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Abstract

Nanoelectrochemistry explores the differences in chemical behaviour at the nanoscale
as compared to the macro-scale. This thesis is concerned with nanoelectrochemistry
and aims to develop and apply novel experiments for the unambiguous identification
of changed electrode kinetics at the nanoscale. This is challenging since electro-
chemical responses are controlled by diverse factors like enhanced mass transport
and adsorption as well as electron transfer kinetics. A joint computational and
experimental strategy is employed.

Chapter 1, 2 and 3 cover essential introductory material and basic experimental
details relevant to all experiment. Fuller descriptions and details are given in the
following chapters as and when needed.

Chapter 4 reports the development of an electrochemical characterization method,
to achieve a fast and simple quantification of the average particle size and the num-
ber of nanoparticles deposited on a glassy carbon electrode. The method consists of
surface area characterization by underpotential deposition of lead particles and the

determination of the amount of gold from anodic stripping in HCIL. This method is



also proven to be effective by comparing the results with SEM measurements.

Next, in chapter 5, a generic strategy combining computation and experimental
approach is developed in order to study the electron transfer kinetics of gold nanopar-
ticles. The modelling part considers the kinetics of the electrochemical process on
the bulk materials for different regions in the electrode, that is, the substrate (glassy
carbon) and the nanoparticles (gold). Comparison of experimental and theoretical
results enables the detection of changes in the electrode kinetics at the nanoscale.
This approach is applied into the electro-oxidations of nitrite and L-ascorbic acid
for gold nanoparticles from 20 - 90 nm. In the former, analysing the system shows
that no change in electron transfer kinetics is involved in the process, even though a
decrease of the over-potential and an increase in the peak current are observed. But
these changes reflect mass transport effects, not electrocatalysis. A case where an
authentic enhanced electron transfer kinetic change occurs is shown for the ascorbic
acid system.

Finally, in chapter 6 , the above strategy is exploited further to apply a quan-
titative study of electron transfer kinetics for various sizes of gold nanoparticles in
the oxygen reduction reaction system in sulphuric acid at 298 K. The latter is at the
heart of energy transformation techniques (fuel cells, battery and so on). Compared
with the electron transfer kinetics on macro gold electrodes, there is no change at
gold nanoparticles from size 5 nm to 40 nm. However, in the presence of Pb(II), a
strong enhancement of electron transfer kinetics is observed on 5 nm citrate capped

gold nanoparticles for ORR. On the other hand, a significant decrease of electron

11



transfer kinetics has been found for gold nanoparticles of size 2 nm for ORR. The
latter observation of strong negative electrocatalysis is also observed for the hydro-
gen evolution reaction (HER). This represents the first report of such effects with
the HER system.

Overall the thesis has established a rigurous, theoretical basis for evaluating

electrocatalysis in nanoparticulate system.
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Glossary and Abbreviations

Glossary
Character Term Unit

a; Activity of species i mol - cm ™3
A Surface area of electrode cm?

C; Concentration of species i mol - cm ™3
c; Bulk concentration of species i mol - cm ™3
D Diffusion coefficient em? - st
E Electrode potential Vv

E° Electrode potential under standard conditions \Y

ES Formal potential Vv

F The faraday constant = 96485.3 C - mol™?
G Gibbs free energy J - mol™!

i(I) Current A
] Flux mol - cm™2 - s71
k Rate constant

k° Standard heterogeneous rate constant cm - st
n Number of electron transferred
r radius cm

R Universal gas constant = 8.31447 J- K™t mol™!
Rs Solution resistance Q
Z Charge on electroactive species

o Butler-Volmer transfer coefficient for reduction

v Scan rate V.st
A the Matsuda and Ayabe parameter

0] Electrostatic potential \Y

T dimensionless time

O Surface coverage




Abbreviations

Abbreviation Meaning

Au-NPs Gold nanopartciles
C.E Counter electrode
EDL Electrical double layer

EPPG Edge plane pyrolytic graphite
GCE Glassy carbon electrode
HER Hydrogen evolution reaction
IHP Inner helmholtz plane
OHP Outer helmholtz plane
ORR Oxygen reduction reaction
R.E Reference electrode
SWV Square wave voltammetry
SEM Scanning electron microscope
SCE Saturated calomel electrode
TEM Transmitting electron microscope
UPD Underpotential deposition
W.E Working electrode
XPS X-ray photoelectron spectroscopy
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Chapter 1

Fundamentals of Electrochemistry

This chapter gives an overview of the fundamental aspects of the electrochemical
science as well as of the electrochemical techniques and theories employed in this
thesis. Topics covered in this chapter include the description and modelling of the
electrochemical cell, the electrode-solution interface, mass transport phenomena,

electrode kinetics and voltammetric techniques.

1.1 The Electrochemical Cell

1.1.1 Experimental Set-up

Electrochemistry is the branch of chemistry that is concerned with charge transfer
processes and the associated chemical transformations, taking place at the interface
between an electronic conductor (an electrode) and an ionic conductor (an electrolyte
solution) [1-3]. Thus, such systems enable us to produce electrical energy from
spontaneous redox reactions (galvanic cells) or to make use of electricity to produce

chemical changes in a controlled way (electrolytic cells). The latter case will be



developed further. It is the basis of modern electrochemical and electroanalytical
techniques to gain physico-chemical information about the stability, reactivity and

mass transport of chemical species.

power supply

electrode2 electrode1
N o

|__solution

Figure 1.1: Schematic diagram of a two-electrode electrochemical set-up.

In order to perform electrochemical measurements with an electrolytic cell (that
is, to apply an electrical perturbation) at least four elements are required as shown
in Figure 1.1: the solution that contains the species under study as well as an
electrolyte in high concentration to increase the solution conductivity; two electrodes
immersed in the electrolytic solution; and a power supply that, in the most widely-
used techniques, applies a potential difference between the electrodes and records

the current response The potential difference between the two electrodes is given by



Eq. 1.1:

Ey— Ey, = (CbM - ¢S)1 - (¢M - CbS)Q = Eapp —iRs (1-1)

where E,,, is the potential difference applied by the power supply, ¢s the potential
on metal electrode surface, ¢g the potential in the solution phase, ¢ the current flow,
Ry is the solution resistance, subscript 1 refers to the electrode 1 and subscript 2 to
the electrode 2.

In order to monitor accurately the applied potential difference, it is necessary that
the potential of one of the electrodes is known and that the iRg term is minimized.
The latter is known as the “ohmic drop” and it results from the solution resistance
such that it increases with the distance between the two electrodes. Therefore,
it is crucial to place the two electrodes as close as possible to reduce the ohmic
drop. Added electrolyte (as discussed further in section 1.1.2) is also helpful since
it decreases the solution resistivity [2].

As discussed previously, it is necessary that one of the electrodes (the reference
electrode) provides a potential that is stable with time and temperature, £;. Thus,
the potential of the second electrode (the working electrode) can be mentioned in
terms of the applied potential difference. The reference electrode is composed of an
ideal nonpolarizable interface such that the electrode potential does not change with
the current passing through it. The saturated calomel electrode (SCE) is employed

in this thesis for this purpose. The electrochemical equilibrium that is established



in an SCE:

1
éngClz(s) +e” = Hg(l) + Cl™ (aq) (1.2)
connector
Pt wire
Paste of Hg and
Hg2C|2 KCI{Sat}
KCl
(sat)
‘\~\3

Frit\ /KCI crystals

N

Figure 1.2: Schematic diagram of composition of saturated calomel electrode (SCE).

A schematic diagram of the SCE is shown in Figure 1.2. As can be seen, the
SCE is filled with a saturated KCI solution with a porous frit as a salt bridge at
the bottom to link the electrode with the solution where the other electrodes are
immersed in. The potential of SCE is directly related to the activity of the chloride
ion in the electrode solution as displayed in Eq.1.3. Hence, in order to maintain the
stability of the SCE, it is essential to keep constant the concentration of chloride.
Accordingly, the SCE employed in this thesis are all kept in saturated potassium

chloride solution with excess of potassium chloride ions crystals at the bottom as



shown in Figure 1.2.

electrode

RT
E= E%mczz/Hg/cr/Hg - ?l”(am—) (1.3)
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Figure 1.3: A typical three-electrode electrochemical set-up.

