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Abstract

This thesis aims at both electrochemically investigating mainly at the single entity level
the physicochemical properties of metal-based nanoparticles and seeking to study unusual
electrochemical activity of metal nanoparticle ensembles by using mainly an optical

approach. Three experimental stages are presented accordingly:

(1) Electrochemical detection and sizing of single metallic nanoparticles with a critical

focus on the study of the quantitative methodology;

(2) Further investigations of the surfaces (composition, structure and catalytic activity) of

metal-based core-shell nanoparticles both at the particle ensemble and single particle level;

(3) Opto-electrochemical investigation of a substrate-mediated electrochemical dissolution

of metal nanoparticle ensembles.

To begin with, the first chapter briefly reviews the key basics of fundamental
electrochemistry, and the second chapter introduces the metal-based nanoparticles, the
major electrochemical technique of ‘nano-impacts’ and the alternative technique of dark

field microscopy used in this thesis.

Chapter 3 reports a generic quantitative methodology for electrochemically
detecting and sizing individual nanoparticles using the complete oxidation of silver
nanoparticles in halide solutions as a model system. In particular, this established
methodology of nano-impacts emphasises the use of lower filtering frequencies in the
data acquisition (prior to any analysis) for the accurate description of the charge passed
during a transient nano-event. For the critical comparison between electrochemical and
electron microscopic measurements, the effect of the nanoparticle diffusion coefficient on

the probability of it being observed in the electrochemical responses and the effects of



non-spherical shapes of nanoparticles visible in the microscopic images are also discussed.
On this basis, Chapter 4 further shows the advantages of applying the nano-impact
technique for sizing small (¢ < 30 nm), multimodal-sized nanoparticles that are inherently
beyond the measuring capacity of the conventional light scattering methods of dynamic
light scattering and nanoparticle tracking analysis.

Chapter 5 next demonstrates the electrochemical characterisation of the surface
compositions of Co@Co(OH), nanoparticles at the single particle level. By contrast, the
very thin surface layer of Co(OH). is not characterised by either X-ray diffraction or
transmission electron microscopy. Moreover, the aggregation of the nanoparticles in
aqueous solutions is implied via the impact electrochemistry. Chapter 6 focuses on the
mechanistic study of the mediated hydroxide ion oxidation by Co304 nanoparticles in
alkaline conditions. Hydrogen peroxide, rather than dioxygen, is found to be the
predominant initial oxidation product of the electron transfer. The nano-impact results
further point out the rate determining step and the limiting kinetics of the catalytic reaction.
Furthermore, as the work next compares the electrochemical behaviour of bare Co304
with that of core-shell Co304@SiO; nanoparticles, the surface silica of the synthesised
core-shell particles is inferred to be highly porous or broken. This is not otherwise easily

distinguished, for example, by electron microscopy.

Chapter 7 reports a substrate-mediated electrochemical dissolution into aqueous
solution of silver nanoparticles driven via electron transfer to trace dissolved oxygen.
Investigation of a range of solid materials (glass, indium titanium oxide, glassy carbon
and platinum) used to support the nanoparticles shows that conductive supports greatly
catalyse the dissolution and by means of complementary and synergistic optical and
electrochemical measurements it is inferred that the electron transfer can occur at

locations on the support surface remote from the silver nanoparticles.
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Chapter 1

Fundamentals of electrochemistry

This chapter presents an overview of some key fundamental concepts involved in
general electrochemistry, including electrochemical thermodynamics, the electrode
double layer, electrode kinetics, electrochemical cells, and mass transport, as well as
describing some basic electrochemical techniques, mainly chronoamperometry and
cyclic voltammetry. This short chapter aims to aid the understanding of the

subsequent chapters.

1.1. Electrochemical Thermodynamics

Fundamental electrochemistry focuses on electron transfers between an electrode and
usually an electro-active molecular species, unlike general redox chemistry where
electrons transfer between a pair of molecular species. It is straightforward in the
context of general redox chemistry that electrons transfer from one molecule to
another owing to the difference in their tendencies for electron exchange: one wants
to gain electrons (become reduced) and the other to lose electrons (and become
oxidised) such that consequently both may form new and more stable molecular
species. The tendencies for the electron exchange of molecules are described by their
specific chemical potentials (which will be explained below). However, the tendency
for an electrochemical electron transfer of an electroactive species is quantified by

electrode potential due to the introduction of the electrode phase. Therefore,



understanding electrochemical reduction and oxidation first requires an appreciation

of the origin of electrode potentials.

Consider a simple one-electron-transfer electrochemical equilibrium established at a

single electrode-solution interface,
07 (aq) + e (m) = R#1 (aq) (1.1)

where O (aq) and R (aq) are the oxidised and reduced species of a redox couple in
aqueous solution with which this thesis exclusively deals, and zrepresents their charge
number; e (m) is an electron present in the electrode phase (often a metal, m). The
position to which the equilibrium lies relative to the initial thermodynamic state of the
reaction system is indicative of the sign of the charge born by the electrode phase. If
the equilibrium lies to the left in favour of the species O and e  (m), the electrode
bears a negative charge (as relatively electron ‘rich’) while the solution phase a positive
charge. If the equilibrium lies to the right, the electrode bears a positive charge (as
relatively electron ‘deficient”) while the solution a negative charge. Hence, in either
case there exists a charge separation at the electrode-solution interface (which is
discussed in more detail in Section 1.2). This charge separation brings about a
difference in electrical potential between the two phases, where the electrical potential
at a point is formally defined as the work required to bring a unit test charge (of one
Coulomb) from infinity to the point. In other words, a resultant /nterfacial potential
difference is established [11. However, in practical electrochemistry where the quantity
is made readily measurable and thus meaningful, another electrode needs to be

introduced to the system to establish a potential difference of another electrode-
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solution interface which serves as a reference level; relative to the latter, the interfacial
potential difference is defined as ‘electrode potential’. That said, the charge separation
arising from the heterogeneous chemical process results in the electrode potential

established across the interface.

Gibbs energy

equilibrium

(all reactants) (all products)
Extent of reaction

Figure 1.1. Gibbs energy of a system as a function of the extent of reaction. Arrows on the curve
represents the direction of thermodynamically favoured reaction. The lowest point of the curve

has the derivative of zero, denoted as the ‘equilibrium’ state.

The understanding above of the establishment of electrode potentials can be precisely
described in thermodynamic terms. Nevertheless, before doing that directly, a brief
review on thermodynamics in general is necessary. Thermodynamics states that any
spontaneous chemical reaction tends to move towards a state of lower energy and
finally reaches a dynamic equilibrium where there is no further tendency to undergo

a net change. The tendency allows one to predict the direction of the reaction between
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‘reactants’ and ‘products’. Therein, the chemical change essentially reflects the
transfer of chemical energy. The Gibbs energy is commonly used in /aboratory
chemistry (which is usually carried out under constant pressure) to describe the
maximum available energy for a specified chemical change [2l. As such, the criterion
for reaction spontaneity (dGr, » < 0) predicts the reaction direction, at constant
pressure and temperature, as decreasing the Gibbs energy of the overall system (See

Figure 1.1) until it becomes the lowest and mathematically,
dGss< 0 (1.2)

where dGsys is the (infinitesimal) change of Gibbs energy of a whole system over an
infinitesimal change in the extent of reaction and the case of dGss = 0 corresponds

to equilibrium. More specifically (2],
dGsys = ZvdGr(products) + v dGr(reactants) (1.3)

where Gr is Gibbs energy of formation (of reactant or product species), v is the

generalised stoichiometric coefficient for a given reaction, and expressed by
dGe; = (g dny) 7,p 0 (1.4)

where y;is the chemical potential of a given chemical species (J mol1) and is specific
to the species, nis the mole of the species (mol), 7is the absolute temperature (K),
p is the pressure (Psi) and n’ is the total number of moles of all the other species
present in the system (mol). That said, Gibbs energy change depends on the change
in the amount of the chemical species. It follows that the energy change of the system

at a certain extent of reaction depends on the variation of the composition of this



system. As such, one can then look at electrochemical systems to solve the Equation

1.2 so as to move on to the electrochemical thermodynamics.

For electrochemical systems, the introduction of the electrode phase that conducts
‘free’ electrons leads to involvement of electrical energy in addition to chemical energy.
Consequently, the (molar) Gibbs energy of an electrochemical system is described in
terms of electrochemical potential that further includes electrical terms. For a given

species /the electrochemical potential (J mol?) is defined as B!

Ui =i +z F @ (1.5)

where Fis the Faraday constant (96485 C mol?), ¢ is the electric potential (V) of a

particular phase (solution or electrode, denoted as ¢s and @, respectively).

Based on Equations 1.2-1.5, the Gibbs energy change of the system described in the

equation 1.1 for the forward reaction is [3

dGsys = (Ur+ Ho+ He) dn = tr—( Ho + le) ] d§ (1.6)
MG =R+ (z-1) Fos— (Lo + Z F ps+ lle— F @) (1.7)
= Ur— to— He+ F @m— F @5 (1.8)
= (' R0 25) = (o + RTI0 22) = o+ F( = ) (1.9

Rearrangement gives

AG = F(@n— @) + dp° + RT In (g—z) (1.10)



where dy° = ug — o + e and is the standard chemical potential change of the
reduction, ao and ar are activity of O and R present in solutions respectively, and the

term @n— ¢sis the interfacial potential difference (V) mentioned earlier.

At equilibrium, A/G = 0, then

P g = — = T In (22) (1.11)

F

This is the Nernst equation [ associated with the system of a single electrode-solution
interface. As such, one is able to theoretically locate the position of equilibrium of the
electrochemical process. However, e is not measurable and the absolute value of ¢n,
— ¢s is often very difficult to be experimentally measured. Therefore, a reference
electrode system, with an experimentally pre-determined A¢ (exclusively standard

hydrogen electrode as formally recommended by IUPAC!®]), assumed as
O+e =R (1.12)

is required for giving a ready measure of the electrode potential in a relative sense,

which can be written as

E= (¢m— ¢s)study— (¢m— ¢5)ref (1-13)

Similarly for the reference electrode system,

(= P)rer = = %= =T In (1) (1.14)

F

One essential requirement is that the reference electrode potential has to be stable —
the activity of all the composition is constant, independent of the extent of the reaction

under study, such that

(fn— P)rer=— L= - ¢ (1.15)
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where ¢ = % In (?). Then, based on the equations 1.11-1.15,
or

F= F° —% In (Z—g) +c (1.16)

where £° = — M and is the electrode potential under standard conditions (i.e.

25 °C, 1 atm and 1 mol L'! of concentration for all soluble species); the term creflects
that practically the activity of solutes used in a reference electrode affects the
electrode potential. In this form the Nernst equation becomes a lot more useful as
the equation can be used to directly link the electrode potential under experimental
conditions to the ones under standard conditions. A list of standard electrode
potentials can be found in Ref [6], where the reference electrode is by internationally

agreed convention of the standard hydrogen electrode with ¢ being zero.

It should be noted for the equations above that as ‘concentration’ is generally used
in laboratory chemistry, the difference between activity (or ‘effective concentration’)
and concentration should be accounted here for applying the equations above. For a

given chemical species, activity is defined as [3 7]

=1
a= Vi (1.17)

where y is activity coefficient, [/ ] is concentration (mol L'!) and [/ ]° is the standard
concentration (usually taken as 1 mol L), respectively, of a given species i.

Accordingly, the formal potential £-° (V) is used for practical calculations regarding

electrode potentials and is defined as [3]
E°=EF°-% In®) (1.18)
F Yo
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Such that one can have

E=E£"-%n (%) (1.19)

F

Away from equilibrium, one may thermodynamically predict the occurrence of
electrochemical reduction or oxidation based on the criterion dGsys < 0. Herein, the
Gys refers to the Gibbs energy for a complete cell consisting of the two electrode-

solution interfaces (the one under study and the other for reference), and
ANG=-FE (1.20)
It follows that,

if £> 0, AG < 0, the forward reaction of electrochemical reduction of species O

tends to occur;

if £< 0, AG > 0, the backward reaction of electrochemical oxidation of R tends to

Ooccur.

In this sense, the establishment of electrode potential dictates in which direction a
decrease of the overall Gibbs energy should be expected, which thus explains the

reason of an electrochemical electron transfer.

1.2. Electrode double layer

It is learnt from last section that fundamental electrochemistry is thermodynamically
approached with the essential understanding of the concepts from electrode potentials,
the potential-determining electrochemical equilibrium, to the origin of electron transfer,

all occurring at the electrode-solution interface. One may then expect to get a picture
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of the electrochemical interface before further examining the chemical processes there.
In turn this section would also help further understand the essence of electrode

potentials mentioned earlier — the charge separation at the electrode-solution interface.

electrode’ | diffuse layer bulk solution

+
>
+
+
. g@
+ i »
| - . t | |
¥ S ¢ 4@,  water molecules
¥ '2 ° unsovlated anions
+ S
+ : ; ‘
s S i Ne 3
E ﬁoﬂ sovlated cations
P i e
¢f?? i : :
%
m sovlated anions
b
¢S,OHP .
5, bulk R : ‘
' IHP OHP X

Figure 1.2. Schematic representation of electrode double layer in aqueous solutions and the

corresponding electrical potential (£) as a function of distance (x) away from the electrode surface.

The interfacial site of electrochemical reaction is described by several dividing planes
(parallel to the electrode surface, assumed flat) according to the widely accepted Stern
model of electrode double layer 2891, For an electrode at equilibrium with the solution,
its surface may be electron deficient for example, presenting positive charges as

shown in Figure 1.2. Note that the charge is confined to a very thin layer of < 0.1 A.
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To maintain a local neutral environment, the solution side of the electrode surface is
occupied by solvent molecules of water and the ionic species of opposite charge to
the electrode (anions herein) with no or partial solvation. These ions are considered
specifically adsorbed on the electrode surface. The layer comprising these ions is called
inner Helmholtz plane (IHP), or Stern /ayer. Adjacent to this plane are more counter
ions in the Outer Helmholtz plane (OHP), usually the same as the ones in IHP but
which are solvated. Due to the electrostatic repulsion from the specifically adsorbed
ions and thermal agitation in solutions, these ions are less restricted spatially, allowing
larger extent of solvation, and therefore are considered ‘non-specifically adsorbed’.
The locus of the electrical centres is a few A, or a total length of a few ions, away
from the electrode surface. Typically the electron transfer occurs around this location
via quantum mechanical tunnelling within a distance of some 10-20 A from the
electrode. The weak electrostatic interaction between the electrode and the solution
phase ions operates over a distance away from the electrode surface and this larger
region is called the diffuse layer. For an electrolyte concentration of over 0.01 M, the
diffuse layer is less than 100 A thick @], Thus, in summary, the ‘double layer’ can be
understood that the electrode-solution interface consists of one layer of specifically
adsorbed species (i.e. IHP) and the other of non-specifically adsorbed ones (i.e. OHP
and diffuse layer) and the charge in these layers balances that on the electrodes
surface. Further away is the bulk solution where solvated ions and water molecules
are considered spatially evenly distributed, exhibiting a net neutral charge everywhere

macroscopically.
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As a result of the fine structure of the double layer, the electrical potential varies in
different ways in each region, as shown in the potential plot as a function of distance
in Figure 1.2. Around the IHP, the electrical potential drops dramatically, due to the
dominant presence of charges of opposite sign (to the electrode). Further through the
OHP and the diffuse layer, the potential drop continues yet in an increasingly weaker
way due to an increasingly lower density of the counterions. Ultimately beyond the
diffuse layer, the electrical potential of the solution reaches a steady value as the
electrostatic interaction from the electrode surface completely fades away over the
‘long’ distance so that the ions in the bulk solution are completely screened from the

electrode charge by the double layer.

Thermodynamically, the double layer structure can affect an electrode reaction.
Consider an electrochemical reaction of a non-specifically adsorbed solution phase
species whose electron transfer can only happen at/around the OHP through
tunnelling. It follows that the applied potential supposed (@ — @s, suk) is actually @m —
@s, onp With a value of smaller magnitude, as shown in Figure 1.3. For a solution of
dilute electrolytes, the diffuse layer often extends over such a distance that the
electrical potential ¢s, ornr deviates markedly from @s, sur. The discrepancy is therefore
non-negligible and this may consequently affect the rate of electron transfer [8] since
the driving force for the reaction is correspondingly reduced. This is also one of the
major reasons why in many cases, a least concentration of inert supporting electrolyte
(typically 0.1 M) is deliberately added into the solution to assure a high charge density,

at and around the electrode surface, compressing the double layer to a thickness of
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less than the tunnelling distance of 10-20 A, such that the electron transfer of the

species experiences a full potential drop applied [31.

An essential property of the electrode double layer as an interface is its capacitance.
As with the interfaces of a common capacitor comprising a pair of conducting plates
with a non-conducting medium in between (e.g. air), an electrode double layer does
not allow electron transfer (in absence of Faradaic active species). The concept of
double layer capacitance Cy (usually in pF cm2) is therefore raised and similarly

defined as (8]

C, == (1.21)

E XA

where Q@ is the charge accumulated on the either side of the interface (C), £is the

electrode potential (V), and A is the electrode area (cm?2).

Unlike the common capacitors in physics whose capacitance is independent of
electrical potential, the double layer capacitance is often a function of the electrode

potential applied.

Current arises from double layer capacitance, regardless of the presence of Faradaic
processes. Upon the polarisation of the electrode, charge is excessively accumulated
on the electrode surface, while on the side of solution, ions of counter charge move
towards the interface, resulting in a capacitive current. This electrode process is called
double layer charging, which often happens very fast and typically over a timescale of

milliseconds or microseconds depending on the electrode dimensions. Even so, the
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induced capacitive current as opposite to the Faradaic currents in which
experimentalist are actually interested, may sometimes dominate and can cause
analytical difficulty in some cases where, for example, ultralow concentrations of

analyte are used.

1.3. Electrode kinetics

Having understood why and where an electrochemical reaction occurs from the last
two sections, one may next expect to see how the electron transfer processes are

quantified and rationalised.

It has been pointed out that the process of electrochemical reactions is in essence the
energy conversion between chemical energy and electrical energy. The general
quantification of electrolysis, or the process of electrical energy being converted to
chemical energy, was summarised by the great scientist Michael Faraday in 1833, who

also proposed the terminology ‘electrode’ [1°]

‘The chemical power of a current of electricity is in direct proportion to the

absolute quantity of electricity which passes.’

The chemical power of a current of electricity here refers to the mass of the electro-

generated species resulting from electrolysis, and the law is accordingly expressed as

m=—Q (1.22)
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where m, Mand zare the mass (g), molar mass (g mol!) and electrical charge number,
respectively, of the substance produced at the electrode surface, Q is the total
electrical charge passing through the electrode surface (C), Fis the Faraday constant

(96485 C mol?).

For any electric current measured in the electrolysis, the total charge Q is precisely

the integral of the current over time

Q= [ 1(t)dt (1.23)

Also often as applied in fundamental electrochemistry is the reverse process: the mass
of reacted species at the electrode surface is proportional to the electrical charge

produced.

Another significant discovery from early studies of electrochemistry is the Tafel

equation, which relates electric current to electrode potential in the fashion [*1]
n=ap+ bologl (1.24)

where 17 is the overpotential (£ - £7°); ap and by are constants. The logarithmic
dependence implies the great sensitivity of current to electrode potential, although
this simple model of electrode kinetics in fact only applies to the cases whose reaction
rate is limited by that of the interfacial electron transfer. A more complete view of
electrode processes will be discussed later in Section 1.4 by including the transport of

materials from bulk solution to the electrode surface (i.e. mass transfer, see Section
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1.5). The justification of the Tafel relation between current and electrode potential is

underpinned by several key theories that are discussed next.

First, of essential importance is the dynamic nature of electrochemical equilibrium. As
mentioned in Section 1.1, the state of equilibrium does not mean that no molecules
react. Instead, the rate of the forward and backward reaction equals each other.

Consider again the following processes

Kc
0% (aq) + e (m) = R¥! (aq) (1.25)

a

where k: and ks are the rate constants (cm s for the first order heterogeneous
reaction), respectively, for the forward (reduction of O) and the reverse process

(oxidation of R). According to the rate law
J = k:[O] - k:[R] (1.26)

where Jis the net reaction flux of the overall process (mol cm2 s1). The corresponding

amount of materials reacted at a uniformly accessible electrode is
n=JAt (1.27)
and from Faraday’s law of electrolysis (Equation 1.22, z= 1),
Q=nF (1.28)
Combining equations 1.26-1.28 gives the expected current
I= FA(k:[O] - k3[R]) (1.29)

which should be zero at equilibrium, and therefore
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E = ﬁ (130)
consistent with the definition of an equilibrium constant
= Bl
K= 0] (1.31)
so that
—_ kC
K= Py (1.32)

As such, the rate law of electrode kinetics collapses at equilibrium to the

thermodynamic form, in turn confirming the concept of dynamic equilibrium.

Second, building on the generic framework above of electrochemical kinetics, it is next
important to further explore what determines the rate ‘constant’. Empirical evidence

shows a logarithmic dependence of the rate ‘constant’ on the reciprocal of temperature,

Ink o« — %, as discovered by Arrhenius (2], The rate constant for electrode reactions
can be expressed in an Arrhenius form

AGHE

k=Ap e mr (1.33)

where AG * is the standard Gibbs energy of activation (3 molt), while the whole
exponential factor may reflect the probability of molecules passing over an activation
barrier, and Arcan be accordingly considered a frequency factor (has units of &) of
the molecules attempting to climb over the energy barrier; R is the gas constant

(8.3145 J K molt) and T'is the temperature (K).

1 Herein standard thermodynamic properties are used, because the Gibbs Energy (as opposed to the Standard
Gibbs Energy) of a species is concentration dependent whereas the rate constant does not depend on the
concentrations in dilute systems. Hence, the discussion, including the following of the section, is developed in
terms of the standard state of a solution. To simplify the notations, the conventional superscript ‘o’ is omitted.

-16 -



Third, the concept of activation energy can be explained with the picture of reaction
paths following the Gibbs energy curves in a reaction coordinate and the assumption
of existence of a well-defined transition state, as illustrated in Figure 1.3. The reaction
coordinate often refers to a particular structural parameter of a reactive species, for
example, a bond length or angle 131, Accordingly, the potential energy curve at each
point of coordinate corresponds to the potential energy of the molecules at that
particular molecular configuration. Most reactant and product molecules are

considered to stay at the minima of the energy distribution curves.

O+e

R

Standard Gibbs energy

reaction coordinate

Figure 1.3. Gibbs energy curve as a function of reaction coordinate for the reaction O + e = R,
where the symbol # stands for the transition state. Note that O and R are solution phase species;
the electron, e, is located in the metal. In the solution phase, the energy is discussed in terms of

Gibbs energy as both enthalpy and entropy change of the reaction are considered.

With thermal motion in the solution at the molecular scale, however, some molecules

may temporarily gain energy to have a distorted and less stable configuration. When
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the energy of reactant molecules reaches the cross-over point of the two curves, which
is the assumed transition state that has a transitional molecular configuration in
between the reactant and product species, the molecules may surmount the energy
barrier to the zone of products. As such, the energy required for this process, or the
difference between the energy maxima and one of the minima, is called the activation

energy or more precisely for an electrode reaction, the Gibbs energy of activation.

Standard Gibbs energy

reaction coordinate

Figure 1.4. Effects of a negative polarisation on the standard Gibbs energy change of activation
(%) for the cathodic and the anodic processes 8, AGY,, is the standard Gibbs energy change for
the reaction O + e = R at £o. The thick orange lines denote a linear approximation of the energy

curves near the transition state.

Last, the relationship between AG * and electrode potential £ and the term of pre-
exponential factor A, are explained with the most successful and widely accepted
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Butler-Volmer model of electrode kinetics. In developing this theory, suppose the
standard Gibbs energy profiles along the reaction coordinate for the reaction O + e =
R have the parabolic shapes as shown in Figure 1.4, and the standard potential of the
system is used as a reference point for the following discussion. Accordingly, suppose
the lower curve of O + e applies when the electrode potential is £°. If the electrode

is then polarised to a more negative potential £ one knows from Section 1.1
GR)=ZzF@¢s — Fm+ le+ Lo (1.34)

(where G(R) refers to the standard Gibbs energy of the reactants, while peand poare
two constants under the standard conditions) that the Gibbs energy of the reactants
is expected to increase as the @, containing the electrons becomes more negative.
Consequently, the Gibbs energy parabola of reactant O + e is raised by a difference

of —F(E — E°).

A key consequence of this polarisation is the shift in the coordinate of the transition
state. To simplify the change of the position of transition state, the energy curves
around the cross-over points are approximated to straight lines, as shown with the
orange lines in Figure 1.4. AG§C and AGja are the standard activation energies (energy
differences between the transition state and the reactants or products) at the
electrode potential of £ for the cathodic and anodic processes respectively; AGF and
AG;E are those at the applied reducing potential £ Consequently, the change in
standard Gibbs energy of activation for the reduction or oxidation turns out to be not

the same as —FAE but rather a fraction of it

-19 -



AG} = AG}. — aF (E — E°) (1.35)
AGE = AGE + (1 — 0)F(E — E°) (1.36)

where a denotes the fraction of the change (0 < a < 1) and is formally called the
transfer coefficient, which represents a measure of symmetry of the energy barrier
(will be discussed soon later regarding the 7afe/ plof). For the reverse process
(reduction), the transfer coefficient is the complementary fraction 1 - « and

conventionally replaced by B, with, for a one electron process
a+p=1 (1.37)

Furthermore, substituting Equations 1.35-1.37 into the Arrhenius form of rate

constants A-and 4;

_ AGH ~aF(E-EO)

k.=A.e RT (1.38)

AGH ,+BF(E—E?)

k,=A, e RT (1.39)

Next, consider the special case where the system is right at equilibrium with Co = Cr
at the electrode-solution interface, this leads to k- = ks That said, the cathodic and
anodic processes have the rate constants of the same value, which is formally defined
as the standard electrochemical rate constant ko. Since at equilibrium both AGE, =

AG§a and £= E°apply, one can obtain Ac = A.. Therefore, it follows that

¥ ¥
_AGh, _AGH,

ko= As e RT = A, e ®T (1.40)

Since the rate constant for an elementary process is fixed for a given temperature

and pressure and does not depend on the concentrations of O and R, this equation
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is a general expression. As it holds at equilibrium, it also holds away from equilibrium.
Combining Equations 1.38-1.40 with Equation 1.29 gives the final form of the Bulter-

Volmer equation

—aF(E-E©) +BF(E-E°)

I = FA(kge  rt [0]-koe T [R]) (1.41)

which relates the Faradaic current directly to the electrode potential, and also to the

surface concentration of the chemical species.

So far, one is able to justify the Tafel equation described at the beginning of this
section using the derived Butler-Volmer equation Bl. Consider the simple electrode
reduction of O to R with a small k5, when the rate of the overall reaction is dominated
by the interfacial kinetics (rather than the mass transport), the applied electrode
potential £is more negative than the standard formal potential £¢°, namely £ < £¢°,

leading to

—(E—-E?)>E—Ef (1.42)
and this results in the further inequality

e~ EEP) 5 o(E-EP) (1.43)

For this reduction, given that a ~ g often holds, the second term in Equation 1.41

can be omitted as

—otF(E—E?—)

lreag~FAkye  rT O] (1.44)

Taking the natural logarithm of both sides, followed by rearrangement, gives
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N =—=In|leql +C (1.45)
where
RT
C = ;ln(F Aky [0]) (1.46)

As such, the linear relation between electrode potential and logarithm of current is
derived. However, it is clear that Equation 1.45 above holds within accuracy only
when [O] stays almost constant. This prerequisite limits the application of Tafel

equation to the electrode reactions when mass transfer effects are not important 31,

Often use of the Tafel equation is to evaluate the transfer coefficients as fundamental
kinetic parameters. The equation for the reduction process 0? (aq) + e (m) — R#!

(aq) can be rewritten as

In|l,pq| = %TFE +C (1.47)
In|/|
/ BF
slope = g slope = -
—aF 5
RT

0 E° E

Figure 1.5. Tafel plots for reduction and oxidation at the corresponding overpotential regions.

Note that the current is the absolute value of the Faradaic current of the reduction or oxidation.
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Similarly, for the complementary oxidation process R%! (aq) — 0% (aq) + e (m)
In|lpy| =S + " (1.48)

The corresponding 7afe/ plots can be seen in Figure 1.5. From the slope of these plots,
one can estimate the values of the transfer coefficients. Theoretically, when o = %, the

energy barrier is considered to be symmetric. This implies a similar difference in terms
of the reaction coordinate from the transition state to the reactant and to the product

species, and therefore the structure of transition state resembles neither of them.
When a < %, the transition state is, for a reduction reaction, product-like, while a > %

implies a reactant-like transition state, which means kinetically the reactants surmount
the energy barrier in a relatively facile way. In other words, transfer coefficients are
the indicators of the relative position of the transition state along the reaction path
which imply the ease of electron transfer. As such, Tafel plots may provide mechanistic

implications.

The Butler-Volmer model of electrode kinetics explains based on macroscopic
concepts the dependence of the heterogeneous rate constant, &- and 4z on the
reaction Gibbs energy with the introduction of the phenomenological parameters of
standard rate constants 4k and transfer coefficients a (or p). However, those
parameters offer little physical insight at the molecular level into the reaction
mechanisms with extremely different values of ko that can even span over ten orders
of magnitude 141, Therefore, one may seek for a microscopic theory to rationalise

this difference. Marcus-Hush theory, another widely accepted model of electrode
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kinetics, comes to the aid as it elaborates how the molecular geometry of reaction

species and the surrounding solvent environment affect the rate constants [13-16],

Consider the process of O being reduced to R, as discussed above. According to the
Franck-Condon principle, the timescale of molecular nuclear motion (ca. 10713 s) is
far slower than that of electron transfer (ca. 10-1°> s) 31, The molecules involved in
the reaction, including both the reaction species O and R and the solvation molecules,
are therefore considered to be ‘frozen’” at the moment of electron transfer. This
constraint requires that prior to the electrode transfer the reactant species has to be
activated to a highly excited state to match the same molecular geometry as that of
the transition state, which is afterwards deactivated to the ground state of product
molecules. This can be achieved via thermal interaction with other molecules in the
solution. Also, the solvent molecules need to be rearranged to a favourable state for

the moment of electron transfer via thermal activation.

On the other hand, since the chemical electron transfer is radiationless, no energy
gain or loss is thought to happen then. Consequently, the simultaneous operation of
both constraints imply that the rate of rearrangements of relevant molecules for the
right match in terms of the geometry and local chemical environment dictates the
rate of electron transfer. It may thus give rise to a simple rule that if the molecular
geometry and the solvation of species O both resemble those of R, a fast electrode
reaction will occur [171, One example is the reduction MnO4™ (aq) + e = Mn04% (aq),

which shows rapid electrode kinetics (ko ~ 0.2 cm st) since both anions are
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tetrahedral in shape and the Mn-O bond lengths are very similar - MnO4~ (1.63 A)
and MnO42 (1.66 R). Moreover, their charges are highly delocalised, leading to little
changes in solvation from the reduction. The converse is also true: a major difference
in the bond length of Fe-O between Fe(H,0)s3* (2.05 A) and Fe(H,0)s2* (2.21 A)
leads to relatively sluggish kinetics with 4y of 7x10-3 cm s at 25 °C for the reaction

Fe(H20)63* (aq) + e = Fe(H20)62* (aq).

1.4. Electrochemical cells and electrode processes

From the last three sections, one may have obtained an adequate theoretical
understanding of the central step of electrode processes, the interfacial electron
transfer, which allows the prediction of current-potential behaviour. To measure the
latter in practice, electrochemical experiments of fundamental studies are typically
carried out with a three-electrode potentiostat. A highly simplified sketch of the
equipment is presented in Figure 1.6. The electrode where the reactions of interest
occur at its interface with solution is called the working electrode (WE). To impose a
potential upon this electrode, a reference electrode (RE) is needed, as discussed in
Section 1.1. The potential of this electrode is required to be constant and stable, or
at least predictable, throughout the experiments. Between WE and RE is a voltmeter
(or its modern equivalent) that can record the potential difference applied across the

two electrode-solution interfaces.

A third electrode called the counter electrode (CE), or auxiliary electrode, is
connected also to the WE. The auxiliary nature of CE requires itself to ideally be
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chemically inert, and to have a large surface area and good conductance to avoid
additional resistance to the electrode reactions. An amperometer is loaded in this
part of the circuit to record the current flowing through the WE, as a result of the
fact that the significantly lower impedance of the amperometer than that of the
voltameter directs the electrons to flow almost only between the WE and the CE.
Consequently, given that the main function of potentiostat is to precisely control the

electric potential applied on the WE, the inclusion of CE leads to two advantages.

Potentiostat

e

CE RE WE

Figure 1.6. Schematic presentation of a three-electrode potentiostat. Below the dashed line is the

solution phase.

First, the resultant negligible current flowing through the RE assures a stable

reference potential and second, the unwanted ohmic drop AE _ across the solution

phase, which is intrinsic to this type of measurement, is kept to a minimum level:
Eappl = (¢pm - ds)wr + AE s (Pm— bs)rE (149)
with
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AES = IWR XRS,WR (1.50)

where I, and R, are the current flowing (A) and the resistance of the part of
solution (Q), respectively, between the WE and RE. It is often true that Zuz « 10 pA
and Rs wr < 100 Q, so the ohmic drop is far less than 1 mV [8], Alternatively, if the
working electrode is a microelectrode (i.e. electrodes with at least one dimensions at
a scale of micrometres), the current level is often in the order of nA, so that the
reference electrode is easily assured stable and a solution resistance of even MQ
might still be accepted. In this situation, a two-electrode system of WE and RE may

operate with desired accuracy.

electrode | solution

electrode
reactions chemical
o desorption reactions ~ Ma@SS transport
A A AN _.A
X A} < ~
adsorption |
Electrode surface region bulk solution

Figure 1.7. Possible common electrode processes of an electrochemical reaction. Not to scale.

In many conditions, the actual measurements yield a dependence of current on
electrode potential that is not simply logarithmic as predicted from the Butler-Volmer
theory. This can arise from other processes related to the electrochemical reactions.
It is therefore necessary to have an overview of electrode processes before
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proceeding to subsequent sections. Different from Section 1.2 of introducing the
electrode double layer where no reaction is driven at the electrode-solution interface,
the scenario here (see Figure 1.7) for the electrode processes is with the start of an

electrochemical reaction.

Overall, the electro-active species are depleted at or near the electrode surface over
time, and subsequently the materials are supplied by mass transport from the bulk
solution to the electrode surface (which will be discussed in detail in the next section).
However, if looking closer at the electrode surface region, one may find that the
electrode reactions are accompanied by many other non-Faradaic (i.e. no electron
transfer with the electrode) types of interactions. At the electrode, there might be
surface adsorption or desorption (e.g. the adsorption of silver nanoparticles onto a
carbon electrodel'8l), while in the solution phase homogeneous reactions may couple
(e.g. electro-generated silver ions react with halide ions to form silver halide
solids(!9]), before or after the interfacial electron transfer. The rate constants for
some of these ‘additional’ processes may be potential dependent and therefore, also
depending on which process is the rate determining step, alter the magnitude and

shape of the measured current-potential curves.

1.5. Mass transport

It has been seen above that the interfacial kinetics of electrode processes largely
depends on the potentials applied and even an initial sluggish electrode reaction (with
a small kp) can become extremely fast if subjected to a vast overpotential. On the
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other hand, what is measured using an electrochemical cell actually results from a
competition of different electrode processes involved. There, whichever step is the
slowest dictates the overall rate of electrode reactions. As discussed in Section 1.4,
mass transport of solution phase species almost always participates in the overall
process and one major means of mass transport, diffusion, tends to be a rather slow
process. The diffusion of the materials between the bulk solution and the electrode
surface necessarily follows the consumption of reactive species at/near the electrode

surface. Therefore, it is important to look into this fundamental phenomenon.

@y ¢

diffusion

Z

Iﬁxl X

(b) o
/
E A
Flux out J(x) Flux in J(x+0x)
-— Gl

OX

Figure 1.8 (a) Diffusion along an arbitrary concentration gradient established across a spatial

dimension. (b) Diffusional fluxes in and out a ‘slab’ of solution.
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Diffusion of a species always occurs from a point of a high concentration to a lower
one. The concentration difference is the sole driving force. Fick's 1t law of
diffusions!20] defines the diffusional flux J of a species along a linear dimension in a

solution (see Figure 1.8a) as
J@)=-DZ (1.51)

where D(cm? s1) is the diffusion coefficient of a species, ¢(mol L) is its concentration
at a point x (cm). Note that the minus sign denotes the direction down the
concentration gradient. Diffusion coefficients of a molecule often fall in the range of

10~ 10® cm? st and physically reflect how far a molecule diffuses per unit time as

p = (1.52)

20t

Or for the one dimensional displacement x driven solely by diffusion

x = 2Dt (1.53)

For example, a molecule with a diffusion coefficient of 10> cm? s is therefore
estimated to move merely 50 pm in one second. This is an extremely short distance
as compared to the dimension of a macroelectrode (~1 mm). Importantly, diffusion

coefficients are highly sensitive to temperature, and similar to rate constants, often
display an Arrhenius type of dependence of InD « — % The strong temperature

sensitivity dictates careful thermostating to ensure reproducible experiments.

Fick’s 2" law!20] gives the consequence of diffusion — the concentration variation with

time for a given position. Consider the fluxes to J (x +0x ) and away J (x) from a
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cuboidal ‘slab’ of solution with dimensions of a width ox and a lateral area A (see

Figure 1.8b). The net flux through the slab

J(6x) =J(x) — ] (x + 6x)
Mathematically, using a Taylor expansion

9J(%)

dax

J(x + 6x) ~ J(x) + 6x
So
J(8x) = —8x 2L
Then in light of Fick’s 1%t law

32
J(6x) = 6x D #

On the other hand (7 is the number of moles of the diffusing species),

én on on &5x ac
J(8%) = 5~ 5 = meen X 3 = 0%,
Equating gives
N
at ~  ox2

(1.54)

(1.55)

(1.56)

(1.57)

(1.58)

(1.59)

which is the final equation of Fick’s 2" law in one dimension that correlates the

concentration change over time to the curvature of concentration change over space,

and to the diffusion coefficient.

Based on the Fick’s laws of diffusion, the current-time response may be predicted for

a diffusion-controlled process. A classic example is given by Cottrell for the case of

-31-



potential step chronoamperometry imposed on a planar macroelectrode where the
potential is stepped from a value at which no current flows to one at which the
transport is fully controlled by diffusion. The features of this scenario are the boundary

conditions
t=0,alx,c=c
t>0,x=0,c=0
t>0,x—> 00, c=c"

resulting in the Cottrell equation(2!]

__ nFAVDc*
I = N (1.60)

which shows that the current has an inverse square root decay with time.
Microscopically, the decrease of the current is because the diffusion layer where a
concentration gradient exists across the x axis keeps expanding over time, and
therefore the diffusional flux is slowed down. However, in reality, the diffusion layer
will not infinitely expand — it tends to have a finite thickness after a certain period of
time. This leads to the concept of a Nernst diffusion layer (see Figure 1.9), on which
another type of mass transport, natural convection, (which will be discussed in detail
later) has significant effects. Specifically, electrode reactions very likely result in a
product species of a different density, and this will induce a conventional mixing of all
the molecules present in the solution. Also, regional temperature variations throughout
the solution contributes to the mixing of the molecules of interest. That said, as a

result, at some point of x = 9, the concentration difference becomes so small and easy
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to eliminate by the convectional mixing that a bulk concentration will always be

sustained.

>

0 0 X

Figure 1.9. Nernst model of the diffusion layer, although in practice the transition from the diffusion

region to the bulk region is gradual, similar to Figure 1.8a.

When the diffusion layer expansion stops, a steady-state diffusion in the layer may

operate, which means

Z=0 (1.61)
So according to Fick’s 2" law,
Zi=0 (1.62)
Assuming that
cx=0=0 (1.63)
c(x=6)=c" (1.64)
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Combining equations 1.62 ~ 1.64, for 0 < x< §,
c(x) = %*x (1.65)
Then according to Fick’s 1%t law, the absolute steady-state diffusional flux is
J@®)=DE=D< (1.66)

Since this has the same form of the rate law for electrode kinetics, an analogous

(diffusional) mass transport coefficient m, can be defined as
mp = g (1.67)

which has the same units (cm s1) of and therefore can be directly compared with
the electrochemical rate constant, 4 This parameter is of great use in the
development of voltammetry theories and will be further involved in the discussion

in the next section.

Apart from diffusion, there are other forms of mass transport in solution: convection
and migration. Specifically, convectionis usually categorised into two different types:
natural and forced. Natural convection is intrinsic to the process of electrolysis, and
as mentioned, often arises from a density difference between the electro-generated
species and the existing ones, or from temperature variations that may result from
the heat transfer as a result of the electrode processes or from non-ideal
thermostating. Natural convection at macroelectrodes usually starts to operate after
tens of seconds following the outset of the diffusion layer evolution. By contrast,

forced convection requires artificial control of fluid motion. For example,
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electrochemical experiments using rotating disc electrodes utilise the forced
convection induced by the electrode rotation to create a controlled mass transport
rate depending on the rotation speed. In this thesis, stationary electrodes and well
thermostatted static solutions are used to exclude the consideration of this type of

mass transport.

The other type of mass transport, migration, or more precisely electro-migration,
almost inevitably occurs in the context of an electrode reaction. It refers to the
migration of charged species in an electric field that is always present at/near the
electrode surface except at the point of zero charge where the electrode surface
exhibit electrical neutrality. The movement of the charged species may be towards
or away from the electrode surface depending on the sign of the charge of the species.
The Debye length k= (R) is used to estimate how far the induced electric field of a

charged electrode can persist(22]

-1 _ 1
K T TsmigNaxioil,., (1.68)

where 1; is the Bjerrum length of the medium (R) (is 7 A for water at room
temperature), and Zo» is the ionic strength of the electrolyte (mol L1). Supporting
electrolyte is used to ‘screen’ the effect of electrostatic interaction between the
electrode and the species of interest. Theoretically, when the supporting electrolyte
in the solution increases from 1 mM to 0.1 M, the Debye length is reduced from 100
R to 10 A. This eliminates migration except very close to the electrode and is a major

reason for adding an excess amount of supporting electrolyte (> 0.1 M). In addition,
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as discussed in Section 1.2 the supporting electrolyte confines the electron transfer

within the quantum tunnelling distance.

