespectively. The starting potential, £, is set to be much more negative

than the formal potential, E]?. Substituting in Equation A.6,

f:}\’;’:'t Typ dr = fot _ Din2Ar 110exp0 dt Equation A.36
1 DIn2A,[1° t Fut .
E[er]:xgt = —nT[]expBi Jo exp% dt Equation A.37
1 DIn2A,[1° RT .
E((rNP,t)z — (ryp)?) = _nT 1o expB Equation A.38

Y
TNpt = ((TNP)Z - expe) ’ Equation A.39

Hence, plotting Equation A.39 with various time will allow one to determine the change in
nanoparticle radius under Case 2 diffusion regime.

A.3 Irreversible Electron Transfer
Considering the irreversible reaction of Equation A.1 and A.27, the Butler-Volmer expression at a

single nanoparticle is expressed as:

I = —FAypk® (exp [— %] - [M*] —exp %] . [M]) Equation A.40

where k? is the rate constant, [M*] is the surface concentration of the metallic ion, @ and £ are
transfer coefficient which sums up to be 1. [M] is the surface concentration of the metal, which is

taken to be unity since it is a solid. Hence, Equation A.40 can be rewritten as:
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I = —FAypk® (exp [— ‘%’7] - [M*]) Equation A.41

From Equation A.27 and A.41, we know that the flux at a single nanoparticle can be expressed as:

jinp = —k° (exp -7 [M+]) Equation A.42

Since it is an irreversible reaction, the electrochemical response is not limited by mass transport and

all the equations in Section A.3 can be applicable to all four cases of diffusional regime.

Substituting Equation A.6 into Equation A.42,

jnp = —k° (exp [— %] [1°exp 9) Equation A.43
; 0 aFn 0 F(E-E}) .
jnp = —k (exp [— F] [1° exp e ) Equation A.44

and E—E}g equals to the overpotential 7. Thus,

jnp = —k° (exp [— %] -[1° exp:—’;) Equation A.45
jnp = —k° ([ 1°exp [%D Equation A.46

Since Equation A.1 is an one electron reaction, a plus £ equals to one. Hence, Equation A.46 can be

written as:
jnp = —k°([1°exp[B6]) Equation A.47

Since it is an irreversible reaction, the equation for flux (Equation A.33) also holds true for this case.

Thus, combining Equation A.33 and A.47,

P . drnp
A, dt

jnp = —k°([1°exp[B6]) = Equation A.48

dryp = —k° -%- ([ 1%exp[pB]) dt Equation A.49
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Equation A.49 is solved with the limits of time t and zero, where the radius of nanoparticle is
expressed as rwpr and ryprespectively. The starting potential, £, is set to be much more negative

than the formal potential, Ef9.

t Ar .

e dryp = [y —k° = ([1°exp[po]) dt Equation A.50
= 0.4r 170. (¢, BUtF )

Tnpt — Tnp = —k P [1° - expb; fo (exp[ RT D dt Equation A.51
Ay RT .

Tnpt = Tnp — k° e [1° 'ﬁexp[ﬁe] Equation A.52

Hence, plotting Equation A.52 with various time will allow one to determine the change in

nanoparticle radius under irreversible oxidation.
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