Unfortunately when a large current flows through the two-electrode circuit de-
picted in Figure 1.1, the ohmic drop term is very large and the ideal nonpolarizability
and the essentially constant composition of the reference electrode are compromised.
In response to these problems, the three-electrode set up was introduced into elec-
trochemical studies aiming at an application with a higher current limit. Figure
1.3 shows a typical three-electrode system. As shown, the current is only allowed
to pass between the working electrode, where the target reaction occurs, and the
counter electrode, which completes the electrical circuit. There are some key re-
quirements for a counter electrode. First, it needs to be very conductive and with

a larger surface area compared to the working electrode such that the former does



not limit the current flow. Second, it is important that the counter electrode is inert
in the electrolyte solution such that the substances produced on its surface do not

interfere with the target species [2].

1.1.2 Supporting Electrolyte

Electrochemical measurements are usually performed in a solution containing the
chemical species of interest together with a large excess of an inert supporting elec-
trolyte, for instance, potassium chloride in water solutions and tetra-n-butylammonium
perchlorate in acetonitrile solutions. The electrolyte ions are the charge carriers in
the working solution such that the movement of anions and cations is responsible
for the charge transport. Note that one of the most crucial criteria when choosing
the supporting electrolyte is that it should not have reactions with the analyte or
the electrode surface.

The most important purpose of adding the excess of supporting electrolyte is
to maintain a homogeneous electric potential in the solution such that electro-
migration of the target species is avoided [4]. As an example, Figure 1.4 shows
the negative charge excess (black charges) generated upon the electro-reduction of
a neutral electroactive species at the working electrode and the corresponding posi-
tive charge excess that arises around the counter electrode where a neutral species is
electro-oxidised. As a result, an electric potential gradient appears that leads to the
electro-migration of the generated species away from the electrode surfaces under

the influence of the electric field (as shown in Figure 1.4.a). This significantly com-



plicates the modelling of the electrochemical system. When a large concentration
of supporting electrolyte is added (red charges) as displayed in Figure 1.4.b, this
balances any charge excess and keeps a near-zero electric field [3]. Hence, the trans-
port of electroactive species by migration is minimised. Transport to the electrode

occurs via diffusion.

W.E C.E
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Figure 1.4: Suppression of the electromigration of the charged electrogenerated
species (black charges) at the electrode surfaces upon the addition of supporting
electrolyte (red charges) in the electrolytic solution: a. weakly supported system;
b. fully supported system



The addition of the supporting electrolyte has further benefits for electrochemical
studies. The high concentration of charge carriers increases the solution conductivity
and hence reduces the ohmic drop effects. The charged species of the supporting
electrolyte can individually move near the electrode surface to cancel any electric
field generated in the electrical double layer (section 1.2.2) [5]. Thus, the electrical
double layer thickness is kept very small compared to the diffusion layer such that
its influence can be neglected for conventional electrode sizes [3, 5]. Finally, the
excess of supporting electrolyte provides a controlled and uniform ionic strength

throughout the solution [2].

1.2 The Electrode-Solution Interface

1.2.1 Faradaic and Non-Faradaic Currents

There are two different types of current that may flow at the working electrode dur-
ing an electrochemical experiment, depending on whether electrons are transferred
across the electrode—solution interface (Faradaic currents) or not (non-Faradaic
currents).

When Faradaic processes take place, electrons are transferred across the interface
upon the electro-oxidation or electro-reduction of the electroactive species. This kind
of processes follows Faraday’s law, that is, the amount of chemical reaction caused
by the flow of current is proportional to the amount of electricity passed.

Non-Faradaic processes are due to the existence of the electrical double layer



(detailed in section 1.2.2). When a potential applied on a electrode, there will be a
excess of charges accumulated on the electrode surface (q™) and the solution phase
near the electrode (q°), where ™ = - q° [2]. Thus, experimentally, the electrode-
solution interface behaves like a capacitor in the system [2]. Thus, any change of
potential will lead to a current flow which is due to the redistribution of dipoles
and/or ion movement between the solution phase and the electrode. This capacitive

current is known as a non-Faradaic current or charging current and it is not governed

by Farady’s law.

1.2.2 Electrical Double Layer

Electrode Solution

specific adsorbed ion

IHP OHP

Figure 1.5: Structure of the electrical double layer. Blue circles represent the solvent
molecules. THP and OHP are the Inner Helmholtz Plane and Outer Helmholtz Plane,

respectively.



The electrical double layer (EDL) refers to the parallel charge layers that develop
at the electrode-solution interface such that, at equilibrium, the charge excess at
the polarized electrode surface is balanced by a charge excess of opposite sign in the
adjacent solution region. Figure 1.5 illustrates the EDL structure at the interface of
a negatively-charged electrode. Some ions are specifically adsorbed on the electrode
surface as well as solvent molecules [2, 6]. This is normally arisen from chemical
interaction between the adsorbate and the electrode [1]. Such ions are typically
desolvated but the bonding is much stronger than solvated ions [2, 6]. The distance
from the center of the specifically adsorbed ions to the electrode surface is called the
inner Helmholtz plane (IHP) [2, 6]. In an outer diffuse region, solvated cations will
be predominant and the position of the centers of the nearest solvated ions defines
the outer Helmholtz Plane (OHP).

Helmholtz [7] proposed the first double layer model. In this model (shown in
Figure 1.6.a), the double layer is described as two layers of opposite charges formed
at the each side of the electrode-solution interface. The variation of the electrostatic
potential, ¢, drops linearly from ¢, to ¢s within the double layer thickness. How-
ever, from a practical perspective, the Helmholtz model neglects two crucial factors:
the dependence on the supporting electrolyte concentration and the structure of the
interface in the solution side beyond the first layer next to the electrode surface.

Later, Gouy [8] and Chapman [9] suggested a new model for the double layer
structure (Figure 1.6.b) taking into account a continuous distribution of electrolyte

ions in the electrolyte solution (the diffuse layer), which are simultaneously subject
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to random thermal motion and electrostatic interaction with the electrode surface

charge [10].
S50 - ICBNGRI- ORI
8 = 5= © s =~0
520 52 519 o
m o _ @ @ o _ @
1@ o =D 7@
oA o A o A diffuse layer
N
@, |-
X: X: x:
a. Helmholtz model b. Gouy-Chapman model c. Stern model

Figure 1.6: The Helmholtz (a), Gouy-Chapman (b) and Stern (c) models of the
electrical double layer. ¢ is the electrostatic potential, “M” and “S” refers to the
metal electrode and the electrolytic solution, respectively, and x is the distance from
the electrode surface.

On the basis of the Helmholtz and Gouy and Chapman models, Stern [11] de-
veloped a double layer structure model with both a compact layer and a diffuse
layer where the former includes solvent molecules and strongly adsorbed ions. The
boundary between the compact and diffuse layer corresponds to the OHP [2, 6]. The
decay of the electrostatic potential predicted by this model is shown schematically

in Figure 1.6.c.
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1.3 Mass Transport

Given that the charge transfer in electrochemical measurements is a heterogeneous
process, the composition of the solution near the electrode surface will be differ-
ent from that in the bulk solution. As a consequence, mass transfer will occur
spontaneously in order to homogenise the solution and to re-establish equilibrium
conditions [2, 3, 12]. Diffusion, convection and migration are the three major modes

of mass transport and they will be detailed in the following sections.

1.3.1 Diffusion

>

concentration 4

1510,

R.E|| W.E|| C.E

\ 4

! H
X X+ 0X

@f

Figure 1.7: Schematic profile of concentration against the distance away from the
electrode surface (x), the arrow shows the direction of diffusion.

Diffusion is the movement of species under the influence of a concentration gradi-
ent. Thus, the electroactive species that is consumed in the electron transfer reaction
will move to the electrode surface from the bulk solution due to the concentration
gradient in the depletion layer formed around the electrode. This mass transfer by

12



diffusion is described by Fick’s laws [3]. Fick’s first law relates the diffusive flux, j

1

(mol-s~t-cm™2 ), to the concentration gradient such that when this develops in only

one direction (x) j is given by Eq. 1.4:

Oc

~D- (1.4)

g =

where D is the diffusion coefficient of the diffusing species and a—; the concentration
gradient. The negative sign indicates that the electroactive species moves down the
direction of the concentration gradient.