1.6. Basics of some classic electrochemical techniques

Following the description of the fundamental theories of electrode processes and basic
instrumentation, this section introduces two classic electrochemical methods:
chronoamperometry and cyclic voltammetry. For both methods, the potential (of the
working electrode) is controlled in a pre-determined manner as a function of time
using a potentiostat, and the resulting current is recorded as a function of time or
potential. As only the stationary electrodes are used in this thesis, diffusion is assumed
as the sole way of mass transport in solution in introducing the ideas of those methods.
Moreover, the presence of a constant bulk concentration is assumed. With well-
established correlations between the experimental parameters and kinetic parameters,
these potential-controlled methods are considered as the most powerful approaches

available to fundamental electrochemistry.!

1.6.1. Chronoamperometry

The simplest way of varying an electrode potential is to apply a single potential step.
Chronoamperometry is such a potential step method as shown in Figure 1.10a, in
which the potential of the working electrode is polarised from a potential £; where
typically no reaction is driven, abruptly to another E> where the solution phase
reaction is driven so hard that the rate of electron transfer is limited by that of the

diffusional mass transport. The resulting current density is then recorded as a
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function of time. Apart from the Faradaic process, the current response for the
potential step also necessarily comprises the capacitive current due to the electrode
double layer charging as described in Section 1.2 and depicted in the Figure 1.10b
(red curve), whilst this current component operates for typically only the first tens of

milliseconds following the step.t]

I
=

E J il

lec £ (linear diffusion)

/
H r |
1.l /1
c .-'Jr —_
)

J Ll
R AN

i

/1 is constant (convergent)
/
¥

= ‘. >

t/s bo t/s

Figure 1.10. (a) Potential step in the chronoamperometric experiments. (b) Potential step
polarisation leading to the Faradaic (green for the macrodisc electrode limit and blue for the
microdisc electrode limit) and capacitive (red) current density. The inlay illustrate the diffusion

regimes for the two cases typically after the capacitive processes finish. (c) and (d) Resulting

overall current on macro- and micro-disc electrodes respectively.
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Due to the selection of £, the Faradaic current is determined by the diffusional flux
of the electroactive species from the bulk solution towards the electrode surface.
Consider the case of a disc electrode (only this electrode geometry is used in this

thesis), the temporal transport-limited current is fully described by the equation(3]
[ = 4nFc*Dr,f (1) (1.69)
where re is the electrode radius (m) and the dimensionless time,

=2 (1.70)

2
Te

which can be understood as the ratio of the lengthscale (~+vnDt) of the diffusion
layer developed over time to the electrode dimension (radius). Calculations have

been made to show that
f(r<1) - (%)1/2 (1.71)
fe>1)-1 (1.72)

On this basis, two limiting cases of macro and micro-(disc) electrode are considered.
For a macroelectrode with large electrode radii (green curve in Figure 1.10b), 7 « 1
always holds (assuming D ~ 10> cm? s1), and this means the diffusion layer is thin

as compared to the electrode size, so that linear diffusion operates. Correspondingly,

the Faradaic current is calculated to be exactly Cottrellian (I « %) as described in

Eugation 1.58. More precisely, the Cottrellian behaviour will gradually cease and turn
to a steady state after ca. 20 seconds when the natural convection starts to have an

effect.
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For a microelectrode with a rather small radius (blue curve in figure 1.10b), the
Faradaic current is still Cottrellian for the first tens of milliseconds, but overlaps with
the capacitive current. Soon over time, 7 > 1 becomes true, corresponding to the
expansion of the diffusion layer over the length scale of the electrode. At this point,
the edge of the disc becomes significant and induces predominantly convergent

diffusion, leading to

[ = 4nFc*Dr, (1.73)

which is a constant current regardless of time, namely a steady-state current (/ss)
and notably, scales with the electrode dimension. The overall chronoamperometric
currents expected on macro and microdisc electrodes as a function of time are

depicted in Figures 1.10c and d respectively.

The current-time responses are able to offer direct insights into the reaction
mechanisms or the electrode systems. For example, in the case of a macrodisc
electrode, the slope of the plot of current as a function of the inverse square root of
time may allow extraction of the number of electron transferred or the diffusion
coefficient of the species, if the other parameters are known. Similarly, the steady-

state current in the case of a microdisc electrode is correspondingly insightful.

1.6.2. Cyclic voltammetry
The inherent simplicity limits the applications of potential step chronoamperometry;

another method of cyclic voltammetry has been established with its improved
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complexity of the way of controlling the electrode potential to offer significantly more
insights into electrode systems, e.g. regarding the electro-generated species and

electroactive intermediates.[?3]

E,

E,

Figure 1.11. Potential sweep of staircase cyclic voltammetry: the black ‘staircases’ denote the
real potential ramp whereas the orange lines present the approximated linear potential sweeps.

The inlay shows the consequent current response of each potential steps.

Specifically, this method applies a potential sweep typically as depicted in Figure 1.11.
The sweep starts from a value £; where no reaction of the solution phase species of
study is driven, and then varied with a constant scan rate v (equal to the quotient of
the step size and the step duration) in a way resembling a ‘staircase’, to another £
sufficiently oxidising or reducing to cause a diffusion-limited Faradaic current of
interest. The forward potential ramp of the staircase voltammetry has the relationship

(E, < E<E)
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E=E +vt (1.74)

The potential step size should ideally be infinitely small to produce ‘linear’ potential
ramps; nevertheless, in practice it is controlled as small and is often less than 1 mV.

Finally, the potential is swept back to the initial potential £; with the same scan rate.

Within each step duration, diffusional Faradaic process of interest and electrode
double layer charging both contribute to the overall current measured as with the
case of the single potential step experiment discussed above. Studies suggest a
sampling point at 30% along each step duration to be consistent with theoretical
predictions based on linear ramps.[?4] As such, the resulting current is measured once

for each step and plotted as a function of potential, yielding a cyclic voltammogram.

The shape of a cyclic voltammogram reflects the kinetics of the rate determining step
of the overall electrode processes. Consider the simplest electrode system of one
electron transfer oxidation of solution phase species R to O with a (planar) disc
electrode, and initially only species R is present in the solution. The electrode kinetics
and diffusional mass transport are identified as the two principal, competing
processes. Whichever is slower dictates the measured current-potential curve. The
two processes vary differently with the potential sweep. In the forward potential
sweep, it is clear that from Section 1.3 the rate of oxidative electron transfer
increases near exponentially with the increasingly oxidising potential. The variation
of diffusional flux with potential (or time in effect) is, however, not simple and
primarily depends on the electrode size in a way similar to the discussion above
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regarding chronoamperometry. For a disc electrode, the steady-state behaviour

2
occurs after a timescale fss of ~%e, whereas the timescale fcv for voltammetric

experiments is approximately % A parameter p can be accordingly used to

discriminate whether the diffusion would appear steady-state or not in the

experimental timescale

p= \/% =\/% (1.75)
where p> 1 corresponds to the case where the experimental timescale is much
shorter than that required to reach a steady-state diffusional flux, which is therefore
not observed. This is true for the macroelectrode limit. A value of p « 1 suggests a
diffusion transition to convergent mode can be observed, which holds for the
microelectrode limit. Correspondingly, the following discussions on the characteristics

of cyclic voltammograms are divided to the two limiting cases of macro and micro-

(disc) electrodes.

1.6.2.1. Voltammetry at macroelectrodes

On the timescale of macroelectrode voltammetry, the diffusion regime is constantly
linear. Therefore, after the current rises with the increasing potentials and at some
overpotential the species R at the electrode surface is near depleted (i.e. [R] = Va

[RT* in the reversible limit), the current starts to decrease in an approximately
Cottrellian way (I « %). As such, a peak of current is seen as shown in Figure 1.12
below. From the forward scan, the oxidised species O accumulates at the electrode

surface and, following the reverse scan, is reduced back to R with again the
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competition between the electrode kinetics and diffusion, resulting now in a reduction

peak.

Rq.' versible

Quasi-reversible

Oxidation
! Irreversible

Reduction

.
>

: = +E

Figure 1.12. Representative cyclic voltammograms using a macrodisc electrode under the
reversible, quasi-reversible and irreversible limits for a single-step one-electron transfer solution

phase process, with initially only species R present in the solution.

The characterisation of the macroelectrode voltammetry is based on the reversibility
of the electrochemical behaviour of the electrode system. ‘Reversible’ voltammetry is
observed for ‘fast’ electrode kinetics where the electrode reaction appears constantly
at equilibrium (thus reversible) and can be described by thermodynamics, whereas
‘irreversible’ voltammetry is observed for ‘slow’ electrode kinetics in which the signs
of disequilibrium are detected. However, ‘fast’ or ‘slow’ is termed relative to the rate

of diffusional mass transport, which in turn is described by the mass transport
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coefficient mr (=§). As the diffusion layer thickness depends on the experimental

timescale (6 ~+/Dt) which primarily depends on the voltage scan rate (t~ %), one has

mp~ |22 (1.76)

RT

As such, a direct comparison with the rate constant of electron transfer can be made

using the parameter A as proposed by Matsuda and Ayabel?°!

A= (1.77)

where
Reversible: 4 > 15
Quasi-reverisble: 1073 < A < 15
Irreversible: 4 <1073

The electrochemical reversibility is therefore shown to be largely dependent on the
voltage scan rate. The faster the potential sweep is scanned, the thinner the diffusion
layer and therefore the faster diffusional fluxes. With an extreme scan rate that is
easily achievable at > 103V s, no known electrode systems would exhibit reversible
behaviour (the fastest known electrochemical rate constant kp is ~10 cm st [26]),
Conversely with a sufficiently slow scan rate, all electrode processes can appear

electrochemically reversible in principle.

The characteristics of well-defined reversible and irreversible voltammetry

significantly differ as shown in Figure 1.12. Importantly, in reversible voltammetry,
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the relationship between the surface activity of the reactive species and the electrode
potential can be described by Nernst equation, but this does not hold for irreversible
voltammetry. Further in detail, the characteristics of the two types of voltammetry is
discussed in terms of peak current, mid-point potential, peak-to-peak separation and
importantly their dependence on the voltage scan rates. The peak current I, for a
one-electron oxidation of the species R is given by the Randles-Sevéik equations for

the reversible and irreversible limits respectively (at 298 K):I

I, = 0.446 FA[R]" /% (reversible) (1.78)
Lo = 0.496\/E FA[R]" /% (irreversible) (1.79)

It is therefore consistent with the feature observed in Figure 1.12 that the peak
current for a reversible reaction tends to be a little higher than that for an irreversible
reaction (as f often ~ 0.5). In terms of potential features, the peak-to-peak

separation is defined as

AE,, =|Eypq— Ep.| (1.80)

and is calculated to be ca. 57 mV (298 K, and % mV for a n-electron process) for a

pair of reversible redox peaks, independent of scan rate. However, at high scan rates,

in the irreversible limit, a logarithmic dependence on the scan rate is expected

AE,, (mV,298K) = %loglov + constant (1.81)

which is for the one-electron oxidation process and exceeds at least ca. 200 mV.
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The mid-point potentials £; regardless of scan rate for both reversible and

irreversible limits, assuming Do = Dz, match the standard formal potential

Epa+ Ep,c
E1/2 ES %ZE}) (1.82)

1.6.2.2, Voltammetry at microelectrodes

The cyclic voltammograms observed using a microelectrode exhibits very different
voltammetric features from that using a macroelectrode. This is because in the
microelectrode limit, the diffusion regime rapidly changes, within the experimental
timescale, from linear above the flat surface to predominantly convergent towards
the edge of the disc. A steady-state, rather than peaked, current is seen as in Figure
1.13, presenting a sigmoidal shape of the voltammograms. Moreover, due to the
greatly enhanced rate of diffusional mass transport, the electro-generated oxidised
species O is rapidly removed from the electrode surface and therefore no reduction

current is measured on a reverse sweep except at extremely fast scan rates.

The reversibility of microelectrode voltammetry is estimated again based on the
direct comparison between the reaction rate constant and the mass transport
coefficient. Different from the macroelectrode limit, the steady-state mass transport

coefficient in this case is approximately

my ~ 2 (1.83)

Te

Therefore, the diagnostic parameter can be defined as!®!
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Teko

where similarly,
Reversible: k > 10
Quasi-reverisble: 1072 < k < 10

Irreversible: k < 10728

in which B is the transfer coefficient.

i Reversible
Quasi-reversible

88

T - ——

Oxidation

Irreversible

(1.84)

Figure 1.13. Representative cyclic voltammograms using a microdisc electrode in the reversible,

quasi-reversible and irreversible limits for a single-step one-electron transfer solution phase

process, with initially only species R present in the solution.

The microelectrode voltammetry is further characterised mainly by the steady-state

current and half-wave potential. It is noteworthy that the steady state of the current
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indicates a limiting current condition where the diffusion layer stops expanding. Since
the upper limit of the diffusion layer thickness depends solely on the disc electrode
size, not on the interfacial kinetics (i.e. § =, %)[27], the magnitude of the steady-
state current is independent of the electrochemical reversibility as described by

Equation 1.73.

However, due to the slowness of the reaction kinetics in the irreversible voltammetry,
the current rises not as fast as in the case of a reversible voltammetry, requiring a
large overpotential to reach the steady state. The half-wave potentials E; ,,, or the
potential at which half of the steady-state current is found, are therefore different

for the reversible and irreversible limits (assuming Do = Dg)
Eij, = E7 (reversible) (1.85)

Teko

RT
E1/2 = EF"‘EIH( D

) (irreversible) (1.86)

1.6.2.3. Voltammetry of (ideally) adsorbed species
The discussion above of this section so far is exclusively based on solution phase
reactions. However, adsorption of reaction species is not uncommon. Consider the

ideal case of a one-electron oxidation
R (ad) - € (m) = O (ad) (1.87)

where ‘ad.” denotes the adsorbed state on the electrode surface of the reactive

species. A few assumptions must be met if the adsorption can be viewed as ‘ideal’.[28]
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First, all the adsorption sites must be equivalent. Second, there are no interactions
between the adsorbed species. Third, the surface activity is equivalent to the surface
coverage. Last, the total surface coverage is independent of the applied potential. In
many cases, and regardless of any ideality or otherwise, the rate of the overall
reaction may be dominated by the finite amount of the surface-bound species, and
therefore no diffusional tail is present. Consequently, this results in another vastly

different type of voltammograms as shown in Figure 1.14.

Reversible

Irreversible

E° tE

Figure 1.14. Representative cyclic voltammograms of adsorbed species in the reversible and
irreversible limits for a single-step one-electron transfer process, with initially only species R

adsorbed at the electrode surface.

The shape of the voltammograms above is solely determined by the rate of interfacial
electron transfer and its reversibility. Initially, abundant surface-bound species R is
present and upon polarisation the current rises with increasingly oxidising potentials,

leading to fewer R. Then at the potential where the surface concentration of the
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species becomes so low that the overall electron transfer rate starts to drop despite
the increasing oxidation rate constant, a peak forms. Eventually, the current
decreases to zero, corresponding to the depletion of the adsorbed R and full oxidation
to the species O. On the reverse scan, the same processes happen to the oxidised

species.

The voltammetry of adsorbed species is mainly characterised by the peak potential
and peak current. The peak potential is the major difference between reversible and

irreversible limits(3!

Epa= Epc= Ef (reversible) (1.88)
RT F . .
Epqa = Ef +Eln (lfT_;o) (irreversible) (1.89)

while the peak current is given by(3!

L, = F—szl"tot (reversible) (1.90)

4RT

F2 , ,
L, = 2.7B18RTUAFtOt (irreversible) (1.91)

where I;,, is the total surface concentration (mol m) of the species R. It is seen
that the peak current is directly proportional to the voltage scan rate for both
reversibility limits, as opposed to the square root dependence seen in the solution
phase voltammetry (see Equations 1.78-1.79). This will be found very useful in this

thesis for discriminating the type of reactions for unknown systems.
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1.7. Voltammetry at nanoparticle-modified electrodes

Nanoparticle-modified electrodes have found important applications especially in the
field of electrocatalysis [2°] and sensors [30], Also, studying nanoparticles at an
electrode surface has proven fundamentally insightful for understanding their altered
properties from their bulk counterparts B, As such, voltammetry at electrodes
modified with an array of nanoparticles is of great interest. However, such
voltammetry may be essentially very different from that at bare electrodes studying
molecular species (as introduced in the last section), due to the changes in the active
electrode surface area and associated diffusion regimes. Specifically, metal-based
nanoparticles themselves can be viewed as individual ‘nanoelectrodes’ in electrical
contact with the support electrode beneath. In most cases, the nanoparticles of study
are expected to exhibit significantly higher electro-activity compared to the support
electrode, especially if the latter is selected carefully, so the ‘actual’ electrode active
surface may be approximated to the total surface of the nanoparticle array exclusively.
These surface can be extremely curved. This sometimes leads first to the surface
atoms themselves far more active compared to those in a bulk layer due to the
increase in their surface Gibbs energy. Consequently, in the case of a nanoparticle
redox reaction, the electrode potential of a metal-based nanomaterial may differ from
that of the bulk form. Second, more importantly, the array of these curved surface
areas causes vastly different diffusion regimes of relevant molecular species from that
on an electrode made of the same material. As learnt from previous sections, this
would in turn induce, in both cases of nanoparticle redox chemistry and catalysis,
alteration in the features of the resulting voltammetry. It is therefore worthwhile

examining these fundamental differences.
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Case 1 Case 2 ~T- =21

Figure 1.15. Four limiting cases of the diffusion regimes at an array of spherical nanoparticles of

an equal size.

The foremost change of diffusion regimes to or from the modified electrode surface
as a function of nanoparticle coverage can be readily understood with the general
categorisation of four limiting cases for an array of monodisperse spherical
nanoparticles 1321, as depicted in Figure 1.15. Herein for exemplification, the molecular
diffusion is considered to be the diffusion of an electro-active molecular species to a
catalytic nanoparticle. Four cases of voltammetrric responses have been accordingly
categorised [32], In Case 1 and 2, nanoparticles have a low coverage. Similar to the
evolution in the diffusion on a microdisc electrode, Case 1 corresponds to the time of
the start of the diffusion evolution, showing a spatially tiny linear diffusion zone over
each single nanoparticle surface, whereas in Case 2 the diffusion at the ‘nanoelectrode’
is still isolated from the adjacent particle’s but has reached a fixed radial regime. In
reality, the transition between the two limiting cases takes a very short time of ~

rmp?/D. In Case 3, the nanoparticles have a larger coverage where the developed
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Nernstian diffusion layers of adjacent particles slightly overlap with each other. This
corresponds to an inter-particle distance comparable to the nanoparticle size. Case 4
describes an array of nanoparticles that are very close to each other. In this limiting
case, the diffusion layer heavily overlaps between adjacent nanoparticles and thus
collectively exhibits an effectively one-dimensional linear diffusion regime of the
molecules across the whole array and the current reflects the geometric area of the

electrode whereas in Case 1 it reflects the total surface area of the nanoparticles.

Figure 1.16 Top view of randomly distributed nanoparticles (a) on a sectional area of an
electrode surface, which is then (b) divided into Voronoi cell. (c) One single Voronoi cell and

(d) a round cell of an equivalent area derived from diffusion domain approximation.

It is possible to model the four cases for regularly spaced nanoparticles [33-34] put, in
practice, no matter whether the nanoparticles are deposited or dropcast on to an
electrode surface, a random array is typically formed. Consequently, simulations adopt
a Voronoi cell for analysing the irregular arrangements of nanoparticles 31, In doing
so, boundaries are drawn midway between any adjacent two nanoparticles in the

perpendicular direction as shown in Figure 16a. Next, the diffusion domain
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approximation 341 is applied where each divided area is approximated to an equivalent
circular area (Figure 16b), the sizes of which follow a Poisson distribution. Meanwhile
and importantly, since both adjacent particles are equidistant from the boundary,
there would not be a significant difference between the concentrations of the same
diffusing species from the two sides, and therefore it is reasonable to assume zero net
fluxes across the boundaries. As such, the approximated diffusion domains are
diffusionally independent from each other and simulated separately, and the final
voltammogram is simply the sum of all the voltammograms from each Voronoi cell.
This has been demonstrated to be accurate by comparison with experiment for all but

very high coverages [34],

Case2 Case 3

Figure 1.17. Voltammetry at electrodes modified with a random array of catalytic nanoparticles

in the three limiting cases, 2, 3 and 4 for a reversible couple.

To characterise the voltammetry at these nanoparticle-modified electrodes, the
categorisation needs to be further discussed separately in the cases of nanoparticle
catalysis and redox chemistry in both reversible and irreversible limits 321, For the
study of a nanoparticle-mediated reversible reaction (e.g. O@q) + € (m)= R(aqg)), Figure

1.17 shows that at low particle coverages (Case 2), the nanoparticles are diffusionally
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independent, and the radial diffusion of the solution phase reactive species leads to a

steady-state current with a magnitude of
Ilim = 4‘7T(ln2)F[l]DlTp (1.92)

where /i] and D; are the concentration and diffusion coefficient of the electroactive
species / (herein O or R) respectively; r, is the nanoparticle radius. By contrast, at
higher coverages (Case 3) a Faradaic peak current would be observed due to the
overlapping of the diffusion layers that slows the overall diffusion. In Case 4, the
effective linear diffusion regime renders the voltammograms similar to that using an
electrode of the same geometric size as the substrate and made of the same material
as the nanoparticles. In irreversible limits, the features would be altered in a
qualitatively similar way to those observed in the voltammetry at a single macro- or
microelectrode as described in Section 1.6.2.1; for instance, in Case 4 an irreversible
electrode kinetics would lead to a larger peak-to-peak separation (than 57 mV at 298
K in a reversible limit) as a function of electrode potential, and the magnitude of the

current would be slightly smaller.
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Chapter 2

Advancing nanoparticle electrochemistry

The electrochemistry of nanoparticles (NPs) is currently of significant interest not only
because of its important applications in catalysis, energy and sensor technologies, but
also for it offers fundamental insights into the physical world. Whilst continuously
developing relevant theories applicable at the nanoscale, it is necessary to establish
and apply more effective experimental methods for advancing the field of fundamental
nanoparticle electrochemistry. The electrochemical activity of NPs depends strongly
on their size, shape and surface properties. However, the NP samples used in most
reported kinetic measurements inevitably exhibit, within the sample, some degree of
both size and shape polydispersity and further different NP crystal orientations.
Consequently, many conventional methods for studying the responses of a large
number of particles often involve an averaging of the NP properties. Separating the
individual responses from the ensemble would thus be desired to decipher the
structure-activity relationship at the single entity level for better understanding, design
and manipulation of the functional nanoparticles. In addition, single particle
electrochemistry also enables important insights into microscopic mechanism and
kinetics of nanoparticle reactions. For instance, in the formate and methanol fuel cells
using palladium-based nanoparticle as the electro-catalyst, the occurrence of the
competitive reaction of palladium oxide formation with formate or methanol oxidation
is considered to be detrimental to the catalyst stability. However, this unwanted
reaction is revealed to be greatly inhibited at isolated single Pd-decorated carbon

nanotubes as compared to the particle ensembles where the mass transport of the
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organic molecules is significantly faster than that for the ensembles,[!] which provides
mechanistic insights at the microscopic level for improving the electro-oxidation

efficiency of the organic fuels.

To essentially improve the methodological resolution to a single particle level, the
electrochemical tools are required to reach the precision needed for characterising at
dimensions comparable to or even smaller than those of nanoparticles. One foremost
success is the development of microelectrodes with at least one geometric dimension
of micrometers, 2! and due to its inherent low noise and small double layer capacitance
the minute electrochemical signals associated with nanoparticles are allowed to be
investigated. The design of the potentiostat system is also crucial. Currently the
sampling rate can reach tens of kiloHertz, allowing nanoparticle dynamics occurring at
a timescale of microseconds to be explored,[3] whilst the ability of the potentiostat to
measure femto-coulombs (i.e. 10-%> C) of charge leads to direct investigations of the
charge transfer event of a single 3 nm-radius nanoparticle.[*] As such, studying each
nanoparticle within the sample is technically feasible and attracts numerous recent
efforts, including probing single immobilised NPs with the tip of a scanning
electrochemical microscope,[®>! monitoring the collisions between a NP and a carbon
nanopipettel®! or a microelectrode surface.l’] The latter is mainly discussed in this
thesis. In addition, however, in order to fully investigate the electrochemistry of
nanoparticles alternative techniques to electrochemical methods may be required to
study the non-Faradaic steps involved in the electrode processes. Accordingly in the
last chapter, a work mainly using an optical approach to study the redox chemistry of

nanoparticles will be demonstrated.
- 59 -



Herein in this chapter, metal-based nanoparticles, as a widely studied type of nano-
entities chosen for this thesis, are first introduced in Section 2.1. Next, with the
fundamental theories described in the first chapter, the electrochemical technique of
‘nano-impacts’ based on NP impacts with an electrode surface is introduced in Section
2.2 as the core methodology used in this thesis to study nanoparticles. This method
will be shown in the subsequent chapters to be a powerful analytical approach for
both, at single entity level, characterising nanoparticles /n situ and providing
mechanistic insights into reactions with or on the nanoparticles. Last, in section 2.3,
dark field microscopy is introduced for accessing the insights into the redox chemistry

of metal nanoparticles beyond electrochemistry.

2.1. Metal-based nanoparticles

Nanoparticles (NPs) are defined, according to International Union of Pure and Applied
Chemistry (IUPAC), as the entities of any shape with dimensions between 1 and 100
nm.[8] Metals may be most accurately defined as substances whose electrical
conductivity tends to a finite value at the absolute zero of temperature!®!; nevertheless,
for this thesis, one can resort to the conventional though somewhat empirical
definition — elements that under ambient conditions readily conduct electricity by
electron transfer, and have metallic lustre, opacity and malleability.[1%] As such, metal-
based nanoparticles refers to the broad family of nanoparticles containing the
nominally metallic elements, namely those made of either pure metals (e.g. silver,

gold, cobalt) or their compounds (e.g. oxides, hydroxides, chlorides).
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Despite huge activity via modern synthetic laboratory approaches, metal-based
nanoparticles actually have long existed in nature produced from, for example,
volcanic eruptions and microbial processes.!!!l Applications of metal-based
nanoparticles can even be found in ancient times, mainly as colour pigments in art
works. Metallic gold nanoparticles, for example, were used in the Lycurgus cup, which
was produced in the 4™ century and now displayed in the British Museum.[!2] As a
result, the cup appears ruby red when illuminated from inside and green when
exposed to daylight (see Figure 2.1), different from the golden yellow of bulk metallic
gold. However, the scientific understanding of the properties of nanoparticles came a
lot later only in the year 1857 when Michael Faraday first systematically studied and
related the unusual optical properties of gold nanoparticles to the minuteness of their
sizes.[13] This date can be marked as the emergence of nanoscience.['*] Many tens of
years later, underpinned by the advances in quantum theory and in the corresponding
experimental validation mainly using electron microscopy(*>! and X-ray diffraction!16l
for visualisation and structural analysis respectively, the science of metal-based

nanoparticles surges.

Figure 2.1. Unusual optical appearances of the Lycurgus cup, illuminated from inside (left) and

from outside (right). © Trustees of the British Museum.
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It is recognized that at the nanoscale, size starts to dictate properties which differ
significantly from those of the bulk materials (which have dimensions above the
microscale). Essentially, the interactions between the nanoparticles and the
surroundings are dominated by electromagnetic forces, whereas gravitation is not
important, such that Brownian motion is observed and enables studies of nanoparticles
in the solution phase. Moreover, when size changes down to nanoscale, the electronic

energy levels of the material become prominently discrete, such that electrons may

metallic metallic semi-conducting . :
or semi-conducting or insulating insulating
— OOO — °, —> -
diameter (d): >>10°nm d~100-1nm d~1-0.1nm d<0.1nm
Kubo gap (8): <<10™eV 6~107-10"eV 6~10"-10"eV &>10°eV
bulk metal metal nanoparticles ‘metal’ clusters atoms and molecules

5>>k,T

Energy

W

Density of States

Figure 2.2. Schematic illustration of the size-induced metal-insulator transition. The diameter range
and corresponding Kubo gaps are presented. The lower figure depicts the energy level diagram of
the bulk metal and of those at smaller dimensions. Dashed and solid horizontal lines in the middle
two sketches (for metal nanoparticles and ‘metal’ clusters) represent respectively unfilled and filled

atomic/molecular orbitals.
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undergo quantum confinement in these very small particles. This may in turn lead to
changes in their electrical properties as shown in Figure 2.2.1171 Specifically, assuming
a substance is a metal in its bulk form at room temperature, the continuum of the
electronic structure ensures a facile electronic transition from the metal’s valence band
to its conduction band. As the dimensions of the metal decrease to nanometers, the
energy gap between the two bands increases drastically and is no longer continuous.
Consider a 20 nm-diameter silver nanoparticle (the smallest Ag nanoparticles studied
in this thesis), it is estimated to contain a total number of 2.5 x 10° atoms. This
corresponds to a Kubo gap §, which is the average spacing between successive

electronic energy levels (defined as below), of ca 3 peV.

4,
"~ 3n

)
where Eris the Fermi level of the metal (i.e. 5.48 eV for silver), nis the number of
valence electrons. Even so, the thermal energy of the electrons, with a magnitude of
ks 7 (ks is Boltzmann constant) ~ 26 meV at room temperature,[8] is still far larger
than the Kubo gap, and thus a 20 nm silver nanoparticle would remain metallic.
However, 2 nm diameter silver particles are expected to have a Kubo gap of around
24 meV, which is very comparable to kg7, rendering them semi-conducting. At lower
temperature or even smaller sizes of the ‘metal’ (e.g. a cluster or a single atom), the
element would become insulating. Such a vast size-induced change can also be found
in the magnetic susceptibility, which closely relates to the dimensions of the magnetic

domains. As such, the quantum confinement effects allows tuneable electrical and

magnetic properties of metal-based nanoparticles. [18-21]
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Of particular interest for chemists are the unusual surface physical and chemical
properties. Optically, with dimensions far smaller than the wavelength of visible light,
the surface plasmon resonance of metallic nanoparticles becomes localised, and
therefore the particles show an absorption maximum at the plasmon resonant
frequency that is strongly dependent on size.[?2] Also, the particles have optical cross
sections which are much larger than their geometrical size, and more than 5 orders of
magnitude larger than those of dye molecules.[?3] Consequently, metal nanoparticles
tend to have large extinction and scattering coefficients. Chemically, the inherent large
surface-to-volume ratios indicate a significant fraction of surface atoms with relatively
high energy/activity, which renders them more chemically active. In particular, this
also means a large density of catalytically active sites on the surfaces of metal
nanoparticles. As such, many metal-based nanoparticles show exceptional catalytic
activities in contrast to their bulk counterparts. For instance, bulk gold is often inert
but gold NPs can catalyse many reactions (e.g. CO oxidation) under mild conditions,[24]
and similar contrasts also occur for Cu,0 towards the clock reaction between hydrazine
and methylene blue.[?>] On the other hand, however, more unstable surface atoms
inevitably cause the inherently lower stability than the bulk state, leading to the fact
that nanopatrticles are prone to agglomeration or aggregation in solution. Nevertheless,
surfactants are often used to overcome this issue.[?] On the whole, the different and
sometimes unique properties have triggered a myriad of research and applications of

these nanoparticles.

Metallic silver nanoparticles are probably the most widely used metal-based

nanoparticles.[26-271 While applied in microelectronics as electrical contact materials
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due to their excellent conductivity and large specific surface area,[?8! and in bio-
diagnostics (e.g. for Alzheimer’s diseasel?l) due to the special optical properties (i.e.
localised surface plasmon resonance), silver nanoparticles are most particularly known
for their biocidal uses in consumer products such as textiles and plastics.3%! The
biocidal activity is considered to originate very likely from the strong affinity of silver
ions released from the nanoparticles towards sulphur and phosphorous-containing
groups which are present in DNA and some proteins, and/or the capability to generate

free radicals and reactive oxygen species.[31]

On the other hand, however, the biocidal property indicates a great potential of nano-
toxicity as possibly causing disruption of enzyme functions and DNA replication
processes upon uptake by human cells.[?6] It has been found that silver tends to
bioconcentrate in organisms probably because Na* and Ag* share a similar uptake
pathway.[32] Moreover, a total weight of 65 tons of silver ions per year were released
from silver nanoparticle consumer products alone into freshwater ecosystems globally
in 2010 as estimated based on predictive models.[3% Hence, the potential nano-toxicity
of silver nanoparticles is being studied worldwide with the analysis of the particulate

behaviours and fate especially in the solution phase.

The analysis of nanoparticles requires basic characterisation of their size, shape and
agglomeration/aggregation states. In principle, some of this information can be

achieved by electrochemistry and this is encouraged for silver nanoparticles by the
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fact that silver has relatively straightforward electrochemical behaviour in solution due

to the predominant +1 oxidation state
Ag(s) - e” - Ag*(aq) (2.1)
whilst in the presence of halides X (X = F, Cl, Br, I)
Ag(s) - e~ + X" (aq) - AgX(s) (2.2)

which is much more thermodynamically favourable (e.g. Efg,45c; = 0.22V) than
without halides (EZ,, 44+ = 0.80 V). The amount of charge transferred can be directly
related to the number of silver atoms. This simple fundamental relation offers exciting

opportunities for /n situ characterisation of silver nanoparticles from an

electrochemistry point of view which will be further described in Section 2.2.

Despite the fact, but possibly because of it, that cobalt has far more complicated
electrochemistry than silver in aqueous solutions (refer to the Pourbaix diagram in
Figure 5.2 of Chapter 5), cobalt-based nanomaterials have found many important
applications particularly in the field of electrochemical energy generation and
storage.33] The category includes Co-N-C composites, Co oxides and hydroxide, Co
chalcogenides, Co phosphides and phosphates.[331 Amongst them, the spinel oxide
Co304 nanoparticles has been extensively studied and show excellent catalytic activity
towards oxygen evolution reaction — giving a Tafel slope of ca. 60 mV dec! in many
cases regardless of their preparation methods and the nature of the supports®*4. The
slope may suggest that assuming a four-electron pathway for the formation of each

02 molecule, there are three successive fast electron transfers preceding the last rate
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determining step.[3*] The high chemical stability in alkaline media and earth abundance
render the material a promising alternative to the most efficient noble-metal based
electrocatalysts (e.g. Pt and Ir) in the field. Further advances in improving the catalytic
activity of Co304 NPs to compete with that of noble material-based catalysts includes
creating more oxygen vacancies and active surface areas by plasma engraving, 3¢
increasing the surface density of catalytic sites by nano-structuring of gold-core Co304-

shell,[37-38] decreasing the interfacial ohmic drop by the use of carbon supportst>°l.

Another cobalt material Co(OH); is also very interesting due to its layered crystal
structure and the large interlayer spacing that confers large surface area and a fast
(de-)intercalation rate.[*0] Accounting for the latter, the oxidative electrode reaction

associated with the material
Co(OH), + OH™ = CoOOH + H,0 + e~ (2.3)

involves merely a proton transfer from the cobalt (II) hydroxide for the electron
transfer, which leads to a rapid kinetics. With these excellent properties, Co(OH)2 NPs
have been further shown to be a potential electrode material for pseudo-capacitors of
both large specific capacitance and high power density when combined with zeolite as

a nanocomposite.[*]

In the subsequent chapters, we report the investigation on the detection and sizing
(Chapter 3& 4), and a substrate-mediated dissolution (Chapter 7) of silver

nanoparticles, the characterisation of surface composition and aggregation of
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Co@Co(OH)2 nanoparticles (Chapter 5) and the catalytic reaction mechanism of

oxygen evolution reaction on Co304 and Co304@SiO nanoparticles (Chapter 6).

2.2. Single entity electrochemistry: Nano-impacts

It is clear from the last section that both the characterisation of nanoparticles, and
their optimisation in terms of material design and engineering, requires fundamental
physicochemical insights into these nano-systems. To this end, several methods have
been well-established that for instance include the sizing techniques based on light
scattering of nanoparticles. As shown in Figure 2.3, dynamic light scattering (DLS)
measures the collective, scattered light intensity from the moving particles in the
whole volume of the suspension within the path of a laser beam through the sample
as a function of time. The analysis of the measured intensity then applies an
autocorrelation function (ACF) that decays with delay time due to the temporal shifts
in the positions of the particles. Smaller particles move faster according to the generic

Stokes-Einstein equation below!*], resulting in a shorter decay time of the ACF.
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scattered i scattered |
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. » = 1 {/measured, scattered light
Lo VL
I 92 (autocorrelation)

in the dark field
scattered
big particles @

big particles y _ : : _
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t —t ki

delay X
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Figure 2.3. Sizing principles of dynamic light scattering (DLS) and nanoparticle tracking analysis
(NTA).
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D =" (2.4)

B 6T Ns Ry

where D is the translational diffusion coefficient (m2 s1) of a particle with a
hydrodynamic radius of R, (m) assuming perfect spheres, ks is the Boltzmann’s
constant (1.38x102 J K'1)[*3], T is the absolute temperature (K), 7 is the viscosity
of the aqueous solution (approximately that of water, 8.9x10* Pa S at 298 K)4l,
However, for nanoparticles of other shapes than spherical, the equation needs to be
corrected. For instance, the correction factor Ri/Rn (where Ry is the lateral radius,
namely the length for a cuboid shape or diameter for a circular sheet) for a 2D
nanoparticle with an aspect ratio of greater than 3 would be approximately 2 for a
cuboid shape, and 2.7 for a circular-sheet shapel*l. On this basis, the average radius

of the whole particle size distribution can be estimated.

Another light scattering technique, Nanoparticle Tracking Analysis (NTA) measures
displacements due to Brownian motion, as a function of time, of the individual particles
visualised within the path of a laser beam. This leads to the determination of their
diffusion coefficients (via the 2D form of Equation 1.53 in which 2 is replaced by 4)
and thus of the sizes for each particle assuming that they have a spherical shape. DLS
is restricted to samples with sizes of high monodispersity while NTA sizing is inherently
limited to particles bigger than 20-30 nm in diameter by the wavelength of visible

light.[46]
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Figure 2.4. Sizing principles of transmission electron microscopy (TEM) and powder X-ray

diffraction (XRD).

By contrast, transmission electron microscopy, TEM, uses an accelerated electron
beam of short de Broglie wavelengths, « 1 A at kinetic energies above 20 keV[47}, that
passes through the particles as shown in Figure 2.4. The method measures the loss
of the electrons due to their interactions with the particles and with the substrate,
which significantly differs due to the differences in their electron densities. As such,
the contrast in the transmittance electron intensity allows a magnified visualisation of
the two dimensional sizes and shapes of particles with a resolution well below 1 nm.[#8]
In addition, the use of the diffraction of varying-angle X rays of atomic-scale
wavelengths (typically 1.5 A1) in crystallography may enable the determination of
the sizes of metal-based nanoparticles. According to the Bragg’s model of diffraction(>0],
at certain angles 8, of incident rays, complete constructive interference operates and
the behaviour of the X-ray diffraction approximates specular reflection as illustrated in
Figure 2.4. This results in the observation of a diffraction peak, which is predicted to

be wider for a smaller crystallite as it has fewer atomic planes and a smaller magnitude
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of the constructive interferences (see Figure 2.4). This quantitative relationship is

described by the Scherrer equationt>!]

kA
o Lcos6

(2.5)

which relates the diameter d of a crystallite to the width of the diffraction peak at half
of its height (), with the Scherrer constant K (e.g. 0.94 for a spherical shape) and
the wavelength (A) of the applied X rays. It should be noted that the crystalline domain
size is usually smaller than the particle size except for the case of a single crystal.
Even so, both TEM and XRD are commonly ex situ, unable to provide direct information

about the state and behaviour of nanoparticles suspended in solution.

Accordingly, the operando technique of liquid phase TEM has emerged recently. The
idea of TEM studies in solution is realised by trapping a small volume of a liquid using
an airtight liquid cell that is highly electron transparent in the path of the electron
beam. To this end, typical liquid cells exploit micro-electromechanical systems for
fabricating the cells with the use of SisN4 membranes that are merely 10-100 nm thick
to ensure high transmittance of the electron beam, or simply two graphene sheets
that sandwich the liquid.[54 As such, the electron microscope is able to image through
liquids with sub-nanometre resolution.[>3] Recent work on liquid phase TEM focuses
on visualising the dynamic phenomena at liquid-solid interfaces to gain fundamental
insights into structural and chemical evolution of nanomaterials.l>* For instance, the
electrochemically induced nucleation and growth of copper nanoparticles on a
polycrystalline gold electrode in an aqueous solution has been observed in real-time
and compared with theoretical modelling.[>®! Also, Gu and co-workers!®®! visualised the
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lithiation and de-lithiation of silicon nanowire electrodes under the same electrolyte

conditions with a commercial battery system.

On the other hand, however, the application of this technique is impeded by its high
expense (which has been estimated as $10 in 2009 in total per eV of energy in the
beam that ranges usually from 100 to 400 keV)[*7! and the difficulty of operation,[>8]
as well as the currently limited understanding of the unwanted radiolytic effects on
the solution chemistry that are incurred by the interactions of the high-energy electron
beam with the sample and the chemical environment.[>®] In addition to the generation
of gas bubbles (e.g. H2)[®%] and reactive species such as He, HOe and en (hydrated
electrons), one extremely influential consequence of irradiation is the massive change
in the local pH of the irradiated volume.[6!] In particular, the effects are more profound
in alkaline conditions which may become locally acidic within milliseconds. It follows
that the pH change can in turn possibly cause other side effects such as the

aggregation of colloidal nanoparticles. 6!