Fick’s second law predicts the evolution of the species concentration with time
by relating the time-variation of the concentration at a given location with the net
flux of species. When diffusion takes place only in one dimension (linear diffusion),
the mathematical form of the second law is given by:

Oc I~ d%*c

T (@) (1.5)

Under the experimental conditions of the electrochemical measurements carried

out in this thesis, diffusion is the only active mass transport mode.

1.3.1.1 Convection

There are two different types of convection, which are natural convection and forced
convection [2]. These are generated due to different reasons. Chemical transfor-

mation near the electrode area can lead to local density differences. This density

13



gradient leads to a flow in solution such that species move from denser to less dense
regions. This phenomenon is defined as natural convection [2, 3]. It is almost im-
possible to avoid but it is not desirable in experiments because of its unpredictable,
unquantitable and irreproducible nature [2, 3]. In order to minimise the influence
of natural convection, the electrolysis time scale should not exceed 10 - 20 such that
the amount of species consumed and generated near the electrode surface, that is,
composition changes, are not very significant.

Another form of convection, forced convection, is induced by mechanic forces
deliberately introduced into the system, often the electrode moves with respect to
the solution or the solution is induced to flow. This flow is generally of a magnitude
much larger than natural convection. The convective flux cause by forced convection
is shown below in Eq.1.6 [12].

j=cv (1.6)

where, j is the flux, v is the solution velocity vector and c is the species concentra-
tion.

In the experiments carried out in this thesis, long electrolysis times have been
avoided as well as forced convection such that this mass transport mechanism can

be assumed as negligible when modeling the electrochemical response.
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1.3.1.2 Migration

The third mode of mass transport is electromigration which results from the motion
of charged species in the presence of an electric field. According to the nature of the
charged species, this experiences different forces, for instance, an attractive force
when a positively charged species is present around a positively charged electrode
or anions around a negatively charged electrode[2].

The flux resulted from migration is described by Eq. 1.7 for a one-dimensional
problem [2, 12]:

Jj= —ﬂDc% (1.7)

where z is the charge on the electroactive species, R is the gas constant, T the
absolute temperature, F' the Faraday constant and ¢ the species concentration.

As discussed above, in order to simplify the description of electrochemical sys-
tems, migration of the target species is effectively eliminated on experimental prac-
tice by adding an excess of supporting electrolyte in the working solution. Thus,
most of the current will be carried in the solution by the charged species from the
supporting electrolyte because of their much higher concentration and the contribu-
tion to the mass transport of the target ions by migration is significantly reduced

[2]. Diffusion is therefore overwhelmingly the dominant mode of mass transport.
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1.4 Butler-Volmer Electrode Kinetics

The kinetics of the electron transfer at the electrode/solution interface within the
Butler-Volmer model [13] is presented in detail in this section. Most of the simula-
tions carried out in this thesis are based on this model.

We consider a simple one electron transfer process:

A+e =B (1.8)

where, k. is the rate constant of the reduction process and k, the rate constant of
electro-oxidation.

According to the Arrhenius equation, electron transfer rate constant k, and k.
can be correlated with the Gibbs energies of activation (AG(") as shown in Eq. 1.9

and Eq. 1.10 where A, and A, are the Arrhenius factors:

~AGY

k.= Acexp =T (1.9)
_AG((ZT)

ko, = Agexp =T (1.10)

and considering the expressions for the activation energies the following equations

are obtained:

. —aF(E—EY)
= 1.11
1—a)F(E - EY
ko = kgexp( el /) (1.12)

RT
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where, E(} is the formal potential of redox couple, E the applied potential at the
working electrode and « the transfer coefficient. The a value is always between 0 -
1. Within the transition state approach, the closer the a value to zero is, the more
the transition state is reactant like in the case of a reduction [3].

The surface flux at the working electrode 7, relates to the rates of the reduction
and oxidation processes (j) defined by the corresponding rate constant (k) and

surface concentration of the reactant species (¢o) [2, 3]:

j = ke (1.13)

such that by combining Eq.1.13, Eq. 1.11 and Eq. 1.12, the following mathematical

expression for the net flux j,.; is obtained:

—aF(E — EY)
RT

(1—a)F(E - EY)
RT

Jnet = Cap - kpexp —cpo - Klexp (1.14)

When the system reaches the equilibrium, the net flux is zero and the Nernst

relation applies:

RT CA0
E=F%+—"—"—[n=22 1.15
f + 7 nCB’O ( )

Considering both Eq.1.14 at the equilibrium (j,.; = 0) and Eq.1.15, we obtain:

K0 = K0 =K° (1.16)

17



where k° is the standard electron transfer rate constant.

Finally, k? and kY can be written in Eq. 1.17 and Eq. 1.18.

0 —aF(F — E’]Q)
k.= k’exp AT (1.17)
l—a)F(E - EY
ko = k:oexp( ) F( /) (1.18)

RT

Thus, the values of the standard electrochemical rate constant (k°), the transfer
coefficient () and the formal potential of the redox couple (E}) are the parameters
that define the electron transfer kinetics within the Butler-Volmer model.

Taking into account that the current (I / A) that flows upon the electron transfer
2,

process is directly related to the net flux at the electrode surface (j / (mol - cm™

s71)) and the electrode area (A / cm?):

I = FAjp.: (1.19)

the current-potential relationship predicted by the Butler-Volmer model is finally

obtained:

—aF(E — EY9)
RT

(1-a)F(E— E?))
RT

I=FA-(cap-klexp —cpo - klexp (1.20)

where a positive sign has been assigned to electro-reduction currents.
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1.5 Electrochemical Techniques

In this section, the electrochemical techniques employed in this thesis for qualitative

and quantitative analysis of the different systems will be introduced.

1.5.1 Cyclic Voltammetry at Macroelectrode

E A

1:swicth t

Figure 1.8: Schematic diagram of the potential-time perturbation applied during a
cyclic voltammetry experiment.

Cyclic voltammetry (CV) is one of the most popular electrochemical methods
[6, 14]. In CV measurements, an initial potential (E;) is applied on the working
electrode. The E; value is usually selected (not necessarily) such that the target
reactant is not initially oxidized or reduced and so a null current is recorded [3]. As
shown in Figure 1.8, the potential is swept linearly from E; to the vertex potential,
E,, at a certain scan rate (V - s7!). The scan direction depends on whether the

process under study is an electroreduction process (scan towards negative potentials)
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or an electro-oxidation (towards positive potentials). After reaching E,, the scan

direction is reversed towards the original value E; [3].

t
Curren B-e— A

switching potential

starting ‘botential

reversible

irreversible y ]
quasi-reversible

\/A+e'—>B

Potential
- +

Figure 1.9: Cyclic voltammograms corresponding to reversible (red solid line), quasi-
reversible (green solid line) and irreversible (blue solid line) electro-reduction pro-
cesses.

Considering the electron transfer kinetics, three different situations can be found
in cyclic voltammetry as shown in Figure 1.9. When the rate of electron transfer
kinetics is much faster than the rate of mass transport (mr shown in Eq. 1.21) the
process is defined as electrochemically reversible [3]. Under these conditions, the
peak current of the forward scan follows the Randles - Sevéik equation [3, 15, 16]

(Eq. 1.22 at 298 K) such that the peak current (i,) is proportional to the square
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root of the scan rate (v2) and n2.

J = mrpc (1.21)

where, J is the flux due to mass transport

iy = 2.69 x 10°n2 AcD?v? (1.22)

where, A is the surface area of working electrode (cm?), n is the number of electron
transferred in the process, A + ne™ = B, c is the bulk concentration (mol - cm™3),
D is the diffusion coefficient ( cm? - s71) and v (V - s71)is the scan rate.

The peak potentials (E,) and peak-to-peak separation (AE,,,, which is the dif-
ference between the forward and reverse peak potentials ) of a reversible process are

independent of the scan rate((shown in Eq. 1.23 and Eq. 1.24) [2].

RT

E, — Ep| = 2.202~ 1.2

| P §| OnF ( 3)
RT  59mV

AEqpy = 23X — = ZL (298K) (1.24)

where n is the number of electrons transferred, Ep is the half-peak potential.
In the other extreme case where the electron transfer rate constant is much slower
than the mass transport the system is referred as electrochemically irreversible (blue

solid curve in Figure 1.9). In comparison with the reversible case, the peak potential
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(Ep, shown in Eq. 1.25 for a simple one electron transfer process) depends on the

scan rate and the peak-to-peak separation will increase with it [2, 3].