Another emerging electrochemical technique developed in recent years based on
impacts between particles and an electrode, called ‘nano-impacts’, has been
extensively shown to be a rapid, powerful analytical method for, not only size, but also
with which to study many other physicochemical properties of nanoparticles in
solution.[%2] In a typical experiment (detailed schemes, including that for particle sizing,
are shown later in Figure 2.6), insoluble solid nanoparticles are dispersed in solution

and randomly move in virtue of Brownian motion. The particles near the electrode-
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solution interface may impact on the electrode surface. During the impact duration,
the nanoparticle may undergo a chemical change, or catalyse a reaction of a solution
phase electroactive species under suitable electrolyte and potential conditions.
Depending on the timescale of the residence, the electron transfer between the
particle and the electrode surface may result in ‘spike’ or ‘step’-like current signals,
from which information about the particles themselves and/or the catalysed reaction
may be extracted. As such, /n situ characterisation and analysis of nanoparticles are

possible.

The concept of particle-electrode impacts was initiated by the pioneering work of
Mickal%3] in 1956 who studied insoluble metal sulphide (e.g. HgS and CuS) particles
suspended in an aqueous solution using polarography. He stirred the microparticles
that otherwise tend to precipitate, and observed a cathodic wave in comparison with
no current in absence of stirring, as shown in Figure 2.5a. This result therefore
evidenced the simultaneous collisions of many particles on the dropping mercury
electrode surface. Later in 1971 the practical application of particle-electrode collision
was first proposed by Moller® and significantly advanced by Holland and co-
workersl®5-6] |eading to the invention of a device for grain size analysis based on
electrolytic reduction of AgBr crystals. This utilised a platinum microwire electrode with
a diameter of ca. 5 um and the immobilisation of the crystals on a piece of fine-pore
filter paper with an inter-distance of ca. 3 um. The modified filter paper is stuck on a
turntable and immersed in solution. As the turntable moves slowly, the vertically
placed platinum microelectrode makes contacts with the AgBr grains and reduces the

individual particles. Consequently, series of sharp reduction peaks are observed (see
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Figure 2.5. Advances in the particle-electrode impacts. (a) Polarograms of HgS particles in stirred
and unstirred solution respectively. Data recorded by Micka.[%3] (b) Reduction voltammograms of
immobilised AgBr particles on a filter-paper-paved turntable when contacting a Pt wire
microelectrode, in contrast to that using a blank filter paper. Data recorded by Holland and
Feinerman.[%¢] (c) Chronoamperogram using a carbon microelectrode of the impact oxidation of
metallic Ag NPs in a citrate solution. (Reprinted from [7], Copyright 2011, with permission from
Wiley. It is observed that the voltammgrams a& b used the past convention that the upward

direction refers to reduction current instead.

Figure 2.5b). Based on Faraday’s first law (Equation 1.22), the amount of charge
measured during each impact event gives the total number of atoms contained in each
particle and therefore their volumes. As such, particle with diameters as small as 0.1
~ 0.2 uym can be accurately sized. This invention was subsequently widely used in the
chemical photographic industry for characterising the ultrasmall photo-sensitive

particles.

Since the start of the 21t century, particle-electrode impact electrochemistry has
witnessed a significant growth of interest along with the rise of nanoscience and

nanotechnology. To study the collisions between nanoparticles and an electrode
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surface, the current noise is controlled to a low level, usually but not always, in a static
solution such that the mechanical noise (in the grain size analyser) is avoided, whereas
the collisions can still be triggered by Brownian motion of colloidally stable
nanoparticles. The use of microelectrodes as developed by Fleischmann and
Wightman!®’] also contributes to the significant decrease in noise as compared to
macroelectrodes. Moreover, with the potentiostated three-electrode system (the early
studies described above used only two electrodes), the potential control of the working
electrode is of a greatly improved precision. As such, single nanoparticle impacts were
first observed by Bard’s group!®8l in 2007 with the aid of catalytic current amplification
of Pt NPs while importantly, Compton’s group first achieved the direct characterisation
of single Ag NPs using the technique in 2011 (see Figure 2.5c).[”] So far, the
electrochemical impacts have been shown as a powerful analytical approach for
studying a large variety of NPs, including metals,[®®! organics,[7% polymers,”!]
micelles!”2], carbonl73-74] and metal-carbon compositesl’>l. Recent development of the

nano-impact technique has been reviewed.[62 76-77]

The origin of the current resulting from a nano-impact event is commonly charge
transfer between the impacting particle and the electrode surface, or simply the
surface charge displacement of the electrode. As bare metal-based nanoparticles have
minimal surface area as compared to that of a microelectrode, the charge
displacement towards the solution phase or the particle surfaces, because of the
perturbation of the electrode double layer upon particle arrivals, is negligible.
Therefore, according to whether the transferred charge comes from the particles

themselves or redox species in solution, the nanoparticle-electrode impacts can be
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categorised into two types: direct and mediated Faradaic impacts (see Figure 2.6

taking ‘metal nanoparticles’ for example), which are primarily studied in this thesis.
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Figure 2.6. Schematic illustration of (a) direct and (b) mediated Faradaic impacts between a
microelectrode and, for example, a metallic nanoparticle (MNP). Note that M is the metal species,

R and O are the reduced and oxidised form of the redox couple.

In a direct Faradaic impact event, the charge transfer is directly between the impacting
particle and the electrode surface as shown in Figure 2.6a. Under suitable potential
and electrolyte conditions, the metal particle may be oxidised to form dissolved
molecular or ionic species, resulting in Faradaic current spikes in the current-time
measurements. The threshold potential of the observed current spikes is often a
strong indication of the chemical identity of the particle due to the specificity of metal

redox electrochemistry. Most importantly, the current spikes record the electrolysis
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process at the single particle level. One significant outcome in the cases of complete
particle oxidation is that from the integral of the current, the amount of charge
transferred during each impact can be directly related to the total number of
atoms/molecules contained in the particular particle, or the precise particle volume,
according to Faraday’s 1t law. If the shape and density (assuming the same as the
bulk condition) are known, the particle dimensions can be further derived. As such,
the ‘destructive’ impacts have been used to size metallic NPs such as silver, 461 gold, (78]
coppert”?l and nickell®, In the case of silver, NPs as small as 4 nm in diameter can

be accurately sized.!]

In a mediated Faradaic impact event, however, the electron transfer occurs between
solution phase electroactive molecules and the electrode surface through a conductive
metal nanoparticle within the time of its impacting duration (see Figure 2.6b). In this
scenario, the particle can be regarded as a transiently formed nano-electrode that only
catalyse the redox reaction of the molecules (whereas the reaction barely occurs on
the microelectrode beneath due to kinetic limitations). As a result, a ‘spike’ or ‘step’-
like current signal is observed depending on the timescale of the particle residence.
While the occurrence of the impact signals can therefore be used to detect metal
nanoparticles!®1-82], the magnitude of the current allows to resolve the rate of catalytic
electron transfer at the individual nanoparticle surfaces!!l. In addition, the mediated
Faradaic impact method has been shown to be insightful for studying catalytic reaction

mechanisms [#3-86] and surface dynamics of nanoparticles [7> 871,
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2.3. Alternative method: Dark field Microscopy

A full understanding of many electrochemically driven processes, e.g. spontaneous
metal corrosions or those involving important non-Faradaic processes, demands the
use of complementary techniques, especially spectroscopy and microscopy so as to
elucidate the interfacial processes. The latter is used in this thesis to image
nanoparticles. In the context of studying aqueous electrochemical reactions of
nanoparticles, current liquid cell electron microscopy is still experimentally limited in
several aspects. First, the measurements of nanomaterials under the atmospheric
conditions require the attainment of a stable volume of liquid within the microscope
vacuum by using a microfabricated closed liquid cell, which allows the encapsulation
of a liquid layer. This layer must be sufficiently thin so as to be transparent to the
electron beam and hence provide an adequate signal-to-background ratio for the
spatial resolution to be in the nanometre range. The thickness of thin liquid layer
achieved to date ranges from up to 10s of microns!®! to a few nanometers.[>2! Both
nanoparticle nucleation and growth have been successfully monitored using this
technique.[>% 31 Despite these recent varied attempts, the design and fabrication of
the delicate liquid cell with adaption for the particular reaction system of interest still
remain technically intricate.[>3] Second, the use of thin electrochemical cells can largely
affect the recording of electrochemical data as the thin electrolyte necessarily brings
about a considerable ohmic drop!®! between the working and reference electrodes
and therefore attaining a precise potentiostatic control is not straightforward.
Moreover, for many electrochemical reactions where mass transport may play an
important role at a micrometer scale from the electrode surface with a constant bulk

concentration, such small solution layer thickness would severely deviate the mass
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transfer condition from the ‘real’ phenomenon, discouraging relevant studies. Third,
as mentioned in last section, the unwanted electron beam damage, inducing the
formation of reactive radical species, will likely cause a significant local pH change and
induce the degradation of the electrolyte and the nanomaterials in aqueous solution

and hence demand further investigations on their suppression or control.
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Figure 2.7. Schematic illustration of imaging plasmonic nanoparticles using dark field microscopy

with a conventional optical configuration.

In contrast, optical microscopy uses a far less invasive visible light source. Optical
microscopy has long been designed to magnify and resolve tiny objects based on light-

matter interactions under common aqueous conditions. Among various types of optical
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principles (e.g. fluorescence, Raman scattering and photothermal absorption),[®® dark
field microscopy (DFM) has been developed to readily image single entities of metal
nanoparticles in a wide optical field with good temporal and spatial resolutions.!®!! In
addition, when the microscopy is equipped with a spectrometer, the measured
scattering spectrum of the nanoparticles can be analysed to allow complementary
information regarding the local chemistry to be attained. This information comes from
the spectral dependence on the particle size, morphology and the refractive index of

the surface absorbates and surrounding medium.[®?]

A DFM uses oblique illumination to ensure a minimum entry of the incident light into
the objective, leading to a dark background (see Figure 2.7). In contrast, elastic
scattering of light by metallic nanoparticles emits photons at all angles that partly
enter the objective. More precisely, owing to the presence of the conduction electrons
in the spatially confined surfaces of the subwavelength metal particles, their
interactions with light result in localised surface plasmon resonance that leads to
strong absorption and scattering (i.e. refraction and reflection) of light by the
nanoparticles at the resonant frequencies. For instance, silver nanoparticles both
absorb and scatter (i.e. refract and reflect) visible light in the spectrum region from
visible to near-UV depending on their size, shape and agglomeration state. Under dark
field illumination a single silver nanoparticle may thus be seen as a bright blue Airy
disk (which is a two dimensional diffraction-limited spot of light that a perfect lens
with a circular aperture can make). The radius of the latter can be approximately

described by the equation
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1222 (2.6)

Tha; —_——_—_—
Airy 2 NA

where 1 is the wavelength of the light source (nm), NA is the numerical aperture of
the objective lens. Such a diffraction pattern of the nanoparticle is typically in microns
and thus 7ar larger than the nanoparticle’s geometric size, despite that the latter is
significantly below the Abbe diffraction limited resolution of the microscopy (i.e. ~ 200
nm for conventional imaging modes, the minimum resolvable point-to-point distance
of an optical system). For these nanoparticles the optical intensity of these scattering
objects varies approximately with the nanoparticle radius to the sixth power (as
described by Rayleigh scattering theory) and consequently only nanoparticles of a
fairly large size may scatter sufficient light, as compared to the solvent and the
substrate, to be visible with a desired signal-to-background ratio. In routine
experiments, plasmonic nanoparticles with a diameter > 30 nm can be imaged by a
conventional DFM, whereas those as small as 10 nm in diameter may be observed
using innovative optical configurations.[®3] On this basis, dark field microscopy can be
applied to monitor the presence and the position of metal nanoparticles both in the
solution phasel® and adsorbed on an electrode surfacel®®! for assisting to explore
nanoparticle electrochemistry. A work of the latter will be demonstrated in detail in

chapter 7.

In the subsequent chapters, we report investigations on the establishment of a
quantitative methodology for nano-impact experiments (Chapter 3), the comparison
of the technique with conventional light-scattering methods for /n situ sizing (Chapter

4), the characterisation of nanoparticle surface composition and aggregation (Chapter
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5), @ mechanistic study of a nanoparticle-catalysed reaction (Chapter 6) using the
nano-impacts, and of a substrate-mediated reaction using a synergistic opto-

electrochemical approach (Chapter 7).
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Chapter 3

A quantitative methodology for the study of

particle—electrode impacts

In this first work, a generic framework is established for use in the acquisition and
analysis of the electrochemical responses of individual nanoparticles, summarising
aspects that must be considered to avoid mis-interpretation of data. Specifically, we
threefold highlight the importance of the nanoparticle shape, the effect of the
nanoparticle diffusion coefficient on the probability of it being observed and the
influence of the used measurement bandwidth. Using the oxidation of silver
nanoparticles as a model system, it is evidenced that when all of the above have been
accounted for, the experimental data is consistent with being associated with the
complete oxidation of the nanoparticles (50 nm diameter). The duration of many single
nanoparticle events are found to be ca. milliseconds in duration over a range of
experiments. Consequently, the insight that the use of lower frequency filtered data
yields a more accurate description of the charge passed during a nano-event is likely
widely applicable to this class of experiment; thus we report a generic methodology.
Conversely, information regarding the dynamics of the nano redox event is obscured
when using such lower frequency measurements; hence, both data sets are
complementary and are required to provide full insight into the behaviour of the

reactions at the nanoscale.
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3.1. Introduction

The technique of particle coulometry has continued to evolve in the last 50 years;[23]
the last decade in particular has seen rapid development in this field with research
focusing on the characterisation of individual nanoparticles.[*>] The technique has
been applied to the study of a variety of nanomaterials including gold, silver, copper,
iron oxide and liposomes. In general, an electrode is immersed into a solution
containing a redox active nanoparticle suspension. The nanoparticles move around in
solution by virtue of their Brownian motion. Upon making electrical contact with or
‘impacting’ a suitably potentiostated electrode, the particle may be oxidised or reduced,
resulting in its destruction. These nanoparticle—electrode impacts are herein referred
to as ‘nano-impacts’. The oxidation or reduction of a single nanoparticle results in a
single oxidative or reductive transient feature in the current-time trace. In this work,

such current transients will be referred to as ‘spikes’. Due to the often small size (ca.
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picoamperes) of current involved in these reactions, consideration of the signal-to-
noise ratio is important and can limit the size of the smallest observable features.[®!
Measurement of the current passed during this redox event yields a direct measure
of the number of electrons transferred during the process. For a redox reaction of
known stoichiometry, with the use of Faraday’s 1St law and often under the
assumption that the density of the material is the same as that of the bulk, a direct
estimate for the volume of material oxidised during the event can be obtained. The
measurement of the charge passed during the event facilitates the estimation of the
volume of material oxidised or reduced; this electrochemically determined volume
can be compared to other particle sizing techniques in order to establish the extent
of oxidation (or reduction) of the particle that has occurred during the course of a

‘single’ impact event.

Electron microscopy is widely accepted as the optimal method for particle sizing. The
specific technique required depends on the size of the particles being studied. Whilst
Scanning Electron Microscopy (SEM) is appropriate for larger particles, for diameters
smaller than tens of nanometres the use of Transmission Electron Microscopy (TEM)
is necessitated to ensure a higher level of accuracy. Moreover, as will be highlighted
below, the requirement of obtaining and fully accounting for shape information
regarding a nanoparticle sample subsequently means that only the family of TEM
based techniques have sufficient resolution to enable comparison to be made with
experimental electrochemical data. Even with the use of TEM, major ambiguities arise

in the estimation of a nanoparticle volume distribution. Techniques are available for
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the use of TEM to improve the 3D estimation of the particle shape either through
tomography!”1 or by ‘counting®! the number of atoms present in individual particles.
This affords an improved estimate of the particle volume distribution. Whilst this atom

counting is well suited to very small particles, larger particles pose a greater challenge.

A number of subtleties in comparing conventional 2D microscopy and electrochemical
data need to be highlighted. First, microscopy techniques are not devoid of error; the
sizing information obtained is sensitive to both the magnification at which the images
have been obtained, and the operator.[] An intrinsic artefact of TEM imaging in this
context is the presence of defocusing rings surrounding a particle. The ambiguity from
the blurring of the edges of the particles is compounded by variations in contrast of the
sample with the support, and the subsequent thresholding employed when analysing
the images. The resultant error in radius measurement leads to an error in the estimated
volume of a particle. Moreover, this error in the estimated volume is proportional to the
cube of the error in the measured radius. Estimation of a particle volume from a 2D
image necessarily requires assumptions to be made regarding the particle geometry.
Challengingly for microscopy, the circularity of a 2D projection of a particle is not a good
estimate of its sphericity. Consequently, even for a solid with a high degree of symmetry
and circularity in its 2D projection such as an icosahedron, its volume can differ very
markedly from that of the circumscribed sphere (60.5% in the case of an
icosahedron).[10] The equilibrium particle shapes of crystalline solids are highly faceted
and can be described by Wulff construction that assumes the growth of certain crystal
planes is favoured over that of the others, giving thermodynamically determined crystal

shapes with a minimised surface energy.!'!] However, the actual morphology of a
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particle sample depends on a wide variety of factors including synthesis method, aging
and particle size. Even before the weak confinement limit (ca. <2 nm for metallic
materials!i2]) is reached, the properties of the solid may differ from that of the bulk
material due to the increased surface energy.[13] Such surface curvature effects become
influential for silver and gold particles at diameters approximately <20 nm.[1#15] As a
result, nanoparticle samples often exhibit a wide variety of shapes and sizes. A given
population of particles cast onto a TEM grid will consequently exhibit a diverse array of
structural motifs, complicating statistical analysis of sizing. Ultimately, the pragmatic
approximation of a particle as a sphere is a poor estimate of a particle’s true 3D volume;
this stems from the variation of polyhedral shapes and the presence of faceting of the

particles.

Second, the electrochemical data reports on the events that have occurred at an
electrochemical interface. The probability of a particle arriving at a surface is a function
of its diffusion coefficient; for truly monodispersed samples this only serves to alter
the expected impact frequency. However, for polydispersed nanoparticle populations
(all nanoparticle populations exhibit some degree of heterogeneity) this leads to the
electrochemical method being biased towards the observation of smaller particles.
This arises due to the smaller particles moving faster within the solution and they are
therefore more likely to impact the electrochemical interface. The issue is compounded
to an extent by the propensity for nanoparticles to agglomerate in the solution phase
in the presence of an electrolyte. Hence, such experiments are now sometimes
performed using only millimolar salt concentrations.!16! A further related issue is

the tendency for particles to adsorb on to surfaces (such as glass) surrounding the
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electrode. This is especially important when considering sample contamination.
Often, significant efforts need to be undertaken to avoid cross contamination of

nano-particle samples.

Third, measurement and subsequent analysis of the electrochemical data can
significantly influence the resulting volume distribution. Recent work in the literature
has highlighted the benefits of recording the electrochemical impact data with
relatively high bandwidths (ca. 10 kHz).[17-19] However — as a note of caution — it is
highlighted that work utilising scanning electrochemical cell microscopy (SECCM) is
potentially undermined by plausible nanoparticle contamination from the used quasi-
reference electrode.[20-21] This caveat aside, at higher frequencies individual
nanoparticle—electrode impact events are revealed to be comprised of multiple
features. However, the shape of many of these events and the magnitude of the
measurement noise are influenced by the used measurement and filtering system.[22]
Any measurement system necessarily provides a non-perfect representation of the
process it is recording. For electrochemical systems, one of the most important parts
of the device is the current-amplifier. A transimpedance amplifier is often employed
in the measurement of small currents, but the bandwidth of this device is often
limited due to the high gains used.[?3] The current-amplifier simultaneously acts in
two ways. First, it behaves as an amplifier, converting the current into a voltage
output at a predetermined gain, commonly ~1 GV AL, Second, it acts as a filter, the
transfer function of which is often designed to be first order and low-pass. In the
study of nanoparticle—electrode impact experiments, many nano-reactions occur at

rates faster than can be accurately reported by the amplifier. Consequently, the
- 93 -



shape of the resulting measured nano-impact signal is often found to be influenced
by the bandwidth and transfer function of the measurement system. In some cases,
the nano-impact event may be so fast (relative to the bandwidth of the used
electronics) that the resulting spike shape is that of the measurement systems
impulse response.[?2] However, although the spike shape can reflect the transfer
function of the measurement system, the integral under the current trace, the value
of which is equal to the charge passed during the impact, is conserved, assuming

the system has been suitably designed.

Beyond considering how the representation of a nano-impact event changes with the
used measurement frequency, it is important to consider how a system'’s electrical noise
and hence the measured signal-to-noise ratio changes as a function of the signal
bandwidth. As a simplified answer to this problem, assuming the background noise is
solely the Johnson—Nyquist noise and similar to that found for an idealised resistor (/.e.
the power spectral density is independent of the frequency), then the standard deviation
of the noise current will vary linearly with the square-root of the signal bandwidth.[24]
In contrast, the impulse response of a system is linearly proportional to the signal
bandwidth. Consequently, one may anticipate the systems signal-to-noise ratio to
improve as the measurement systems frequency (bandwidth) is increased. However,
this will only hold true if first, the power spectrum is flat — for an electrochemical system
the noise power spectral density will tend to be greater at higher frequencies due to the
capacitive coupling of the electrode to the systems voltage noise.l®! Second, if the
current measured for a nano-impact event is not that of the impulse response of the

system, such that the kinetics of the nano-impact processes are at least partially
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resolved by the measurement system, then the spike height will not increase linearly as
a function of the measurement frequency. Consequently, as will be demonstrated in
this chapter, in the most extreme case the use of high bandwidth measurement can
result in the complete loss of information as the processes of interest are obscured by
the noise of the system. Further considerations detailing the importance of signal-to-

noise ratios in electrochemical measurements have been highlighted elsewhere.[2>-26]

Aside from the issues of the measurement of the signal-to-noise ratio, the use of
higher measurement frequencies also raises the questions of what constitutes a
‘single’ electrochemical event and how might the bandwidth at which the data is
analysed influence the resulting size distribution? To further clarify terminology, as
mentioned above, in this work the term ‘spike’ refers to a single transient oxidative
feature observed in the current-time trace at a given data filtering frequency.
During the course of the spike, the measured current does not pass through a pre-
defined baseline, but a single spike may exhibit multiple maxima and minima. Like-
wise, a single nano-impact event is taken to be one or more spikes in current that
occur close to each other in time. The clustering of individual spikes into a single
‘nano-event’ may be justified on the basis of the known or expected frequency of
the nano-impact events, such that the probability that two or more spikes are
independent of each other can be defined statistically. The purpose of this chapter
is to systematically explore the question of how the bandwidth at which the
experimental data is presented and analysed influences both the qualitative and
quantitative conclusions made for a nano-impact experiment. To answer this

question, the oxidation of silver nanoparticles (Ag NPs) is taken as a model
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nanoparticle coulometry system. However, the results have significant wider

implications for a range of electrochemical single entity studies.

3.2. Experimental
3.2.1. Chemical reagents

Spherical citrate—AgNPs of ca. 50 nm diameter (NanoXact, 0.02 mg mL"! silver, 2
mM sodium citrate) were purchased from nanoComposix, USA, whilst an average
diameter of 41.5 £ 6.7 nm for these particles was measured by TEM with the images
shown below. Potassium Chloride (=299.0%) was obtained from Sigma-Aldrich and
was used as received without further purification. Solutions were prepared using

deionized water (Millipore) with a resistivity of 18.2 MQ cm at 25 °C.

3.2.2. TEM images of silver nanoparticles

The silver nanoparticles were imaged by transmission electron microscopy (see
Figure 3.1) using a JEOL JEM-3000F instrument with an accelerating voltage of 300
kV. Samples were prepared by drop casting nanoparticle suspensions (48 pM AgNPs,
2 mM sodium citrate) onto carbon grids (Agar Scientific) and allowing these to dry.

Image extraction was subsequently performed using Image] software.

— |
Y 100 nm||

20 nm

Fig. 3.1. Representative TEM images of commercial spherical citrate-capped silver nanoparticles

of 50 nm diameter (NanoXact, 0.02 mg mL!, 2 mM sodium citrate)

-06 -



3.2.3. Nano-impacts

Nano-impact experiments were carried out using a home-built in-house low noise
potentiostat, as described previously.!6! A low-noise current amplifier (LCA-4K-1G, FEMTO
Messtechnik GmbH, Germany) was filtered using two cascade analog RC-filters at 2000

Hz. The signal was then digitised at 100 kS s! via a USB data acquisition device (USB-

6003, National Instruments, Texas, US). Finally, the signal was processed either in its raw
form, or filtered digitally, via a 4-pole Bessel type of low-pass filter, to frequencies of 25,
50, 100, or 500 Hz using a script written in Python 3.5. The low-pass filter used in this
work only passes signals with a frequency lower than the set cutoff frequency and
attenuates signals with frequencies higher than the cutoff frequency using the Bessel
transfer function. Measurements were carried out at a carbon microdisc (¢ = 33 ym, 1J
Cambria Scientific Ltd, UK). We note that whilst this commercially supplied electrode
nominally has a radius of 16.5 um, on calibration it exhibited a radius of up to 22.6 + 1.3
pMm. A leakless Ag/AgCl (in 3.4 M KCl, eDaq) electrode was used as a reference electrode,
and a platinum mesh was used as a counter electrode. Chronoamperometry was
performed on solutions containing 12 pM AgNPs and 20 mM KCl using the carbon
microdisc working electrode. The potential was held at 0.8 V (vs. leakless Ag/AgCl) for 20
s in each case. Nano-impact spikes were identified and analysed using a script written in

Python 3.5.
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3.3. Results and discussion

3.3.1. Individual Faradaic spikes measured from nano-impact experiments
A carbon microdisc electrode (radius = 16.5 pm) was immersed into a solution
containing a 12 pM suspension of silver nano-particles and 20 mM KCl. Application of
an oxidising potential to the electrode (+0.8 V vs. Ag/AgCl) and measurement of the
current resulted in the observation of spikes in the time—current trace. Fig. 3.2 depicts
a representative chronoamperogram, as measured over twenty seconds. In the
absence of solution phase nanoparticles these fluctuations or spikes in the current
were not observed. As has been previously documented,[?’] these spikes in current
are associated with the arrival and electrochemical oxidation of individual nano-
particles at the electrochemical interface. In this experiment, the bandwidth of the
analog signal was 2 kHz. The current amplifier had a bandwidth of 4 kHz and the
output was subsequently low-pass filtered (analog) prior to digitalisation using two
cascaded passive RC filters to limit the analog signals frequency to 2 kHz. The choice
to filter a signal before it is digitised often arises due to limitations in the available
sampling rate. As a minimum, the digitalisation sampling rate needs to be twice the
systems measurement frequency (Nyquist—Shannon!?8-301 sampling theorem);
however, in the present case we are interested in the charge passed during a single
nano-impact event. Consequently a far higher oversampling rate is required to ensure
the analog signal is accurately represented in the digital data. In the present work,
the 2 kHz analog signal is sampled at 100 kS s, a factor of 50 times faster. It is
important that the bandwidth (frequency) of a signal and the rate at which it is

digitised (sampling rate) are not conflated. A flow diagram detailing the used
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experimental measurement system is depicted in the Appendix section 1. Following
digitisation, the signal is stored and can be digitally filtered (4-pole Bessel) as required
following its acquisition. The use of a digital filter readily allows the same experi-
mental data set to be viewed at different signal bandwidths and allows, in this work,

for the influence of the filtering to be readily explored and exemplified.

10
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Fig. 3.2 Representative chronoamperogram of 12 pM AgNPs in 20 mM KCI at a 16.5 pym
radius carbon microdisc electrode in which the potential is held at 0.8 V (vs. Ag/AgCl) for 20

s. The black line depicts the raw data, with the baseline subtracted data overlaid in red.

As shown in Fig. 3.2 (black line) the oxidative spikes in current are superimposed upon
a relatively slowly changing background current. During the chronoamperogram, the
background current value changes from ~10 nA at short times to less than 1 nA towards

the end of the 20 second scan. This background current is ascribed to the capacitive
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charging of the electrode and at higher electrode potentials also includes a noticeable
Faradaic contribution arising from solvent breakdown. Analysis of individual spikes
requires their delineation from the slowly-changing background current. A number of
techniques and methods may be developed for this purpose; in the present work we
utilise a method in which the local (windowed) variance of the current response is
calculated and areas of high local variance are removed from the chrono-amperogram
prior to estimation of the baseline. Baseline estimation is then achieved though low-
pass filtering of the time—current transient. Further information on the employed
methodology is provided in the Appendix section 2. Having obtained an estimate of the
slowly varying background signal, this baseline transient is subtracted from the data,
to give a baseline-subtracted time— current trace, as shown in Fig. 3.2 (red line).
Notably the quantification of the integral of a spike is sensitive to the accuracy and
quality of the baseline estimation and is an important factor in the analysis of the

experimental data.

After removal of the low frequency baseline, the individual spikes are still
superimposed upon a variable higher frequency (noisy) background. The specific
origin of these high frequency background fluctuations in current depends upon
the used experimental set-up; the electrical noise is commonly dominated by
thermal fluctuations at the electrochemical interface or in the used current
amplifier.[24l Having removed the slowly changing background, spike identification
becomes a simpler task. In this work, a method is utilised in which a spike is
identified and begins when the measured current passes through a threshold value,

finishing when the current returns to the baseline. The magnitude of the used
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threshold can be set by the user, but is most commonly taken as either three or
five times the estimate of the standard deviation of the background noise current.
The start and end of the spike are subsequently defined by the points at which the

current passes through the calculated baseline.

3.3.2. Frequency, charge, multiplicity dependence of the spikes on the

filtering bandwidth
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Fig. 3.3. Representative baseline-subtracted chronoamperogram impact spikes for 12 pM
AgNPs in 20 mM KCI at a carbon microdisc electrode (33 pm diameter). The black line shows

the raw data and the red, yellow, blue and green lines show the effect of filtering at 500, 100,

50 and 25 Hz, respectively.

Fig. 3.3 depicts a section of experimental raw data with the slowly-changing baseline
removed, overlaid is the same data where it has been subsequently digitally low-pass
filtered post-acquisition to 500, 100, 50 and 25 Hz using a four-pole Bessel filter.
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Decreasing the signal bandwidth leads to a reduction in both the spike height and
background noise. The width (duration) of the spike in current also increases with
decreasing frequency, this is true to the extent that two individual spikes as seen in
the raw data with maxima at 11.510 and 11.527 seconds are merged into a single

event at 25 Hz.
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Fig. 3.4 Representative baseline-subtracted example of a ‘vanishing’ spike for 12 pM AgNPs
in 20 mM KCI at a carbon microdisc electrode (33 pm diameter). The raw data is shown on
the left with the region of the ‘vanishing’ spike outlined in green, and the same data filtered

at 100 Hz is shown on the right. The charge of this ‘vanishing’ spike at 100 Hz is 0.038 pC.

This result highlights how filtering the data can lead to a loss of information as
individual spike events can become merged into single events when filtered at a low
frequency. Conversely, the use of higher filter frequencies can also lead to
obfuscation of features in the data. Fig. 3.4 depicts more data both in its raw (not

digitally filtered) state and the same data when filtered digitally to 100 Hz. In the
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raw data shown in Fig. 3.4a, only one spike event can be identified on the basis of
the current increasing significantly above the background noise; however, the same
data when filtered to 100 Hz shows a secondary peak approximately 30 ms after the
first (see Fig. 3.4b). This experimentally highlights how slow electrochemical
processes can be lost (nominally ‘vanish’) into the data’s noise when viewed at higher
frequencies. Consequently, the experimental data can appear qualitatively different
depending on the frequency at which it is viewed. Ultimately, as the measurement
frequency is increased, at sufficiently high bandwidths all Faradaic data will become

lost in the systems noise.

For many applications in particle coulometry, measurement of the charge passed
during a single nano-impact event is of interest. If we take the duration of a single
event to be defined as when the current leaves and returns to a pre-determined
baseline, we can consider how the measured charge distribution alters as the data
is analysed at different frequencies. Hence, the charge per spike event was
measured for the same data set but where the data has been digitally filtered prior
to spike identification and analysis of the spike integrals. Experimentally, three of
the 20 s chronoamperograms that were recorded at a carbon fibre microelectrode in a
solution containing 12 pM silver nanoparticles and 20 mM KCl were analysed at five
different frequencies: raw (ca. 2 kHz), 500, 100, 50, and 25 Hz. The resulting charge
distribution at each frequency is presented as the cumulative frequency as a function
of the measured charge. First, the total number of spike features detected in the
experimental data is sensitive to the filtering frequency; this is depicted visually in the

inlay of Fig. 3.5. In the raw data a total of 254 individual events are detected but as the
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Fig. 3.5 Cumulative frequency plots of the charge transferred during nano-impacts of 12 pM
AgNPs in 20 mM KClI at different filtering frequencies for 3 chronoamperograms. The red line
depicts the distribution obtained from the raw data, whilst the blue, yellow, green and purple
lines show the effect of filtering at 500, 100, 50 and 25 Hz respectively. The inlay shows the
effect of the filtering frequency on the number of individual events observed (green) and the

value of the mean charge (purple).

used filtering frequency is decreased, this number drops to 171 events at a filtering
frequency of 25 Hz. This decrease in the number of spikes detected is attributed to the
merging of individual spikes into single features when observed in the filtered data set,
akin to the example presented in Fig. 3.3. Concomitantly, the merging of individual
spikes together leads to an increase in the average charge passed per feature (see inlay
of Fig. 3.5). As such the use of filtering serves to group spikes that occur close in time
together as single features. For the presented experimental data this change in the

average charge passed is significant where for the raw data 0.211 £ 0.012 pC of charge
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is passed per electrochemical event and at a filter rate of 25 Hz this increases to 0.323
%+ 0.020 pC. The standard deviations for the raw data and 25 Hz filtered data are 0.195
pC and 0.266 pC respectively. Note the standard deviation does not solely represent the
measurement error but predominantly reflects the large variability of the magnitude of
the impact events as anticipated for a heterogeneous nanoparticle sample. Importantly,
due to the relatively large numbers of individual events measured, the standard error
of the mean is comparatively small relative to the mean. This highlights the significance
of the differences between the charge distributions measured at the different filtering

frequencies.

The sensitivity of these results to the used low-pass filtering frequency raises a
significant challenge. For data represented at high frequencies where individual
electrochemical nano-impacts may exhibit multiple spikes, how can we determine
which features correspond to the same interfacial event? Conversely, if the filtering
frequency is too low do independent events become merged into being a single feature
in the electrochemical data? Due to the arrival of the nanoparticles at the interface
being a random event, it is impossible in the absence of more information to determine
categorically if two spikes are associated with the same nano-impact or if they are
independent. However, statistics may be employed to provide further insight. For a
given particle concentration, known particle size and under the assumption the particles
are consumed at the interface, the rate at which the nanoparticles are predicted to
impact at a surface may be estimated. Under conditions of a steady-state flux to the

electrochemical interface the rate of particle arrival is given by
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J(t = ) =4DCry (3.1)

In the above equation the particle diffusion coefficient can be estimated from the

Stokes—Einstein equation (for a perfect sphere) as given by

p =L (3.2)

~ 6mnryp

Assuming that the nano-impact events are independent, the Poisson distribution
enables us to determine the probability of observing two or more independent
events in a given time period. Alternatively, we can calculate a period of time for
which there is a 95% or 99% probability that maximally only one event is predicted
to occur. For a 12 pM solution of 50 nm diameter silver nanoparticles at room
temperature and using an electrode of radius 16.5 pm, the predicted steady-state
impact frequency is 4.7 Hz. Consequently, on the basis of the Poisson distribution,
there is a 99% probability that one or zero spike events will occur within a 31.5 ms
window. For the 4-pole digital Bessel filter used in this work and with a low-pass
filter frequency of 100 Hz, the duration of the impulse response is ca. 15 ms.
Consequently, on the basis of the above argument, it is a reasonable inference that
the use of a 100 Hz filtering frequency, for this present nanoparticle concentration
and size, will not lead to a significant number of individual nano-impact events being
merged together as a single feature. It should be noted that due to the random and
stochastic nature of the impact events it is impossible, no matter the measurement
frequency used, to exclude the possibility that two or more events may occur

simultaneously and independently at the electrochemical interface.
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Fig. 3.6. Representative baseline-subtracted examples of ‘singlet’ (a), ‘doublet’ (b), and ‘multiplet’
(c) spikes for 12 pM AgNPs in 20 mM KClI at a carbon microdisc electrode (33 pm diameter). The
raw data (red), is shown with the data filtered at 100 Hz (blue) overlaid. The singlet charge of
0.353 pC measured at 100 Hz is comparable with the raw charge of 0.351 pC. For the doublet,
the charge of 0.747 pC measured at 100 Hz is also comparable with the raw charge of 0.752 pC,
made up of two component charges of 0.603 pC and 0.149 pC. Finally, the multiplet charge
measured at 100 Hz of 0.705 pC is slightly larger than the raw charge of 0.638 pC, made up of

constituent charges of 0.522 pC, 0.062 pC and 0.054 pC.

Having ascertained that the use of a 100 Hz filter is acceptable for the present work,
we next compare the same data set when viewed and analysed at its full (2 kHz)
and filtered (100 Hz) frequencies. Fig. 3.6 represents 3 different individual nano-
impact events; overlaid is the same data as represented in the raw data set and as
reported after filtering to 100 Hz. In Fig. 3.6a, both the raw data and the 100 Hz-
filtered data show a single spike. Moreover, the integral of these two peaks is near
identical when measured at the two different frequencies (100 Hz charge: 0.353 pC,

raw charge: 0.351 pC). Fig. 3.6b shows a single peak at 100 Hz but two separate
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spikes in the raw data. Note, as before, a single spike is defined by the current not
crossing the baseline. Again the integral of the feature measured at 100 Hz (0.747 pC)
is comparable to the sum of the charge passed during the two individual events as
measured from the raw data (total charge = 0.752 pC). Finally, and in contrast for the
nano-impact event depicted in Fig. 3.6¢, at 100 Hz a single spike is observed (charge
passed 0.705 pC) but in the raw data 3 individual spikes are observed. A fourth
possible spike is also shown but the height of this process is below the required
threshold for spike identification and hence is not included in the charge summation.
Summation of the charge for the three individual events leads to a calculated total
charge of 0.638 pC, /.e. approximately 10% less than found for the event when
analysed at 100 Hz. This issue of charge being partially underestimated for individual
events when measuring data at a higher frequency and summing the charge passed
during individual events is also reflected in the data analysis when performed on a
larger population size. Appendix section 3 depicts comparative data where the charge
distribution has been analysed from the detection of spike events in the raw data,
then the raw data has subsequently been clustered together on the basis of a
windowing method. Here, if further nano-events occur within 15 ms of the start of the
first, the spikes are combined; this value is comparable to the duration of the impulse
response of the filter. On average, measuring the data in this way at 2000 Hz results
in the total mean spike charge being underestimated by approximately 5% compared
to analysis of the data at 100 Hz, excluding those spikes which ‘vanish’. However, in
this population of events, the charge associated with some spikes is in very significant
error (ca. 70%, see Appendix 4 for more information). Moreover, the use of high

frequency data leads to some features not being identified. As highlighted in the
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example shown in Fig. 3.4, this occurs when the electrochemical process is slower,
with a longer spike duration leading to a broad and relatively poorly defined peak in
the chronoamperometry. As a preliminary conclusion, when the dynamics and kinetics
of the nano-event are of experimental interest, the use of higher frequency data is
necessitated. Conversely, for situations in which the charge passed during the course
of a nano-event is of interest, the analysis of data filtered to lower frequencies is more
appropriate. Whilst the use of filtering to effectively cluster and merge spikes together
as single events is challenging to justify on the basis of the statistics of the Poisson
distribution (as compared to a windowing type method as exemplified in the Appendix
section 3), the significant advantage of filtering the data set is the improvement in the
signal-to-noise ratio for slow electrochemical events. Crucially, the use of digital
filtering enables both data sets to be made available from a single experiment,

allowing more complete analysis.

At higher measurement frequencies, the chronoampero-metric data reveals that
individual nano-impact events are regularly comprised of multiple spikes in current;
as has been exemplified in the data presented in Fig. 3.6. Comparison of the data
at a given high and low frequency yields a route by which the multiplicity or the
‘number of spikes per nano-impact event’ can be systematically quantified. Here,
the spike multiplicity gives a measure of the complexity of the current shape of the
nano-impact event. In the following, the charge and duration of a nano-event is
assessed from the data when it has been digitally filtered to 100 Hz. Subsequently,
the number of spike-like features per event can then be assessed by comparison of

this data to that obtained at a higher frequency. For example, using this definition,
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the nano-impact events depicted in Fig. 3.6a-c are classified as a singlet, doublet
and multiplet respectively, where a multiplet is defined as having 3 or more spike-

like features per event.

Cumulative Frequency

Fig. 3.7 (a) Cumulative frequency charge distributions of nano-impact events split by
multiplicity by comparing raw data with that filtered at 100 Hz. Singlets, doublets, multiplets
and vanishing spikes are depicted by red, blue, yellow and green lines respectively, with the
dotted black line showing the overall distribution. (b) A pie chart showing the distribution of

multiplicities of events when filtered at 100 Hz.

Fig. 3.7a shows the distribution of the nano-impact events as categorised by the
above multiplicity definitions. Of the 601 nano-impact events considered in total, 52%
are singlets when viewed in the raw data. Strikingly, of these nano-impact events,
26% of these features are not observable in the raw data (labelled ‘vanished’); they
are submerged by the noise of this system at the higher frequency. Fig. 3.7b presents
the cumulative frequency for the four categories, showing the associated charge

distributions. First, it can be seen that the features that are not detectable in the
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high frequency data are on average significantly smaller (considering mean total
charge passed, 0.0435 = 0.0042 pC). This observation predominantly reflects the
fact that the lower filter frequency has decreased the noise of the signal, enabling
slow (and hence lower current magnitude) features to be resolved in the data set.
However, the slow nature of these electrochemical features is of interest and may
indicate that the processes leading to their detection differ markedly from other types
of nano-impact events. Second, the charge distributions for the singlet, doublet and
multiplet features are broadly comparable, but the average charge per event
increases with the number of features present per event. Considering the data set
in its entirety, the average charge passed for the whole population of events is
found to be 0.223 + 0.009 pC. The following section serves to evidence to what

extent the individual nanoparticle oxidation processes goes to completion.