RT D2 F
B, = B} — ——[0.780 + ln(k—;) + zn(O;%T”

)2] (1.25)

The Randles - Sevéik equation for the forward peak current of totally irreversible
process (Eq. 1.26) defines the peak current (i, / A) as a function of the number of
electrons transferred (n), the transfer coefficient («/), the geometric surface area of
the working electrode (A / cm?), the reactant diffusion coefficient (D / cm? -s7!)and
its bulk concentration (¢ / mol - em™3) and the scan rate (v / (V-s7!)). As with the

. . 1
reversible case, the peak current scales with v2.

=

ip = 2.99 x 10°n(an,)? D2 cAv (1.26)

The intermediate case between totally irreversible and fully reversible processes
corresponds to the so-called quasi-reversible systems, which is found in a large num-
ber of practical cases. The characterization of such systems is more complicated
given that explicit expressions (such as those for fully reversible and fully irreversible
processes) are not available and it is necessary the fitting of experimental and theo-
retical curves obtained with appropriate simulation programs. Matsuda and Ayabe

[17] gave analytical criteria to classify reversible (Eq 1.27), quasi-reversible (Eq 1.28)
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and irreversible (Eq 1.29) processes at stationary macro electrodes [18]:

A>15A> 0.3v2¢cm - st (1.27)
15>A>10%03v2 > k° > 2x 10 v2em - s~} (1.28)
A<1073 K0 <2 x 10 5p2 (1.29)
/{30
where, A = —+——, the numerical values relate to 298 K and o = 0.5.
(FDV)l
RT

1.5.2 Cyclic Voltammetry at Microelectrodes

A microelectrode refers to an electrode with a critical dimension from 0.1 pm to
50 pum [19]. They are widely applied in electrochemical studies for a number of
reasons. Their small area improves the signal ratio of faradaic to capacitive currents
and the small current that flows reduces the ohmic drop effects. It also enables
us to simplify and use a two-electrode set-up instead of a three-electrode one [19].
Also, faster (electro)chemical kinetics can be studied and steady-state responses can
be attained due to the more efficient diffusive mass transport of the electroactive
species.

As shown in Figure 1.10, when the thickness of the diffusion layer is much smaller
than the electrode radius r., the diffusion to the electrode surface is predominantly
linear. As discussed above for macroelectrodes, this situation leads to peak-shaped

voltammograms where the current decreases continuously after the peak potential
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Figure 1.10: Steady-state cyclic voltammogram obtained at a microelectrode as a
result of the efficient convergent diffusion.

due to the depletion of the electroactive species around the electrode surface. When
the thickness of the diffusion layer is comparable to the electrode size, radial (“con-
vergent”) diffusion becomes more significant leading to a more efficient mass trans-
port. As a result, the peaks of the voltammograms gradually disappear and finally,
when the electrode size is small enough and/or the scan rate is slow enough, a
steady-state response is reached and a sigmoidal voltammogram is obtained [2, 3].
This can be characterized by the half-wave potential and the limiting current. The
value of the latter depends on the shape and size of the microdisc employed such

that for the widely-used microdisc electrodes it is given by:

I =4r.DFc(disc) (1.30)
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whereas for spherical and hemispherical microelectrodes it is given by:

I = 4nr.DF c(sphere) (1.31)

I = 2nr.DFc(hemisphere) (1.32)

1.5.3 Square Wave Voltammetry

>

A

.y
potential Potential

AE

Ll r——
LI
[ , 2

time time

Figure 1.11: Waveform and signal in SWV indicating the square wave amplitude
(AE,), the staircase height (AFE,) and the pulse time (t,). I; and I are the points
where the current is sampled in each cycle.

Square wave voltammetry (SWV) is a commonly-used pulse technique with well-
known advantages in electroanalysis, such as well-defined peak-shaped voltammo-
grams, reduced capacitative effects and high sensitivity [3, 20-25]. As shown in
Figure 1.11, the potential-time program in square wave voltammetry results from
the combination of a square wave and a potential staircase with the same potential
cycle period. The square wave amplitude (AE,), the staircase height (AE) and the
pulse time (t,) defines the characteristics of the applied perturbation.

In SWV the current is recorded twice in each cycle (I} and Iy in Figure 1.11) and
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the net signal is given by the difference between the currents measured at points
1 and 2 (in Eq. 1.33). This is plotted against the staircase potential as shown in
Figure 1.12 such that a peak is obtained and the interference of background currents

(including the charging current) are greatly reduced.

Isig = Il - ]2 (133)

Figure 1.12: Net signal (black solid line) in a typical square wave voltammetry
experiments. The purple solid line corresponds to the current measured at point 1
(in Figure 1.11) and the blue solid line to the current at point 2 (in Figure 1.11).

1.5.4 Chronoamperometry

Potential step chronoamperometry is an electrochemical technique where a constant
potential step is applied for a certain time as shown in Figure 1.13 and the variation
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of the current response with time is studied. This technique is widely used to obtain
information about diffusion coefficients [2, 3, 26-29], analyte concentration [2, 3, 26—

29], number of electrons transferred [2, 3, 30, 31] and electrode surface area.
potential

E, femn---

E,

>
time

Figure 1.13: Potential-time perturbation applied in chronoamperometry.

At the initial potential (E;) of a chronoamperometry experiment no faradaic
current flows in the system and subsequently the potential is set at a value (Es)
where the electrolysis process takes place at its maximum rate, governed by the
mass transport of the reactant species [3, 32]. The recorded current is larger at
the beginning of the experiment due to the steeper concentration gradients of the
electroactive species that is consumed rapidly at the electrode surface.

The current-time dependence recorded in a chronoamperometry experiments de-
pends on the electrode size and shape. This relationship can be described by Cottrell

equation in Eq. 1.34:
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B nF Av/Dc*

I
Vit

(1.34)

On a disc microelectrode as those employed in this thesis, it can be calculated

accurately from the Shoup and Szabo equation [2, 3, 32, 33]:

i =4nFrDcf (1) (1.35)
£(r) = 0.7854 + 0.88637 % -+ 0.2146exp(—0.78237 ) (1.36)

where, 7 is the dimensionless time.

Eq. 1.35 predicts the current-time response with a maximum error of 0.6 %

3, 32.
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Chapter 2

Electrochemistry at the Nanoscale
- Simulation

This chapter reports an overview of the basis of the home-written simulation pro-
grams employed in this thesis to model the electrochemical response of nanoparticle-
modified electrode and to characterise the electron transfer kinetics of the nanopar-
ticles by fitting of experimental voltammetry. These programs were written and
debugged by Dr. Kristopher R. Ward and Dr. Eduardo Laborda with all simulation
of experimental data carried out by the author of this thesis.

Compared to bulk materials, nanoparticulate materials offer a much larger area-
to-volume ratio and also properties such as the surface structure and the electronic
properties [1-3] may change at the nanoscale [1, 2]. These changes can lead to
different electrochemical behaviour, so-called “nano-effects”, such that the electron
transfer kinetics is changed with respect to the macroscale. Electrocatalytic na-
noeffects are of major interest, for example, for the development of electrochemical
sensors of higher sensitivity and selectivity [4-7] and of energy transformation de-

vices of higher efficiency [8-12].
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Bare Macro Electrode Nanoparticle Modified Macro Electrode

Figure 2.1: Schematic diagram of an electrochemical reaction taking place on bare
and nanoparticle-modified macroelectrodes. The two processes may occur at differ-
ent rates.

As shown schematically in Figure 2.1, electrochemical kinetics can be different
on the nanoparticle and substrate surfaces. However, the mass transport conditions
differ between a bare electrode and a nanoparticle-modified one. Understanding the
latter is key to unravelling changed electron transfer kinetics at the nanoscale. Thus,
mass transport at a nanoparticle-modified macroelectrode can be divided into four
categories depending on the experimental time scale, the nanoparticle size and the
particle density as shown in Figure 2.2. When the nanoparticle density is small (large
inter-particle distance) and the diffusion layer is small compared to the particle size
(short experimental time scale), diffusion towards the nanoparticle surface is linear
as corresponds to case 1 in Figure 2.2. As the experimental time scale is longer,
convergent diffusion will be more significant and the peak-shaped voltammogram

will evolve towards a sigmoidal one (case 2). When the nanoparticle coverage is
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increased and so the inter-particle distance is smaller, the diffusion zones of adjacent
nanoparticles starts to overlap and the nanoparticles are no longer diffusionally-
independent (cases 3 and 4). When the diffusion layers are strongly overlapped,
the diffusion is linear towards the entire array and the electrochemical response is

analogous to that of a macroelectrode [13-18].

a. Case 1 b. Case 2

\/ c.Case 3 d. Case 4

Nanoparticle modified electrode I/AT

b.f
E/N

C' %
Figure 2.2: Schematic diagram of the possible diffusion domains at a nanoparticle-
modified macroelectrode.