3.3.3. Sizing comparison with TEM

After experimentally obtaining the nano-impact data, filtering the raw data to group
processes occurring close together in time, removing the slowly changing background
from the chrono-amperometric data (baseline correction), identifying the individual
nano-events and integrating the individual charges, it is vital to consider whether the
observed individual nano-impact events are consistent with partial or total oxidation
of the nanopatrticles upon electrical contact with the electrode. To answer this question,
one must consider not only the average charge passed per nano-impact event, but
also the prospect of information being contained in the experimental nano-impact

frequency data.
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First, as highlighted in the introduction, it is important to recognise that the
electrochemical nano-impact methodology is biased towards the detection of smaller
nanoparticles due to their higher associated diffusion coefficient. If each nano-impact
event is assumed to provide a measure of the impacting nanoparticles volume, we can
also assume that this volume, V, gives a direct estimate of the diffusion coefficient of
the particle (using a spherical approximation). Furthermore, if the probability of
observing a nanoparticle is taken to be proportional to its diffusion coefficient (/.e.
assuming a convergent steady-state mass-transport profile is operative), then the
electrochemically measured charge distribution can be corrected by weighting each
particle by the cube-root of the charge passed during the course of the individual nano-

impact event (Q /3). This weighting derives from the Stokes—Einstein equation (given

in Egn (3.2)), where D oc%and, assuming a spherical nanoparticle, V « r3, hence

D x V% The influence of this diffusional correction is shown in Fig. 3.8 such that the

weighted data gives — under the approximations made above — a non-biased estimate
of the total charge per nanoparticle in the solution phase. This is equivalent to the
estimation of the solution phase nanoparticle volume distribution under the
assumption of a known material density and with the application of Faraday’s 1 law.
The above discussion explicitly highlights an assumption made in using the
electrochemical method as a route to providing a size estimate of the solution phase
nanoparticle volume distribution. Comparison of this estimated volume distribution to
that of TEM requires the construction of a volume distribution from 2D representations
of the nanoparticle population. As outlined above, in the absence of further
topographical or 3D information, significant assumptions regarding particle geometry
are required to make an estimate of the nanoparticle volume distribution. TEM images
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Fig. 3.8 Cumulative frequency charge distribution calculated from TEM sizing (assuming
spherical nanoparticles) depicted as black dotted line with shaded area enclosed with a red
line determined by the correction factor used. The purple dashed and solid lines show the
unweighted and weighted charge distributions obtained from the chronoamperometry
experiments respectively. Inlay depicts the mean cumulative number of impacts as a function
of time for six chronoamperograms (red line) of 12 pM AgNPs in 20 mM KCI, with the
associated standard error bars. The green dashed line portrays the expected cumulative

number of spikes assuming a steady-state flux to the electrode.

of the nanoparticle sample used in this work demonstrate that this sample, as is
commonly encountered in nano-particle populations, exhibits significant heterogeneity
both in terms of the particle dimension and morphology. From these images an
estimate of the particle volume distribution and hence oxidative charge per particle
can be made. In making this estimate a correction factor (), as defined in previous
work,[31] is utilised and gives a guide to the possible error associated with the

conversion of TEM images into a charge estimate per particle. The correction factors
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used are further discussed in the Appendix section 4. To re-emphasise this point, the
circularity of a 2D projection of a particle in an image does not provide a good estimate
of the particles sphericity, even highly symmetric shapes can have significantly lower

volumes as compared to the circumscribed sphere.

Fig. 3.8 depicts the TEM and electrochemical estimates of the equivalent charge
distribution for the nanoparticle population. In accounting for the bias of the
electrochemical technique towards the detection of smaller particles, the average
charge per particle is determined to be 0.31 pC, with a standard deviation of 0.25
pC. Depending on the methodology used to estimate the charge per particle from
the TEM data (see Appendix section 4), the expected charge per particle is in the
range of 0.28 £ 0.02 to 0.32 = 0.02 pC. The mean charge per particle, as estimated
by the two techniques, is found to be in excellent agreement. A minor discrepancy
arises in the fact that the electrochemical data estimates a wider size distribution as
evidenced by the increase in the reported standard deviation from 0.16 pC (TEM) to
0.25 pC. Consequently, within the accuracy of the technique and the assumptions
employed, the observed electrochemical data is consistent with the charge estimate
made from the TEM data. This indicates that the nanoparticle oxidation goes to
completion for this silver nano-particle population in the presence of 20 mM KCl.
Previous work studying larger ca. 100 nm diameter particles has highlighted that in
the larger size limit, the propensity for a particle to undergo complete or partial
oxidation is likely dependent upon a variety of experimental factors, including the
electrolyte identity and concentration.321 Having accounted fully for all of the

variables and biases in the system and having analysed the data thoroughly, there
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is insufficient evidence to prove the nanoparticle population only undergoes partial

oxidation at the electrochemical interface under these experimental conditions.

An alternate route to determine whether the nanoparticle oxidation goes to
completion is to study the observed nano-particle impact frequency. The frequency
of the nanoimpact events can be measured and compared to that expected on the
basis of a diffusional model. Were the nanoparticles to undergo multiple partial
oxidations, one may anticipate the measured nano-event frequency to be markedly
higher than that predicted on the basis of a diffusion-only model. However, such
analysis is complicated by the fact that a number of factors, including particle
adsorption onto a supporting surface, agglomeration or chemical kinetic processes
can lead to the observed nanoparticle impact frequency being significantly less than
would be initially predicted utilising a diffusion-only model of the nanoparticle mass-
transport to the electrode surface.[3!: 33-34] The Fig. 3.8 inlay depicts the mean
cumulative number of spikes observed as a function of time for 6 separately measured
chronoamperograms with the associated mean standard error. Also depicted is the
theoretically predicted cumulative number of spikes as estimated from assuming a
steady-state flux of material to the electrode surface. Although at short-times (<8
seconds) the frequency of the nano-impacts is highly comparable to that predicted
for a diffusion-only flux of material to the electrode surface, at longer times (48
seconds) the impact rate becomes significantly depleted. As has been previously
reported,[31] the observed nano-impact frequency of the oxidation of silver
nanoparticles is sensitive to both the identity and concentration of the halide anion.

Notably, the lower the halide concentration the lower the nano-impact frequency is
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observed to be (even in the presence of a constant ionic strength). Moreover, although
the frequency of the impacts is sensitive to the halide concentration and identity, the
magnitude of the average charge passed per event is found to be relatively invariant.
This observation has been previously attributed to a nucleation growth type mechanism
for the nanoparticle oxidation.[3!] In conclusion, in accounting for the complications
outlined above, the impact frequency data presented here is not inconsistent with the
interpretation that the nanoparticle oxidation goes to completion, given that a wide

number of factors can and do influence the observed electrochemical response.

3.4. Conclusions

In accordance with the literature, the use of high measurement frequencies ( ca. kilo
Hertz) reveals that individual nano-impact events tend to exhibit multiple maxima and
in many cases are comprised of multiple spike features. This variation in the nano-
impact event shape may in some cases reflect the underlying kinetics of the
electrochemical reaction, or may reflect the nano-motion of the nanoparticle at the
electrochemical interface. The value of the generic methodology employed in this
work has been exemplified in the demonstration of the complete oxidation of silver
nanoparticles of diameters as large as 50 nm, and such data has been correlated with
TEM images to indicate the non-spherical geometry of such particles. However, when
the charge per nano-event is of interest, this work demonstrates that the use of
higher measurement frequencies tends, even with the use of appropriately fast
electronics and sampling, to result in the underestimation of the charge passed per
nano-impact event. This occurs due to the fact that at higher measurement
frequencies individual nano-events can be comprised of multiple spike features and
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the clustering of individual events together as single events is required to provide an
estimate of the total charge passed per event. Moreover, higher signal bandwidths
necessitate larger background noise and consequently slow and small processes can
become ‘lost’ in the noise of the system. Consequently, in order to obtain more
accurate information regarding the both the nano-impact event frequency and the
charge passed per event, low-pass filtering the data to lower frequencies is advised
prior to charge analysis. This filtering may be performed either prior to or after
digitalisation of the signal. In order to exemplify the effect of the filtering system, this
work has focused on digital filtering following data acquisition. The lowest suitable
filtering frequency depends upon the expected nano-impact event frequency. Use of
lower filtering frequencies will increase the probability of two independent events
being counted as a single feature. However, for many experiments where frequencies
of ca. <5 particle impact events are anticipated to occur per second, the use of a 100
Hz filtering frequency is acceptable and both reduces the electrochemical noise and
facilitates quantitative analysis of the oxidative charge passed per event. Given the
similarity of the duration of nanoparticle—electrode events in the same solvent, the
results presented here have wider implications concerning the importance of
considering the filtering frequency when pursuing quantitative charge information
for a wide variety of nanoparticle systems. Namely, the use of a 100 Hz filtering

frequency is widely suitable for charge analysis in this class of experiment.
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Appendices

1. Flow diagram of experimental measurement system

The flow diagram in Fig. 3.9 depicts the key stages of the data acquisition process
during a nano-impact experiment. Initially the working electrode is held at a virtual
ground by the current amplifier, giving a low impedance pathway for the signal
(a). The amplifier serves to both amplify the signal and convert it to a voltage (at
a conversion of 1 GV/A), this amplification is done with bandwidth of 4 kHz, where
the transfer function of the device closely approximates a first-order filter response.
Then the voltage signal output of the amplifier is further filtered to 2 kHz using
two cascaded passive RC filters (b). Following this, the filtered voltage signal is
digitised by the data-acquisition device at a rate of 100 kS s (c). Also of
importance is the input resolution of the DAQ- in the present case a 16-bit device
as been used. The device subsequently sends the digitised signal via a USB
connection to the computer. Next, the computer receives and stores the digitised
data (d), and this data can be loaded and analysed. If desired, it can be filtered

prior to this using a digital low-pass filter, which limits the signals bandwidth (e).

Current Data On-Screen
Working plifier Analog Filter Acqms:mon Computer Digital Filtering Visualisation /
Electrode (2 kHz) Device Storage .
(4 kHz) 4 Data Analysis
a) b) (100 kS s1) ¢) d) e)

Fig. 3.9. Flow diagram outlining the used measurement and filtering procedure for nano-impact

experiments.
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2. Details of baseline estimation methodology

In order to analyse the electrochemical spike data an estimation of the baseline
needs to be made. This may be done by an individual user on a per spike basis i.e.
by manually selecting the ‘start’ and ‘end’ of a spike and assuming the background
varies approximately linearly over the course of the event. Alternatively, more
automated techniques for spike detection may be sought. A problem here lays in
the large and relatively slowly changing experimental background signal. This leaves
the development of such automated methodologies facing a number of complexities.
In the present work the duration of a spike is defined by the points at which the
current passes through this pre-defined baseline. Consequently, accurate estimation
of the background is paramount to the validity of the analysis carried out. Automated
spike identification has a propensity to underestimate the charge per event and

requires validation against other analysis procedures prior to being employed.

The method utilised in this work briefly is outlined as follows:

Prior to estimation of the baseline, areas of the time trace containing impact events
require removal. In this work we achieve this through analysing the local windowed
variance. Using an adapted version of Welford’s method (i.e. a single-pass method
for computing the variance by looking at the differences between the sums of
squared differences for N/ and N -1 samples) for the calculation of a dataset’s
variance, the rolling windowed standard deviation can be rapidly estimated with a
high degree of accuracy. Having calculated the windowed regions of high variance
likely to correspond to times at which a nano-event is occurring, data windows with

a variance above a set threshold are removed from the data set. The threshold is
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set by the user as a percentile across the whole dataset with values between 70 and
95% are commonly employed. In order to estimate the baseline the regions where
data has been removed is filled by an estimate of the baseline. Note, simply filling
the formed gaps in the dataset by linear interpolation is found to be insufficient in
providing an accurate baseline estimate. Having filled the data gaps, the resulting
dataset with the ‘spikes’ removed is digitally filtered to a very low frequency using
a 4-pole Bessel filter (ca. 5 Hz). Note a two pass filtering is used first in the forward
and then in the reverse direction to avoid phase shifting the resulting baseline. The
final filtered response is used as the baseline for the spike detection algorithm. It
should be noted that although the baseline estimation and spike identification is
semi-automated, the developed script forces the user to validate the baseline and

analysis of each individual spike prior to its use in the final data set.

3. Charge distributions using a windowing method

One method of obtaining a charge distribution is to measure data in its raw format,
without applying a digital filter, and then clustering spikes together that occur within
a given time window. In this case, if the current crosses the baseline more than once
within a certain time window these multiple peaks will count as a single event, with
the charge calculated by integrating over the whole range of these spikes. Fig. 3.10a
depicts the cumulative frequency charge distributions obtained for suspensions of 12
pM AgNPs in 20 mM KCl over three chronoamperograms using this method. Window

sizes from 0 ms to 50 ms are used, and the data filtered at 100 Hz overlaid. It can
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be seen that a window size of 15 ms is in excellent agreement with the data filtered

at 100 Hz, except at low charge (< 0.2 pC).
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Fig. 3.10a. Cumulative frequency plots of the charge transferred during nano-impacts of 12 pM
AgNPs in 20 mM KClI for three chronoamperograms. The data was obtained by detecting spikes
from the raw, unfiltered data and then clustering spikes based on a window size. Window sizes
of 0 ms, 10 ms, 15 ms, 20 ms and 50 ms are depicted as red, blue, yellow, green and purple
solid lines respectively. Overlaid is the same charge distribution obtained from digitally filtering

the data at 100 Hz prior to analysis (dotted black line).

As referenced in the main text, by using the high frequency raw data recorded at 2
kHz and clustering the spikes into events based on a 15 ms window size, the average
spike charge is underestimated by approximately 5 %. Whilst the overall percentage
error is relatively small in magnitude, the error-associated with individual spike
events can be as high as 70 %. This data is presented in Fig. 3.10b, with Fig. 3.10bi
depicting the correlation between 149 spikes measured by the two methods,

excluding 21 ‘vanishing’ spikes and 5 spikes that are split into doublets using the
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window-size method. Fig. 3.10bii demonstrates that whilst there is a fairly small
percentage change at higher charges (> 0.5 pC), the more extreme disparity comes
with lower charge impacts; 10 % of the spike population show a 50 % or greater
decrease in charge from the 100 Hz to window-size methods, and all of these are

for spikes of magnitudes lower than 0.3 pC.
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Fig. 3.10b. i) Correlation diagrams for the charge of nano-impact spikes measured with a post-
acquisition 100 Hz digital filter applied (giooHz) compared to the charge measured by detecting
spike events in the raw data, and clustering them together based on a 15 ms window size (@QWS).
ii) Scatter plot showing the percentage change in measured charge from the method involving
a post-acquisition 100 Hz digital filter applied (gooHz) to the window-sizing method (QWS),

plotted against the measured charge at 100 Hz.

4. Correction factors used in TEM
Without the use of tomography or other 3D techniques, attempting to obtain
nanoparticle volume distributions from TEM images requires significant assumptions

and approximations regarding the geometry of the particles. The TEM images in Fig.
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3.11 depict the variation in shapes observed for this batch of silver nanoparticles,

with the heterogeneity of the morphology clearly evident.

25 nm 25 nm

Figure 3.11. Representative TEM images showing the variability in dimension and morphology

of nominally 50 nm diameter AgNPs.

As referenced in the main text, the estimation of the nanoparticle volume distribution
and hence oxidative charge distribution must take into account a correction factor
for their non-sphericity. The charge distribution presented in Figure 3.8 of the main

text was constructed by calculating the volume of the nanoparticles as given below

Ve = 25 f (3.3)
where Rsis the radius of the sphere circumscribing the nanoparticle, and is taken to
be the maximal radius for non-spherical particles (approximately 50 % of the
sample). The value of fis taken to be 1 for spherical particles, and has previously
been chosen semi-arbitrarily to be 0.5 for non-spherical particles.[31] Assuming
complete oxidation of the nanoparticle, the charge transferred per nanoparticle Qvp

can then be calculated as given in the equation

NP = % X Vyp (3.4)

where p is the density of silver (10.5 x 106 g m3),[3°] zis the number of electrons
transferred per atom (equal to 1 for silver oxidation), and A, is the atomic mass of

silver (107.9 g mol?).
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Due to the large proportion of non-spherical particles in this sample, the choice of
correction factor £ can have a significant impact on the shape and mean of the
charge distribution obtained from the TEM images. As a result, we have presented
the distributions resulting from the range of correction factors 0.5-0.7,
demonstrating the influence of £ and further highlighting the difficulties in using the

circularity of a 2D projection to provide a good volume estimate.
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Chapter 4
Electrochemical 1Impacts Complement Light

Scattering Techniques for In-situ Nanoparticle Sizing

Having establishing a generic framework for the nano-impact technique in Chapter 3,
we next show that the electrochemical method complements light scattering
techniques for sizing both mono- and poly-disperse nanoparticles. It is found that
established techniques — Dynamic Light Scattering (DLS) and Nanoparticle Tracking
Analysis (NTA) — can accurately measure the diameters of ‘30 nm’ silver particles
assuming spherical shapes, but are unable to accurately size a smaller ‘20 nm’ sample.
In contrast, nano-impacts have a high accuracy (< 5% error in effective diameters)
and are able to size both individual ‘20 nm” and ‘30 nm’ silver NPs in terms of the
number of constituent atoms. Further study of a ‘20 nm and 30 nm’ bimodal sample
shows that the electrochemical technique resolves the two very similar sizes well,
demonstrating accurate sizing regardless of particle size polydispersity, whereas due
to inherent limitations of light scattering measurements this is not possible for DLS
and NTA. Electrochemical sizing is concluded to offer significant attractions over light

scattering methods.

This work has been published in Nanoscale, 2019, Royal Society of Chemistry,[!l and
was realised in collaboration with Dr. Christopher Batchelor-McAuley, from
Department of Chemistry, University of Oxford and Dr. Neil P. Young, from

Department of Materials, University of Oxford. Dr. Batchelor-McAuley helped me with
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the experimental design and the interpretation of the results. Dr. Young helped with

the TEM measurements of the silver nanoparticles.

4.1. Introduction

Size controls many physical and chemical properties of nanomaterials, including
luminescence, catalytic activity and toxicity.[2*] For nanoparticles (NPs) with well-
defined geometries such as spheres or prisms, the particle size can be defined by
simple parameters. However, most NPs exhibit a degree of irregularity in their shapes.
Moreover, no NP samples contain truly monodisperse particles, which dictates a size
distribution for the description of particle populations. Furthermore, efficient and
precise sizing measurements of multimodal NP samples are desirable.[>®] These facts
present difficulties in the accurate determination of NP sizes for current analytical

techniques based on light scattering.

Dynamic Light Scattering (DLS) and Nanoparticle Tracking Analysis (NTA) have been
widely used as established techniques for size measurements of NPs in many fields
involving environmental and biological studies.[”8] As introduced in Chapter 2, both
light scattering techniques provide an /in situ measurement of the hydrodynamic radii
of the NPs, assumed spherical. The measured quantities are often larger than the
geometric radii. However, while it is well known that DLS can only resolve particles
that differ in diameter by at least a factor of 3,181 many studies have shown that for
metal NPs such as silver and gold, the technique tends to yield markedly larger (>

50%) diameters than expected when the particle sizes are small (e.g. < 30 nm).[4 9
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13] The latter may in part reflect the significant effects of operational procedures on
the measurement accuracy.[!*] For NTA, due to individual visualization of particles, the
technique has a much better size resolution (of two particles with less than 0.5 fold
difference in diameter),!®] but for small NPs it may have difficulty in detecting them
depending on the optical properties of the NPs and the type of laser used. This reflects
a fourth-power dependence of scattered light intensity on the wavelength of incident
light.[*>] In addition to further improvements in the mature techniques themselves,
this poses a question of how can these small NPs, especially when examined as

polydisperse samples, be better sized using other sizing alternatives?

Among all the NP sizing techniques, transmission electron microscopy (TEM) offers
excellent resolution in defining the particle size and shape based on projection images.
However, TEM only measures samples in high definition when the particles are
completely dry and clean. In addition, a recent study using electron tomography shows
that even for some of the particles appearing to be almost spherical there is still an
overestimation of ca. 8% in particle diameter.['®] As introduced in Chapter 2, an
emerging technique in recent years, electrochemical particle-impact technique (or
‘nano-impacts’), has been demonstrated as a volume-based sizing technique for many
kinds of NPs such as metals,!'”] organics!!8! and polymeric NPs!i®] using appropriate
electrolytes and applied potentials. Recent developments of the nano-impact method
have been reviewed.[20-22] In particular, a systematic quantitative methodology has
been established for the technique in sizing NPs.[23] In this work, we aim to compare
the electrochemical alternative with the light scattering techniques in sizing small NPs

mainly in terms of measurement accuracy. To this end, the nominally ‘20 nm’ and ‘30
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nm’-diameter silver particles are selected and studied in both their individual
dispersions as well as a bimodal sample. Insights into the strengths and limitations of

the involved techniques are consequently obtained.

4.2. Experimental Section

4.2.1. Chemical reagents

Citrate-capped ‘20 nm’ silver nanoparticles (Ag NPs) were synthesised by J. C. Lees
following a seeded growth method as a 0.13 mg/mL particle dispersion containing 2
mM of sodium citrate.[?*] The ‘20 nm’ diameter and quasi-spherical shapes have been
characterized by high-resolution SEM previously.[?>] The ‘30 nm’ silver nanoparticle
suspension (NanoXact, 0.02 mg/mL silver, 2 mM sodium citrate) was purchased from
NanoComposix, USA. Potassium Chloride (= 99.0%) was obtained from Sigma-Aldrich,
and tri-sodium citrate (99.0%) from British Drug Houses. Solutions were prepared

using deionized water (Millipore) with a resistivity of 18.2 MQ cm at 298 K.

4.2.2. Electrochemical impacts

The nano-impact (or NI) experiments of both individual (‘20 nm’ and ‘30 nm’) and
mixed sizes were performed using an in-house low noise potentiostat as described
previously.[26] Briefly, a low noise current amplifier (LCA-4K-1G, FEMTO Messtechnik
GmbH, Germany) was used and filtered using two cascaded analogue RC-filters at 2K
Hz. The filtered signal was then digitized at 100 kS s! via a USB data acquisition device

(USB-6003, National Instruments, Texas, US). The low-pass digital filter was set to
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100 Hz. The filter design used in this work has been demonstrated to conserve the
overall charge transferred in such nano-impact events.[26-27] Current spikes were

identified and analysed using a script written in Python 3.5.

The electrochemical measurements were carried out using a lab-built three-electrode
system in a Faraday cage with temperature control at 25 °C. A 33 pm diameter(28]
carbon disc electrode (1J Cambria Scientific Ltd, UK) was used as the working electrode.
A leakless Ag/AgCl (in 3.0 M KCl, eDaq) electrode was used as the reference electrode
(+ 0.210 V vs. SHE), and a 0.5 x 4 x 8 mm?3 platinum mesh (Goodfellow, Cambridge,
UK) as the counter electrode. The two silver particle dispersions, ‘20 nm’ and ‘30 nm’,
were diluted and mixed with potassium chloride solution to a same particle
concentration of 6 pM and 20 mM of KCl. The bimodal sample of ‘20 + 30 nm’ was
obtained by physically mixing the two stock individual samples with the chloride and
citrate solution in a ratio that results in equal particle concentrations of 6 pM and 1.8
mM of citrate, 20 mM of KCI. Then chronoamperometry, with a step potential of +
0.80 V vs. Ag/AgCl for 60 seconds per scan, was performed to detect the particle
impacts at the working electrode immersed in the three dispersions described above.
The carbon microdisc electrode was polished between each scan with 0.3, 0.05 pm

sized alumina in sequence and rinsed with deionized water.

4.2.3. Dynamic Light Scattering

The ‘20 nm’ and ‘30 nm’ particle diameter distributions with a concentration of 24 pM
in 1.8 mM citrate were measured using a Nano ZS zetasizer system (Malvern
Instruments). Measurement conditions mainly includes an irradiation wavelength of
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632.8 nm (He laser) at a fixed backscatter angle of 173°, an equilibration time of 120
s, @ measurement temperature of 298 K, a viscosity of 0.89 cP and refractive index
of 1.3325 (of de-ionized water).[2°] Prior to the measurement, the silver dispersions
were filtered through a 0.22 ym polyvinylidene fluoride (PVDF) membrane. Three
measurements of 10-20 scans each were performed for each sample in general
purpose algorithm (with normal resolution). A forward scattering angle of 13° and a

multiple narrow algorithm (with high resolution) was also attempted.

4.2.4. Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) was performed using a NanoSight LM10
(NanoSight, UK), equipped with a sample chamber with a 405 nm or 642 laser. The
samples were diluted to a concentration of ca. 1 pM and injected in the sample
chamber with sterile syringes (BsD Discardit II, New Jersey, USA). All measurements
were performed for five times at a temperature of 23.0 £ 1.0 °C. The samples were
measured for 60 s with automatic exposure settings at 30 frames per second. The
software used for video capture and data analysis was NTA 2.3. Dr. Tom Dennison
and Mr. Liam Cole of Malvern Analytical are thanked for the NTA measurements using

the 405 nm laser.

4.2.5. Transmission Electron Microscopy
The nominally ‘20 and 30 nm’ silver nanoparticles were imaged by transmission
electron microscopy (TEM) using a JEOL JEM-3000F instrument with an accelerating

voltage of 300 kV. Imaging magnification was 120 to 300 thousandfold (kX). Samples
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were prepared by drop-casting the nanoparticle suspensions (diluted 1/10 fold of the
original stock suspension to 0.013 mg/mL Ag NPs, 0.2 mM sodium citrate for the ‘20
nm’ particles; as-received 0.02 mg/mL Ag NPs, 2 mM sodium citrate for the ‘30 nm’
particles) onto carbon grids (Agar Scientific) and allowing these to dry in air. Dr. Neil
Young is thanked for operating the TEM for the acquisition of the images. Size

information was subsequently extracted using Image] software.

4.3. Results and discussion

The diameters of Ag NPs were first measured using TEM to provide values of the
diameters for the individual ‘20 nm’ and ‘30 nm’ samples. Next, to investigate how
accurately the established in situ methods can size these small particles, the two NP
dispersions were measured by NTA and DLS. As reported below, we find that both
light scattering techniques measured diameters of 5-20% larger for the ‘30 nm’
particles than the TEM reference values yet over 50% larger for the ‘20 nm’ sample.
To approach the question of how the electrochemical alternative performs in sizing
these small NPs, the nano-impact (or NI) method is then applied to study the individual
samples and further to investigate a mixed sample of the two particle sizes. The
electrochemical measurements show an accuracy of within 5% error of the TEM results
for both individual and the bimodal sizing. Advantages of the nano-impact

methodology over the other involved techniques are discussed.
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4.3.1. TEM analysis

TEM measurements were conducted for the silver NPs of both sizes. With high
magnification of 120 to 300 kX, TEM images of ‘20 nm’ (N=123) and ‘30 nm’ (N=110)
silver particles were obtained as shown in Figure 4.1. It was observed that for both
sizes most particles appear to be quasi-spherical. As such, 2D areas of the particles
were measured using a freehand tool for outlining the particle boundaries!3% and then
converted to effective geometric diameters, where the median values were measured
as 18.5 £ 0.3 nm and 28.9 £ 0.5 nm for later direct comparison (See Table 4.1). The
standard deviations represent the measurement uncertainty as from defining the
particle boundaries in the TEM images and were determined as 0.3 and 0.5 nm on
average for the ‘20 nm’ and ‘30 nm’ particles respectively. This error estimation is
described in detail in Appendix Section 1. This measurement uncertainty is of
importance as compared to the other errors of typically some 0.5 nm (Table 4.1) in
diameter obtained from reproducibility and would be more significant for images with

lower resolution.

Figure 4.1. TEM images of the ‘20 nm’ (left) and ‘30 nm’ (right)-diameter silver particles.
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4.3.2. Light scattering measurements

NTA measurements were performed to measure the diameters of the NPs in
dispersions. This in situ technique uses a laser as the light source, illuminating the
suspended particles to scatter light and allow individual entities to be visualized,
tracked and analyzed. According to the Rayleigh Scattering theory, the scattered light
intensity of NPs is inversely proportional to the fourth power of the wavelength of the
laser.[15] Moreover, the light scattering of the metallic NPs is significantly affected by
surface plasmon resonance (SPR). As such, the type of laser is crucial for these very
small particles to be detected. Herein, a 642 nm and a 405 nm laser were used to
study the two samples. It is noted that the 642 nm laser is commonly used in
NanoSight instruments while the wavelength of 405 nm, which is also commercially
available, is near the SPR wavelength of the silver NPs.[31] Diameter distributions
(Figure 4.2) and the median diameters (Table 4.1) were obtained; the number of

tracks per measurement was also recorded to represent the data statistics.

When using the 642 nm laser, few ‘30 nm’ particles were observed in the microscopic
view and consequently around 150 tracks per measurement were recorded with a
measured median diameter as large as 49.6 £ 2.5 nm. Then using a 405 nm laser,
approximately 18,000 tracks per measurement were measured and the diameter
distribution of the ‘30 nm’ particles is in overall good agreement with the TEM results
though slightly larger (5%) than the reference values, considering that a
hydrodynamic radius is often larger than the geometric radius of a particle. The
significantly larger number of detected particles is due to far more scattered rays

measured when using the shorter-wavelength laser.l'5] For the smaller ‘20 nm’
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particles, changing to use the 405 nm laser led the number of tracks to increase from
ca. 100 to 5000 per measurement. Accordingly, the results of the median diameters
showed, a decrease from 44.2 = 1.6 nm to 27.8 £ 0.4 nm that is, however, still much
larger (9 nm) than that of the TEM results. Although the technique measures
hydrodynamic diameters, this 50% discrepancy is too significant to render the result
accurate. It follows that the NTA is able to accurately measure the ‘30 nm’ silver

particles with the 405 nm laser but unable to do so for the smaller ‘20 nm’ sample.

Next, the other light scattering technique DLS (equipped with a 633 nm laser) was
used to size the particles. The technique measures the intensity fluctuation of
scattered light of particle ensembles without the requirement of them being visualized
individually as in NTA,8] and thus is likely more sensitive in sizing small NPs. The
intensity diameter distributions were obtained and herein converted to cumulative
(intensity) frequency against diameter as shown in the Figure 4.2; conversion from
the intensity plots to number- or volume-based diameter distribution can be
significantly erroneous due to the inherent peak broadening of the intensity
distributions(32],  Z-average diameters (i.e. intensity-weighted harmonic mean

diameter) were measured, which can be expressed as!*3!

TS
D, = &3t 4.1
z 2(3—2) (1)

where D:; is the z-average diameter, S;is the scattered light intensity from particle /
and D; is the diameter of particle /i Polydispersity indices (PDI) of the two samples

were also recorded (Table 4.1).
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Techniques

Table 4.1. Summary of the sizing results of the four techniques for the ‘20 nm’ and ‘30 nm'-

diameter Ag NPs and their mixture.

Measured Diameters (nm)/

Median Diameters (nm)? 30 nm 20 + 30 nm

31.1(PDI = 34.7 (PDI =

DLS Z-average diameter (nm) 0.222)" 0.116) %O
dIntensity median (nm) 31-5 + 0.8") 34-7 + 0-2

NTA Modal diameter(nm) 26.6 £ 8.5 30.0 £ 6.0 y
dmedian (NM) 27.8+ 04 30.410.1

TEM Mean diameter (nm) 19.0 £ 4.2 29.2 £ 4.8 )
dmedian (NM) 185+ 0.3 28.9+ 0.5

NI Mean diameter (nm) 19.2 £ 3.9 30,2+ 75 VO
Omedian (NM) 18.3+ 0.5 28.7 + 0.6

3) (‘dmedian” means the measured ‘median diameters’) ®) (There are two types of standard deviations
— the upper-row ones represent the width of the measured diameter distribution (otherwise, PDI
is used for DLS results), while the lower-row ones indicate the reproducibility of the median

diameters) 9 (‘v or x’ means being able or not to discriminate the bimodal sample)

07
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> 0.4 <
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Figure 4.2. Inter-technique sizing comparison in cumulative frequency against diameter for the
20 nm’ and ‘30 nm’ silver particles in aqueous dispersions containing 20 mM KCl and 1.8 mM
citrate. The inlay figures are chronoamperomogram examples (at + 0.8 V vs. Ag/AgCl, duration
60 seconds) with nano-impact (NI) spike signals for oxidation of the 6 pM ‘20 nm’ (red) and ‘30
nm’ (green) silver particles, respectively. Thin lines or error bars alongside the mainstream sizing

curves denote the corresponding measure of uncertainty.
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For the 30 nm’ silver particles, DLS measured diameters of 6 nm (or 20%) larger than
the reference value, which may reflect the measurement of a hydrodynamic quantity.
A diameter distribution shift towards larger sizes is expected owing to a sixth-power
dependence of scattered light intensity on the particle diameter.['>] Meanwhile, the
PDI shows a narrow diameter distribution for the ‘30 nm’ particles of 11.8 nm in width
assuming a Gaussian distribution. However, for the ‘20 nm’ particles there is a vast
overestimation of 70% larger in the measured diameter than TEM while the diameter
distribution is significantly biased towards larger sizes. It is noteworthy that that
several studies have shown that for the DLS measurements of nanoparticles of a small
size (e.g. 10 ~ 20 nm in diameter), a high particle concentration such as of the order
of nanomolar (nM) may be essential for obtaining an accurate diameter distribution.[14
341 Therefore, the NP sizes of the colloids with a particle concentration ranging from 6
pM to 4.8 nM were measured (see Appendix Section 2 for the details). However, the
measured average diameters were shown to be still no less than 28 nm (corresponding
to a 40% error) across this wide concentration range. Even so, the sizing results for
the ‘20 nm’ sample are in general agreement with other literatures!!1-13] where typically
an overestimation of over 50% in measured diameter is observed for silver particles
of very small diameters (e.g. 10-20 nm). Therefore, the DLS measurements are able

to size the '30 nm’ sample but not the ‘20 nm’ particles.

4.3.3. Electrochemical measurements

Having recognized the limited accuracy of the light scattering measurements, we next
performed nano-impact (NI) experiments to size the two monomodal samples. A
carbon microdisc electrode was immersed in a 20 mM KCI solution containing 6 pM
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‘20 nm’ or ‘30 nm’ silver nanoparticles and 1.8 mM citrate. At a step potential of + 0.8
V (vs. Ag/AgCl), five 60-second chronoamperograms were collected each for ‘20 nm’
and ‘30 nm’ silver particles (see the inlay of Figure 4.2), where 477 and 1203 spike
signals were identified, respectively. The filter design used in this work has been
demonstrated to conserve the overall charge transferred in such nano-impact
events.[26-27] Consequently, the oxidative charge per impact event is then converted
to number of silver atoms via Faraday’s 1%t law. The oxidative charge per impact event
is converted to the number of silver atoms per particle via Faraday’s 15t law. Specifically,
if Q is the spike charge obtained by integrating current with time and carefully defining

a baseline,[23! then
Q = Ne

where eis the electronic charge (1.60 x 101° C) and Nis the number of silver atoms
in the nanoparticle. This number is independent of the shape of the particle and the
technique provides no shape information. However, it is possible to define an ‘effective’
diameter (d) of a perfect sphere containing the same number of atoms and having

the same density, pin g m3, as bulk silver (10.5 x 106 g m3),

N
N X Ar(Ag)

P="4 4
37’

where My is the Avogadro constant and A (Ag) is the relative atomic mass of silver
(107.9 g molt). As such, the particle diameter distributions in form of cumulative
frequency (i.e. normalized cumulative number of spikes) as a function of diameter
were obtained. However, to obtain a ‘true’ diameter distribution, the impact data is
first windowed to statistically reveal authentic numbers of spikes, '] and then
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weighted for diffusion to eliminate the effect of unequal probabilities of detecting the
particles owing to their size-dependent mobility (See Appendix Section 3).[23] As a
result, 443 (‘20 nm") and 932 (‘30 nm’) spikes were confirmed as single features and
the windowed- and weighted- diameter distributions were depicted in the Figure 4.2
with measured diameters in Table 4.1. The thin lines alongside the mainstream, thick

sizing curves represent the standard deviations of the experimental reproducibility.

As depicted in Figure 4.2 (enlarged in Figure 4.3), the spike height of the ‘30 nm’
impacting particles is observed nearly three times high as that of the ‘20 nm’ sample.
This ratio is the same as that for their impact charges, due to the sufficiently fast
electrode kinetics at the applied high overpotential (n = 0.6 V) and thereof to similar
durations of the spikes 18 £ 9 ms (‘20 nm’) and 22 £ 11 ms (‘30 nm’). In terms of
impact frequency, it was observed that the smaller ‘20 nm’ particles, however, have a
lower impact frequency than the ‘30 nm’ particles. In the diffusion-only regime of
particle movements in solution, the flux of NPs towards electrode surface is affected
by the size of the particles as discussed above. However, the particles might not be
immediately oxidized upon arrival given that the initiation of the oxidation events
depends on the quality of electrical contact between the impacting particles and the
electrode, which may be largely affected by the surface chemistry of the NPs and the

electrolyte species and concentration. 3!

As seen from the Figure 4.2, the electrochemical measurements show excellent

agreement with the TEM reference diameters for both ‘20 nm’ and ‘30 nm’ silver
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samples. More precisely, the median diameters were measured as 18.3 £ 0.5 nm and
28.7 £ 0.6 nm for the ‘20 nm’ and ‘30 nm’ particles respectively, which both merely
differ by 0.2 nm in diameter from the reference values. To facilitate the comparison
of diameter distributions, D10, D25, D50, D75 and D90 percentile values of the TEM
and electrochemical sizing curves were used to acquire a measure of accuracy. As a
result, the nano-impact diameter distributions are within 2.0% error on average of the
TEM results for the ‘20 nm’ particles and within 5.4% error for the ‘30 nm’ particles.
In addition, the corresponding standard deviations as from the experimental
reproducibility were found to be within less than 3.0% of the average diameters. It is
thus concluded that the electrochemical technique provided highly accurate (< 5%

error in effective diameters) sizing measurements of these small nanoparticles.

Building on the success of the accurate sizing of the individual NP dispersions, the
nano-impact technique was further applied to size a bimodal sample of a mixture of
the *20 nm’ and 30 nm’ Ag NPs. The carbon microdisc electrode was immersed in the
20 mM KClI solution containing deliberately mixed 6 pM ‘20 nm’ and 6 pM ‘30 nm’ silver
nanoparticles with 1.8 mM citrate. Under the same conditions, five
chronoamperograms were collected with 1391 spikes and then after windowing 1234
spikes. Figure 4.3c shows one chronoamperogram with nano-impact spikes for the
bimodal sample. For ease of comparison, examples of the spikes for the individual
samples are provided in Figure 4.3a& 3b. The impact frequencies of the ‘20 nm’, ‘30
nm’ and mixed ‘20+30 nm’ particles are 1.5 s, 3.1 s! and 4.1 s, respectively. The

cumulative frequency as a function of diameter is plotted as shown in Figure 4.3d for
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the three experimental cases and the predicted mixture which is derived from the

frequency-weighted sum of the two individual sizes.
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Figure 4.3. a) Chronoamperomograms at + 0.8 V vs. Ag/AgCl with a duration of 60 seconds show

nano-impact spikes signals for the oxidation of the bimodal sample containing 20 mM KCl and 1.8

mM citrate. The enlarged figure show concurrent detection of the two distinct kinds of spikes.

Similarly, the spike data are presented for the individual b) ‘20 nm’ and c) ‘30 nm’ samples. d)

Nano-impact sizing curves for the individual ‘20 nm’ (red), ‘30 nm’ (green) particles, the mixed

'20+30 nm’ (violet) sample and the predicted diameter distribution for the mixture (gray). Thin

lines alongside each thick curve denote the standard deviation of the measured diameters.
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Figure 4.3 show that the two kinds of spikes for the individual ‘20 nm’ and ‘30 nm’
samples are observed together in the chronoamperograms of the bimodal sample. The
measured diameter distribution lies in the middle of the two sizing curves for the
individual samples with a median diameter of 24.8 + 0.5 nm. An excellent agreement
between the experimental curve and the predicted is observed. More precisely, by
comparing the five D10-90 percentile values of the two diameter distributions for the
mixture, the experimental results show an error of less than 2.0% of the predicted. In
terms of impact frequency the '30 nm’ sample rather than the bimodal sample appears
to have the most spike signals. However, statistical analysis based on a Poisson
distribution (see Appendix 3) reveals a number of 27% fewer single impact events by
the data windowing as it was observed that many spikes came out so close that they
are considered as single impact events composed of multiple collisions. Consequently,
the ‘30 nm’ sample actually has a lower impact frequency than the bimodal sample,
and the measured and predicted impact frequencies, as being 4.1 and 4.6 s
respectively are consistent. It is concluded that the electrochemical detection and
sizing measurements are able to discriminate two 10-nm-different sizes in high

accuracy and are thereof essentially independent of the particle size polydispersity.

In terms of the measurement principle, nano-impacts have advantages over the other
techniques to efficiently provide accurate information on particle sizes. It is highlighted
that the electrochemical technique is a volume-based method as it /7 situ measures
the total number of electrons transferred of each single particle upon collision at the
electrode-solution interface. Subsequently, the charge data is, regardless of the

particle shape, converted to a precise humber of constituent atoms thus giving its
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effective diameter for a perfect sphere containing the same number of atoms (Q «
d3). This, therefore, serves as a solid basis of discriminating particles of very similar
sizes. One major requirement for such precise size determination is complete
electrolysis of nanoparticles at the three phase boundary formed on impacts.
Depending on the particle identity, this requires identification of suitable electrolyte
species and their concentrations and the necessary potential applied. Specifically,
previous research shows, under those conditions, an upper sizing limit of ca. 50 nm
for silver NPs[36] but that 100 nm-diameter AgCl NPs can be readily sized.[37] To date,
many metallic NPs (e.g. Cu,[38] N;,[39-40]1 Ayl#1-42])  metal salt NPs (e.g. AgCl,[37]
Hg.Cl!*31), organic NPs (e.g. indigo!'®l) and polymeric NPs (e.g. poly(M
vinylcarbazole)[°]) have been shown to undergo complete oxidation or reduction, or

oxidative doping respectively, allowing accurate nano-impact sizing of themselves.

As to TEM measurements, size information tends to be skewed by the significant
assumption based on 2D cross-section images especially for the particles with high
irregularity. To obtain true volumes, electron tomography is required.!'6] DLS and NTA
techniques quantifying particulate movements in bulk are only able to measure
hydrodynamic radii based on the Stoke-Einstein law assuming equivalently diffusing
perfect spheres. They are unable to provide any related shape information. DLS is
complex to interpret for non-spherical particles because of the need to quantify the
contribution of rotational diffusion, although the electric birefringence methods can
offer size distributions of non-spherical particles if a shape is assumed.[*4 Also in many
cases, the precise difference between a particle’s hydrodynamic diameter and

geometric diameter is difficult to know considering the uncertain effects of the often
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used capping agents in NP systems. It is also well known that DLS can only resolve a
diameter difference of two particles of at least a factor of 3. Even in presence of tiny
portions (e.g. 5%) of larger particles smaller NPs are not possible to be detected; [&
341 NTA heavily relies on a short-wavelength laser for smaller particles that is often
inaccessible, both of which essentially root in the intrinsic scattering principle of these
techniques. Therefore, especially in the case of sizing small, multimodal NPs, nano-

impacts largely excel the light scattering techniques.

4.4. Conclusions

Accurate NTA sizing measurements require a shorter-wavelength 405 nm laser for the
detection of the individual ‘30 nm’ silver particles, while DLS shows biased diameter
distributions for these particles towards larger sizes with 20% overestimation in
diameter. Neither light scattering technique is able to accurately size the smaller ‘20
nm’ particles. Moreover and fundamentally, these techniques only measure in
hydrodynamic terms neglecting any shape information. In contrast, nano-impacts
accurately measure geometric diameters in terms of the number of constituent atoms
for both ‘20 nm’ and ‘30 nm’ particles. This electrochemical technique has further
revealed its advantages as a volume-based method that is able to resolve these similar
sizes in high accuracy, whereas due to inherent limitations of light scattering
measurements this is not possible for the DLS and NTA. On these bases, we conclude
that the nano-impact technique is an alternative, accurate way of sizing both nearly
mono- and poly-disperse NP samples in the small-size range; particles as small as 4

nm have been successfully sized.[26]
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Appendices

1. Uncertainty quantification of defining the particle boundary in TEM sizing
Limited resolution of TEM images leads to uncertainty in defining a particle’s boundary,
resulting in associated errors. This can be quantified by error function fitting on the
intensity profile of the images. Specifically, the intensity profile as a function of
distance was shown in Figure 4.4a, along the straight, yellow line drawn across a
chosen 20 nm’ particle in an image with a pixel size of 0.148 nm (corresponding to a
magnification of 150 kX) as an example. One steep drop and then a sharp rise in the
intensity curve at the particle boundaries were observed. Next, in the OriginPro 2017,
a normal cumulative distribution function as described below was used as the error

function and to fit the steep changes (the red curve).

(r—x.)

R
y=yt+A| —e 2 dt
N27w (4.2)
where ypis the offset in y direction, A is the amplitude of the curve, and xc:is the mean
value and wis the standard deviation (STD). As illustrated in the Origin software, the
standard deviation w is associated with the steepness of the amplitude change of the
intensity curve as an equation is given that the inter-quarter range (IQR) in x axis,

IQRx = 1.349 w, so the slope = -2 = %54 414 thus w o« ——. This is consistent
IQRy  1.349w slope

with the concept that the steeper the change, the less the uncertainty it has for
defining a particle’s boundary. As a result, the STDs for the left drop and the right rise
in Figure 4.4a were 0.131 £ 0.099 nm and 0.091 * 0.107 nm respectively,

corresponding to one pixel size or so. Furthermore, to obtain a statistical measure of
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Figure 4.4. a) Representative superimposed TEM image of one ‘20 nm’ silver particle with the
intensity profile (black scatter + line) analysis along the yellow line. The red line represents the
error function fitting, giving the standard deviation of defining the boundary position. b) Error
analysis upon the TEM sizing for the images with different pixel sizes (0.148 nm, 0.108 nm and
0.073 nm).
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the uncertainty for a fixed pixel size, 9 boundaries in total across a particle were
analysed in the same way and the average were determined as the final uncertainty
for this pixel size. As seen from the Figure 4.4b, the standard deviation ascends with
increasing pixel size or decrease in image definition. For the ‘20 nm’ silver particles,
such measurement uncertainty was analysed for the TEM images of all the three pixel
sizes 0.148 nm, 0.108 nm and 0.073 nm. As such, the mean STD was determined as
0.139 £ 0.028 nm, corresponding to 1.5 % error in diameter. Likewise, for the ‘30 nm’

particles the 1D measurement uncertainty was found to be 1.6 %.

2. Concentration scaling for the DLS sizing

The stock dispersion with a concentration of as-synthesised 4.8 nM and the 2, 6, 10,
40, 100, 200, 400, 800-fold diluted dispersions were sized. Accordingly the Z-average
diameters were recorded as shown in Fig 4.5. The figure shows an average mean
diameter of 30.5 £ 1.5 nm from 12 pM to 2.4 nM, whereas ca. 10 nm higher measured
diameters were observed for the 6 pM and the 4.8 nM samples. The latter may be
explained that in the 6 pM dispersion the light scattered is so weak that the resulting
low count rates of around 150 kcps (or ‘thousand counts per second’) and G1
correlation function intercepts of < 0.8 failed to interpret out a meaningful Z-average
diameter. Note that the dense particles in the 4.8 nM dispersion probably results in
multiple scattering that biases the results. Therefore, the experimentally measured
diameters for the ‘20 nm’ silver particles by DLS were confirmed as ca. 30 nm. Similarly,
the average diameter of the nominally ‘30 nm’ silver particles was determined as

34.5+£0.3 nm from two particle concentrations, 24 pM and as-received 216 pM.
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Consequently, it is shown that likely improvements in the measurement accuracy with

a higher particle concentration does not apply to our silver nano-systems.
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Figure 4.5. DLS sizing of the ‘20 nm’ (red) and ‘30 nm’ (green) Ag NPs with concentrations 6 to

4800 pM with near no salt presence (< 2 mM citrate).

3. Effects of windowing and weighting on the nano-impact sizing results

The measured spike signals need to be processed to reveal the ‘true’ diameter

distributions by two-fold considerations based on the particulate motion in the

dispersion. First, there is the question of the simultaneous collisions of two or more

particles with the electrode and being detected at the same time. To statistically study

the spike datasets,

we define a time window during which only one impact event is

allowed with 99% confidence. This can be quantified by probability theory of a Poisson
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distribution. Under the assumption of independent impact events, a model of Poisson

distribution as follows is provided,

Plk=10) = et L (4.3)

where Pis the probability, kis the number of events in a certain time interval ¢ and A
is the average occurrence rate of such events. Next, to calculate the time window ¢

assuming a steady-state diffusion flux of the particles to the microdisc electrode,4°]
J=4Dcr (4.4)

where Jis the steady-state flux (s1), D and cis the diffusion coefficient (m? s1) and
particle concentration (m-3) of the nanoparticles, respectively, ris the microelectrode
radius (m). Herein, the calculated flux Jis the average occurrence rate A in the
Poisson distribution equation. As a result, there would be 99% probability of up to one
impact event that would occur within a time interval of 36 ms. Any two or more spikes
detected within this time period were clustered as single features and their charges
were summed. Similarly, such a time window was found to be 21 ms for the ‘20 nm’
particles. Second, smaller particles move faster thus having higher probability of
colliding with the electrode. Therefore, the windowed diameter distributions are
further weighted for diffusion based on the diffusion coefficients of the individual
particles. As a result, the Figure 4.6 shows that the impact frequencies of both samples
stay almost unchanged; however, the charges of the larger ‘30 nm’ sample increase
to a larger extent as many spikes were observed occurring over twice within the
window size of 36 ms due to its high impact frequency. In this way, the windowing
effectively combines multiple impact signals that originate very likely from single
impact event and reveals the ‘true’ sizes of the samples.
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Chapter 5

Electrochemical characterisation of the surface
composition of Co@Co(OH): NPs and their

aggregation in solution

In this chapter, core-shell Co@Co(OH), nanoparticles are characterised
electrochemically with a particular focus on the thin shell of cobalt (II) hydroxide which
stabilises the metallic cobalt core against further oxidation in the presence of air.
Voltammetric characterisation allows insights into the nature of the shell so both
complementing and providing information unavailable using electron microscopy and
X-ray diffraction. Moreover, the electrode reactions, occurring at particle ensembles,
of the further oxidation of surface Co(OH). to CoOOH under alkaline conditions are
further evidenced at the single particle level using electrochemical particle-electrode
impacts (or ‘nano-impacts’). On this basis, the large extent of particle agglomeration/

aggregation of Co@Co(OH), nanoparticles while suspended in the solutions is inferred.

This work has been published in ChemElectroChem, 2020, Wiley-Verlag Chemie, and
was carried out in collaboration with Dr. Christopher Batchelor-McAuley, University of
Oxford, Dr. Protima Rauwell and Dr. Erwan Yann Rauwell, both Estonian University of
Life Sciences. Dr. Batchelor-McAuley helped me with the interpretation of the

experimental results. Dr. Protima Rauwell and Dr. Erwan Yann Rauwell provided the
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synthesised particles and performed the XRD and TEM characterisations of the

material.

5.1 Introduction

Core-shell nanoparticles (NPs) are receiving rapidly increasing interest!!! because of
their potential as highly and/or multi- functional materials that can be designed and
manipulated for use in the catalysis, 2] biomedicall3! and electronics fields.[*7] Hitherto,
a vast variety of core-shell nanoparticles have been synthesised including
metal@metal oxide,®] organic@organic,®! silica@metal,!1% and Au@polymert!il core-
shell particles. In particular, a number of studies focused on nanoparticles with cobalt
cores have emerged due in part to the strong ferromagnetism of cobalt leading to
their diverse uses as sensor materials,[!2] drug delivery materials,[!3] and retrievable
catalysts,[%l in which the magnetic core allows the manipulation of the particles by
magnetic fields. The designed structure of a cobalt core and an ‘inert’ coating layer
(e.g. metal oxides,!*>] silical’®l or carbon,[7-18]) overcomes a major issue of the
chemical instability of metallic cobalt when exposed to air (which can be pyrophoric)(16]
as the size shrinks to the nanoscale. Whilst the shell maintains the magnetic
functionality of the cobalt core, the control of its chemical composition may lead to
additional beneficial properties of the nanoparticles. For instance, the layered crystal
structure of the Co(OH). shell of Co@Co(OH). NPs has been shown to have a large
specific capacitance,!'®] and the hydroxide is also electrocatalytically active towards
the oxygen evolution reaction(?0), the hydrogen evolution reaction(?!l and the

hydrogenation of nitrile/nitro compounds(21-22],
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Transmission electron microscopy (TEM) almost fully dominates the characterisation
of core-shell NPs mainly based on the differences in the electron density of the two
compositions. There is often excellent contrast between the core and shell phases for
the particles consisting of a metal core and a carbon shell, where the crystallinity
difference also aids the phase contrast.[17-18 23] With good crystallinity of the
compositions, one may be able to further infer the specific chemical nature based on
the measurements of lattice fringe spacing.[?*] However, in some cases (e.g. Fe
oxide@Au??! and Co@Co(OH).?11) a phase contrast may be not, or sometimes
completely not, observed. Identification of such shells then remains a difficulty and

limits the development of core-shell particles.

Spectroscopic methods such as energy-dispersive X-ray spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS) have been used to characterise the composition of
the shells of core-shell NPs. A good example of the study using EDS is the work of
Eichhorn and co-workders!26] who measured the line ED spectra across the 2D STEM
image of the single Ru@Pt nanoparticles, and observed mono- and bi-modal atom
distributions of the Ru core and Pt shell respectively, therefore demonstrating the
core-shell structure and their compositions. However, this method is inherently limited
to the core-shell particles with heavy atom compositions, especially in terms of
inferring the specific chemical identities, as the accuracy of quantitative elemental
analysis for light atoms (e.g. H and O) is significantly lower.[2”] By contrast, the highly
sensitive XPS, with a limited depth of analysis of less than 10 nm,[!] therefore is more
commonly used for measuring the shell compositions. For instance, the work on

organic-polymer-supported Co@Co(OH)2 NPs!21] compares the XP spectra before and
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after the sputtering removal of the thin shell of the nanoparticles, and consequently
confirmed the chemical identity of the Co(OH), shell. Nevertheless, both ex situ
methods require an ultrahigh vacuum environment and can only measure particle

ensembles.

The electrochemical method of stripping voltammetry has been successfully employed
to investigate the binary composition of metal/metal oxide-based core-shell NPs.[28-30]
Particles are simply drop-cast onto a macroelectrode to which cyclic voltammetry is
applied to record the electrochemical responses. The composite particles with different
core and shell compositions exhibit distinct voltammetric features, in which the initial
electrochemical dissolution of the shell allows the subsequent quantitative analysis of
the core. As a result, quantitative insights into the size and structure of the
nanoparticles, including the shell composition, its integrity and thickness, may be
inferred, as demonstrated in the work of Tschulik and co-workers on FesO4@Au and
Au@SnO0: nanoparticles.[28] Alternatively, for studying Ag@Ag.0 nanoparticles,3!] the
shell of Ag.0O can be readily converted to metallic Ag with a reductive scan, and a
subsequent oxidative scan is expected to measure significantly higher charge
transferred during the process than the cathodic charge. Thus, the cyclic voltammetry
is used to attempt the characterisation of AQ@Ag.0 nanoparticles and so derive the
relative shell to core composition by comparison of measured charges. Moreover, a
variant of stripping voltammetry compares the voltammetry for the catalysed electro-
oxidation of adsorbed CO on the core-shell NPs, such as Ru@Pt, with those for the

monophasic particles, such as bare Ru, Pt, and RuPt alloys.2>: [29]
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Whilst voltammetry of dropcasted layers may allow the relative sizes and compositions
of cores and shells to be investigated, problems can arise when investigating
ensembles of particles mainly due to the incomplete stripping effects.[3234] In
particular for example, changes in the chemical nature of the surface species of the
studied particles may induce different extents of incomplete stripping effects of the
agglomerated/aggregated particles at the electrode surface, and together with the
uncertainty of the extent of the electrical contact between the particles and the
electrode makes the quantitative analysis challenging. To overcome this issue, the
method of the particle-electrode impacts has been used based on the electrochemistry
of individual single core-shell particles.[3>-36] Therein, nanoparticles are dispersed in
solutions and as they randomly move by virtue of Brownian motion, they may impact
with the electrode held at suitable potentials. Meanwhile, current-time measurements
are conducted and observe their electron transfer with an electrode so that the signal
can be directly related to the chemical species involved in the corresponding electrode
reactions driven by the applied potentials. Thus, for example, 3> gold-core, silver-shell
particles show impact electrochemistry in which the shells are oxidatively dissolved in
aqueous solution at significantly lower potentials than the gold cores. Given the
complete oxidative dissolution seen for both compositions,[3>: 37-38] the charges
measured in the stripping of the shells and the cores upon impacts with the electrode

allows their relative sizes to be found at the single particle level.

In the following, we infer via electrochemistry of the composition of Co@Co(OH),
nanoparticles and characterise the particles using both the stripping voltammetry and

the particle-electrode impacts. The integrity (broken or not broken) of the shells is
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considered. Moreover, the particle impacts provide insights towards the agglomeration
state of the nanoparticles in solution useful for understanding the /in situ performance

of these NPs.

5.2 Experimental

5.2.1 Chemicals and instrumentation

Cobalt wire (purity 99.99+%; diameter 2.0 mm, length 25 mm) was purchased from
GoodFellow, UK and used as received. 5 nm-diameter Co@Co(OH)2 NPs were provided
by PRO-1 NANOSolutions (100%), Estonia who state that “each individual Co
nanoparticle’s stability is ensured by the monolayer of oxide coating on their surfaces
which turns them into non-pyrophoric and ultra-stable in air.”3°] Co304 powder
(diameter < 1 ym) was obtained from Sigma-Aldrich, UK. Potassium hydroxide (=
99.0%, Sigma-Aldrich, UK) solutions were prepared with a concentration of 20.0 mM
(pH 12.22 £ 0.02) and thoroughly degassed before use. Solutions were prepared using

deionised water (Millipore, USA) with a resistivity of 18.2 MQ cm at 298 K.

The electrochemical measurements were carried out using a three-electrode system
in a Faraday cage with a pAutolab Typell potentiostat (Metrohm-Autolab BV, The
Netherlands) at 298 K. For the CV measurements of bulk cobalt, a freshly polished
cobalt disc electrode fabricated as described below was used as the working electrode,
with a platinum foil as the counter electrode and a saturated calomel electrode (SCE;

BASi, Japan) as the reference electrode (+0.241 V vs. SHE). For the CVs of Co304
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particles, a glassy carbon (GC) electrode (diameter 3.00 mm, CH Instrument) was
used as the working electrode and, before use, polished on three microcloth (Buehler,

UK) pads with alumina of sizes 1.0, 0.3 and 0.05 pm.

The nano-impact experiments were conducted using an in-house low-noise
potentiostat. The potentiostat is designed for nanoparticle-electrode impact detection
and basically shares many of the specification requirements found with single-channel
recording systems.[%0] Most importantly, the design features in a highly stabilised
three-electrode potentiostat circuit that confers the characteristic of low noise of the
system itself and cosnequently a highly desirable, full potentiostatic control of the
working electrode.[*!] In particular, signals measured were filtered prior to data
analysis, where the filter design used has been demonstrated to conserve the overall
charge transferred in the nano-impact events detected.[*?] Analysis of the spike
transients was performed using a script written in Python 3.5. A 33 um-diameter!*3]
carbon disc electrode (1J Cambria Scientific Ltd, UK) was used as the working electrode

and polished as above using the three grades of alumina.

The Nanoparticle Tracking Analysis (NTA) was performed using a NanoSight LM10
(NanoSight, UK), equipped with a sample chamber with a 642 nm-wavelength laser.

Software for video capture. Data analysis used the version NTA 2.3.
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X-ray diffraction (XRD) patterns were collected using a Panalytical Empyrean
diffractometer with a Cu Kq1 radiation source (A = 0.154 nm). The shape and size of
Co@Co(OH) nanoparticles were examined by Transmission electron microscope (TEM)
on a probe corrected Titan 80-300 with a point to point resolution of 1.0 A. Dr. Protima
Rauwell and Dr. Erwan Yann Rauwell are thanked for both characterisation of the

nanoparticles.

5.2.2 Cyclic voltammetry (CV) of ‘cobalt’ materials (bulk cobalt& Co0304
particles)

For CV measurements of bulk metallic cobalt, a cobalt disc electrode was fabricated
using the following procedure: 1) A pipette tip was sheared near the sharp top, leaving
a small, flat opening; 2) a cobalt wire (d = 2.0 mm, /= 25 mm) was introduced into
the small opening of the pipette tip; 3) the cobalt disc surface is adjusted to be level
with the sheared tip surface; as such, the pipette tip acts as a ‘leakless’ sheath. Prior
to the measurements, the cobalt disc electrode was successively polished using
sandpaper (grit size 4000), a microcloth pad (Buehler, UK) with alumina powder (0.05
KMm) and a blank polishing pad. For CV measurements of Co3z04, the submicron oxide
particles are studied as a 0.8 mg mL-! suspension with 1 hour sonication and of the

resulting suspension 2 uL was drop-cast on to a GC electrode.

5.2.3 Stripping Voltammetry of Co@Co(OH)2> NPs
A well-dispersed suspension of Co@Co(OH)2 NPs (0.08 mg mL!) was prepared by

adding 0.4 mg particles into 5 mL of de-ionised water, followed by sonication in an
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ultrasonic bath (Fisher Scientific FB15050) for 1 hr. Then 6 pL of the as-prepared
suspension was drop-cast onto the GC electrode with a loading of 6.8 pg cm2 and
dried under a N> atmosphere. Cyclic voltammetry was run on the modified GC

electrode in aqueous KOH solution.

5.2.4 Nano-impacts of Co@Co(OH)2 NPs

The above-mentioned ‘cobalt metal” NP suspension was prepared and mixed with KOH
solutions to a pH of 12.2. To temporarily maintain the dispersity of the NPs during
experiments, the suspension was further sonicated for 10 s using a sonic horn (VCX
400, Sonics&Materials, USA) every five scans. Nano-impact experiments were then
performed by recording chronoamperometry on a clean carbon microelectrode

immersed in the cobalt particle suspension.

5.2.5 Nanoparticle Tracking Analysis (NTA) of Co@Co(OH)2 NPs

The 0.08 mg mL! Co@Co(OH). NP suspension was prepared in deionised water
followed by 1 hour of sonication. The sample was injected with a sterile syringe (BsD
Discardit II, New Jersey, USA) into the sample chamber at a temperature of 24.0 +
1.0 °C. NTA sizing measurements were then performed with a measurement time of

60s and automatic exposure settings at 30 frames per second.
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5.3 Results and discussion

We first measure and analyse the cyclic voltammetric (CV) response of bulk cobalt
using a metallic cobalt disc electrode and second a glassy carbon macroelectrode
modified with cobalt oxide (Co304) particles under alkaline aqueous conditions. The
electrochemical responses of the two materials are discussed to comparatively study
the dominant cobalt electrode processes. Next, Co@Co(OH), NPs are characterised
using XRD and TEM, leading to the inferences of their shape, size and compositions.
The stripping voltammetry of Co@Co(OH)2 NPs is then performed by drop-casting the
nanomaterial on to a GC electrode. On this basis, the chemical surface composition of

the ‘cobalt’ NPs is assessed.

To gain further insights, Co@Co(OH). particle aggregates are next studied at the
single-entity level. The nano-impact method is applied using a carbon microdisc
electrode. Specifically, nanoparticles dispersed in the solution stochastically impact on
an electrode held at sufficiently oxidising potentials, enabling electron transfer
between the particle and the electrode surface. The charge transfer as a function of
applied potential is investigated. As a result, comparison of the potential dependence
of the impact charges with the stripping voltammetry further confirms the inferred
surface composition of the Co@Co(OH); particles. Furthermore, the impact charge
data is compared with the sizes of the constituent cobalt particles measured from the
TEM images. The measured impact frequency is also discussed. Both lead to
inferences regarding the aggregation state of the suspended particles in the solution

phase.
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5.3.1 Cyclic voltammetry of bulk Co and of Co304 particles

The cyclic voltammetric response of bulk metallic cobalt was studied between -0.90 V
and +0.60 V vs. SCE at a scan rate of 0.05 V s'! using a cobalt disc electrode (g = 2.0
mm) immersed in a deoxygenated 0.02 M KOH solution. To thoroughly clean the
electrode surface of oxides that may form in air, the electrode was electrochemically
pre-conditioned by holding the electrode at -1.05 V for 7 seconds prior to the
voltammetric scan. Figure 5.1 (solid line) shows three distinct voltammetric features.
First, one broad anodic peak is observed at -0.5 V with a shoulder at -0.8 V. Second,
a sharp oxidation peak at +0.2 V vs. SCE is noted with the onset of solvent breakdown
at nearly + 0.5 V. Third, on the backward scan, a small, sharp cathodic peak is
observed at around + 0.2 V. To resolve the observed features, cyclic voltammograms
were also run from -0.90 V to different return potentials at the same scan rate of 0.05
V sl Apparent in the data shown in Figure 1 is that for the dot-dash line where the
scan reverses at +0.21 V the sharp anodic peak is present but the cathodic peak is
not. In addition, the back peak is not altered when the applied potential reverses at
+0.40 V. Therefore, it is concluded that the sharp peak on the back scan is probably
not solely correlated with the sharp peak on the forward scan despite the coincidence
in their peak potentials. The inlay (green line) in Figure 5.1 shows a voltammogram
of drop-cast Coz04 particles measured using a glassy carbon (GC) macroelectrode
under the same conditions. A broad anodic peak at +0.26 V is seen, followed by a
sharp peak at +0.56 V. The backward scan shows a nearly symmetric reductive current
on the forward scan with similar peak potentials to their anodic counterparts, wave

shapes and amount of Faradaic charges.
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Figure 5.1. Electrochemistry of bulk cobalt in form of pure metallic disc electrode (diameter 2.00
mm) in a N2-saturated, 20.0 mM KOH solution at a scan rate of 50 mV s. The inlay shows a
voltammogram of drop-cast Co304 particles (diameter < 1 um) on a GC electrode (diameter 3.00

mm) under the same conditions.

Interpretation of the voltammogram of the cobalt materials is made on the basis of
the literature which mainly considers bulk CoO, Co(OH)2, Co304, CoOOH and CoO,.[*+
48] The existence of Co,03 has been previously reported as doubtful.[*?] In alkaline
conditions, the trivalent compound of cobalt has been exclusively proved using X-ray
diffraction to be CoOOH rather than Co(OH)s.[>% A Pourbaix diagram of cobalt (See
Figure 5.2) was calculated from the Gibbs energy of formation of the cobalt species
at 298 K provided in the literaturel®!->2], deduced for a fixed total Co concentration of

102 M. Moreover, a summary of calculated electrode potentials from thermodynamic
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Figure 5.2. Pourbaix diagram (predominant species distribution) calculated for bulk phases of

cobalt in aqueous solution. The calculations were performed using the HYDRA/MEDUSA

programmes. [53]

Table 5.1. Calculated electrode potentials for the Co/KOH system.[44]

Half-cell reaction Electrode E°2/V Ecal® / V vs. SCE
couples (pH = 12.2)

Co + 20H — Co(OH); +2 e Co/Co(OH); -0.71 - 0.86

Co+20H -CoO+HO0+2¢€ Co/CoO - 0.69 - 0.83

3Co+80H — Co304+4H,0+ 8¢ Co/C0304 - 0.56 -0.70

3 Co(OH); + 2 OH- — Co304 + 4 HO + 2 € Co (OH),/Co304 - 0.09 -0.23

Co(OH), + OH — CoOOH + H.0 + e Co(OH)./CoO0OH + 0.05 - 0.09

Co304 + OH + H,0 — 3 CoOOH + e Co304/CoO0H + 0.33 + 0.18

Co304 +40H — 3Co0,+ 2H,O +4¢€ C0304/Co0; + 0.58 + 0.44

CoOOH + OH — Co0, + H,0 + e CoOO0OH/Co0: + 0.67 + 0.52

2 The symbol E° denotes ‘standard electrode potential’; b Eca. denotes ‘calculated electrode
potential’
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data at 298 K in alkaline conditions has been given by Behl and Tonil*! and is
presented in Table 5.1. The electrode potentials (£cz) are corrected for the pH used
in this work (pH = 12.2).

The voltammetry of Co304 particles is analysed first. As observed in the inlay of Figure
5.1, the reversibility of the electrochemical processes indicates a near Nernstian
behaviour of the surface-bound species at the electrode surface. Referring to the
calculated electrode potentials (Ecozo4/cooon = +0.18 V and Ecooon/coo2 = +0.52 V vs.
SCE), the anodic peaks are correspondingly assigned to the two oxidation reactions
respectively. Furthermore, it is noted that the oxidative charge ratio estimated from
the currents of these two reactions is around 1/3. This is consistent with the ratio of
the number of electron transferred for the redox couple Co304/CoOOH as compared

with CoOOH/Co0> and is typical for voltammetry of pure Co304 oxide.[46: 48]

In the voltammogram of the bulk metal (Figure 5.1), the two shoulders of the first
broad peaks at -0.8 V and -0.5 V respectively are almost unresolvable and the
electrode potentials of Co/Co(OH)> and Co/CoO are very close (See Table 5.1).
Consequently, clear assignment solely based on the voltammogram is difficult.
However, thermodynamically, the Pourbaix diagram (see Figure 5.2) indicates the
predominance of Co(OH); rather than CoO in the negative potential range against SCE.
Moreover, the amphoteric nature of Co(OH): that renders it slightly soluble in alkaline
solutions (forming [Co(OH)4]?%") implies that the rising portion of the whole broad peak
is mainly due to the reaction:

Co + 20H — Co(OH); +2 e (5.1)
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Importantly, Foelskel*! determined by using XPS that in alkaline conditions (pH 13)
and after being held at potentials in the same range (i.e. -0.6 ~ +0.2 V vs. SHE) for
5 mins OH" is the predominant anion on the cobalt surface. The oxidation of Co/Co304
(E = -0.70 V) is not considered as the major reaction, since the broad peak at -0.5 V
is irreversible (see the dashed cycle in Figure 5.1) yet starts from even more negative
potentials, although the reaction may be responsible for the subsequent oxidative
current at more oxidising potentials as suggested by the Pourbaix diagram.
Consequently, the oxidation of Co(0) mainly to Co(OH)>, is assigned to the potential

range of -0.90 to -0.10 V.

At higher potentials, a significantly sharp anodic peak at +0.2 V was seen. It has been
suggested that the sharp shape is due to fast proton transfer between the electrode
couple Co(OH),/CoOOH without nucleation of a new phase.l*’: 301 The onset potential
of this anodic peak is around +0.1 V as compared to the calculated electrode potential
-0.09 V. This shows an overpotential of ca. 200 mV, indicating the irreversibility of the
reaction, which is consistent with the absence of any reductive peak on the dot dash
line in Figure 5.1. Moreover, this anodic peak is not considered to be associated with
the couple C0304/CoOOH (Eca. = +0.18 V), since this voltammetric feature differs
significantly in terms of wave shape with the corresponding peak in the voltammogram
of the cobalt oxide. Therefore, the sharp anodic peak at +0.2 V is assigned to the

reaction:

Co(OH)2 + OH" — CoOOH + H20 + e (5.2)
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Nevertheless, we note that there may be more than one process responsible for the

peak. Detailed discussion can be found in Appendix 1& 2.

5.3.2 Characterisation of Co@Co(OH)2 NPs

Upon the investigation of the electrochemical processes of bulk cobalt, the work now
turns to Co@Co(OH)> NPs. The crystal structure was investigated using X-ray
diffraction. The XRD pattern (Figure 5.3a) presents two characteristic diffraction peaks
at 44.3° and 51.2°, corresponding to 111 and 200 plane reflections, respectively, of
crystalline face-centered cubic (Fm3m) Co metal (inorganic crystal structure database
(ICSD): cubic Co (metal), 05-0727),15% although no diffraction peaks for cobalt
hydroxide is observed. Next, TEM measurements were carried out to further evidence
the structure and sizes of Co@Co(OH), NPs. As observed in Figure 5.3b& c, well-
separated single NPs are observed, in which the lattice fringes are visible and thus
show good crystallinity of the particles. Probably affected by a poor phase contrast,
we did not observe a distinct image of core-shell particle. However, whilst the fringe
spacing measured from several HR-TEM images was 0.205 nm that is indexed to the
111 place of cubic Co metal, the d-spacing in a few other regions was measured as
0.46 nm, which is consistent with the reported d-spacing of the (001) plane of [3-
Co(OH)21%%1 or of the (111) plane of Co3048], This indicates the possible presence of

Co(OH)2 and/or Co304 in the core-shell nanoparticles.

- 171 -



-

/N 70

Ll Ll - 1

30 40 20 (Deapees)

®
o

2
o

o
o

o
N

o 5 10 15
diameter / nm
Figure 5.3. (a) XRD pattern of the NPs. (b) and (c) HR-TEM images of individual Co@Co(OH)2 NPs,

with highlighted lattice spacing measured for Co metal and Co(OH)2 respectively. (d) TEM image of

Cumulative freAqueAn‘cy
o
N

‘cobalt metal’ NPs and (e) corresponding size distribution for the constituent particles inside the
aggregates. The error bar denotes the uncertainty estimated for this TEM sizing based on the image

resolution.

-172 -



At a larger scale (Figure 5.3d), more particles are observed giving an average diameter
of 5.7 £ 2.9 nm (N = 50). In addition, it is seen at this scale that the small particles
are assembled into the bigger entities, which may be considered as aggregates? since
appearing to be assemblages of those constituent particles which exhibit a discrete,
identifiable collective behaviour.[58 The diameters of the aggregates are shown here
to be around 100 nm. As such, the electron microscopic measurements indicate a
multimodal size distribution of the particles probably consisting of large numbers of

constituent particles and fewer aggregates of other sizes.

5.3.3 Stripping voltammetry of drop-cast Co@Co(OH)2 NPs

Having studied the electrochemistry of bulk cobalt and characterised the structure and
sizes of Co@Co(OH)2 NPs, and to further examine the surfaces of the NPs, we next
measured the anodic stripping voltammetry of the NPs using a GC electrode modified
by the drop-cast Co@Co(OH),. The voltammogram as shown in Figure 5.4 (orange
line) was recorded in a deaerated 0.02 M KOH solution at the scan rate of 0.05 V s
The loading of the NPs is estimated to be 6.8 ug cm2. It is noted that the 1 hour’s
sonication used to improve the particle dispersion, did not alter the voltammetric
behaviour (see Appendix 3). For comparison, the voltammetric response of an
unmodified electrode (black line) is also presented in Figure 5.4. The CV of the ‘cobalt’

NPs exhibits a sharp and asymmetric anodic peak at around + 0.2 V vs. SCE. Notably,

2Note that according to the IUPAC definitions,>”] the difference between aggregation and agglomeration is that
aggregation is a physically irreversible process of particles sticking to each other whereas agglomeration is a
reversible process. However, herein we use the term ‘aggregates’ throughout the article to refer to, more accurately,

particle assemblages resulting from ‘aggregation or agglomeration’ for simplicity.
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no Faradaic processes are observed at more negative potentials. The backward
voltammetric scan also shows a small peak at +0.2 V and a reductive current plateau

at higher potentials.
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Figure 5.4. Anodic stripping voltammogram of the (orange curve) drop-cast ‘cobalt metal’
nanoparticles on a glassy carbon (diameter 3.00 mm) electrode in a N:-saturated, 20.0 mM KOH
solution at a scan rate of 50 mV s, A (black curve) blank experiment was done with an unmodified GC

electrode.

The absence of any oxidative peak at negative potentials indicates no metallic cobalt
is present at the surface of the nanoparticles. It follows that the metallic core is
probably protected by a complete coverage of the oxide/hydroxide shell. Surprisingly,
the current between 0.0 V and 0.6 V resembles, in terms of wave shape and peak
potential, that seen on the CV of bulk cobalt. This therefore strongly suggested the

same reaction Co(OH)>/CoOOH is occurring at the ‘cobalt’ NP ensembles. Moreover,
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assuming that the 6 nm-diameter particles contains one monolayer of the hydroxide
which is oxidised via Reaction 5.2, the predicted total charge (as calculated on the
basis of the known surface coverage) is found to be 100 puC and is comparable to that
measured (ca. 40uC), not inconsistent with the inferred electrode reaction.
Consequently, also with the TEM observations on the lattice spacing, we suggest that
the shell of the ‘cobalt’ particles is composed of cobalt (II) hydroxide and that this

oxidation process is fast as evidence by the voltammetric wave shape.

5.3.4 Nano-impacts of Co@Co(OH)2 NPs

Nano-impact experiments were performed to probe the in situ electrochemical
behaviour of the suspended particles in solution at the single entity level. To this end,
a carbon micro-disc electrode (diameter 33 um) was inserted in a suspension of
Co@Co(OH)2 NPs (0.08 mg mL1) in aqueous 0.02 M KOH. Chronoamperograms were
then recorded at a series of different potentials from +0.1 V to +0.7 V vs. SCE. Figure
5.5a depicts a typical chronoamperogram at 0.3 V vs. SCE with current transients on
it, evidencing individual impact events of the cobalt NPs with the potentiostated
electrode. The zoom-in Figures 5.5b-f show the representative ‘spike’ signals obtained
at different potentials. No spikes were detected at potentials below 0.3 V vs. SCE. In
total, between 100 and 300 of such current spikes were recorded for each potential,
and the distribution of their charges is plotted as a function of applied potential in
Appendix 4. Across the whole potential range between 0.3 V and 0.7 V, an average
charge of around 0.10 pC as seen from Figure 5.6. Herein, it should be noted that

from the TEM results, the individual constituent particles are around 6 nm in diameter;
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Figure 5.5. (a) Chronoamperograms recorded from a carbon micro-disc electrode (diameter 33 ym)
at 0.3 V vs. SCE in a Co@Co(OH)2 nanoparticle suspension containing 20.0 mM KOH. (b-f)

Representative transient spikes observed at five different potentials: + 0.3V, + 04V, + 0.5V, + 0.6

Vand + 0.7 V.

assuming a density of 8.9 g cm3 for these NPs and one-electron-transfer surface
oxidation, this predicts an oxidative charge of 0.2 fC per impact event. Consequently,
we conclude that the measured charge of 0.1 pC therefore represents impact oxidation
of ‘cobalt’ aggregates or agglomerates rather than that of the single 5.7 nm-diameter
constituent particles. In addition, the ‘spikes’ are found to have an average (by
different potentials) impact current of 4.7 £ 0.6 pA and impact duration of ca. 55 +
11 ms. The low variability in these spike features upon potentials applied indicates

sufficiently fast electrode kinetics since +0.2 V.
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Figure 5.6 is the impact charge plotted as a function of the applied potentials
compared to the (overlaid) ‘stripping voltammogram’ of the NP ensembles. The
oxidative spikes are found to onset at potentials comparable to those at which the
oxidation of Co(OH); is observed in the ‘stripping voltammogram’. This shows that the
detected spike transients correspond to direct Faradaic current arising from the
oxidation of the surface hydroxide of the ‘cobalt metal’ aggregates. Moreover, the
amount of charge transferred during impacts of these suspended particles remains
constant above +0.3 V regardless of the increase in the potentials applied. This is

consistent with the oxidation Co(OH),/CoOOH (Reaction 5.2) as the impact reaction

0.41 'Co metal' NPs 160

0.3 145
g_ 130 <::’_
- Qayer =0.10 pC -—
5 - ] N
S T T 115 5
O |7 o

40
-0.1 T — -15

01 02 03 04 05 06 07

Potential, V vs. SCE
Figure 5.6. Mean charge (black points) obtained from the ‘cobalt’ particle impact (error bars represent
charge variation in the interdecile range) and an overlay with the anodic voltammetry (blue curve)
averaged from the dropcasting experiments at 0 to 0.6 V vs. SCE (with a peak potential of + 0.23 V),
subtracted by the background curve. The thin lines alongside the middle blue curve denote the
experimental errors regarding the voltammogram, while the standard error bars on the black points

represent the width of the distribution of their charges.
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which has fast electrode kinetics (as discussed in previous sections), and probably
occurs to completion at the potentials between +0.3 and +0.7 V given that the
reaction already has a considerable overpotential at +0.3 V. Consequently, comparison
of the impact experiments with the stripping voltammetry further confirms the surface

composition of Co(OH); for those individual suspended particles.

Next we consider the question as to whether the ‘cobalt’” NPs are aggregated in
solution, or not? This is addressed by considering the magnitude of the Faradaic
charge measured per impact event in comparison with the amount of oxidisable
material in the constituent ‘cobalt’” NPs as measured from TEM. To do so, two
hypothetical limiting cases are examined both of which conclude that there is
significant aggregation in solution. First we consider surface-only oxidation and second
we consider full oxidation of the hydroxide shell and the metallic core. In Limiting case
1, the particles are assumed being covered by one monolayer of Co(OH),, and this
hydroxide surface undergoes further oxidation to CoOOOH when the particle impacts
on the electrode surface. In Limiting case 2, the entire particle is fully oxidised to
cobalt oxyhydroxide upon collision. From nano-impact experiments, the constant
charge transferred per oxidative transient above +0.2 V is 0.10 pC on average. This

corresponds to 6 x 10° electrons by using equation:
Q=zeNow (5.3)

where zis the number of electron transferred per cobalt atom; e is the elementary
charge (i.e. 1.602 x 101° C); Nwis the number of cobalt oxidised per nano-impact

event. Assuming a 1 e transfer process of Co(OH),/CoOOH, the number of cobalt
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(IT) being oxidised per impact event is therefore 6 x 10°. In addition, the radius of a
constituent particle is 3 nm and the projection dimension of a Co(OH); unit cell is
0.32 nm x 0.32 nm. If the particle contains one monolayer of Co(OH)2 (Limiting case
1), the number of cobalt (II) contained in a 6 nm-diameter particle is found to be 1
x 103. Consequently, the number of the constituent particles being oxidised per
impact event Nnpjimpact iS 600. In Limiting case 2, the total number of Co atoms

contained in a 6 nm-diameter particle is calculated to be 1 x 10* using Equation 6:

Nco/ne = TPy (5.4)

Arco

where Vp and pp are the volume and density of the constituent ‘cobalt” NPs
respectively, herein assuming the unchanged density of the nanoparticles from bulk
value; A:(Co) refers to the molecular mass of the metallic cobalt; Na is the Avogadro
constant (i.e. 6.02 x 102 mol!). Similarly, with the assumption of 3 e~ process, the
number Nnpjimpact is then 20. Consequently, with either limiting case, the numbers of
the constituent particles being oxidised in the individual impact event are shown to
be of a magnitude of tens or hundreds. Therefore, the impact experiment suggests
aggregates or agglomerates of the smaller particles (d ~ 6 nm) as the impacting

entities.

The formation of aggregates is further supported by NTA data (see Appendix 4) which
suggests particles of ca. 80 nm in diameter. This particle size is estimated to contain
around 1000 constituent particles. Therefore, in Limiting case 1 discussed above, the
fewer inferred number of constituent nanoparticles than the NTA result are consistent
with partial oxidation of those 80 nm-diameter aggregates. This is highly likely to occur
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because the partial oxidation of particle aggregates or big nanoparticles is commonly
reported in literature.[®®] In Limiting case 2, the discrepancy between the two
estimations on the number of the constituent particles inside a particle aggregate from
electrochemistry and from NTA is farlarger. This, though not impossible, suggests this
limiting case is much less likely, which is consistent with our conclusion of surface
oxidation of the shell only. Both limiting cases point to a significant level of aggregation

in the solution phase.