Changed mass transport can affect the electrochemical response in a way that
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the experimental data can be misinterpreted in terms of electrocatalysis [13, 19].
However, “authentic” electrocatalytic effects refer to the enhancement of the elec-
tron transfer kinetics. Accordingly, simulation programs were developed for the
author’s use in our group by Dr. Kristopher R. Ward and Dr. Eduardo Laborda
in order to predict accurately the voltammetric response on nanoparticle-modified
macroelectrodes taking into account both kinetic and mass transport effects. This

enables the rigorous identification and quantification of electrocatalytic nanoeffects.

2.1 Numerical Simulation Strategy: The Diffu-

sion Domain Approximation

The simulation of the surface of an electrode modified by nanoparticles randomly dis-
tributed is a very computationally-expensive, 3-dimensional problem [13-18, 20, 21].
Nevertheless, some assumptions can be made in order to obtain accurate results with
acceptable runtimes. First, given that the substrate is large and there is a large num-
ber of particles, the different local environment at the edge of the macrodisc can
be neglected. Also, the nanoparticles can be considered as evenly distributed since
it has been theoretically demonstrated that the difference between the voltammo-
grams of nanoelectrode arrays regularly and randomly distributed is not significant
under typical experimental conditions [16]. Therefore, as shown in Figure 2.3.b,
the electrode surface can be supposed as composed of an array of identical unit

cells, each centered around a single nanoparticle, such that only one cell needs to
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be simulated. Finally, and most importantly, by making use of the “diffusion do-
main approximation” the unit square cell is approximated as a cylindrical cell of the
same area (Figure 2.3.b) such that the three-dimensional problem is simplified to a

tractable two-dimensional one [13-15, 20, 21].

N AL

rdomam

>

rr,,

Figure 2.3: a. Schematic diagram of an electron transfer process taking place on a
nanoparticle-modified electrode where the supporting substrate is inert; b. Coor-
dinate system and diffusion domain assigned to each spherical nanoparticle where
Tdomain and Iy, are the radius of the cylindrical cell and the nanoparticle, respec-
tively; c¢. Schematic diagram of the typical discretisation for the simulation space.

Under fully-supported conditions and in the absence of convection, the mass

transport of electroactive species in the unit cell is described by Fick’s second law
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in cylindrical coordinates:

30_ 0%c 1@ 0%c

RO s = 2

where r and z are defined in Figure 2.3.b.
The corresponding boundary conditions are summarised in Table 2.1. With
respect to the surface conditions, the process, A + e~ — B, is modelled by Butler-

Volmer kinetics:

J[A]o 0 F F 0
DA = Bleap((~a) 7 (B — ED)Aly — eap(1 — o) (B~ ED)Blo] (2.2
Table 2.1: Boundary conditions
Boundary Terms
Initial conditions 7<0 Cy = C},
0
Axial symmetry r=20 % 0
or
Bulk solution r — 00, Z —» 00 Cy = C),
Array I' = T'domain @ =0
or
Particle surface (L)2 + (i —1)2=1 Butler-Volmer
Tnp Tnp
Substrate surface z =0, L > 1 Butler-Volmer
Tnp

Given that each unit cell is surrounded by identical cells, the boundary between
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them must have zero flux at r = rgpmein. Also, noting the symmetry about the
z-axis, there is no material flux through r=0. Finally, at the beginning of the
experiment (initial conditions) and in the bulk solution the initial concentrations
of the electroactive species are not disturbed by the application of the electrical
perturbation.

Simulation programs have been developed in our group by Dr. Kristopher R.
Ward and Dr. Eduardo Laborda in order to solve the above problem for nanopar-
ticles of different geometries by finite-difference methods [19, 23]. Thus, time and
spatial coordinates are adequately discretised (to ensure convergent results) such
that a higher density of nodes are situated where the species concentrations show
sharp changes, that is, next to the substrate and particle surfaces. The space deriva-
tives are approximated by 2- and 3-point finite differences and the time integration is
performed following the Alternating Direction Implicit (ADI) method that is widely
employed for efficient simulations of two-dimensional systems [23].

By making use of the home-written simulation software, the voltammetric re-
sponse of a nanoparticle-modified macroelectrode can be predicted by providing the
program with the kinetic and thermodynamic parameters of the (electro)chemical
reactions of the system (in solution and at the substrate and nanoparticle surfaces),
the concentration and diffusion coefficients of the participating species and the char-
acteristics of the electrode modification, that is, the nanoparticle size, shape and
coverage O:

2
0= (2.3)




where N is the total number and A is the substrate area of the supporting substrate.

Bibliography

[1] R. J. White, R. Luque, V. L. Budarin, J. H. Clark and D. J. Macquarrie,

Chemical Society Reviews 38 (2009) 481 — 494.
[2] R. A. Van Santen, Accounts of Chemical Research 42 (2009) 57-66.
[3] D. Uzio and G. Berhault, Catalysis Reviews 52 (2010) 106 — 131.
[4] G.Hu, Y. Ma, Y. Guo and S. Shao, Electrochimica Acta 53 (2008) 6610 — 6615.

[5] L. Zhang and X. Jiang, Journal of Electroanalytical Chemistry 583 (2005) 292

—299.

[6] P. Kannan, S. Sampath and S. A. John, Journal of Physical Chemistry C' 114

(2010) 21114-21122.

[7] Y. Cui, C. Yang, W. Zeng, M. Oyama and W. Pu, Analytical Sciences 23 (2007)

1421-1425.
[8] D. Astruc, Nanoparticles and catalysis (Wiley Online Library, 2008).
[9] S. Park, Y. Xie and M. J. Weaver, Langmuir 18 (2002) 5792 — 5798.

[10] M. Hepel, Journal of the Electrochemical Society 145 (1998) 124 — 134.

39



[11]

[12]

[13]

[14]

[15]

[16]

[17]

M. S. El-Deab and T. Ohsaka, Electrochemistry Communications 4 (2002) 288

- 292.

S. Yan, S. Zhang, Y. Lin and G. Liu, Journal of Physical Chemistry C' 115

(2011) 6986 — 6993.

R. G. Compton and C. E. Banks, Understanding voltammetry,2* Edition (Im-

perial College Press, 2007).

Y. Wang, K. R. Ward, E. Laborda, C. Salter, A. Crossley, R. M. Jacobs and

R. G. Compton, Small 9 (2013) 478-486.

K. R. Ward, N. S. Lawrence, R. S. Hartshorne and R. G. Compton, Journal of

Physical Chemistry C' 115 (2011) 11204-11215.

S. R. Belding and R. G. Compton, Journal of Physical Chemistry C 114 (2010)

8309-8319.

Y.-G. Zhou, F. W. Campbell, S. R. Belding and R. G. Compton, Chemical

Physics Letters 497 (2010) 200—-204.

S. R. Belding, F. W. Campbell, E. J. Dickinson and R. G. Compton, Physical

Chemistry Chemical Physics 12 (2010) 11208-11221.

K. R. Ward, M. Gara, N. S. Lawrence, R. S. Hartshorne and R. G. Compton,

Journal of Electroanalytical Chemistry 695 (2013) 1-9.

40



[20] I. Streeter, R. Baron and R. G. Compton, Journal of Physical Chemistry C

111 (2007) 17008-17014.

[21] T. Streeter and R. G. Compton, Journal of Physical Chemistry C 111 (2007)

18049-18054.

[22] T. J. Davies and R. G. Compton, Journal of Electroanalytical Chemistry 585

(2005) 63-82.

[23] R. G. Compton, E. Laborda and K. R. Ward, Understanding voltammetry:

simulation of electrode process (Imperial College Press, 2014).