The particle size measured by NTA also allows the estimation of the diffusion
coefficients of the particles to be 6.1 x 108 cm? s via the Stokes-Einstein equation(6°]
which in turn allows an estimation of the frequency of impacts to be made using the

equationtéi]
J=4Dcr (5.5)

where Jis the diffusional flux towards the electrode, or herein the impact frequency
of the ‘cobalt’ particles; D and c are the diffusion coefficient and the concentration of
the particles in the suspension; ris the radius of the micro-disc electrode used. This
gives an estimate of 26 s which is relatively higher than the value of ca. 1 s
measured as an average frequency over the range of potentials. This may indicate
that not all of the particles impacting the electrode become oxidised. Nevertheless,

the aggregation of the 6 nm particles is clear for both NTA and impact data.
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5.4 Conclusions

The surface composition of Co@Co(OH)2 NPs has been shown to be cobalt (II)
hydroxide using macroelectrode stripping voltammetry. As X-ray diffraction shows the
identity of metallic cobalt and Transmission Electron Microscopy gives the particle sizes,
both cannot readily measure the composition of the particle shells. Moreover, as the
electrochemistry results of the particle ensembles show a further oxidation of the
surface hydroxide to form higher cobalt hydroxide CoOOH, the observations from the
particle-electrode impacts indicate, at the single particle level, the same electrode
reaction for the individual particles suspended in the alkaline condition. Based on this,
in the solution of a low ionic strength (c(OH") = 20 mM), the suspended particles are
demonstrated by the comparison of impact charge data and the TEM measurements,
which is also consistent with the NTA results, to be agglomerates or aggregates of

much smaller particles of ca. 6 nm in diameter.

Appendices

1. Discussion of the electrode processes associated with the sharp anodic
peak in the voltammogram of bulk cobalt

The sharp anodic/cathodic peaks at 0.2 V are assigned to the reversible reactions of
the electrode couple Co(OH)2/CoOOH (see main text):

Co(OH)2 + OH = CoOOH + Hx0 + e (S1)
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However, the mismatch of charges in the anodic and cathodic scans and the
disappearance of the reduction peak for early scan reversal suggest the possibility of
other processes. It is noted that a pre-wave at the potentials between 0.0 and 0.15 V
is observed and considered to be a further, slow oxidation of Co(OH). formed at
preceding more negative potentials. The threshold potential of this pre-wave is close
to the calculated electrode potentials of 0.23 V for Co(OH)2/Co304 as seen from Table
5.1, which suggest an overpotential of more than 200 mV for this reaction. This is
consistent with its irreversibility as evident from the dot dash line in Figure 5.1.
Consequently, the pre-wave of the main anodic peak at +0.2 V is considered to arise
from Reaction S2:

3 Co(OH); + 20H — C0o304 + 4 H,O + 2 e (S2)
At the potentials more positive than the threshold potential of ca. +0.15 V above which
the sharp anodic peak is observed, Reaction 5.2 is the electrochemical process
responsible for the oxidative current, as discussed in the main text. To conclude, the
oxidation processes of Co(OH). to both Co304 and CoOOH likely contribute to the

current of the anodic peak at ca. +0.2 V.

The complexity of the Co/KOH system especially in this range of the positive potentials
requires more clarification. First, at the potentials between 0.0 V and 0.4 V, Reaction
5.2 is considered as the predominant process, accounting for the observed sharpness
of the anodic peak. However, in this study of bulk cobalt, most of the formed CoOOH
is considered to possibly remain blocked beneath the subsequently generated, passive
Co304 oxide.l*!] This is supported by the estimation that the charge integrated from

the anodic peak at +0.2 V corresponds to electro-oxidation of merely one or a few
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layers of Co(OH), (see Appendix 2). Such a passivation behaviour explains the
vanished reductive peak when the scan reverses at +0.21 V, the very small charge of
this cathodic counterpart (Reaction 5.7), as well as no further oxidation of CoOOH to
Co0; as observed in the voltammogram of the oxide particles. Second, XPS work[*>]
supports the inference of the simultaneous oxidations of both Co(OH)./Co304 and
Co(OH)2/CoOOH for the anodic peak, where a large drop of OH- fraction and a
concurrent rise of both spinel O and O% anion fractions were measured at the those
potentials. Finally, the assignments of the two peaks are also in good agreement with

other literature.[#4-45, 50, 62]

2. Estimation of the number of oxidised Co(OH): layers in the
voltammogram of bulk cobalt

In the voltammogram at potentials between +0.1 V and +0.3 V, the amount of
oxidative charge of interest is measured as 6.2 x 10~ C. Given that the projection
dimensions of a Co(OH); unit cell is 0.3 nm x 0.3 nm and the radius of the cobalt disc
electrode is 1.00 mm, the corresponding number of oxidised Co(OH), layers is

estimated as follows.

First, the mole of Co?* cations per Co(OH), monolayer (assuming an ideally flat

. Ami i .
monolayer surface with a roughness factor, namely R = ==~ asR = 1) is

geometric

TTe? R _ m % (1.00 mm)? X 5

= > —~— =6 x 10! mol
TCo(ID) Ny (0.3 nm)# X 6.02 X 1043mol

NCo(11) atoms/Layer =
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Second, the oxidative charge for the peak at +0.2 V (vs. SCE) measured in the

experiment corresponds to the mole of Co%* cations being oxidised

0 6.2Xx 1075C -10
= — = = . X
NCo) = 2% = 1> 96485 Cmol 1 6.4 x 10 mol

Third, the number of Co(OH). layers being oxidised is calculated to be

Ncoun =11

NLayer =
NCo(II)atoms/Layer

Nevertheless, depending on the roughness of electrode surface (normally 2~3 for a
routinely polished metal electrodel®3) and the portion of the Co(II)/Co(IIl), it is
considered that the charge for the sharp anodic peak at around +0.2 V probably

corresponds to one or a few Co(OH): layers being oxidised.

3 — Possible effects of sonication on the nanoparticle suspension

The ‘stripping voltammograms’ of ‘cobalt metal’ NPs under the same measurement
conditions as in the bulk cobalt experiment were obtained for three samples: without
hour of and with 1 hour of aging, and after 1 hour of sonication. As seen from Figure
5.7, the anodic peak potentials in all the three voltammograms stay wnchanged at
around +0.22 V vs. SCE and so do the cathodic peak potentials at +0.18 V, whereas
the oxidative current ascends from nearly 2 pA (fresh) to 5 pA (aging 1 hr) and
dramatically to 20 pA (1 hr of sonication). In a drop-cast experiment, such a rise in
the current probably represents improved dispersity of the NPs liberated from the
particle clumps that usually precipitate. It is therefore concluded that the ‘cobalt metal’
NPs remains stable against sonication whilst improving the dispersity of the NPs in
suspension.
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Figure 5.7. Stripping voltammetry from a GC electrode (diameter 3.00 mm) (black solid) modified
with fresh ‘cobalt’ NPs, (green solid) modified with ‘cobalt’ NPs for 1 hr's aging and (blue solid)

modified with ‘cobalt’ NPs sonicated for 1 hr, and (black curve) with no modification.

4 — Charge distribution from impacts of core-shell nanoparticles at different
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Figure 5.8. Cumulative frequency of impact charges measured as a function of applied potentials
from 0.3V to 0.7 V.
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5 — Sizing of the ‘cobalt’ NPs by Nanoparticle Tracking Analysis (NTA)

NTA sizing measurements of ‘cobalt metal’ NPs were performed to probe the size of
the particles while suspended (0.08 mg mL!) in deionised water. In the experiments,
a number of ‘cobalt’ particles in form of bright scatters were viewed and over 4,000
tracks in total were obtained for each measurement. As a result shown in Figure 5.9,
one single modal diameter for these particles was found to be 55.7 £ 1.5 nm while
the mean is 79.3 £ 50.4 nm. This therefore corresponds to the size of the ‘cobalt’
aggregates present in the particle suspension. Provided that the TEM results show the
presence of not only the large aggregates but also individual smaller particles of less
than 10 nm in diameter, whereas no particles were detected below 10 nm in NTA
measurements, we conclude that NTA is probably not able to measure, due to little

light scattered, the constituent particles but shows consistent sizing results for the

aggregates with TEM, as well as the inferences from voltammetric experiments.

1.04
0.8 \
0.6

0.4

S

T T T L | T T T T T
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Figure 5.9. Hydrodynamic diameter distribution of the Co@Co(OH)2 NPs suspended in deionised

water. Shown is an averaged curve from three parallel experiments.
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Chapter 6

Electro-catalytic oxidation of hydroxide ion by
Co304 and Co304@SiO2 nanoparticles both at

particle ensemble and single particle level

In this chapter, we report that the CosO4 nanoparticle-mediated electrochemical
oxidation under alkaline conditions of hydroxide ion on a glassy carbon macroelectrode
leads to hydrogen peroxide as the initial oxidation product of electron transfer. The
latter is inferred to subsequently partially decompose to dioxygen by catalytic chemical
reaction at the nanoparticles. At the single particle level, electrochemical particle-
electrode impacts point out the rate-determining step and the limiting kinetics of the
reaction. Further, particles with core-shell structure of a Co304 core and SiO; shell are
synthesised, and their electrochemical behaviour is studied and compared with bare
Co304 nanoparticles (NPs), suggesting the very likely broken or highly porous state of
the silica shell, which is not otherwise easily distinguished, for example by electron

microscopy.

This work has been published in ChemElectroChem, 2020, Wiley-Verlag Chemie,!!] and
was carried out in collaboration with Ms. Maria Volokhova, Mr. Aleksei Boldin, Dr. Liis
Seinberg, from National Institute of Chemical Physics and Biophysics, Estonia, Dr.
Masahiko Tsujimoto, from Kyoto University, Japan, Mr. Minjun Yang, and Dr. Bertold

Rasche, from University of Oxford. Specifically, Ms. Volokahova, Mr. Boldin and Dr.
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Seinberg synthesised the Co0304@SiO; and SiO2. NPs and conducted their XRD
measurements. Dr. Tsujimoto imaged the Co304@SiO; and SiO> NPs using TEM and
obtained the EDS data. Mr. Yang imaged the Coz04 NPs using SEM and obtained the
EDS data. Dr. Rasche helped with the interpretation of results mainly regarding

crystallography.

6.1. Introduction

Co304 particles are important electrocatalysts for many reactions in the field of
sustainable energy such as the reactions for overall water splitting — hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER),!2! for Cl, production, 3]
and for the electro-oxidation of methanol™ and glucose in organic fuel cells.[>] As
nanoparticles (NPs), they possess large specific surface areas sometimes with an
engineered abundance of surface oxygen vacancies,!®’! leading to high catalytic
activity, whilst the intrinsic origin of the latter is considered to be associated with the
valencies of the cobalt cations,®] which in the case of OER catalysis contributes to the
formation of strong surface intermediate-bond of Co-OH in the rate determining step.!°!
Co304 NPs have also been considered to be chemically stable in strongly alkaline
conditions,[1% and of practical interest due to the relatively low cost and higher
abundance.!!] In particular, the NPs have been recently demonstrated to show an

excellent electro-catalytic activity towards OERI[®7: 12-18] 3 equation 6.1:
40H — 0, + 4 e+ 2 H0 (6.1)

which is comparable to or even superior than the noble-metal based materials (e.g.
Pt, Ir).l®] The basis of this comparison is the overpotential at a given current density
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relative to the electrode potential of the OH/O> couple at thermodynamic equilibrium,
and/or the turnover frequency of surface Co cations, for which the faradaic current at
a certain potential is measured, both assuming a four-electron transfer process
generating dioxygen. To this end, mass spectrometry has been applied to confirm the
formation of dioxygen, with isotope (120) labelling used to show its origin as being
from the solution phase,[*®] and fluorescence-based oxygen sensors to quantify the
faradaic yield of O, as nearly 100%.[1> 17: 201 The ultimate formation of dioxygen is
clear; however, the mechanism by which it is formed remains open and is the focus
of the present study. The work focuses on using a glassy carbon electrode as a catalyst
support and the analysis of the whole range of potential sweeps, both cathodic and
anodic, in contrast to previous studies.[67: 14 21-22] In particular, we consider the
possibility that rather than a direct 4 electron process taking place, a mixed electron
transfer/chemical disproportionation mechanism occurs via Reactions 6.2& 6.3 as has

recently been suggested for oxygen reduction on iron (III) oxide!?3] or silver NPs[?41;

C0304(s)

OH —— 12 H02 + € (6.2)
C0304(s)
H.0, —— 2 02 + H20 (6.3)

in which the catalytic cycling of O, leads to the four electron product, H>O, although

the electron transfers lead only as far as H.O;, the two-electron product.

Conventionally, drop-cast experiments are performed for the electrochemical studies
of solid particles due to the simplicity and ease of operation. However, the surface

agglomeration of the drop-casted nanoparticles on the electrode surface has been
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demonstrated even in the cases of low particle surface coverages,[?! diminishing the
catalytic performance of the NP catalysts.[26] Moreover, the diffusion layer overlap of
those particles tends to mask their true catalytic activity2’] and often occurs especially
when with a high nanoparticle loading on the electrode surface. Over the last two
decades, an emerging technique of particle-electrode impacts, or ‘nano-impacts’, has
been demonstrated to provide insights at the single particle level for many electro-
catalysis processes including hydrogen oxidation on Pt NPs[?8] and Pd NPs[?-30]
methanol oxidation on Pd NPs,[3!] oxygen reduction and hydrogen peroxide reduction
on single enzymes.[3234 The area of catalytic impacts has been recently reviewed.3%
38] In a typical catalytic nano-impact experiment, the solid particles are well dispersed
in solutions containing appropriate electrolyte, and by virtue of their Brownian motion
randomly move and eventually may impact on the electrode surface. The impact is
likely to result in a short residence of the NPs at the electrode surface held at suitable
potentials, which meanwhile mediates the reactions of redox molecules present in
solution phases. Consequently, the impact signals with shapes of ‘spikes’ or ‘steps’,
depending on the particle residence times, may be recorded in the current-time
measurements and, in particular, the analysis of the signal current may be able to
provide information regarding the catalytic activity of the individual impacting single
particles. On this basis, to study the kinetic aspects of Coz04 NPs mediating the OH"
oxidation, single particle electrochemistry will be attempted in addition to the
conventional study of the drop-cast particle ensembles. Further, we also investigate
the electrochemistry of core-shell Co304@SiO2 NPs and compare them with Co3z04 NPs,

drawing on the successful electrochemical studies of identifying and quantifying

- 195 -



broken shells of metal/metal oxide core-shell NPsB°1 using drop-cast experiments, and

characterising single core-shell Au@Ag using the nano-impact technique.[40]

6.2. Experimental

6.2.1. Chemicals

Cobalt (II) dicobalt (III) oxide (Co304) nanoparticles (NPs), potassium hydroxide
solutions (0.974 M, purity = 99.0%), calcium hydroxide (95%), hydrogen peroxide
(30 wt% in H;0), potassium chloride (= 99.0%), cobalt (II) nitrate hexahydrate
(Co(NO3)2:6H20, 99.999%), tetraethyl orthosilicate (98%), N,N-Dimethyl formamide
(99.8%) and polyvinylpyrrolidone (molecular weight 40000) were purchased from
Sigma-Aldrich, UK and used as received. Nitrogen and oxygen gas cylinders was
supplied from British Oxygen Company, Surrey, U.K. All solutions were prepared with

de-ionised water of resistivity of 18.2 MQ cm at 298 K (Millipore).

6.2.2. Synthesis of C0304@Si02 NPs and SiO> NPs

Prior to the synthesis of the core-shell Coz04@SiO, NPs, Co304 nanoparticles were first
synthesized by thermal decomposition of cobalt (II) nitrate hexahydrate
(Co(NO3)2"6H20) as described in a previous study by Volokhova.[!] Specifically, 0.62
g of Co(NOs3)2"6H20 was dissolved in 10 mL of anhydrous dimethylformamide and then
0.3 g of polyvinylpyrrolidone was added to the solution, which was stirred for 30 min.
The reaction mixture was thermostated at 180°C for four days. The initially

transparent purple solution turned black-brown. Then 50 mL of ethanol was added to
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the final black-brown colloid solution and washed twice to remove excess surfactant
and reaction byproducts. The precipitate of nanoparticles was collected by

centrifugation and kept in ethanol solution.

Second, coating of the obtained Co304 nanoparticles with SiO, was carried out
according to the similar procedure as previously described.*% [42] Prior to the synthesis,
100 mL of ethanol and 10 mL of deionised water were stirred at 200 rpm for 10 min.
25 mg of nanoparticles were dissolved in ethanol (2 ml) and added to the mixture of
water and ethanol and stirred for 30 min. After that, 25 mL of NH4OH (28%) were
added dropwise to the solution and stirred for 30 min. Meanwhile, tetraethyl
orthosilicate (TEOS) solution was made. 1 mL of TEOS was dissolved in 30 mL ethanol
and stirred for 30 min. Then 4 mL of TEOS/ethanol mixture was added dropwise for 8
h into the nanoparticle solution. The precipitate was collected by centrifugation and
washed twice to remove excess surfactant and reaction byproducts. Collected
nanoparticles were stored in ethanol solution. Ms. Volokahova, Mr. Boldin and Dr.

Seinberg are thanked for the synthesis of these Co304@SiO> NPs.

The silica nanoparticles were prepared with a modified procedure of a previous
study.[*31 6.9 mL of TEOS was hydrolysed in 250 mL of ethanol with continuous stirring
with a speed of 230 rpm. After 30 min, a mixture of deionised water (25 mL) and
ammonium hydroxide solution (2.5 mL) were added into the reaction solution and
kept stirring for 4 hours until the mixture turned into a milky solution. Then, reaction

mixture were washed with ethanol twice and dried with rotary evaporator for 1 hour.
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Ms. Volokahova, Mr. Boldin and Dr. Seinberg are thanked for the synthesis of these

SiO2 NPs.

6.2.3. Material Characterisation

The scanning electron microscopy (SEM) images of Coz04 NPs were obtained using a
Zeiss Sigma 300 FEG-SEM with an accelerating voltage of 2.0 kV. Prior to the
measurements, the NPs were suspended in water and drop-casted onto a cleaned
glassy carbon stub, which was subsequently dried overnight in vacuum. Energy
Diperseive Spectroscopy (EDS) were also performed on those NPs. Mr. Yang is

thanked for the SEM imaging and EDS measurement of Co304 NPs.

Transmission Elecron Microscopy (TEM) images of Co304@SiO2 and SiO> NPs were
obtained using JEOL JEM 2200FS and JEOL JEM 1400EX electron microscope,
respectively. Diluted samples for TEM measurements were prepared by drop-cast the
pre-suspended NPs on a copper grid and dried overnight in vacuum. EDS were also
performed on the specific sites of Co304@SiO2> NPs to study the elemental content of
core and shell. Dr. Tsujimoto is thanked for the TEM imaging and the EDS

measurements of Coz04@SiOz and SiO2> NPs.

Powder X-ray Diffraction (XRD, Panalytica Xpert3) measurements of Coz04@SiO> NPs
were carried out with Cu Ka radiation (A = 0.154 nm) with 45 kV beam voltage and

40 mA beam current. Patterns were collected in a range from 20° to 90° with the
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steps of 0.02° and the exposure time of 100 sec. Ms. Volokahova, Mr. Boldin and Dr.

Seinberg are thanked for the XRD measurements of the Coz04@SiO2 NPs.

6.2.4. Cyclic voltammetry of hydroxide ion oxidation on a glassy carbon
electrode modified with Co304 and Co304@SiO2 NPs

A suspension of Co304 NPs or Co304@SiO2 NPs (0.1 mg mL!) was prepared by adding
0.5 mg of the particles to 5 mL of water. The particle suspension was vortexed for 10
seconds followed by 30 seconds’ resting; this was repeated six times. A glassy carbon
(GC) electrode (d = 3.00 mm) was polished with 0.3 and 0.05 pm-sized alumina
particles on microcloths in sequence. The as-prepared suspension was then drop-cast

on the GC electrode and dried under an N2 flow.

Cyclic voltammetry was conducted in 0.1 M KClI solutions containing 20 mM KOH, using
a three-electrode system under potential control via a pAutolab Typell potentiostat
(Metrohm-Autolab BV, The Netherlands) thermostated at 298 K. The modified GC
electrode was used as the working electrode, a platinum foil as the counter electrode
and a silver/silver chloride electrode (3.4 M KCI, +0.205 V vs. SHE at 298 K) as the
reference electrode. For the experiments using oxygen-saturated solutions, pure
oxygen gas was bubbled through the solutions for ca. 10 mins to reach a steady,

saturated condition of the dissolved gas.
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6.2.5. Kinetic study of hydrogen peroxide decomposition using UV-vis

spectroscopy

The kinetics of hydrogen peroxide decomposition in 20 mM KOH was studied using
UV-vis measurements (A = 240-300 nm) with a Shimadzu UV-1800 spectrophotometer,
using quartz cuvettes (Quartz SUPRASIL, Hellma Analytics) with an optical light path

of 10 mm.

6.2.6. Nano-impact experiments of Co304 and Co304@SiO> NPs

An aqueous suspension of either Co304 NPs (10 mg mL?) or Co304@SiO> NPs (0.03
mg mL1) was prepared. Dispersed suspensions were obtained by vortexing as
described above. Nano-impact experiments were carried out using a low-noise
homemade potentiostat at 298 K which has been described previously.[*! Prior to the
measurements, potassium hydroxide and chloride were added to the particle
suspensions to give a final concentration of 20 mM KOH + 0.1 M KCI. A clean carbon
micro-disc electrode (ALS Co., Ltd, d = 7.0 pm) was inserted to the mixture. In these
fresh particle suspensions (ageing time < 15 mins) current-time measurements (or
chronamperometry) were made at varying fixed potentials. Counting and analysis of

the impact signals were performed in Origin 2017 Pro.

6.3. Results and discussion

We first (Section 6.3.1) characterise the size and chemical composition of cobalt (II)

dicobalt (III) oxide (Co304) particles using Scanning Electron Microscope (SEM) and
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Energy Dispersive Spectroscopy (EDS). Second, (Section 6.3.2) we examine the cyclic
voltammetric responses (CV) of the Co3z04 NPs. Then, (Section 6.3.3) the voltammetry
of Coz04-mediated OH" oxidation on glassy carbon (GC) electrodes modified with drop-
cast Coz04 NP ensembles are studied to evidence their catalytic activity towards this
oxidative process. (Section 6.3.4) The reaction mechanism is discussed with aid of UV
spectroscopy. Third, (Section 6.3.5) we perform nano-impact experiments by making
fixed potential, current-time measurements (‘chronoamperometry’) at a clean glassy
carbon micro-disc electrode inserted in a Co304 nanoparticle suspension, where these
particles are on the average spatially well separated with centre to centre distances
of ca. 1 ym. By virtue of Brownian motion, these particles may stochastically collide
with the microelectrode surface held at suitable oxidising potentials. Random current
steps were detected in the chronoamperograms, evidencing the catalytic oxidation of
hydroxide ions on the /ndividual impacting Co304 NPs for the timescale of their
residencies at, or very close to, the electrode surface. Insights into this catalytic
process, at the single particle level, are subsequently given. In the Sections 6.3.6-
6.3.9, similar experiments were performed on silica-coated cobalt (II) dicobalt (III)
oxide nanoparticles (Coz04+@SiO2 NPs). Last, the results of the two types of NPs are

compared and discussed.

6.3.1. Characterisation of Co304 nanoparticles
Co304 NPs were first imaged by SEM and EDS for size and chemical composition
analysis, respectively. Figure 6.1a shows that these NPs are of irregular shapes; for

approximate sizing of the particles, the shapes were assumed as perfect spherical and
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Figure 6.1. (a) SEM image of Co304 NPs. (b) diameter distribution of the particles. (c) EDS analysis
on of the particles with a Co to O molar ratio of 0.72 £ 0.09 average across three different sites.

The presence of carbon detected is consistent with the glassy carbon substrate.

accordingly their peripheries in the 2D images were outlined first as an oval shape.
The individual oval areas were measured and then converted to the effective
diameters of circles of same areas. Subsequently, the average diameter of a total
number of 115 Co304 particles were measured as 75 * 22 nm (Figure 6.1b).
Meanwhile, Figure 6.1c illustrates the EDS measured chemical composition of these
NPs with weight percentages of cobalt and oxygen elements. The molar ratio of Co to
O was calculated as 0.72 = 0.09, consistent with the expected value of 0.75 for the
as-received cobalt (II) dicobalt (III) oxide (Co304) particles. Note that the existence

of Co203 is thought doubtful.[**] The chemical identity of Co304 was thus concluded.
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6.3.2. Cyclic voltammetry (CV) of Co304 NP ensembles

The electrochemical behaviour of Co304 NPs was first investigated. First, the CV of a
bare GC electrode immersed in 0.1 M KCl + 20 mM KOH was performed in the potential
range of 0.0 V to 0.40 V as shown in Figure 6.2. No voltammetric features were seen.
Next, 0.6 ug of Coz04 NPs (corresponding to nearly 35% of a monolayer of close
packed particles) was drop-cast onto the GC electrode and dried under an N2
atmosphere. Cyclic voltammetry was then applied to this Co304 NP-modified electrode
immersed in the same electrolyte. Figure 6.2a shows one small broad oxidation peak
at around 0.25 V vs. Ag/AgCl. The inlay presents, after the removal of capacitive

current, a better-defined oxidation wave with a peak potential of +0.30 V, with its

(a) < ""|eos0dco0oH CoOOH/Co0,  (b)
61 3 04 9+
§ 02
4 \,::s 0.0
N 6 2nd peak
| K
2 | 00 01 02 03 04 ~
: E/V (vs. Ag/AgCI) x both R? > 0.999
C0,0,/Co00H_—=— -
04 e -
24 0+
00 01 02 03 04 05 06 07 000 002 004 O-Of 0.08 0.0
E/V (vs. Ag/AgCI) v/ (Vs’)

Figure 6.2. (a) Cyclic voltammomgrams of bare GC electrodes (dashed curves) and the ones
modified with Co304 NPs (solid curves) immersed in 0.1 M KCI + 20 mM KOH solutions in the
anodic potential ranges of 0.0 V to 0.40 V and to 0.65 V, respectively. A conversion of the potentials
against Ag/AgCl to those against reversible hydrogen electrode (RHE) is provided in Appendix 1.
Scan rate 50 mV s'L. Inlay: the ‘Faradaic current’ voltammogram of 0.0 to 0.4 V, obtained from
the background current subtraction on the measured drop-cast voltammogram. (b) Plots of peak

current of the two oxidation peaks at 0.3 and 0.6 V, respectively, as a function of scan rate.
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peak current scaling linearly with the scan rate (Figure 6.2b), suggesting the oxidation
of a surface-bound species. Moreover, the reductive counterpart of the oxidative wave
occurred at 0.28 V (peak-to-peak separation AEy is ca. 20 mV), implying the quasi-
reversible behaviour of this oxidation at 0.3 V. According to the Pourbaix diagram of
the predominant cobalt species in Figure 5.2 (last chapter), the measured mid-point
peak potential of the pair (0.29 V) was found to be close to the thermodynamic
potential (+0.22 V vs. Ag/AgCl) for the redox couple Co304/CoOOH, from the data of
Gibbs energy of formation of the cobalt oxide species provided in the literatures at

298 K.[%6-47] Therefore, the first peak is attributed to the Reaction 6.4:

Co304 + OH" + H20 — 3 CoOOH + e° (6.4)

Next, the potential region was extended to a more positive value, +0.65 V, and a
second sharp oxidation wave with a peak potential of 0.59 V was seen (Figure 6.2a).
The peak current of this oxidative wave was again directly proportional to the applied
voltage scan rate (Figure 6.2b) and a back peak at ca. 0.58 V (with AEy = 15 mV)
was observed. These suggest the second wave as also being due to a quasi-reversible
surface-bound reaction. The mid-point potential of the redox peaks (0.58 V) was found
to be very close to the thermodynamic potential for the redox couple CoOOH/Co0;,
+0.56 V vs. Ag/AgCl. Moreover, the oxidation charges measured from the two
oxidative waves at 0.3 V and 0.6 V have a ratio of 1 to 3, agreeing with the number
ratio of electrons transferred per cobalt atom of the two reactions. Therefore, the

second oxidation was attributed to the Reaction 6.5:
CoOOH + OH" — Co0; + H0 + e (6.5)
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Nevertheless, we note that the total charge measured from the two oxidative waves
was 8.8 £ 2.0 uC, significantly smaller than the expected charge for complete
oxidation of drop-cast Co304 NPs (ca. 1 mC) via the two-step oxidation to CoO,, yet
comparable to the value of 31 uC estimated for the oxidation of only the NP surfaces
assuming a monolayer of the surface of the Co304 NPs was oxidised (to CoO,) (see
Appendix 2a). This suggests the oxidation of the NPs only occurs at the particle

surfaces compounded with the incomplete stripping effects!26l.

6.3.3. Cyclic voltammetry of hydroxide ion oxidation mediated by Co304

nanoparticles

To investigate the possible hydroxide ion oxidation, the CVs measured above were
further extended to a positive potential of +1.2 V and to a more negative potential
region (-1.4 V). For the dropcast Co304 NPs, the particle surface coverage was
calculated to be ca. 35% of a monolayer, assuming the particles were evenly
distributed on the electrode surface (see Appendix 2b), although in practice, the NPs
likely form agglomerates on the electrode surface through the drying process.[?°]
Figure 6.3 shows in the anodic region the CV of the Co304-modified electrode shows,
apart from the NP oxidation peaks between 0.1 and 0.6 V, a large oxidative wave
peaking at 1.0 V. The peak current of the latter was found to scale linearly with the
square root of voltage scan rate as seen from Figure 6.4a and to be proportional to
the concentration of hydroxide ion in solutions (Figure 6.4b), with no peak observed
in the absence of the deliberately added hydroxide ions. These suggest the process is

attributed to diffusion-controlled oxidation of OH". In the absence of the NPs, no
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voltammetric features were observed in the extended potential region of 0.65 to 1.20

V, indicating that the oxidative wave at 1.0 V is OH" oxidation catalysed by Co304 NPs.

OH- oxidation
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Figure 6.3. Cyclic voltammomgrams of a bare GC electrode (d = 3.00 mm) and one modified with
Co304 NPs (particle surface coverage of 35%) immersed in 0.1 M KCI + 20 mM KOH solutions.

Scan rate 50 mV si. The scans start from 0.0 V.

Further upon the study of the OH- oxidation peak, an average anodic transfer
coefficient (B) of 0.47 £ 0.06 was obtained by Tafel analysis (see Figure 6.16 in the
Appendix 3) in the region of 20%-30% of the peak current.[*8] From the slope of the
fitted straight line in Figure 6.4a, one can derive the number of electron transferred
via the Randles-Sevcik equation for 298 K

I, = 299 x 10%/n’ + By n DY2 c*AvY/? (6.6)
where I, is the peak current, n” the number of electrons transferred before the rate

determining step, B,+:the transfer coefficient of the rate determining step, nthe total
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number of electrons transferred, D the diffusion coefficient (4.60 x10-9 m2 s'1)[49-50] of
OH-, ¢ the bulk concentration of OH-, A the electrode surface area and v the scan
rate. The total number of electrons transferred was thus calculated to be 0.96 + 0.14,
indicating a one-electron-transfer process for the oxidation of hydroxide ion, very

probably to H>O; (see the next section).

600
(a) 600 ;
500
500 | <:'._ 400
. R?>0.99
-
4004 z=0.96
< 100 <
=. 300+ %o 01 02 03 = 600 4 0 1 2 30 40 50
~ -
~ w12/ (V12 g 112) —_— [OH]/ mM
—
200 + 100 mV s 4001 —— 50 mM KOH
— mV's ——20 mM KOH
100 ——50mVs! —— 5 mMKOH
] 1 200 1 mM KOH
—10mVs | —— 0 mM KOH
0 04
T T T T T T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2
E/V vs. Ag/AGCI E/V vs. Ag/AgCI

Figure 6.4. (a) Anodic voltammograms of a Co304 NP-modified electrode in 0.1 M KCI + 20 mM
KOH. Scan rate varies from 10, 50 to 100 mV si. Inlay shows the linearity between the peak
current and the square root of scan rate. (b) Voltammograms of a Co304 NP-modified GC electrode
(d=3.00 mm, NP surface coverage 35%) in 0.1 M KCI containing varying concentrations of KOH
from 0 mM to 50 mM. Scan rate 50 mV s1. Inlay shows the linearity between the peak current

and the hydroxide ion concentration.

6.3.4. Mechanistic studies of the hydroxide ion oxidation

To further elucidate the mechanism of the hydroxide ion oxidation catalysed by cobalt
(II) dicobalt (IIT) oxide nanoparticles, the negative potential region in Figure 6.3 was
first studied. As seen from Figure 6.5a, on the reverse scan to a very negative potential

(-1.4 V), a peaked broad reductive wave was seen with a peak potential of -1.2 V,
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with a small shoulder peak at ca. -0.6 V. To study the origin of this reduction current,

in an Na-saturated 0.1 M KCI + 20 mM KOH solution, the CVs of Co304 NP-modified
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Figure 6.5. a) Voltammograms of a Co304 NP-modified electrode in degassed 0.1 M KCI + 20 mM
KOH. Inlay shows the enlarged region of the broad reduction wave and the additional two cycles
for comparison. Fingerprinting voltammograms of Oz reduction and H20: reduction in b) 20 mM

KOH and c) 10 mM Ca(OH): alkaline solutions.

GC electrode was additionally performed from 0 V to +0.65 V to -1.4 V (red dashed
curve) and also directly to -1.4 V (blue curve). Consequently, the broad reductive wave
was not found in either of the two cycles, indicating that the reduction was related to

the generated species from the OH" oxidation.
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It is noteworthy that in the anodic region at around +1.0 V, gas bubble formation was
visually observed on the GC electrode surface. This was inferred to be possible
generation of gaseous O>. Nevertheless, as the OH™ oxidation process has been shown
as a one-electron-transfer process, hydrogen peroxide (H.0;) is very likely the
immediate, direct electrolysis product, whereas the gaseous oxygen may result from
the chemical process of the disproportionation of H.O, under the prevailing conditions,
given that H»0: is prone to disproportionating under alkaline conditions encouraged
by the formation of HO27,[51] and more importantly Cos04 NPs have been suggested
as a heterogeneous catalysts for H,0, decomposition.[? 321 In order to investigate
which of the two (H20; or O;) was the predominant final product or their proportions
in the product mixture, the broad reductive wave was fingerprinted by recording the
CVs of Co304 NP-modified GC electrodes in the same electrolyte saturated with
dissolved oxygen (ca. 1 mM) and in the one thoroughly degassed using N> but
containing 10 mM of hydrogen peroxide, respectively. Figure 6.5b shows that in the
voltammogram of oxygen reduction, two peaks were seen at -0.45 and -0.6 V,
respectively, followed by a quasi steady-state current. It is clear that except the minor
feature of the small peak at -0.6 V, the overall voltammetric features differed
significantly from those of interest, precluding dioxygen as a major, direct oxidation

product of the OH" oxidation.

For hydrogen peroxide reduction (green curve in Figure 6.5b), the wave shows a peak
at -0.45 V, which is almost identical to the peak at -0.45 V found in the oxygen

reduction voltammogram and therefore suggests the possible chemical decomposition
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of H20» catalysed by Co304 NPs upon immersion of the electrode; further interestingly,
a small peak at -0.6 V is seen followed by an ever increasing reductive current prior
to solvent breakdown. The absence of any peak features at potentials more negative
than -0.6 V may result from the changed mass transport conditions. Unlike the
condition in the hydroxide ion oxidation voltammogram where the electro-generated
species was only present locally near the electrode surface, the conditions in the H20;
reduction voltammogram always provide a bulk concentration that can constantly
supply peroxide to the electrode surface by diffusion. Nonetheless, the voltammogram
of hydrogen peroxide reduction is broadly consistent in terms of wave shape with the
reductive current recorded after OH" oxidation, suggesting H>0 as the major product
from the OH" oxidation. Moreover, similar but more distinct voltammograms for the
fingerprinting study were also obtained in alkaline conditions using Ca(OH) rather
than KOH (Figure 6.5c). At -0.85 V, A distinct broad reduction peak recorded after OH"
oxidation was observed. In the voltammogram for H,O> reduction, apart from the
small peak at ca. -0.45 V of probably the same origin as in the case of KOH, a reductive
wave at a very similar potential of close to -0.9 V was seen, whilst the oxygen
reduction voltammogram stays almost the same to that seen in KOH solutions. The
consistency in the peak potentials of ca. -0.85 V, together with the observations
discussed above, further confirmed that the major product of OH" oxidation was H>0,,

via the Reaction 6.7:

Co304(s)
=

OH 2 H02 + € (6.7)

It follows that although the gas bubbles were seen on the electrode surface, the

decomposition of electro-generated H>0- to O, catalysed by Coz04 NPs, occurred only
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to a marginal extent as they are subject to slow chemical kinetics relative to the OH-
oxidation and on the timescale of the experiments. This inference was supported by
the subsequent UV spectroscopic study of the kinetics of the catalytic decomposition

of H20; as next reported.
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Figure 6.6. a) UV spectra of 0-10 mM H20: in 20 mM KOH in absence of Co304 NPs. b) UV
absorbance at 254 nm plotted as a function of H202 concentration. ¢) UV spectra of 10 mM H.0
in the presence of 60 pM Co304 NPs over time. Inlay shows the measured absorbance at 254 nm
plotted as a function of time. d) The rate of H202 decomposition plotted as a function of

nanoparticle concentration (green) and of hydrogen peroxide concentration (blue).
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Experimentally, in absence of Co304 NPs the UV spectra (Figure 6.6a) of hydrogen
peroxide of varying concentrations from 0 to 10 mM in 20 mM KOH solutions were
first obtained. No decline over time in the UV absorbance was observed. Figure 6.6b
shows that the absorbance (at 254 nm) scaled linearly with H.O, concentration, but
the spectra are consistent with HO™ rather than H0;, reflecting the pKa of 11.6 for
the H202/HO;™ equilibrium at 298 K.[531: [54]. [35] Next, in the presence of Co304 NPs, the
UV aborbance (Figure 6.6¢c) of HO> was found to linearly decrease with time
(measured within 3 mins), showing the catalytic activity of the NPs towards the

chemical decomposition under the alkaline condition via Equations 6.8& 6.9

H>02 + OH = H;0 + HOy (6.8)
Co304(s)
HO; —— %2 02 + OH- (6.9)

From the initial slope of absorbance over time plot, the rate of decomposition was
calculated. Subsequently, Figure 6.6d shows that the decomposition rate scaled
linearly with the concentration of Co304 NPs, suggesting a first order chemical process
with respect to the concentration of the NPs. Likewise, the linearity between the
decomposition rate and H>O; concentration suggests a first order chemical process
with respect to the peroxide concentration. Therefore, an overall second order kinetics

of the peroxide decomposition catalysed by Co304 NPs was inferred:
J = ko [NP] [HO7 ] (6.10)

where Jis the reaction flux (M s?), kp the rate constant (M1 s1), [NP] the particle

concentration of Co304 NPs (M) and [HO>] the bulk concentration of the deprotonated
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H202 (M). As such, the kp was calculated as 2.7 (£ 0.3) x 107 M1 s, For a direct
comparison in the reaction rates of this heterogeneous catalysis process with the
electrochemical process of OH" oxidation, knowing the total NP surface area, the
reaction flux J can be converted to an interfacial reaction flux J; (M m=2 s1) of the

peroxide to the NP surfaces by

Ji= - (6.11)

where [Sp] = S,° X [NP], [Sp] is the total NP surface area per unit volume (m?2 Lt) and
Sp° is the total NP surface area per mole of Co304 NPs estimated from the average

size (m? molt). Then we have

Ji= Kelfioz] (6.12)

Sp
So that we define an equivalent interfacial rate constant 4; as

k=X (6.13)

— o
Sp

Consequently, assuming the diameter of the Co304 NPs is 75 £ 22 nm as measured
from SEM, &;is determined as 2.5 + 1.5 x 10 cm s, which is significantly slow as
compared to the /imiting electrochemical rate constant (2.0 + 1.0 x 102 cm s!) for
OH- oxidation measured from the single particle electrochemistry results as will be
derived in next section. Hence, the UV spectroscopy results support the conclusion of
Oz as a marginal product due to the rather slow formation kinetics from hydrogen
peroxide that was consequently considered as the predominant product of the electro-

oxidation of OH™ at Co304 NP surfaces.
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6.3.5. Single particle electrochemistry of Coz04 NPs

Having discovered and studied the hydroxide ion oxidation catalysed by Co304 NP
ensembles, we next conducted nano-impact experiments to probe this electro-catalytic
process at the single particle level. Experimentally, a freshly polished carbon micro-

disc electrode (d=7 pm) was first dipped in a 20 mM KOH + 0.1 M KClI solution, to
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Figure 6.7. (a) Chronoamperograms of a carbon micro-disc electrode (d=7 pum) immersed in a
20 mM KOH + 0.1 M KClI solution containing 10 mg mL Co304 NPs, held at a potential of 0.80 V
vs. Ag/AgCl. Current steps are seen (outlined by the green circle) as enlarged in (b). Examples of

representative steps at higher potentials (0.90~1.15 V) are shown in c-f. No steps are detected

below/at 0.70 V.

which chronoamperometry was recorded at 0.80 V vs. Ag/AgCl for 60 seconds. No
features was observed as seen from Fig. 6.7a. Next, 10 mg mL™ (or 12 nM) Co304 NPs
were added into the solution, where individual suspended particles randomly move by

virtue of Brownian motion, although many particles were seen sedimenting out from
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the suspension. Upon particle collisions with the electrode held at the oxidising
potentials (0.8-1.2 V), clear current steps were observed in the chronoamperograms
(Fig. 6.7b-f), evidencing the impacts of the individual Co304 NPs. Below +0.7 V
inclusive, no impact signals regarding the oxidation of Co304 NPs were detected (see

Figure 6.17 in Appendix 4).

On the average, 50 current steps were obtained at each of these potentials (Figure
6.8a). The mean impact frequencies as a function of potentials were plotted (Figure
6.8b), from which over the potential range of 0.80 to 1.15 V the impact frequency was
found to stay nearly the same with a mean value of 0.20 £ 0.13 s'!. Each step was
assumed to result from the impact events of individual 75 nm diameter NPs and their
diffusion coefficient in the aqueous solution was estimated as 6.5 x 102 m? s via
Stokes-Einstein equation,[*®1 which allows an estimation of the bulk particle

concentration to be made using the equation(>’]

J=4Dcr (6.14)
where Jis the diffusional flux (or herein the impact frequency) of the NPs towards the
electrode surface, D the diffusion coefficient of the NPs in the suspension, ¢*the bulk
concentration of the NPs and rthe electro-active radius of the carbon microelectrode.
As a result, this frequency suggested a suspended Co304 particle concentration of 4 +
3 pM (ca. 0.3% of the initial amounts). This is consistent with the experimental
observation mentioned above that only a tiny fraction of the particles remained
suspended, giving an estimate of an average inter-particle distance of ca. 1 ym that

indicates those suspended particles were well-separated.
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The average step height (current) at +0.8 V were measured as 1.1 + 0.2 pA, with a
step duration of ca. 130 £ 40 ms. This duration may be limited by the oxygen bubble
formation and collapse (agitation) upon the catalysis process of the impacting particles,
or simply result from the diffusional departure of the particles from the interface.[3”]
At more positive potentials, increasingly higher steps were measured from 0.80 to
1.00 V with a current plateau at ca. 5.7 £ 1.5 pA, as shown in Figure 6.8a that depicts
the average impact step currents as a function of applied potentials in comparison
with the anodic voltammogram of the drop-cast Coz04 nanoparticle ensembles. The
threshold potential above which the current steps were found is shown to superpose
with that of the catalytic current of hydroxide ion oxidation on the drop-cast Co304
NPs; and the impact step currents starts to plateau out at 1.00 V, agreeing well with
the peak potential of the anodic voltammogram. These observations strongly indicate

the catalytic oxidation of OH™ occurring on the individual impacting Co304 NP surfaces.

Further insights regarding the catalysis of OH- oxidation on /ndividual single NP
surfaces can then be discussed on the basis of the impact current measured. Given
that the catalytic process is a first order catalytic reaction of hydroxide ion (as Zpeax
[OH-] observed from Figure 6.4b), the limiting rate constant &i» under the condition

was derived from the average step currents s, from 1.00 to 1.15 V using the equation:
-[step =nFA Kim [OH] (6.15)

where n is the number of electrons transferred, Fis the Faraday constant (96485 C
mol1), A is the catalysing surface area of the impacting NP and /OH ] the bulk
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Figure 6.8. (a) Overlay of the plot (black) of average impact step currents (error bars represent
the interdecile range) as a function of applied potentials with the anodic voltammogram (blue) of
Co304 NP ensembles immobilised on a GC electrode. (b) Impact frequency plot as a function of

applied potentials.
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concentration in solutions. As such, the rate constant 4j» was foundtobe 2 £ 1 x 10
2 cm s'L. By contrast, the estimated mass transport coefficient mrwas approximately

given by the equation:

mrz—DO;_ ~n —DOH_ (6.16)

where Doy is the diffusion coefficient in the electrolyte condition, O is the diffusion
layer thickness of OH™ on the NP surfaces, r,is the Co304 nanoparticle radius. As such,
the mass transport coefficient was calculated to be ca. 10 cm s, which is significantly
larger than the ki» This suggests, at single particle level, that the reaction at the
individual impacting NP surfaces is a surface reaction rate limited process. However,
as seen above for the particle ensembles on a macroelectrode, where a linear regime
of mass transport prevails, a diffusion controlled process was observed, consistent

with the relatively fast heterogeneous rate constant measured.

6.3.6. Characterisation of Co304@SiO> NPs

Based on the successful study of hydroxide ion oxidation catalysed by bare Co304 NPs,
our research turned to the novel core-shell NPs with Cos04 cores and SiO; shells
(Co304@Si0y). First, these nanoparticles were synthesised and imaged using TEM.
Figure 6.9a shows the image of a single Coz04@SiO2 NP. The core-shell structure and
their quasi-spherical shapes of both parts were clearly revealed after appropriate
adjustments of the image brightness and contrast, allowing the size measurements of
the two different compositions. A number of synthesised particles were imaged (Figure

6.9e) and few particles were found without a core (2 out of 26), giving an average
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Figure 6.9. (a) TEM image of a single Co304@SiO2 nanoparticle. Inlay shows the clear intensity
profile of its core-shell structure after brightness and contrast adjustments. (b) ‘EDS1’ and (c)
‘EDS2’ are the EDS analysis measured at the correspondingly labelled spots in (a). (d) XRD pattern
of Co304@SiO2 NPs. (e) TEM images of more Cos04@SiO2 nanoparticles and (f) the measured

diameters for both the cores and the entire particles.
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core diameter of 107 £ 27 nm and an overall (core + shell) diameter of 151 £ 45 nm

(N = 24).

Next, the chemical composition and structure of the Co304@SiO, NPs were measured
by EDS and XRD. As labelled with ‘EDS1’ and ‘EDS2’ in Figure 6.9a, corresponding to
the locations of Co304 core and SiO; shell, respectively, EDS measurements were
performed on the two separate sites on this two-dimensional TEM image. The results
(Figure 6.9b and 6.9c) showed that the element of cobalt was found only in the core
position (EDS1), not in the shell position (EDS2). Both positions showed the presence
of the elements of silicon and oxygen, consistent with the presence of silica. The
detection of SiO; in the image of the core is anticipated as the silica shell will be
present above and below the cores on the third spatial dimension. Moreover, the
relative amount of oxygen element in the core position was higher than that in the
shell position, as expected with the Co304 cores having a higher density of atomic
oxygen (1.0 x 10°> mol m-3) than that of SiOz (7.2 x 10* mol m-3) assuming the density
of the material is not significantly altered from that of the bulk. These observations
are consistent with a composite structure of the cobalt oxide cores with silica shells.
Further, the measured XRD pattern (Figure 6.9d) confirmed the chemical identity of

the cobalt oxide cores as Co304.
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6.3.7. Cyclic voltammetry of Co304@SiO2 NPs
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Figure 6.10. (a) Anodic CVs of a 3 mm-diameter GC electrode modified with Co304@SiO2 NPs
immersed in 0.1 M KCI + 20 mM KOH solutionsm, in comparison with that of the bare Co304 NPs.
Scan rate 50 mV s (b) The CVs measured at varying scan rates of 5 to 450 mV s.. Inlay is the
plot of peak current as a function of scan rate. (c) The CVs measured at varying NP surface
coverages of 9% to 90% of a monolayer with a scan rate of 50 mV s, Inlay is the plot of charge

measured from the peak area as a function of NP coverage.
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To check for electro-activity of the synthesised Coz04@SiO> NPs, we performed cyclic
voltammetry first from 0 V to +0.65 V. Specifically, the CV of a glassy carbon
macroelectrode modified with 0.6 pg of Co304@SiO2 NPs, equivalent to an NP
coverage of ca. 30% (See Appendix 5a), was recorded in the same electrolyte as used
above, namely 20 mM KOH + 0.1 M KCI. Surprisingly, a single oxidation peak was
observed occurring at ca. +0.2 V (Figure 6.10a), a very similar potential to that of the
oxidation peak of Co304 to CoOOH found in the CVs of drop-cast Co304 NPs. Further
studies show that (Figure 6.10b) the peak current was found to be directly proportional
to the scan rate, indicating the oxidation of a surface-bound species. Moreover, a small
reduction peak in the backward scan was seen, with a peak-to-peak separation of 10
mV with the oxidation peak, suggesting the quasi-reversibility of the surface oxidation
process. The mid-potential (Ei2 = 0.230 V) of the peak pair was close to the
thermodynamic potential (+0.22 V vs. Ag/AgCl) for the electrode couple of
Co304/CoOO0H. Also importantly, Figure 6.10c shows that the oxidative charge
transferred was proportional to the nanoparticle surface coverage/loading on the
carbon electrode surface; and the amounts of the charge measured were consistent
with the assumption that only one monolayer of the surfaces of the Coz04 cores was
oxidised to CoOOH (See Appendix 5b). These observations strongly confirmed that
the oxidation peak at 0.2 V was due to the reaction 6.4. That said, the Co304 cores
remained electro-active despite the present silica shells. Given that the average shell
thickness is 22 nm, much bigger than the usual electron tunnelling distance (1~2 nm),

the shells were considered either highly porous and/or at least some were broken.[3°]
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On the other hand, an unusual behaviour associated with the pH dependence of this

process was discovered. Figure 6.11a shows that the peak potential shift with pH was

found to be -80 £ 30 mV / pH, which deviated from the Nernstian slope of -59 mV /
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Figure 6.11. (a) Voltammograms of the oxidation of Co304@SiO2 NPs using GC electrodes at

varying pH from 12.30 to 12.75 with a fixed potassium cation concentration of 0.15 M. (b)

Voltammograms of the oxidation of Co304@SiO2 NPs using GC electrodes at varying pK (pK = -

log[K*]) from 0 to 1.0 with a fixed pH of 12.70 ([KOH] = 0.1 M), measured by a pH meter. (c)

Schematic illustration of the suggested interstratified slab packing in the alkali-metal cation

inserted cobalt oxyhydroxide structure. Adapted from Ref [38] for K* cations.
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pH (298 K). This suggested a possible involvement of another chemical process. It is
proposed in the literaturel*8! that, as shown in the Figure 6.11c, an alkali-metal cation
intercalated structure may exist for cobalt oxyhydroxide (CoOOH). To explore whether
the oxidation process was accompanied with the insertion of K* used in our
experiements forming the intercalated structure, the CVs were also recorded in the
solutions of different KCI concentrations at a fixed pH of 12.70. Consequently, Figure
6.11b shows that the peak potential indeed varied in a way the electrode reaction was
favoured by a higher concentration of potassium cation at a slope of 18 £ 1 mV per
pK (pK = -log[K*]). It follows that the formation of CoOOH on the surface of the NP
cores probably involves partial K* insertion. Therefore, the oxidation mechanism of

Co304 cores was modified to

Co304 + (0.31+0.02) K* + (0.64+0.51) H,0 + (1.36+0.51) OH —

3 CoOO(Ho.88+0.43K0.11£0.1) + € (6.17)

Possibly, the formation of the K* inserted CoOOH inhibited their further oxidation to
Co0s». Similar experiments were attempted on the CVs of drop-cast CosO4 NPs but
unsuccessful due to the difficulty in defining the precise peak potential of the not well-

defined peaks.

6.3.8. Cyclic voltammetry of OH- oxidation mediated by C0304@SiO2 NPs
To investigate the activity of the Co304 cores towards OH- oxidation, the potential

region of the CV was extended to a more positive potential of +1.2 V and then to the
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negative potential of -1.5 V. Strikingly, an almost identical oxidation wave with a peak
potential of 1.0 V to the one found in the CV of bare Co304 NPs was seen (see Figure
6.12). No peaks were observed in the potential region when using modified electrodes
with SiO2 NPs of a similar size (see Figure 6.18 in Appendix 6) to those of the two
types of ‘cobalt’ particles. These observations therefore evidenced that the cobalt
oxide cores were also electro-active towards the OH" oxidation despite the silica shell
which was thus inferred to be imperfect. In the cathodic potential region of 0 to -1.5
V, a very similar reduction wave with a peak potential of -1.1 V, with a shoulder peak
at -0.6 V, was seen. The peak potentials were consistent with those found in the CVs
of bare Coz04 NPs (see Section 6.3.4), therefore indicating that the product of OH"

oxidation catalysed by the Co304 cores was also very likely H20..
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Figure 6.12. Overall CVs of modified GC electrodes (¢ = 3.00 mm, NP surface coverage ca. 30%

of a monolayer) with Co304@SiO2 NPs (blue), Cos04 NPs (red) and SiO2 NPs (black) in N2-saturated

0.1 M KCl + 20 mM KOH solutions. Scan rate 50 mV s1.

- 225 -



Considering the reaction process of the core oxidation, we discovered that the
oxidation mechanism of OH" on the Co304@SiO, may be slightly different from the one
for the mediated reaction by bare Co304 NPs. In the KOH solutions with a
concentration of 20 mM, the voltammograms at a much higher scan rate of 0.5 V s!
(Figure 6.13a) remained similar with no more features observed. However, using a
KOH solution with a much lower concentration of 1 mM and at the higher scan rates
of 0.5 V s, a reductive counterpart of the oxidation wave with a peak potential of
nearly +0.75 V was observed (Figure 6.13b)! This was tentatively attributed to the
immediate reduction of the electro-generated HOe radicals from OH" oxidation (see
below). In contrast, for the voltammograms of bare Co304 NPs (Figure 6.13c and 6.13d)
under the same conditions, apart from the increase of the seemingly adsorption peak
(at +0.45 V in 20 mM KOH and +0.55 V in 1 mM KOH) which was associated with NP
oxidation as seen before, the back peak of the OH- oxidation was not observed. This
may suggest that the silica shell is not passive but rather may be able to stabilise the
short-lived HOe, as supported by the observations on SiO; of this radical as an reaction
intermediate in the literature.[>%-%0] Hence, the reaction mechanism of OH- oxidation

mediated by Co304@SiO2 NP was modified to

OH 2% Hoe + & (6.18)
HOs"2*HOs (ads) (6.19)
HOe (ads) + e — OH" (at fast scan rates) (6.20)
HOe (ads) — "2 H,0> (at slow scan rates) (6.21)

where the observation of the concentration dependence of the visibility of the back

peak is consistent with the likely second order kinetics for HOe dimerisation.
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Figure 6.13. Anodic voltammograms of modified GC electrodes with Co304@SiO2 NPs in 0.1 M
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6.3.9.

Single particle electrochemistry of Co304@SiO2> NPs

Having evidenced that the silica-coated Co304 NPs catalysed the OH- oxidation in a

similar way to the bare Co304 particles, and that the impact step currents of single
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Figure 6.14. (a) Chronoamperograms (at 1.10 V vs. Ag/AgCl) of a clean carbon micro-disc
electrode (d=7 pm) immersed in @ 20 mM KOH + 0.1 M KCI solution with and without 42 pM
Co304@Si0O2 NPs. Inlay shows the examples of current spikes and steps from the current-time

traces highlighted by the blue circle.

Co304 NPs levelled out above +1.0 V vs. Ag/AgCl (i.e. the peak potential as seen from
the voltammograms of drop-cast Co3z04), we briefly performed the nano-impacts of
the core-shell NPs at a very oxidising potential of 1.1 V to compare their /imiting
catalytic activity with that of the bare Co3O4 NPs at the single particle level.
Experimentally, chronoamperometry of a clean carbon micro-disc electrode dipped in
a solution of 20 mM KOH + 0.1 M KCl in the absence of Co304@SiO> NPs at a fixed
potential of 1.10 V was recorded. Very few signals (in total /= 3 within 180 s) were
found on the fluctuating baseline (Figure 6.14). In the presence of ca. 40 pM
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Co304@SiO2 NPs, a total number of 151 current transients were detected, evidencing
the impacts of the core-shell NPs with the electrode surface. The distribution of the
impact durations for both spike- and step-shaped transients shows a continuum with
no obvious discreteness in the cumulative frequency plot (see Figure 6.19 in Appendix
7), and therefore the spike-shaped transients were considered simply as the step-
shaped transients of a shorter duration. Moreover, these transients have much shorter
durations of 39 £ 24 ms than those of the current steps for the impacts of the bare
Co304 NPs (130 £ 40 ms) despite the lower diffusional mobility of the larger coated
particles. This may result from the coating of insulating silica on the Co304 cores that
possibly leads to a decreased quality of electrical contact formed upon the impacts
between the particles and the carbon electrode surface. At the potentials more
negative than +0.7 V, No impact signals were found (see Figure 6.20 in Appendix 8).
As such, the threshold potential, above which the current steps were found in the
impact experiments of individual Co304 NPs, is found to be almost that of the catalytic
current in the CV of drop-cast Co304 ensembles. The latter is also very similar to the
potential found in the CV of drop-cast Coz04@SiO> NPs. Consequently, it is inferred
that those current transients were due to the catalysis of the impacting NPs towards

the OH- oxidation.

The catalytic impact responses of the core-shell NPs have an average frequency of
0.84 £ 0.16 s, consistent with the predicted 0.70 s! assuming a steady-state
diffusional flux of the NPs towards the electrode surface. This confirms the impacts of

individual single core-shell NPs, as well as no sedimentation in their colloidal
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suspension, unlike the bare Co304 NPs, which is consequently attributed to the SiO;

shells preventing particle agglomeration.[61]

Figure 6.15 (blue curve) depicts the current distribution of the impact transients, giving
a mean impact current of 12.2 £ 3.5 pA. Since the catalysis reaction occurred at the
particle-solution interface, the current measured is expected to be proportional to the
electro-active surface area of the individual impacting NPs. At this time, it is reminded
that from the electron microscopic measurements, the core diameter of the
Co304@SiO2 NPs was 107 £ 27 nm and the particle diameter of Co304 NPs 75 + 22
nm, giving a surface area ratio of 2.0 £ 0.8. Then for a straight comparison on the
relative sizes of the two types of particles based on the impact currents, the current
height distribution of the transient responses measured from the impact experiments
of Co304 NPs is also plotted (the red curve in Figure 6.15), giving an average impact
current of 6.4 £ 4.2 pA. As such, the current of the Co304 cores was found to be 1.9
+ 1.4 times that of the bare Co304 NPs, suggesting the same ratio of the surface area
of a single Co3z04 core to that of a bare Coz04 NP, which agrees well with that
measured using electron microscopy. Summarily presented in the inlay is the strong
correlation between the measured impact currents and the estimated particle surface
areas of the two types of particles. These results, therefore, show at the single particle
level, the preserved electro-activity of the silica-coated Co304 NPs from the bare ones

and hence further supports the inference of the imperfection of the silica shells.
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Figure 6.15. (a) Cumulative frequency (normalised to the total humber of impact events) as a
function of measured current for the impact transients measured in the impact experiments of
C0304@Si0O2 NPs (blue) and Co304 NPs (red). Inlay is the correlation chart between the impact
current and the Cos04 surface area of individual particles. Note that the standard deviation bars
reflect more the width of the current/surface area distribution than the measurement errors. The

linear fitting shows a coefficient of determination (R?) as 0.999.

6.4. Conclusions

Co304 nanoparticles have been shown to be an effective electro-catalyst for hydroxide
ion oxidation with Aydrogen peroxide rather than dioxygen as the predominant initial
oxidation product of the electron transder. Single particle electrochemistry further
indicated that the rate of this catalysis is limited by the rate of the surface catalytic

process. Further, silica-coated Co304 nanoparticles were synthesised and their
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structures were characterised via a combination of TEM, EDS and XRD techniques.
Similar electrochemistry results to those of bare Coz04 nanoparticles were obtained
and our studies demonstrated generally unchanged electro-catalytic activity towards
OH- oxidation, therefore suggesting the imperfect coating of the Co3z04@SiO> NPs.
Last, but not least, the UV spectroscopy shows the catalytic activity of Coz04 NPs
towards the chemical decomposition of H>O,. As studies have also shown their electro-
catalytic activity towards oxygen reduction reaction, this may in turn offer a
mechanistic pathway for a 4-electron reduction to water via hydrogen peroxide as an
initial reaction intermediate, with Co304 NPs thus acting as bifunctional electrochemical

and chemical catalysts, as shown for Fe;O3 NPs.[23]

Appendices

1. Conversion of the potentials against Ag/AgCl to those against Reversible
Hydrogen Electrode (RHE)
For convenience, a conversion of the potentials against Ag/AgCl to those against RHE

is provided:
Erne = Eag/agal + ECag/aga + 0.0591 x pH

where Erne is the potentials against RHE, Eag/aga is the potential against Ag/AgCl
applied directly in the experiments and E®ag/agal is the standard electrode potential of
the silver/silver chloride reference electrode used in the experiment that equals to

+0.205 V in the 298 K.
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2. Calculations regarding drop-cast voltammograms of Coz04 NPs

(a) Charge estimation

In the case of complete oxidation, 0.60 pg of Co304 NPs contains 1.5 x 10> Co304
molecules, and assuming complete oxidation of the NPs via the one electron transfer
process to CoOOH, using the Faraday law of electrolysis the expected total oxidation

charge is calculated to be 240 pC.

In the case of surface-only oxidation, assuming perfect spheres of the NPs, one 75
nm-diameter Cos04 NP is calculated to contain 3.4 x 10° CosOs+ molecules; and
knowing the dimensions of the crystal structure is (8.0 &)3 for the occupations of 8
CollCo™,04 such that on average each Cos04 molecule has a projection area of 16 A2,
one 75 nm-diameter Co304 NP is calculated to contain 1.1 x 10° surface Co304 units.
In the experiments, 0.60 ug of Co304 particles corresponds to 4.4 x 108 such NPs and
therefore 4.8 x 103 surface Co304 molecules. As such, using the Faraday law of
electrolysis the total expected oxidation charge for surface-only process of the 4-

electron transfer (per Coz04 molecule) oxidation reaction of Co304to CoO; is 31.4 pC.

(b) Surface coverage

The average diameter of the Co304 NPs was characterised by SEM as 75 nm (Figure
1c). Provided that the total drop-cast weight is 0.6 pg, and assuming the nanoparticles
were perfect spheres and evenly distributed throughout the GC electrode surface

(d=3.00 mm), the total projection area occupied by these NPs is then calculated to be
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2.5 x 10 m2. Therefore, the NP surface coverage on this electrode is 35% (of a

monolayer).

3. Tafel analysis
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Figure 6.16. a) Cyclic voltammograms of the hydroxide ion oxidation with the Tafel regions
highlighted by green segments (20-30% of peak currents). Scan rates 10, 50, 100 mV s.. Inlay
shows the linearity between the natural logarithm of oxidative current and the applied potentials
in the Tafel plots. b) Transfer coefficients (B) plot as a function of scan rate.
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4. Blank experiments of nano-impacts of Co3z04 nanoparticles
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Figure 6.17. Chronoamperograms of a carbon microdisc electrode at +0.7 and +0.5 V vs. Ag/AgCl
in @ 10 mg mL! suspension of Co304 NPs containing 20 mM KOH and 0.1 M KCl. Inlay shows

typical enlarged regions from ca. 32-38 seconds measured at 0.7 and 0.5 V, respectively.

5. Calculations regarding drop-cast voltammograms of Co304@SiO2> NPs
(a) Surface coverage

As TEM characterisation has shown the shapes of both overall particles and the cores
as quasi-spherical, for calculation the shapes were assumed as perfect spheres.
Having the data of the radius of the overall particles (75.5 nm) and the cores (53.5
nm), density and molecular weight of Co304 and SiO2, which were assumed not altered
from their bulk form, we can calculate the mass fraction of a Co304 core in a single

core-shell particle via the equation
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where € is the mass fraction of a Co304 core in a single core-shell particle, rco3o04 and
roverall @re the average radius of the particle cores and the entire particles measured
from TEM; pco3os and psioz are the densities of the particle cores (6.11 g cm3) and the
shells (2.20 g cm3) assuming unchanged values from those of their bulk forms.
Consequently, the mass fraction was calculated to be 60.6%. Provided that the total
drop-cast weight is 0.6 pg, corresponding to a total number of 9.3 x 107 core-shell
NPs, and assuming the nanoparticles were evenly distributed throughout the GC
electrode surface (d=3.00 mm), the total projection area occupied by these NPs is
then calculated to be 2.1 x 10® m2. Therefore, the NP surface coverage on this

electrode is 30% of a monolayer.

(b) Charge estimation

In the case of Co304 surface-only oxidation, assuming perfect spheres of the NPs, one
107 nm-diameter Co304 NP was calculated, in a same way to the calculation for the
bare Co304 NPs, to contain 2.2 x 10° surface Co304 molecules. The amount of drop-
cast core-shell NPs (total weight is 0.6 g for the 30% coverage for instance) on the
GC macroelectrode was calculated to be 9.3 x 10’7. Consequently, the expected
oxidation charge for one monolayer of surface Co304 of all the drop-cast particle, in
the case of 30% coverage, through their one-electron oxidation to CoOOH was 3.3

MC.
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6. TEM sizing of SiO2 nanoparticles
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Figure 6.18. TEM image and size distribution of SiO2 NPs with an average diameter of ca. 120

nm.

7. Duration distribution of impacts of C0304@SiO2 nanoparticles
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Figure 6.19. Distributions of impact duration of spike-shaped transients (dotted curve) and step-

shaped transients (dashed curve) and all measured transients (solid curve).
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8. Blank experiments of nano-impacts of Co304@SiO2 nanoparticles
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Figure 6.20. Chronoamperogram of a carbon microdisc electrode at +0.7 V vs. Ag/AgCl in a 42
pM suspension of Co304 NPs containing 20 mM KOH and 0.1 M KCI. Inlay shows typical enlarged

regions from ca. 32-34 seconds.
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Chapter 7
Substrate mediated dissolution of redox active

nanoparticles; electron transfer over long distances

Whilst previous chapters 3-6 investigate the physiochemical properties of metal-based
nanoparticles with a major focus on the study and the use of electrochemical impacts,
this chapter focuses on probing the electrochemical activity of metal nanoparticles
mainly using an optical approach. Reflective dark field microscopy is used to observe
the decrease in the light scattered from Ag nanoparticles immobilised on differing solid
substrates. The nanoparticles are exposed to solutions containing halide ions, both at
open circuit and under potentiostatic control, leading to the loss of the nanomaterial.
By coupling optical and electrochemical techniques the physical origin of this
transformation is demonstrated to be the electrochemical dissolution of the metal
nanoparticles driven by electron transfer to ultra-trace dissolved oxygen. The
dissolution kinetics of the surface-supported metal nanoparticles are compared on four
substrate materials (i.e. glass, indium titanium oxide, glassy carbon and platinum)
with varying electrical conductivity. The three conductive substrates catalyse the
redox-driven dissolution of Ag nanoparticles with the electrons transferred from the

nanoparticles, via the macroscopic electrode to the dioxygen electron acceptor.

This work has just been accepted in Nano Research, 2021, Tsinghua University Press
and Springer Nature Switzerland AG and was accomplished in collaboration with Dr.

Christopher Batchelor-McAuley, from the Department of Chemistry, University of
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Oxford, who offered help with some experimental design and the interpretation of the
results. Dr. Minjun Yang from the Department of Chemistry, University of Oxford

conducted the SEM measurements.

7.1. Introduction

Probing the redox chemical behaviour of metal nanomaterials is critical to
understanding their corrosion and dissolution. These chemical transformations have
important implications for various scenarios including nano-toxicity in aquatic
environments [1-3], electronics [*>! and cell [6-8] degradation. In particular, the chemical
stability of the metal against oxidation is a key factor. The oxidation of metal
nanoparticles often leads to the direct or ultimate production of dissolved metal
species , where the resulting speciation depends on the identity of the used electrolyte
and its concentration!®!. The dissolution process is therefore intimately associated with
the nanoparticles’ redox chemistry. Consequently, much work has focused on the
study of the solution phase redox behaviour of NPs [10-13], For instance, in the case of
silver, the release kinetics of Ag* from Ag nanoparticles has been studied to evidence
the size-dependent equilibrium of their oxidation based on the measurement of the
equilibrated silver ion concentrations [12l, However, solution phase studies are often
complicated by the need to use relatively high concentrations of nanoparticles and the
dynamic process of their agglomeration in the presence of dissolved salts. The critical
coagulation concentration of a monovalent electrolyte for Ag nanoparticles is some 10
mM and of divalent ions is 0.1-1 mM [13-14] and such electrolyte concentrations

routinely occur in real world environments. Consequently, decoupling information
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regarding the chemical transformation for the physical agglomeration/aggregation of

the particles in solution can be challenging.

Despite problems in studying the process in the solution phase, electrochemistry
remains an attractive candidate method for investigating nanoparticle redox behaviour
using an electrode to support the particles. For example, stripping voltammetry is
commonly used to study the effects of particle apparent size [1°], agglomeration [16],
coverage 7] and assembly methods [18] on the nanoparticle oxidation. In this way,
the influence of electrolyte [1° and the interactions of the metal NPs with the substrate
electrode 291 or their attached surface functional groups have also been investigated
[21], Such electrochemical methods necessarily require the polarisation of the electrode
to drive/control the particles’ oxidation. However, we speculate that nanoparticle
oxidation might also be driven by electroactive species in the solution (see Figure 7.1)
in a similar way to which metal corrosion occurs spontaneously under open circuit
conditions especially in the presence of molecular oxygen. Under both conditions no
external currents flow with the oxidative dissolution flux matched by that of the oxygen
reduction on a macroscopic conductive solid surface. However, typical corrosion of a
bulk metal results from the electron transfer from itself to dissolved oxygen, destroying
the macroscopic metal surface, whereas in the proposed nanoparticle oxidation the
electron transfer is mediated by the supporting conductive substrate which suffers no
change and is therefore catalytic. The aim of this paper is to validate this latter

speculation.
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Figure 7.1. Schematic of a redox-driven dissolution of metal nanoparticles by electron transfer
over macroscopic distances. Molecular oxidising agents notably dissolved oxygen in trace amounts
may oxidise the nanoparticles by electron transfer via a conductive substrate with charge injection

from the latter at any point on the electrode surface.

Metallic nanoparticles are visible using a dark-field optical microscope within a wide
size limit between ca. 10 and 100 nm in diameter [2223] and under suitable conditions
individual particles or their clusters can be separately monitored [24], This is in contrast
to many other experimental techniques which are often limited to measuring the
average response across a nanoparticle population. Optical microscopy can not only
allow the position of each particle to be identified [25-2%1 but also enables changes in
the chemical identity of solid particles to be monitored on the basis of the differences
in their spectral properties 39361, Due to the ability to provide complementary
information recent work has focused on the coupling of optical and electrochemical

techniques to facilitate the investigation of redox processes at the nanoscale [37-4],
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In a typical electrochemical study of the redox behaviour of metal nanoparticles, the
electrode is assumed to be neither chemically nor catalytically active in the studied
conditions. Little attention has thus been paid to examining the potential influence of
the substrate on the nanoparticles’ redox behaviour. Recent work 211 has reported a
clear dependence of the oxidation potential of Ag nanopartices on the chemical nature
of the underlying electrode material. Despite the lack of a well-understood origin of
the observations, these results imply the possible influence of the substrate on the
reaction mechanism of the redox processes. Moreover, it is important to note that
even on a same conductive substrate surface, the interfacial potential difference at
different locations can vary due to, for instance, the size-dependent surface energy of
Ag nanoparticles [ as in electrochemical Ostwald ripening [*/1 where larger particles
grow at the expense of smaller particles through the electron transfer via the substrate.
However the role of the substrate has been largely overlooked in the numerous studies
of nanoparticle chemistry but maybe in fact be decisively influential. As will be shown
in this work the presence of a conductive substrate under commonly encountered
conditions can catalyse nanoparticle dissolution. The effect is accentuated by the

usually larger area of the substrate compared to that of the nanoparticles.

In the following we combine electrochemistry and optical microscopy to study the
oxidative dissolution kinetics of supported silver nanoparticles under open circuit
conditions, demonstrating a significant role of the substrate. We further discuss what
comprises a sufficiently 'good' electrical connection to facilitate the mediated

dissolution.
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7.2. Experimental

7.2.1. Chemicals

Citrate-capped nominally 100 nm-diameter spherical Ag nanoparticles are purchased
from nanoComposix, USA (NanoXact, 0.02 mg mL™! silver, 2 mM sodium citrate). The
particle diameters have been characterised by TEM as 89 £ 12 nm (see Appendix
Section 1 for further details). Potassium iodide, potassium bromide, chloride and
potassium nitrate were purchased from Sigma-Aldrich and used as received (all >
99.9%). Argon and oxygen gas cylinders were purchased from British Oxygen
Company, Surrey, U.K. All solutions were prepared with deionised water (Millipore,

USA) of an electrical resistivity of 18.2 MQ cm at 25 °C.

7.2.2. Optical microscopy

Optical measurements were conducted on a Zeiss Axio Examiner A1 microscope. The
objective lense has a magnification of 10x with a numerical aperture of 0.3 (EC Plan-
Neofluar). 2D black-and-white optical images were acquired by a Hamamatsu ORCA-
Flash 4.0 Digital CMOS camera (Hamamatsu, Japan), giving 16 bit images with 4

megapixel resolution.

7.2.3. Optical measurements and data analysis
The optical measurements as a function of immersion times were done ex situ on a
glassy carbon substrate surface throughout the work. The surface of a GC electrode

(d=3.00 mm, electrical resistivity 50 uQ = m, BASi, USA) was cleaned and mechanically

- 248 -



smoothened by polishing on two micro-cloths loaded with very dilute alumina powder
suspensions (0.2 g solid mixed with 5 mL DI water) of decreasing diameters of 0.3
Mm and 0.05 um. In addition, lens tissues were used to wipe off the residual alumina
particles from the surface. Then the Ag nanoparticles were dropcast onto the cleaned
substrate with a loading of 0.9+0.1 pug cm (or 2.4x 108 particles cm2) and dried under
a nitrogen flow. The drop-cast area on the modified substrates was then visually
focused using dark field illumination with a exposure time of 500 ms and the mean
scattering light intensity of Ag nanoparticles was measured as the value for t = 0 s.
Subsequently, the same modified substrate was immersed in the 0.2 M KI for a time
period of directly 6 minutes (or 50 minutes in the study of halide identity effects in
Section 7.3.3) at 25 °C, followed by rinsing with deionised water (to avoid the
formation of salt microcrystals) before drying. The dried substrate was placed in the
same position in the chamber for measuring the scattering light intensity at t = 6

minutes (or 50 minutes).

For monitoring the dissolution kinetics of the silver particles in varying concentrations
of iodide in Section 7.3.3, the same modified substrate was immersed in the 0.2 M KI
for a time interval cumulatively to reach t = 5, 10, 30, 60, 120, 240, 360 s, and the
subsequent procedure described above is repeated until the cumulative immersion

times reached the final 6 minutes.

For the study of the substrate influence in Section 7.3.4, three other different materials

of glass, ITO and Pt were used as the substrates. The disc substrate of single crystal
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platinum with a crystal facet (110) was fabricated by fastening the metal piece at a
sheared thin end of a micropipette tip with an exposed 2.00 mm-diameter disc area,
whilst the pipette tip acts as a ‘leakless’ sheath. The cleaning of this Pt disc surface is
the same as that of the GC, whereas the surfaces of the coverslip substrates, glass
(22x22mm, 0.13-0.17 mm thick, Sigma-Aldrich) and indium titanium oxide (ITO,
25x25mm, 1.1 mm thick, surface resistivity 8-12 Q/square, SPI, USA) were cleaned
by washing with acetone and deionised water thoroughly. As such, after being
modified with the Ag nanoparticles of a same loading, the substrate was immersed in
0.2 M KI or deionised water for 6 minutes at 25 °C. The scattered light intensity of the

particles were measured before and after the immersion time.

Zen 2 Pro (Carl Zeiss Ltd., Cambridge, UK) was used for imaging processing and
intensity analysis. The data was normalised to the initial value of t = 0 s and averaged
over at least three repeat measurements for the plotted remaining fractions of the

scattering light intensity.

7.2.4. Combined Optical and Electrochemical Measurements

Potentiostating and cyclic voltammetry were performed using a p-Autolab type II
potentiostat (Eco-Chemie, Netherlands) with a three-electrode set-up in a home-built
Faradaic cage. For studying the effects of potentiostating in Section 7.3.2, the GC
electrode was used as the working electrode, a platinum foil as the counter electrode
and a leakless Ag/AgCl (3.4 M KClI) electrode as the reference electrode. A cleaned GC

electrode was modified with Ag NPs of a same surface coverage as above. The
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modified electrode was inserted in air-saturated 0.2 M KI solutions and held at the
fixed potential between -0.73 V and +0.25 V vs. Ag/AgCl for 6 minutes. Last, the
electrode surface was rinsed with deionised water and dried for the optical
measurements of the dropcast nanoparticles. The cyclic voltammetry of the
nanoparticle-modified electrode, the freshly modified electrode was polarised in an Ar-
saturated 0.2 M KI solution in the potential range between -0.75 V and +0.25 V (vs.

Ag/AgCl) at a scan rate of 0.1 V s,

For studying the effects of oxygen concentration in Section 7.3.2, 0.2 M iodide
solutions were purged with O and argon thoroughly for 30 minutes. The air saturation
was obtained by air equilibration with a freshly prepared iodide solution. Cathodic
cyclic voltammetry of a clean macrodisc glassy carbon electrode was carried out in O>
and air saturated solutions, and of a carbon microfibre electrode (d=7 pm and /=1
mm) was conducted in an Ar-saturated solution at a scan rate of 0.05 V s, to measure
their oxygen concentration respectively. Next, a GC electrode was modified with silver
nanoparticle as described above and the same modified substrate surface was
immersed in the freshly degassed 0.2 M KI in a rubber-sealed three-necked glass
bottle for a time interval cumulatively to reach t = 5, 10, 30, 60, 120, 240, 360 s. A
gas atmosphere was constantly kept above the liquid surface with a very slow flow of
the gas. During the intermission of the immersion of the modified electrode, once the
electrode was taken out from the three-necked bottle a block of pressure-sensitive
adhesive was used for the temporary sealing. The electrode rinsing and drying and
optical measurements of the dropcast nanoparticles after each immersion were

repeated until the cumulative immersion times reached the final 6 minutes.
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7.3. Results and discussion

We first demonstrate how silver nanoparticles can be readily visualised on an opaque
carbon support using reflective dark field microscopy. Optical measurements from the
presented dark field images provide a quantitative route by which the surface
supported nanoparticles population can be monitored. Exposure of the surface
supported nanoparticles to a halide containing solution leads to their more rapid
disappearance from the surface. This catalysed removal is evidenced to arise due to
the electrochemical dissolution of the nanomaterial driven by electron transfer through
the substrate to trace dissolved dioxygen. Subsequently, the role and influence of the

supporting substrate upon this dissolution process is evidenced.

7.3.1. Optical measurements of scattering from silver nanoparticles

Silver nanoparticles are plasmonic and both strongly scatter and adsorb light in the
range of 400-500 nm. The surface plasmon resonance peak position depends on a
number of factors including the particle size, shape and agglomeration state [14 48],
Under dark field illumination individual silver nanoparticle as small as 10-15 nm in
diameter can be observed under optimal conditions [22-23], If the dimensions of the
nanoparticle are below the wavelength of the light, on a microscope image a single
nanoparticle appears as an individual diffraction-limited spot. This imaging technique
can be used to visualise particles both in the solution and supported on a substrate
[40-41] Tn this work we drop-cast silver nanoparticles on to a glassy carbon macrodisc
electrode (d = 3.0 mm) and visualise the interface under dark field illumination (see

Appendix section 2 for further details on the microscopy setup).
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Figure 7.2. Optical microscopy images of the drop-cast AgNPs on a dried glassy carbon surface
(a) before and (b) after the 6 minutes’ immersion in a (non-degassed) 0.2 M KI solution under
open circuit conditions. (c) Light scattering intensity measured at the 6 minutes relative to the

initial value in the presence and absence of 0.2 M KI, respectively.

Figure 7.2 a shows a representative microscope image of a glassy carbon surface
dropcast with silver NPs (loading: 0.9+0.1 pug cm2, or 2.4+0.3 x108 particles cm=).
Due to the distinctive ‘coffee ring’ effect [4°-°0] the edge of the dropcast area is clearly
visible on the microscope image. At the corners of the image the glassy carbon
appears black due to only minimal light scattering by the surface. In contrast the
central area of the image is bright due to the presence of the nanoparticles. As can
be seen in Figure 7.2 a, the light intensity across the dropcast area is highly
heterogeneous with brighter patches representing clusters of nanoparticles on the
electrode surface (see Appendix section 3 for more details). Previous work has
evidenced that drop-casting of nanoparticles leads to significant surface agglomeration
of the material during the drying process (161, Consequently, although the microscope
image can yield information about the presence of the nanoparticles on the electrode
surface, given the average inter-particle separation (estimated to be 560 nm for a

uniform distribution) is comparable to or less than the wavelength of light, the
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microscope images cannot be used to provide detailed information regarding individual
nanoparticles, but the images can be used to provide quantitative information

regarding the overall nanoparticle population.

The silver nanoparticle modified electrode was immersed into an iodide (0.2 M)
solution for 6 minutes under open circuit conditions. After the immersion process the
surface was reimaged and the resulting micrograph is shown in Figure 7.2 b. A
noticeable decrease in the light scattering intensity is observed. If the electrode is
submerged into pure DI water containing no dissolved iodide then this large decrease

in the light scattering intensity does not occur.

To quantify this change in the microscope image, the mean light scattering intensity
was measured across the drop cast area and background corrected (see Appendix
section 2 for details) to account for light scattered by the underlying carbon substrate.
Prior to immersion of the electrode the mean light intensity was found to be
reproducible with a 20% standard deviation (see Appendix section 4). This variation
in light intensity may at least in part result from a minor change from the particle
surface coverage (11% calculated from the error of nanoparticle loading). This
therefore indicates that the mean light intensity when averaged over a larger area is
relatively insensitive to the specific surface morphology and agglomeration state of
the nanoparticles on the interface and hence can be used to quantify changes in the
nanoparticle population. After 6 minutes of immersion of the electrode, the modified

electrode was subsequently rinsed in DI water before air drying and imaging of the
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interface. The remaining fraction of the scattered light intensity was therefore
calculated as the ratio of light intensity measured before and after exposure to the

solution.

Figure 7.2 c depicts the ratio of the scattered light intensity before and after the
electrode has been immersed into either DI water or a 0.2 M iodide solution. In the
case where the electrode was exposed to de-ionised water for a period of 6 minutes.
After the immersion process the microscope image light intensity decreased by < 20%.
This loss of light intensity was found to occur immediately upon immersion of the
electrode into the DI water and most likely arises due to the desorption and physical
removal of a small fraction of the drop-cast material from the electrode surface. Note
the exposure of the electrode to the DI water also results in surface redistribution of
the particles but longer immersion times or further washing of the interface in DI water
does not lead to any further loss in the light scattering intensity (see Appendix section
5). This further indicates the around 80% of the nanoparticle have a mechanically

stable connection to the glassy carbon electrode surface.