41



Chapter 3

Experimental Methods
In this chapter, general experimental approaches applied in this thesis are intro-
duced including chemical reagents, instrumentation details, electrode modification

and characterization methods. Full experimental information for each particular

project is described in the individual chapters.
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3.1 Chemical Reagents

Table 3.1 summarizes all the chemicals used in this thesis.

They were used as

received, without further purification. All solutions were prepared using deionised

water with resistivity of 18.2 M2 cm (25°C).

Table 3.1: General chemical reagents used in this thesis

nm)

Chemicals Chemical Formula Purity Supplier
Sodium phosphate monobasic di- | NaHyPO,4 - 2H,0 > 99 % Sigma-Aldrich
hydrate
Potassium sulphate K350, > 99 % Sigma-Aldrich
Sodium sulphate NayS0y > 99 % Sigma-Aldrich
Sodium  perchlorate monohy- | NaClOy4 - HoO > 98 % Sigma-Aldrich
drate
Potassium chloride KCl 99.0-100.0 % Sigma-Aldrich
Sodium chloride NaCl > 99 % Sigma-Aldrich
Hydrochloric acid HCI > 37 % Fisher
Acetic acid CH;COOH > 99 % Sigma-Aldrich
Sodium acetate trihydrate CH300Na > 99 % Sigma-Aldrich
Sodium hydroxide NaOH > 97 % Sigma-Aldrich
Sodium phosphate dibasic NaosHPOy4 > 99 % Sigma-Aldrich
Sodium nitrite NaNOy > 99 % Sigma-Aldrich
Sodium borohydride NaBH,4 98 % Lancaster
Lead(II) nitrate Pb(NO3)s > 99.5 % BDH
Hexadecyltrimethylammonium CH3(CHz)15NT(CH3)s | > 99 % Sigma-Aldrich
bromide (CTAB) Br—
Gold(ITI) chloride trihydrate HAuCl43H20 > 99 % Sigma-Aldrich
Citrate-capped gold nanoparti- | Au-NPs - Mintek
cles
Sulphuric acid H,S0,4 > 95 % Fisher Chemi-
cals
Trisodium citrate CeHsNaszO~ > 99 % Sigma-Aldrich
Citrate-gold nanoparticles (1.8 | Au-NPs - Nanopartz
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3.2 Electrochemistry Experiments

All electrochemical experiments were performed using a three-electrode set-up with
an Autolab PGStat 20 computer-controlled potentiostat (Eco-Chemie, Utrecht,
Netherlands). A platinum wire was employed as a counter electrode and a satu-
rated calomel electrode (SCE, Radiometer, Copenhagen) as a reference electrode.
A bare, modified glassy carbon electrode (GCE, 3.0 mm diameter, BAS, Technical,
UK) acted as working electrode. Prior to electrochemical measurements, the GC
electrode was polished before use with diamond pastes (Kent, UK) of decreasing sizes
(3.0, 1.0 and 0.1 mm) and sonicated in an ultrasound bath. All the electrochemistry

experiments were carried out at 298 K.

3.3 Synthesis and Modification of Au-NPs/GCE

Wet chemistry [1-5] and direct electrodeposition [1, 6-9] are the two most widely
used approaches to synthesize nanoparticles. There are advantages and disadvan-
tages for both methods. For direct electrochemical deposition, it is feasible to obtain
higher coverages with surfactant free nanoparticles on a short time scale. On the
other hand, a much higher heterogeneity of size distributions for nanoparticles may
be introduced by electrodeposition in comparison with wet chemistry synthesis [1].
In this thesis, different experimental conditions for electrodeposition are discussed
and optimized. Experimental details are given in section 6.1.

For the wet chemistry method, there is a better control of particle size and dis-
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tributions, however, it is quite unlikely to avoid the use of surfactants and the whole
process is time consuming [1, 3]. Once the solution is prepared, gold nanoparticles
can be modified onto glassy carbon electrode surface either by physical adsorption
[3] or electrophoresis. Specific experimental details are explained in each particular

chapter.

3.4 Characterization Methods

3.4.1 UV-Vis Spectroscopy

Electrons in molecules can be excited by adsorbing ultraviolet or visible light. The
ratio of intensity of light before (Iy) and after (I) passing though a sample, which is
known as transmittance, is measured in UV-Vis measurements. A typical UV-Vis
spectrum is displayed as absorbance, A. This is directly related to the path length
of the beam (b), the solution concentration(c) and the extinction coefficient of the
species () as stated in Beer’s Law (Eq. 3.1) [10]. UV-Vis spectra are always used
as an initial means to determine concentration of nanoparticles by applying Eq. 3.1.

log1072A25~b~c (3.1)

where, A represents adsorbance, b is the path length of the beam, c is the solution
concentration.

Gold nanoparticles exhibit some unique optical properties. These optical prop-
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erties are governed by plasmons which arises from the collective oscillation of free
electrons in the metal [11]. The surface plasmon peak shifts to lower wavelengths
with a decrease of nanoparticle size [12]. Therefore, an estimation of gold nanopar-
ticle size can be achieved by examining the wavelength of adsorbed light [12, 13].
However, media and capping agent strongly influence surface plasmon resonance of
nanoparticles such that other methods are needed in order to obtain precise infor-
mation of nanoparticle size.

All the UV-Vis experiments in this thesis were performed with an ultravioletvis-

ible U-2001 spectrophotometer (HITACHI, UK).

3.4.2 Transmission Electron Microscopy (TEM)

The acquisition of accurate information of nanoparticle size is essential in this the-
sis. As mentioned in section 3.4.1 there are limitations to the ability of UV-Vis
spectra to provide such precise information of particle size [12], hence, transmis-
sion electron microscopy (TEM) is employed for this purpose. Unlike conventional
optical microscopes, electrons are used to generate images down to the nanome-
ter range in TEM [14]. An electron gun located at the top of a TEM microscope
generates electron beams to interact with the sample in a vacuum. An image can
be obtained by the interaction of electrons transmitted through ultra-thin samples.
TEM results presented in this thesis were carried out with a FEI TECNAI T20 (200

kV /LaB6-filament /EDX-Oxford-detector).
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3.4.3 Scanning Electron Microscope (SEM)

Besides TEM, scanning electron microscope (SEM) is also a popular technique to
characterize nanoparticles. Compared to TEM, SEM can not only provide informa-
tion about particle size but also give details of surface morphology for a nanoparticle
modified electrode. This results from the different principles of image formation
for these two techniques. In TEM, images are obtained by electrons “transmaited”
through samples. In SEM however, the image is formed by scanning (or rastering) an
electron beam (known as the primary electrons) across the sample surface [15, 16].
In a typical SEM system, an electron beam is generated from an electron gun by
heating a tungsten filament. This electron beams interact with surface atoms after
passing through a series of lenses. Detectors will collect high energy electron beams
reflected from interaction between the initial electron beam and the sample by elas-
tic scattering or secondary emission [15]. Images are finally formed after current

amplification.

3.4.4 Electrochemistry Characterization

Both TEM and SEM can provide detailed information about nanoparticle size. How-
ever, these techniques are expensive and time consuming so that it is quite impossible
to check every individual sample after each electrochemical measurement. There-
fore, a fast in-situ electrochemical characterization method was developed in our

group which allows characterization of nanoparticle modified electrodes after ev-
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ery measurement. This method consists of a surface area characterization by the
underpotential deposition (UPD) of lead and quantification of the amount of gold
deposited on the electrode surface estimated from the anodic stripping of gold in

hydrochloric acid. Details of this approach are given in chapter 4.