In contrast to the case where the electrode is immersed into the DI water, immersion
of the electrode into the 0.2 M iodide solution results in a major decrease in the light
scattering intensity where only ca. 3% of the light scattering remains after this
immersion process. This implies the near complete removal of Ag NPs from the
electrode surface, which is confirmed by scanning electron microscopy imaging (see

Appendix section 6) of samples after immersion in water and in the iodide containing
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media. This observation is further evidenced in Section 7.3.3. The physical cause of

this transformation is the focus of the following two sections.

7.3.2. Opto-electrochemical investigations of the redox processes

A silver nanoparticle modified electrode was submerged into an iodide containing
solution. Upon immersion, the electrode was polarised with fixed potentials in the
range of -0.75 V to +0.25 V vs. Ag/AgCl. The mean scattering light intensity of the

silver nanoparticles was measured before and after the 6 minutes immersion.
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Figure 7.3. The average remaining fractions of scattering intensity of the immobilised Ag particles
on a GC electrode held at each different fixed potentials after 6 minutes’ immersion in an air-
saturated 0.2 M KI solution. The overlaid cyclic voltammograms of (solid) a freshly immersed,
modified GC electrode and (dashed) a bare GC electrode in an Ar-saturated 0.2 M KI solution. Note
that the vertical dashed line labels out the expected electrode potential for Ag/Agl under the

condition. Scan rate 0.1 V s,
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Figure 7.3 (black dots) plots the remaining fraction of the scattered light intensity as
a function of the applied holding potential. Most notably, holding a potential below a
threshold of ca ~ -0.3 V (vs Ag/AgCl) essentially completely inhibits the nanoparticle
removal from the electrode surface, where approximately 71+8% of the light
scattering intensity remains after exposure of the electrode. This value of 71+8% is
consistent with that obtained when the electrode is immersed solely in DI water
(83£16%). All the potentials above -0.3 V lead to a quantitatively similar (within

experimental error) loss of nanoparticles from the electrode surface.

The observation that the nanoparticle dissolution can be inhibited by the application
of a potential to the underlying substrate provides strong evidence that immersion of
the nanoparticles into the iodide solution leads to the loss of the nanoparticles via the
occurrence of a redox reaction. Further Appendix section 7 demonstrates how the
required threshold potential to avoid nanoparticle dissolution is sensitive to the ionic
composition of the solution. For comparison in Figure 7.3, overlaid with the optical
data, is a voltammogram of a drop-cast silver nanoparticle modified electrode
measured in a solution containing 0.2 M potassium iodide. On the forward sweep of
the voltammogram a clear stripping peak is observed at -0.22 V, corresponding to the
oxidation of the surface adhered silver to silver iodide. On the reverse scan a
corresponding reduction wave is observed at -0.45 V. In the presence of 0.2 M iodide
the Ag/AgI redox couple has a reduction potential of -0.33 V, this potential is marked
on Figure 7.3 and is good agreement with both the position of the voltammetric peaks
and the threshold potential at which the iodide driven dissolution of the nanoparticles
is inhibited.
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Consequently, we infer that the dissolution of the silver nanoparticles from the
modified electrode following immersion into the solution involves the oxidation of the

silver:

Ag(NP) = Ag*(aq) + e (s) (7.1)
where the chemical products are either silver cations or silver salts (as discussed in
Section 7.3.3). In addition, the evolution of the open circuit potential of the NP-
modified electrode over the six minutes of immersion in the iodide solution shows a
conspicuous change only in the first 60 seconds (Appendix section 8). This period of
time is similar to that for the major decrease (ca 90%) in the light scattering intensity
of the silver particles. This observation likely supports the occurrence of the

electrochemical redox process.

Accepting that the nanoparticle loss originates from the oxidation of the nanoparticles,
it is important to consider the identity of the counter reaction for which an obvious
candidate oxidant is atmospheric oxygen. To investigate possible effects of dissolved
dioxygen on the nanoparticle dissolution process, we prepared the iodide (0.2 M)
solutions with different concentrations of oxygen corresponding to O, air or Ar gas
saturation conditions by purging each pure gas (except air) thoroughly for 30 minutes
to the solutions in a well-sealed three-necked bottle. For measuring the concentration
of dissolved dioxygen in these degassed solutions, a glassy carbon macrodisc
electrode (d=3.00 mm) was inserted into the O, and air-saturated solutions and was
then scanned voltammetrically using applied potentials from -0.1 V to -1.0 V vs.
Ag/AgCl, whilst a carbon microfibre electrode (d=7 ym and /=1 mm) was preferred

under argon saturation so as to probe the ultra-low concentrations encountered (5],
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leading to currents of the order of nA recorded by scanning a potential range from -

0.1 to -1.5 V after immersion in the solution.
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Figure 7.4. (a) Voltammetric responses of the reduction of dissolved dioxygen using a glassy
carbon macrodisc electrode (d=3.00 mm) immersed in (red) oxygen-saturated and (black) air-
saturated 0.2 M KI solutions and using a carbon microfibre electrode (d=7 pm and /=1 mm) in
(green) an argon-saturated solution. The inset presents the enlarged version of the green curve
for zero aging time while the purple curve denotes the voltammogram after an aging time of 6
minutes. Scan rate 0.05 V s1. (b) Light scattering intensity relative to the initial value as a function
of time (within 6 minutes’ total immersion time: 0, 5, 10, 30, 60, 120, 240, 360 seconds) measured
in (hollow spots) non-iodide containing solutions and (solid spots) 0.2 M KI solutions with varying
concentrations of dissolved oxygen: (green) 1-2 uM with Ar saturation, (black), 0.3 mM with air

saturation and (red), 1.2 mM with O saturation.

Figure 7.4 a shows an irreversible reduction peak at -0.7 V for both O, and air
saturated solutions, which is due to the two-electron reduction of O, to H,0> under
the neutral condition [52. The peak currents for oxygen and air saturation conditions
are measured to be 30.4+3.4 pA and 8.6x0.7 pA, respectively. Using the Randles-

Secvik equation for irreversible peak currents [°3], the reduction currents correspond
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to 1.20+0.1 mM and 0.31+0.02 mM of dissolved O; in the respective bulk solutions
(see Appendix section 9 for detail calculations and for those below regarding the
oxygen concentration), which are consistent with literature (521, In the case of argon
saturation, the microelectrode voltammogram as seen in the inlay of Figure 7.4 a
shows a tiny quasi-steady-state current of oxygen reduction in the potential range
between -1.0 V and -1.2 V, where no significant solvent breakdown is observed. Using
linear extrapolation from the capacitive current at potentials above -0.5 V, the quasi-
steady-state current is background subtracted and measured to be 1.2+0.7 nA. This
is then calculated to correspond to an oxygen level of 1.2+0.7 uM. An aging time of 6
minutes still retained a reduction current of 2.3+£0.4 nA and thus an Oz concentration

of 2.3£0.4 pM, indicating a desired air tightness of the vessel.

For the subsequent optical measurements, a GC surface modified with Ag
nanoparticles was immersed in the three solutions each containing one of the different
levels of dissolved dioxygen described above. Control experiments in the deionised
water with the Oy, air and Ar saturation, respectively, were also done. The scattering
light intensity of the particles were monitored as a function of time at each oxygen
concentration of 1.2 mM, 0.3 mM and 1-2 uM. In the absence of iodide, the light
intensity was generally essentially constant although in few cases including some of
the experiments in Figure 4 b) there was a ca 5-10% variation in the measured light
intensity. Figure 7.4 b shows in the presence of iodide, however, the greatly lowered
02 concentration to few micromolar did not markedly influence the dissolution process.
Although one may anticipate that the removal of oxygen might inhibit the reaction,

the complete removal of oxygen from the solution by gas purging is not feasible.

- 260 -



Indeed in this work the use of denser inert gas of argon than dinitrogen and an airtight
container has enabled to reach a significantly low level of dissolved oxygen, 1-2 pM.
This level of dissolved oxygen is further improved compared to that reported in the
literature (7-14 pM using N2 outgassing) [° >4, Nevertheless despite the inconclusive
result for dissolved oxygen we note that other candidate oxidising agents, notably
protons or triiodide ions (which may form upon the aging of iodide solutions), are
excluded on the basis of the results presented in Appendix section 10. Therefore, we
believe that the only likely oxidising agent is the trace oxygen. First, the trace amount
of Oz at pM levels is considered to be sufficient for the reaction given the tiny mass of
silver (0.1 nmol) to be oxidised. Second, micromolar levels of oxygen would be
insignificant in many reactions but in the present case the oxygen only needs to be
present in the diffuse layer at any point of the conductive electrode surface to be
effective (see Section 7.3.4). Even oxygen molecules which are close to the electrode
but remote from the particles by some millimetres can oxidised them via the
conductive substrate mediating the electron transfer as in classical models of corrosion,
and as explored and discussed further below. Hence, the influence of oxygen is much
amplified because of the possibility of the oxidising agent acting remotely.
Consequently, the lack of sensitivity of the silver nanoparticle dissolution to the
‘removal’ of oxygen most likely reflects the fact that the oxygen reduction processes

is, in this case, not the rate determining step.

7.3.3. Optical study of the Ag nanoparticle dissolution process
The above results provide evidence that the nanoparticle loss involves the oxidation
of the nanoparticles in accordance with Equation 7.1. Given halide ions have a strong
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affinity towards argentous ions, the rate of this dissolution process is likely sensitive
to both the halide identity and concentration. To investigate this experimentally, silver
nanoparticle modified electrodes were immersed for a period of 50 minutes into
differing halide containing solutions (KI, KBr and KCl) and also into a solution
containing 0.2 M KNOs under open circuit conditions. In a further experiment the
concentration of the iodide was varied from 0.2 to 0 M and the silver nanoparticle light

scattering intensity monitored as a function of time at each concentration.
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Figure 7.5. (a) Optical measurements of the remaining fraction of the total scattering of drop-
cast Ag NPs on a glassy carbon electrode surface at open circuit potentials after 50 minutes’
immersion in 0.2 M halide, KNO3 solutions; the solid line denotes that measured in deionised water,
along with the dashed lines represent the upper and lower limits from the standard deviation. (b)
Light scattering intensity relative to the initial value as a function of time (within 6 minutes’ total
immersion time: 0, 5, 10, 30, 60, 120, 240, 360 seconds) measured in KI solutions with varying

concentrations of (grey) 0 M, (orange) 0.05 M, (green) 0.1 M and (navy) 0.2 M.

Figure 7.5 a demonstrates that in the nitrate containing solution, the scattered light

intensity after exposure is essentially unaltered from that found with DI water.
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However in the other solutions, a significant reduction of intensity was observed in
the order KI<KBr<KCI<KNOs. This ordering directly relates to high halide-containing
media (0.2 M) where the soluble Ag(I) halide complexes, AgX»("1)- are formed via the

reaction
Ag*(aq) + nX~(aq) = Agx{" "V (aq) (2)
where (X=I, Br or Cl, and 2< n< 4) and for which

[Agx{" 7]

K(AgX," ™) = Lo 3)

where, for instance when n=2, log[K(AgX2)] = 11.5(X=1) > 75X =Br) > 5.2 (X
= ClI) at 25°C [59] as discussed below. The same trend is also found for the soluble
higher silver halide complexes [59]. This sensitivity to the halide ion is also reflected
in the kinetic data shown in Figure 7.5 b where the rate at which the nanoparticle

dissolution occurs is shown to be sensitive to the iodide concentration.

The observed halide effects strongly suggest that the final products of the silver
oxidation in the iodide solutions are iodide compounds of silver (I). We infer that either,
despite the volume expansion, the solid particles of silver monoiodide scatter less light
than metallic silver or, alternatively, that further soluble silver iodide complexes
account for the observed scattering loss by dissolution of the particles leading to their
reduction in size. We experimentally exclude the possibility of Agl(s) formation due to
both observations of very few particles seen by SEM (Appendix section 6) and no
voltammetric fingerprint of this solid (see Appendix section 11) on the NP-modified

glassy carbon surfaces after 6 minutes’ immersion in 0.2 M KI. Soluble silver iodide
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complexes are Agl,(™1) where the integer n<4 and have increasing cumulative
formation constants with log[Agl,(™1] of 6.6 < 10.7 < 13.4 < 14.1 from n=1 to n=4
at 25°C B3, It can be calculated that a/f the Agl formed from the dropcast
nanoparticles would, under thermodynamic control, dissolve to form the soluble
complexes given the magnitude of the formation constants of the latter. Consequently,
it is inferred that the oxidised silver in the iodide solutions most likely dissolve into

soluble silver iodide compounds via

Ag*(aq) +nI~(aq) = Agl; ™" (aq) (7.2)

7.3.4. Influence of the substrate on the dissolution kinetics

Having verified that the loss of the surface supported nanoparticles is due to their
oxidative dissolution and demonstrated how this reaction can be controlled by the
application of a potential to the substrate or changing the halide concentration and/or
identity, we next turn to consider the possible influence of the substrate upon this
dissolution reaction under open-circuit conditions. Silver nanoparticles were drop-cast
on to four different substrate materials: platinum, glassy carbon, indium-tin oxide (ITO)
and glass. These four substrates have markedly different conductivities. The surface-
bound nanoparticles were subsequently exposed to either deionised water or a
solution containing 0.2 M KI for a period of 6 minutes. As done previously the light
scattering intensity was measured prior to and after exposure of the material to the

solution.
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Figure 7.6. Optical measurements of the remaining fractions of Ag scattering, after 6 minutes’
immersion in (white) pure water or (black) 0.2 M KI solutions under the open circuit condition, as
a function of differently conducting substrates. The green data presents the specific values of the

substrate conductivity.

Figure 7.6 plots the scattered light normalised to its initial value for the four substrates,
with and without the presence of the halide ions. In the absence of halide, the
remaining fraction of the scattered light intensity varies with the substrate identity —
63+5% for glass, 75+5% for ITO, 83+16% for glassy carbon and 92+11% for
platinum. This relatively smaller variation in the fraction of the remaining scattered
light intensity where the nanoparticle have been exposed to DI water most likely
reflects the different adhesion strengths of the nanoparticles to the substrate materials
[56], However, adhesion strength cannot solely explain the comparative rates of loss in
the presence of iodide which varies markedly across the different substrates. For the
glass supported nanoparticles, immersion into a solution containing iodide reduced

the nanoparticle scattering light intensity by only a further 7+5% such that after

- 265 -



immersion 56+3% of the scattering light intensity remained. This is in stark contrast
to the platinum and carbon substrates where exposure to the iodide solution
decreased the scattering light intensity by a further 78+16% and 81+13% respectively.
The ITO substrate was found to show a response in between these two limits where
exposure of the nanoparticles to the iodide solution led to a further 41+5% decrease
in the light scattering intensity. It is of importance to note that in the case of the glass
substrate, the substitution of the glass does not completely inhibit the iodide driven
dissolution mechanism. For the nanoparticles supported on a glass substrate, when
they are exposed to the iodide solution for longer periods of time ca. 1.5 hours (see
Appendix section 12) the nanoparticles are found to be completely removed from the
surface, this removal does not occur in the absence of the iodide in the solution phase.
This result evidences that the oxidative dissolution reaction proceeds even without the
presence of a conductive substrate albeit slowly but the presence of the electrode

much increases the dissolution rate.

The results presented in Figure 7.6 are consistent with the idea that the substrate can
significantly influence the rate at which the nanoparticle oxidative dissolution occurs.
Given that the nanoparticle loss has already been demonstrated above to be an
electrochemical process that can be directly controlled if a potential is held on the
supporting substrate, it is reasonable to consider that the nature of the electrode
support can influence the dissolution kinetics via two factors: the conductivity of the
supporting material and the quality of the electrical connectivity of the particle to the
surface. Overlaid on Figure 7.6 is the variation in the conductivity of the materials

used. At one limit glass is a near ideal insulator, ITO and glassy carbon have higher
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conductivities whilst platinum has the highest high conductivity, where the influence
of the substrate material is found to be clearly correlated to its inherent conductivity.
More precisely, we infer that the major effects of the substrate is to provide a threshold
conductivity for either the dissolution via electron transfers within the electrode or not.
Glass does not have sufficient conductivities whereas the others do, such that the
‘switch-on’ of the substrate-mediated oxidative dissolution is observed as the substrate
becomes more conductive. However, the conductivity differences between ITO, glassy
carbon and platinum are so much that they cannot all be close to the threshold value.
As such, the differences between the rates of the reaction observed on these electrode

supports must also reflect differing NP/substrate contact resistances.
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Figure 7.7. Proposed mechanism for the electrochemical oxidative dissolution of Ag NPs under
the open circuit condition, and the concept of a ‘voltage divider’ for viewing the NP/substrate
electrical contact. *ORR’ stands for ‘oxygen reduction reaction’. Eso, Ene and Esubs are the electrical
potential at the solution phase, the nanoparticle, and the local point of substrate respectively,
whilst Rsoyxe and Rc are the solution/nanoparticle interfacial resistance and the

nanoparticle/substrate contact resistance respectively.
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The increased nanoparticle dissolution that occurs on the conductive substrates (ITO,
GC and Pt) indicates that electron transfer through the substrate is likely an important
mechanism for the loss of the nanomaterial. Figure 7.7 presents a schematic for the
proposed overall mechanism of the oxidative dissolution under open circuit conditions.
Specifically it is envisaged that on a conductive supporting substrate the counter
reaction — in this case likely oxygen reduction — occurs not at the nanoparticle but
remote from it. Consequently, it is concluded that by providing an additional large area
interface, much greater than the total surface area of all the nanoparticles (see
Appendix section 13 for detailed calculations), at which the oxygen reduction reaction
is able to occur, the substrate is able to essentially catalyse the nanoparticle oxidative

dissolution!

Finally, it is of interest to reflect on previous work [37->°1 which has shown that for
nanomaterial that has been drop-cast on to an electrode surface, when the particles
are studied voltammetrically — either by stripping voltammetry [°7-58] or by investigating
metal deposition on to the nanomaterial [5°1 — it has been concluded that in many
cases only a small fraction of the nanoparticle sample is in ‘good’ electrical contact
with the electrode surface (6%, Conversely, in the present results the presence of a
conductive substrate has a marked effect on a very large proportion of the
nanoparticles. Importantly, the application of a cathodic potential can, as shown in
Figure 7.3, completely inhibit the dissolution process, thus indicating that a very high
fraction of the nanoparticles are in fact in electrical contact with the substrate. At first
sight these two results are contradictory. However, it is illuminating to consider the

timescales involved for each process, a voltammetric experiment is often run over the
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course of a few seconds, whilst conversely the present dissolution experiments span
a time frame of minutes to hours. As schematically highlighted in Figure 7.7 a voltage
divider [®11 can be a useful analogy for viewing the electrical contact of a surface
supported nanoparticle with the substrate electrode where a redox reaction occurs at
the nanoparticle interface and the electrons are provided through the supporting
substrate. From this we can recognise that even if a nanoparticle has an ohmic contact
with an electrode, the potential held on the nanoparticle is not necessarily the same
as that of the electrode and will depend upon both the reaction occurring at the
nanoparticle/solution interface and the contact resistance between the particle and
the electrode. A relatively resistive contact between the nanoparticle and the electrode
may not be sufficient to drive a reaction to occur on the timescale of seconds but may
be sufficient, as is the case in the present work, to allow a reaction to occur over a
longer timescales of minutes to hours. As such, what constitutes a ‘good’ electrical

contact depends upon the experimental timeframe.

7.4. Conclusions

Under reflective dark field illumination the scattered light from silver nanoparticles
immobilised on a glassy carbon substrate is found to reduce over time under open-
circuit conditions in a halide-containing solution (X', X=I, Br, Cl). By coupling the
electrochemical actuation and optical monitoring we demonstrate that the scattering
decrease arises from a redox-driven dissolution of the metal nanoparticles into soluble
halide complexes by electron transfer to trace dissolved dioxygen. Further, the

comparison of the dissolution kinetics of the surface-supported Ag nanoparticles on
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four differently conducting materials — glass, ITO, GC, and Pt — reveals that the
presence of a conductive substrate is able to catalyse the oxidative dissolution. On
this basis, the assessment of particle/electrode electrical connectivity is critically
discussed with recent relevant studies and suggested to rely on the experimental

timeframe.

Appendices

1. TEM images and sizing of the silver nanoparticles
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Figure 7.8. TEM image of the nominally 100 nm Ag NPs and their size distribution. Mean diameter

with standard deviations is marked by the vertical lines.

2. Microscopy set-up for reflective dark field illumination

Mean intensity 30.897 Mean intensity 28.682

camera

objective

reflected white diode

TN e

NC I/
dropcast NP area Mean intensity 33.832 Mean intensity 26.584
substrate surface
data analysis

holder

Figure 7.9. Schematic illustration of reflective dark field illumination microscopy and data analysis.
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Figure 7.9 shows the microscopy set-up for the optical measurements under reflective
dark field illumination. The position of the substrate is held fixed by a holder and
exposed to the objective above. A white diode light source is maintained in a fixed
position from which the incident light is directed to the substrate surface at an angle
from the above. Consequently, in contrast to the light reflected away by the flat and
smooth substrate surface which therefore appears minimal light intensity at the
corners of the produced image, the silver nanoparticles located in the in-focus
dropcast area scatters light which partly enters the objective and so this central area

appears very bright.

Using the camera, the image described above is obtained and the optical intensity is
analysed. Specifically, the mean light intensities over the whole central dropcast area
(Zz¢) highlighted by the yellow outline and the bare substrate at the corners () were
measured respectively. Assuming the substrate scatters homogeneously across the
whole imaged area, the scattered light intensity from the Ag nanoparticles was thus

measured by subtracting the average s over the four corners from the .

3. Optical analysis of the scattering features from a glassy carbon surface

In this section we report the individual scattering features observed on the electrode
surface. First, a total number of 23 separate bright scatters were selected as the
representative features on the basis that their half maximum intensity (29 + 6 a.u.) is
approximately the mean intensity (31 a.u.) of all the particles across the drop-cast

area. Five of them in a local region of Figure 7.2 a are presented in Figure 7.10 a and
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Figure 7.10. (a) Local region of Figure la containing 5 optical images of the representative
scattering features 1-5. (b)-(f) Scattering patterns of individual optical features. (g) Line profile of
the scattering intensity across Feature 1. (h) Size distribution of the 23 optical features. The mean

FWHM with standard deviations is marked by the vertical lines.
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clear images of their individual spreading scattering are shown in Figure 7.10 b-f. The
scattering appears quasi-spherical with a central maximum intensity. Note that here
we only focus on the Airy-type diffraction pattern resulting from the circular aperture
of the objective; therefore the four-spike diffraction patterns forming upon the
additional light diffraction by the square-shaped aperture of the camera sensor is
avoided in the following measurement of the line-profile intensity for accuracy. The
line profiles of intensity distribution across the selected optical features, e.g. that of
Feature 1, were plotted (Figure 7.10 g), from which the full widths at half maximum
(FWHM) were measured, giving an average value of 2.0 £ 0.2 pm (Figure 7.10 h).

This value is used as the approximate mean size of all the observed scattering features.

Due to the Abbe diffraction limit of an optical system using a visible light source, the
size of the scattering spots of a single 100 nm-diameter spherical NPs is expected to
be significantly larger than their own geometry size. Previous work [62] has simulated
the point spread function of the optical microscopy. According to the equations given

in that work

lo = a |llogL)] (S1)

where [, is the radius at half maximum of the point spread function of the particles,
and a~0.435%[62] (A is the wavelength of incident light, here we take 550 nm as

the average wavelength for the white light source, n is the refractive index of the
medium (~1.33) and NVA is the numerical aperture of the microscope objective).

Accordingly the expected FWHM of the diffraction limited pattern for a single
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nanoparticle is calculated to be 0.8 um. This is significantly smaller than the measured
mean size of 2.0 £ 0.2 um. It follows that the drop-cast nanoparticles in fact form
large surface clusters due to the particle agglomeration during the electrode drying

process.

4. Reproducibility of the measured mean scattered light intensity of

dropcast Ag NPs

To evaluate the reproducibility of the mean intensity of the scattered light from the
dropcast silver particles, the measurements were repeated for five times. On glassy
carbon surfaces, as the light intensity of the substrate corners was kept at around 31
a.u., the total scattering intensity of the five drop-cast areas with different surface
morphology (see Figure 7.11) was measured to range from 107 to 138 a.u.
Consequently, the mean scattered light from Ag NPs averaged over these five repeats
are calculated to be 85 £ 15 a.u., indicating an 18% reproducibility. Similarly, on all
the other substrates used in this work, the reproducibility is found to be around 20%

as shown in Table 7.1.

Figure 7.11. Images of the drop-cast areas in 5 repeat experiments on a glassy carbon surface.
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Table 7.1. Particle scattering light intensity in 5 repeat experiments on the different substrates.

Sample code Total Substrate NP intensity MeanxSD and
intensity intensity SD/mean ratio

GC1 108 30 78

GC2 126 33 93 85+ 15

GC3 104 33 71 (18%)

GC4 138 31 107

GC5 107 31 76

Glassl 114 39 75

Glass2 119 42 77 73 £ 15

Glass3 99 43 56 (21%)

Glass4 135 40 95

Glass5 102 40 62

ITO1 67 26 41

ITO2 72 25 46 37+7.1

ITO3 60 28 32 (19%)

ITO4 57 29 28

ITOS 64 26 38

Pt1 66 29 37

Pt2 63 27 36 35+ 6.0

Pt3 55 30 25 (17%)

Pt4 65 26 39

Pt5 67 27 40

5. Effects of electrode washing by deionised water on the scattering pattern
and intensity

Initial 1st rinsed 2nd rinsed 3rd rinsed

I/, 100% 91% 88% 89%

Figure 7.12. Optical image of the dropcast Ag NPs as a function of rinsing times.
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6 — SEM imaging of the dropcast silver nanoparticles after immersion in
water and in iodide solutions

To examine the fate of the dropcast silver nanoparticles, mainly the presence or
absence of solid particles on the NP-modified substrate surfaces, after immersion in
iodide solutions, SEM imaging of the silver nanoparticles supported on GC and glass
substrates after immersion in water or in the iodide solution was conducted.
Specifically, GC and glass substrates were first thoroughly cleaned by immersing in
Aqua Regia for 1 hour, and the silver nanoparticles were dropcast onto the two
substrates, respectively, with a same surface coverage (2.4+0.3 x 102 nanoparticles
cm2) as that used in this work and dried. Next, the NP-modified substrate surfaces
were immersed in deionised water or a 0.2 M KI solution for 6 minutes. For the latter,
the substrate surfaces were subsequently rinsed with deionised water. The modified
substrate surfaces were dried under a nitrogen atmosphere overnight. Finally, the
particles were located and imaged using SEM (Sigma 300, FEG-SEM, Zeiss) with an

accelerating voltage of 2.0 kV at representative sites.

Figure S6 a shows after immersion in water many (herein 86 in total) individual
particles with a diameter of mainly 150-200 nm in most imaging regions of the
dropcast area. In addition, very close to the edge of the dropcast area (see Figure S6
b) the presence of micron-sized agglomerates was observed and appear to be formed
from the 90 nm-diameter nanoparticles. The surface coverage was estimated to be
around 2x108 nanoparticles cm=, which is consistent with the dropcast loading of
2.4+0.3 %108 nanoparticles cm2 with a small loss of the particles due to their physical
detachment upon immersion. In stark contrast, after immersion in the iodide solution,
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as shown in Figure S6 c bare surfaces only are observed! On glass substrates, however,
despite the difference in the agglomeration states (single nanoparticles in Figure S6 d
and diameter ranges of 100-400 nm in Figure S6 €), no significant difference in the
nanoparticle surface coverages is observed between the surfaces after immersion in
pure water and 0.2 M KI solutions. Consequently, these observations strongly confirm
that the substrate-mediated silver dissolution, rather than the formation of solid Agl
particles, is the physical origin of the optical disappearance of the dropcast silver

nanoparticles.

Figure S6. SEM images of silver nanoparticles supported on a glassy carbon surface after
immersion in (a) and (b) water or (c) a 0.2 M KI solution for 6 minutes, and those supported on a

glass substrate after immersion in (d) water or (e) a 0.2 M KI solution for 6 minutes.
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7. Comparison of the substrate potentials for avoiding the nanoparticle

dissolution in nitrate solutions with that in iodide solutions
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Figure 7.13. Scatter plots of the average remaining fractions of scattering intensity of the
immobilised Ag particles on a GC electrode held at each different fixed potentials after 6 minutes’
immersion in an air-saturated 0.2 M KNOs solution. The overlaid cyclic voltammograms of (solid)
a freshly immersed, modified GC electrode and (dashed) a bare GC electrode in an N2-saturated
0.2 M KNOs solution. Scan rate 0.1 V s'1. Note that in order to facilitate the comparison for different
electrolyte conditions, the vertical dashed line labels out the expected electrode potential for

Ag/AdlI (0.2 M KI), which is consistent with the threshold potential for inhibiting the nanoparticle

dissolution under the condition (see main text Section 7.3.2).

The remaining fraction of scattering as a function of applied substrate potential was
also measured in 0.2 M nitrate solutions. It is evident that in this nitrate solution,
holding the electrode potential below ca. +0.3 V vs. (Ag/AgCl) can retain over 80% of

total scattering whilst the lost 18+4% scattering intensity is very close to that
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observed when the nanoparticles are exposed to nitrate solutions (i.e. 14£10%, see
Figure 7.5 a). In contrast, when the electrode potential is more positive than +0.3 V,
more particles are lost from the interface with increasingly positive potentials.
Therefore, this clearly shows a substrate potential more negative than +0.3 V is

required in the nitrate solutions to avoid nanoparticle dissolution.

For comparison in Figure 7.13, the overlaid voltammogram of a freshly modified
electrode in 0.2 M KNOs shows in the forward scan an oxidation peak at +0.31 V,
corresponding to silver oxidation to silver ions, whilst in the reverse scan a reduction
peak at -0.15 V is seen resulting from the reverse process. The threshold potential
above which the oxidation of Ag NPs is observed (+0.25 V) is consistent with that for
avoiding the dissolution (<+0.3 V). The latter potential differs significantly from the
inhibiting potential in iodide solutions (<-0.35 marked in the figure below) and the
observation of this difference is in excellent agreement with the shift from the
threshold potential for the Ag oxidation in 0.2 M KNO3 (> +0.25 V) to that for the
oxidation (>0.33) in 0.2 M KI. Consequently, the experiments in nitrate solution
further shows the sensitivity of the substrate potentials required for avoiding

nanoparticle dissolution towards the solution ionic composition.

8 — Open circuit potential measurements of the silver nanoparticle-modified

glassy carbon electrode during the immersion in iodide solutions

We performed the open circuit potential measurements (OCP) of silver nanoparticle

modified electrodes in iodide containing solutions over a period of 6 minutes’
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immersion. Measurements were also made at bare GC electrodes for comparison.
Figure S8 a shows that in absence of dropcast nanoparticles, the GC electrode has an
almost constant OCP at +0.2 V vs. Ag/AgCl throughout the 6 minutes’ immersion in a
0.2 KI solution. However, the silver nanoparticle-modified electrode shows an obvious
increase of OCP from -0.15 V to about +0.08 V over the first 60 seconds, and maintains
a nearly constant OCP afterwards. The timescale of the change is in good agreement
with that of the measured scattering light intensity decrease by optical microscopy
where nearly 90% decrease occurred in the first minute, as shown in Figure S8 b. This
is not inconsistent with the inferred electrochemical dissolution of silver nanoparticles

which is expected to significantly vary the electrode potential.
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Figure S8. (a) Open circuit potentials of (black) a bare GC electrode and (red) a silver
nanoparticle-modified GC electrode as a function of time in 0.2 M KI solutions. (b) Comparison
between the changes in the measured OCP and scattering light intensity relative to the initial value

over the 6 minutes’ immersion in the iodide solution.
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9. Calculations of dissolved dioxygen concentration based on the
electrochemical sensing

The concentration of dissolved Oz can be calculated from the voltammetric current of
oxygen reduction on a sensing electrode. In O2 or air saturated solutions, the
macroelectrode voltammogram shows irreversible peak currents for oxygen reduction
of 30.4+3.4 pA and 8.6+0.7 pA, respectively as described in the main text. The bulk
concentrations of dissolved dioxygen in those solutions can therefore be calculated

according to Randles-Sevcik equation at 25 °C

299105 |n'+B,/,, n D2 Ap1/2
"= (S2)

C =
Ip

where ¢ is the bulk concentration of Oy, I, is the peak current, n” is the number of
electrons transferred before the rate determining step (7”=0 in this case), B,+:is the
transfer coefficient of the rate determining step (discussed below), n is the total
number of electrons transferred (n=2), Dis the diffusion coefficient (2.69 x10° m? s-

1) [63] of dissolved O3, A is the electrode surface area (m2) and vis the scan rate (0.05
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Figure 7.14. Tafel slopes of oxygen reduction current for air and Oz saturation conditions.
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V s1). The transfer coefficient £,+: was derived to be 0.31 and 0.27 from the Tafel
slope in the region of 20%-30% of the peak current (64, as shown in Figure 7.14.
Consequently, the O2 and air saturated solutions are found to contain 1.20+£0.10 mM

and 0.31+0.02 mM of dissolved dioxygen respectively.

In the argon-saturated solution, the microelectrode voltammogram shows a quasi-
steady-state current of 1.2+0.7 nA. The concentration of oxygen in the bulk solution
can therefore be calculated based on the following equation for a cylindrical microwire

electrode geometry (6]

nFrzv)o'S

I
* qss it} (
I RTD

" 27nFDI (0.446 p+0.335p015)’

(S3)

where I, is the quasi-steady-state current (A), [ and r are the length (m) and the
diameter (m) of the microwire electrode, Fis the Faraday constant (96485 C mol1), R
is the gas constant (8.314 J K- mol!), and T is the measurement temperature (K).
Consequently, the bulk concentration of O, dissolved in the Ar-saturated solution is
calculated to be 1.2+0.7 pM. Similarly, the 2.3£0.4 nA of quasi-steady-state current

measured after 6 minutes’ aging suggests an oxygen level of 2.3+£0.4 uM.

10. Discussions on other possible oxidising agents, protons and triiodide
ions
In the main text dissolved oxygen is inferred to be the cause of the particle dissolution.

Here we consider other possible oxidising agents notably protons and triiodide ions.
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For protons, the possibility of the cell reaction is considered in terms of
thermodynamics. The half reaction on the anode is Ags) + I'(aq) = Agls) + e (E° = -
0.152 V vs. SHE); therefore, in 0.2 M KI, the anodic potential for the voltaic cell is -
0.111 V. For an oxidation involving one I ion per Ag atom, the shift in the oxidation
potential is +59 mV per unit of log1o([I']) according to Nernst equation. Therefore, the
potential depends on what complexes form upon the oxidation. Nevertheless, it is
clear that the anodic potential for the voltaic cell would be more positive than -0.111
V. The half reaction on the cathode is H*(aq) + € = 2 Hag) (E° = 0.00 V vs. SHE). As
pH was measured to be around 7 — in between 6.8 (solutions are air-equilibrated after
around 30 s) and 7.9 (initially upon gas bubbling), so the concentration of protons is
approximately 107 M. The partial pressure of gas H; in the atmosphere is Py, = 5.55
x 107 atm [6], Using the Nernst equation, the cathodic potential for the voltaic cell is
calculated to be -0.229 V vs. SHE. Consequently, due to a negative cell potential the

reaction cannot be thermodynamically driven by the H>/H* couple for pH ca. 7.

I3" is not necessarily present in our experiments using iodide solutions fresh (< 3 days)
and stored in dark and 4-6 °C, since its presence only becomes visible, by the advent
of a yellow colour, after several days at room temperature for 0.2 M KI, following
exposure of iodide solutions to light. Nevertheless, we discuss the possibility of it being
the oxidising agent for completeness of argument given that thermodynamically the
oxidation of silver by tri-iodide is possible (E°-1- = 0.54 V > -0.15 V, E%g/aqr Vs.
SHEL®7]), To clarify the non-involvement of iodine or tri-iodine species present by virtue

of the aerial oxidation of the aqueous iodide solutions, we compared fresh and aged
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Figure 7.15. (a) Colours of the iodide solutions before and after the 30 hrs’ exposure to light at room
temperature. (b) Scattering intensity normalised to the initial value of the dropcast Ag NPs on GC
substrates as a function of time within the 6 minutes in (black) pure water, (green) a fresh and (red)

the aged 0.05 M KI solution, respectively.

solutions. 5 M KI solutions were prepared, which were colourless. The solutions was
then exposed to light at room temperature for 30 hrs. As a result, the solution became
yellow (see Figure 7.15 a); in contrast, the solution stored in dark for 30 hrs did not
turn yellow. This indicates the presence of triiodide ions in the aged yellow solution.
To next compare the dissolution kinetics of interest, the aged solutions were diluted
100 fold to contain 0.05 M iodide but with trace Is". Dissolution experiments were
conducted using a fresh and the aged 0.05 M iodide solutions, respectively. Optical
intensity of the dropcast Ag NPs was monitored within 6 minutes. As seen from Figure
7.15 b, no major differences in the dissolution kinetics were observed between the
trilodide containing and non-triiodide containing KI solutions. This suggests that in
addition to the unlikely presence of Is" in our studied solution, the triiodide ions are

not considered to be the oxidising agent for our dissolution experiments.
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11. Voltammetry of NP-modified electrodes after immersion in the iodide
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Figure 7.16. Cyclic voltammograms of (dashed) a bare GC electrode and (solid) an Ag NP-

modified GC electrode after the 6 minutes’ immersion in a 0.2 M KI solutions. Scan rate 0.1 V s,

12. Full-time optical measurements of the dissolution on glass substrates
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Figure 7.17. Scattering intensity, of the dropcast Ag NPs on a glass substrate relative to the initial

value, as a function of time within the 12 hrs in (black) pure water and (blue) 0.2 M KI solutions,

respectively.
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13. Calculations for surface area comparison between nanoparticle
ensembles and the substrate

The surface areas between the ensembles of the dropcast silver nanoparticles and the
substrate are compared based on the following estimation. For a single silver
nanoparticle with an average diameter of 90 nm (see Appendix section 1), the surface
area is 2.5 x 101* m2. The amount of dropcast silver nanoparticles is 10 ng, so the
number of nanoparticles across the whole dropcast area is calculated to be 2.5 x 106.
Therefore, the total surface area of the silver nanoparticle ensemble is 6.4 x 108 m2.
For the GC electrode with a disc diameter of 3.00 mm, the geometric area is 7.1 x 10°
6 m2. The substrate surface used in this work is polished to be very smooth for the
reflective dark field illumination, so the roughness factor (i.e. ratio of the microscopic
area to geometric area) is considered to be below 2 [%8], Even so, it is evident that
despite the large surface-to-volume ratio of nanoparticles, due to the tiny amount of
silver to be oxidised, the surface area of GC electrode is substantially larger (2-3 higher
orders of magnitude) than the total surface area of all the silver nanoparticles across

the dropcast area.
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Conclusions and future work

Current electrochemical techniques enable a careful examination of nanomaterials not
only in a tiny volume of particle ensembles but also at the single nanoparticle level. The
latter has been well exemplified with the sizing of individual 40 nm-diameter silver
nanoparticles in Chapter 3. Therein, a quantitative methodology of the emerging
technique nano-impact is importantly established for /n situ sizing nanoparticles,
highlighting the use of low filtering frequency (e.g. 100 Hz) for conserving the total charge
of the impact events for each nanoparticle, and the weighing of nanoparticle diffusion
coefficients to obtain an accurate size distribution of the nanoparticle sample. As such, in
Chapter 4, we concluded that even compared to the existing well-established methods
based on light scattering, the ‘nano-impacts’ show an advantage in accurately sizing small

(=30 nm-diameter) and polydisperse nanoparticles.

Detailed characterisation on the physical and chemical states of the shell of a core-
shell nanoparticle can also be done using mainly comparative electrochemistry, despite
the very limited knowledge of the structures of the particles and the electrode-solution
interface. The work of Chapter 5 infers the chemical composition and its integrity of the
thin cell of Co@Co(OH)2> NPs and Chapter 6 the broken shell of Co304@SiO> NPs by
comparing the voltammetric features of relevant cobalt materials at both the particle
ensemble and single entity level. Also importantly, in Chapter 6, the reaction mechanism
of hydroxide ion oxidation mediated by Cos04 is discovered by comparing the derived
kinetic rate constants to undergo a mixed electrochemical/chemical pathway, rather than
a direct four electron transfer pathway, for producing dioxygen, which is yet likely to be

a minor product. The conclusion contradictory to most literature originates from a careful
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revisit to the voltammetric studies of the electrode reaction and therefore highlights the

necessary caution for elucidating reaction mechanisms via voltammetry.

Most interestingly, combined methodology of optical microscopy and
electrochemistry allows a synergistic study that extracts both spatial and chemical
information at the electrochemical interface, to work out a new and important nano-
corrosion mechanism at an open circuit condition, where the substrate electrode can even

catalyse the electro-dissolution of redox active nanomaterials.

From the above microscopic research on the nanomaterial or related phenomena
at the electrified solid-solution interface, an accurate depiction of the focused aspect is
shown to be possible (as for the sizing of silver nanoparticles). However, when it comes
to more complicated electrode processes of cobalt materials, the study necessarily
requires many assumptions of other aspects for investigating at the highly complex
chemical environment of the interface, and may thus limit the reliability of the conclusions
and sometimes even show contradictory results among literature. Nevertheless, it should
not be doubted that the interfacial phenomena are extremely interesting due to its
controllable activity and great potential insights into understanding the physical world and
fundamental biological processes. Whilst measurements of electrochemical interfacial
phenomena are challenging, last chapter in particular supports that a combined strategy
of complementary and synergistic techniques may be required to probe overall electrode
processes for its increased capacity and desirable reliability. As a note from the third
chapter again, the comparison between different techniques needs to be carefully done.
As such, combining various analytical methods such as optical microscopy and
spectroscopy with electrochemistry for better measuring the complex phenomena at an

electrode-solution interface in a microscopic level shall be a nice direction to pursue next.
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