3.4.5 X-ray Photoelectron Spectroscopy (XPS)

TEM and SEM can only provide the physical structure and surface morphology of
nanoparticles or a nanoparticle modified electrode surface. However, in order to
reveal chemical information about a solid surface, X-ray photoelectron spectroscopy
(XPS) is one of the most popular techniques. XPS can provide the elemental com-
position of the outer surface of a solid [17]. XPS measurements must be carried
out under ultra-vacuum conditions. Firstly, electrons on the outer surface of solid
within a depth of 10 nm are excited after the surface is irradiated by a beam of
X-rays. Secondly, photoelectrons will then be collected by an electron collection
lens and then be analysed by an electron energy analyser and an electron detector.
Finally, XPS spectra can be obtained by plotting the number of electrons detected
(counts) versus the binding energy of the electrons detected. Each element shows
its own characteristic binding energy position and peak based on its physical prop-
erties and its surrounding chemical environment [18]. Therefore, composition and

determination of elements can be achieved.
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Chapter 4

Electrochemical Characterization
of Gold Nanoparticle Modified
Glassy Carbon Electrodes

In this chapter, a fast and simple in situ approach is presented for the character-
ization of gold nanoparticles using electrochemical experiments. The average size
and number of nanoparticles deposited on a glassy carbon electrode can be deter-
mined from the value of the total surface area and the amount of gold obtained
in hydrochloric acid, respectively. Oxidation/reduction of gold in sulphuric acid is
the commonly used method to characterize surface area of gold but it shows some
drawbacks for gold nanoparticles (as discussed in sections 4.1). The morphology
of the nanoparticle surface can also be analysed from the “fingerprint” in lead de-
position/stripping experiments. The method is tested through the study of gold
nanoparticles deposited on a glassy carbon substrate by the seed-mediated growth

method which enables an easy control of the nanoparticle size. The results are in
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satisfactory agreement with those obtained via scanning electron microscopy (SEM).
This is detailed in section 4.2.
SEM images in section 4.1 and section 4.2 were obtained by Mr. Chris Salter and

Prof. Alison Crossley. Dr. Eduardo Laborda helped with the data interpretation.

4.1 The Surface Oxidation of (zold Nanoparticle
Supported on a Glassy Carbon Electrode in
Sulphuric Acid Medium: Contrasts With the

Behaviour of ‘Macro’ Gold

4.1.1 Introduction

The surface structure of noble metals, such as gold and platinum, plays a funda-
mental role in electrocatalytic reactions with applications in (bio)sensors and energy
storage and generation. Consequently, extensive efforts have been devoted to inves-
tigate and understand the effect of the surface morphology and composition of noble
metals on the kinetics and mechanism of electron transfer reactions, with particular
attention to the oxidation of the surface [1-14]. In the case of gold, the details of

electro-oxidation in acid media have been investigated in depth [11, 12, 15, 16]. The
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following three-step mechanism is widely accepted in the literature:

Au(H30)4qs — AuOH + HY + e~ (4.1)
AuOH — AuO + H' + e~ (4.2)
AuO + HQO — OAU(HQO)adS (43)

Through studies using the quartz crystal microbalance (QCMB) technique it has
been confirmed that the first step of gold surface oxidation in the presence of oxygen-
species in solution yields a Au-OH monolayer [9, 10] as a result of OH deposition
with desorption of the chemisorbed anions present. Conway [12, 16] suggested that
the oxidation product in the second electron transfer process is written in terms
of AuO, which represent states of chemical occupancy of the lattice rather than
stoichiometric phase compounds. DFT calculations [17] suggest the formation of
a linear O-Au-O structure. Steps 4.1 and 4.2 are followed by the place exchange
(or turnover) of surface atoms (accompanied by water adsorption) due to repulsive
interactions of the metal-oxygen dipoles: step (4.3) [9, 12, 16].

On the basis that in the reductive scan the oxide species are reduced back to
gold, repetitive cycling enables the gold surface to be refreshed and indeed this
procedure is extensively used to clean gold surfaces in nitrogen-saturated sulphuric
solution with cycling in the potential range between 0 and 1.5 V (vs. SCE) [18-

20]. With the purpose of cleaning the surface, higher potentials should be avoided
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since surface reconstruction and roughness are promoted [10, 21]. This method has
also been used to clean the surface of gold nanoparticles under the assumption that
their behaviour is the same as the bulk material [22, 23]. However, this procedure
is open to question due to the changed electronic and morphological properties of
metal clusters. Thus, this section aims to investigate the behaviour of the electro-

oxidation of gold nanoparticles in sulphuric acid medium compared to bulk gold.

4.1.2 Results and Discussion

s s 0715 e .
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Figure 4.1: SEM images of Au-NPs/GCE. Electro-deposition conditions: 0.5 mM
Audt; seeding step: E; = - 1.40 V, 0.1 s; growing step: Ey = 0.68 V, 30s
Double-pulse chronoamperometry was applied in this work to electrodeposit gold
nanoparticles on a glassy carbon macroelectrode (Au-NPs/GCE)[24-26]. The mod-
ification was carried out in Ny-saturated 0.50 M sulphuric acid containing 0.5 mM
Au?t solution and a first ‘seeding’ potential of -1.40 V (vs. SCE) was applied fol-

lowed by a ‘growing’ potential pulse at 0.68 V under a positive nitrogen pressure.
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Scanning electron microscopy (SEM) images (Figure 4.1) of the modified electrodes
were analyzed with Image J software (public software, NIH), which show that the
nanoparticles are evenly distributed on the glassy carbon surface, with an average
size of 40 + 10 nm and the coverage of 10 %. A gold macroelectrode of radius 1 mm
was polished prior to experiments on alumina lapping compounds (Buehler, USA)
of decreasing size (1.0, 0.3, 0.05 m) and sonicated in an ultrasound bath prior to

use.
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Figure 4.2: 1st (solid line) and 10th (dashed line) scans corresponding to the electro-
oxidation and reduction of the gold surface in nitrogen saturated 0.50 M sulphuric
acid on the gold macroelectrode (a) and the gold nanoparticle-modified glassy carbon
electrode (Au-NPs/GCE) (b). The potential was scanned between 0.0 V and 1.50
(vs. SCE) at a scan rate of 100 mVs'.

Figure 4.2 shows the electro-oxidation ‘fingerprints’ of the polycrystalline gold
macroelectrode and Au-NPs/GCE in Na-saturated 0.50 M sulphuric acid solution
corresponding to the 1st and 10th scans between 0.0 V and 1.50 V (vs. SCE).
With the polycrystalline macrogold electrode (Figure 4.2.a) the main oxidation peak
OA2 (following the nomenclature proposed by Angerstein-Kozlowska and Conway)
[16] is situated at ca. 1.3 V and it relates to the formation of OAu(H0).4s and

AuO according to steps 4.1 - 4.3 [9]. A peak at similar potentials is observed
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with the Au-NPs/GCE electrode along with a second peak (OAl) that arises at
ca. 1.05 V and which is not observed on the macroelectrode either in the 1st or
10th scans. Moreover, OA1 increases while OA2 decreases with successive scans
on nanoparticles. The increase of OA1l may be due to the reconstruction process
accompanying the electrooxidation process [12, 16] In the literature, OA1 has been
associated with the electrodeposition of OH and O species on anion-free areas of the
gold surface [13, 16] and later works have pointed out that the magnitude of this

peak is directly related to the density of surface defects [2, 27].
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Figure 4.3: 1st (solid line) and 10th (dashed line) scans corresponding to the electro-
oxidation and reduction of the gold surface in oxygen saturated 0.50 M sulphuric
acid on the gold macroelectrode (a) and the gold nanoparticle-modified glassy carbon
electrode (Au-NPs/GCE) (b). The potential was scanned between 0.30 V and 1.50
V (vs. SCE) at a scan rate of 100 mVs™'.

HSO; and SO?™ species adsorb strongly on the gold surface, which affects sig-
nificantly the OH/O deposition. Thus, competitive adsorption between sulphate
ions and OH/O species in the solution blocks the early stage of surface oxidation

that is displaced positively [28, 29]. Adsorbed HSO; and SO3~ also have repul-

sive interactions with the metal-oxygen dipoles, which destabilize electrodeposited
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OH/O species and lead to surface reconstruction [30]. Therefore, under conditions
where the deposition of oxygen species is promoted versus the adsorption of anions,
peak OA1 is expected to be more apparent, as reported by Angerstein-Kozlowska
and Conway when studying the process in the presence of less adsorbing perchlorate
anions [16]. Thus, control experiments were carried out where the surface of the
gold macroelectrode and nanoparticles was electro-oxidized in Os-saturated HySOy
solution. Figure 4.3 shows the results obtained for the 1st and 10th scans between
0.3 and 1.5 V (vs. SCE). Note that less positive potentials have been avoided since
oxygen electroreduction gives rise to intermediates that accumulate on the gold sur-
face and introduces new variables in the study. As can be seen in Figure 4.3.b,
as a result of the saturation of the solution with oxygen, the OA1 peak increases
significantly in the case of nanoparticles whereas it is still missing in the first scan of
the macroelectrode (see Figure 4.3.a). Only after ten scans is the peak OA1 visible
at the macroscale.

Kolb et al. [2, 27] found a correlation between the magnitude of the OA1 peak
and the density of surface defects, where gold oxidation takes place at less positive
potentials. Indeed, this peak is more apparent as the density of defects increases.
According to Angerstein-Kozlowska and Conway’s results [16], the availability of
these sites seems to be influenced by the absorptivity of other species in the solution,
and particularly by the electrolyte anions. Accordingly, the peak is more apparent
when the adsorption of oxygen species is enhanced as shown above. Bearing in mind

these conclusions, the magnitude of the peak OA1 can be considered as an indicator
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of the density of defects on gold surfaces and, consequently, the results obtained in
this study indicate that this is higher on the electrodeposited nanoparticles than on
the gold macroelectrode.

The oxidative-reductive potential cycling of the gold electrode in acid media
is also a widely-used method for cleaning the electrode surface. Given that the
results presented above suggest a different behaviour of gold electro-oxidation at the
nanoscale, the efficiency of this cleaning procedure in the case of gold nanoparticles
has also been examined in this work. For the detection of possible surface changes,
the oxygen reduction reaction (ORR) has been considered given that it is a well-

known surface-sensitive process.
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Figure 4.4: Cyclic voltammograms corresponding to oxygen electroreduction on the
gold macroelectrode (a) and Au-NPs/GCE (b) in oxygen saturated 0.50 M sulphuric
acid solution before (solid and dotted lines) and after (dashed line) cleaning by
cycling in Ny-saturated solution, 0.50 M sulphuric acid. v = 100 mVs~*.

Both on gold macroelectrodes and gold nanoparticles there is a shift of the ORR
voltammograms towards more negative potentials in successive scans in oxygen sat-

urated 0.50 M sulphuric acid solution as can be observed in Figure 4.4 when compar-

ing the first and second scans for ORR. This can be explained by surface poisoning
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due to species generated during the oxygen electroreduction. For the efficient ap-
plication of gold as a catalyst for the ORR, especially for mechanistic studies of
this reaction, it is essential to find a procedure for the regeneration of the electrode
surface, the electrochemical cleaning in Ns-saturated sulphuric acid medium being
one of the possibilities. As can be observed in Figure 4.4.a, the signal on the macro-
electrode is recovered after 10 cycles in 0.5 M Ns-saturated sulphuric acid solution
which confirms the efficiency of the cleaning process. However, when applying the
same procedure to the AuNPs/GCE ( Figure 4.4.b) the ORR signal is not recovered
after the cycling treatment. In contrast, this ‘cleaning’ procedure has a negative
effect and the ORR voltammogram shifts towards more negative potentials (higher
overpotential).

Several reasons can be considered to explain the failure of the cleaning proce-
dure. Differences can exist between the macro- and nano-scales in the nature of
the poisoning of the gold surface as a consequence of different interactions between
the accumulating species and surface atoms. However, taking into account the be-
haviour observed in Figure 4.4.b, ‘damaging’ effects of cycling in sulphuric acid on
the gold NP-modified electrode can take place as a consequence of the rearrange-
ment of surface atoms upon gold electro-oxidation (step 4.3) and/or the possible
dissolution of gold from the glassy carbon surface. Indeed, under low pH conditions
gold dissolution during the cycling electro-oxidation reduction treatment has been
detected [7, 31]. However, in our experiments the charge of the peak corresponding

to the reduction of the gold oxide species is approximately constant over the cleaning
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procedure, such that one can conclude that the loss of gold is not significant under
these conditions. Accordingly, the behaviour of the ORR signal may be assigned to
changes in the surface morphology and/or composition of the nanoparticles during
the cycling treatment.

In this section, the electro-oxidation behaviour of gold nanoparticles has been
investigated showing the contrast in ‘macro’ and ‘nano’ scales. The major difference
between the ‘fingerprints’ of bulk gold and gold nanoparticles is the magnitude of
the electro-oxidation peak OA1l that has previously been related to the density of
surface defects and competitive adsorption between anions and oxygen species in
solution. The results obtained here show that the OA1 peak is more apparent in
the case of 40 nm electrodeposited nanoparticles. On the other hand this peak is
not significant at the gold macroelectrode even in Os-saturated medium. This is
connected with the higher density of surface defects of nanoparticles compared to

bulk gold.

4.1.3 Conclusions

Unlike with gold macroelectrodes, the electrooxidation-reduction cycling of nanopar-
ticles in Ny-saturated 0.5 M sulphuric acid is found to have a negative effect on the
surface of gold nanoparticles. This can be related to a different nature of the surface
poisoning and also to the reconstruction of the nanoparticle surface that accom-
panies the gold electro-oxidation. Consequently, determination of surface area for

Au-NPs/GCE using electro-oxidation in HySO, is not employed in this thesis.
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4.2 Facile in Situ Characterization of Gold Nanopar-
ticle on Electrode Surfaces by Electrochemi-
cal Techniques: Average Size, Number Den-

sity and Morphology Determination

4.2.1 Introduction

The particular surface and electronic features of nanosized materials are very ad-
vantageous in many scientific fields such as electroanalysis [32, 33], catalysis [34,
35], medicine[36], and material science [37]. The synthesis and characterization of
nanoparticles are two essential aspects in any study given that their reactivity and
properties are defined by their composition, size and morphology. Scanning elec-
tron microscopy (SEM) [38—41], transmission electron microscopy (TEM) [28, 42],
atomic force microscopy (AFM) [43], scanning tunnelling microscopy (STM) and X-
ray diffraction(XRD) [44] are usually employed for the characterization of nanopar-
ticles. However, these techniques have some limitations which are particularly un-
favourable when examining nanoparticle-modified electrodes. Thus, the inefficiency
in cost and time and the sample preparation restrictions prevent the analysis of
modified electrodes immediately before or after each experiment. Moreover, the
results obtained may not be representative of the whole sample.

The aim of this section is to find a simple and time-efficient in situ character-
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ization method for nanoparticles on electrode surfaces. The approach proposed is
based on routine electrochemical experiments that can be carried out in any elec-
trochemistry laboratory. This enables the estimation of average values of the size
and number of gold nanoparticles together with the different surface sites [45]. The
particles are deposited on a glassy carbon electrode and a value for the total gold
surface area is extracted from the charge associated with lead underpotential de-
position on gold [46]. The voltammograms corresponding to lead deposition and
stripping also informs about the surface sites on the nanoparticle. Next, the total
amount of gold is obtained from its anodic stripping in hydrochloric acid medium
[47]. From the values of the total surface area and amount of gold, the average size
of the gold particles can be easily calculated.

The suitability of the electrochemical characterization procedure is tested by
comparison with the results obtained in SEM for a glassy carbon electrode modified
with gold nanoparticles of different size via seed-mediated growth method [28, 42, 44,
48-50]. The methodology is also applied to the study of supplied gold nanoparticles

with satisfactory results.

4.2.2 Experimental
4.2.2.1 Chemical Reagents

Sodium borohydride (98 %, NaBHy), gold(IlI) chloride trihydrate(>99 %,

HAuCly-3H50), trisodium citrate (>99.0 %), hexadecyltrimethylammonium bro-
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mide (CTAB), hydrochloric acid (37 %,HCI),L-ascorbic acid (>99.0 %), sodium hy-
droxide (>97 %,NaOH) and lead (II) nitrate (>99.5 %, Pb(NOj3),) were all purchased
from Sigma-Aldrich and used as received without further purification. Citrate-
capped gold nanoparticles were provided by Mintek (Randburg, South Africa). All

the solutions were prepared using deionised water with a resistivity 18.2 MQ (25°C).

4.2.2.2 Instrumental

Electrochemical experiments were performed using a three-electrode system with an
Autolab PGStat 20 computer-controlled potentiostat (Eco-Chemie, Utrecht, Nether-
lands). Platinum wire was employed as counter electrode and the reference electrode
was an saturated calomel electrode (SCE, Radiometer, Copenhagen). A bare or
modified glassy carbon (GC) electrode (3 mm diameter, BAS, Technical, UK) was
used as working electrode. The GC electrode was polished before use with diamond
paste(Kent, UK) of decreasing size (3.0, 1.0 and 0.1 mm) and sonicated in ultrasound
bath. Scanning electron microscope (SEM) images were obtained on a JEOL 6500F
FEGSEM by Mr. Chris Salter and Prof. Alison Crossley. All the electrochemistry

experiments were carried out in 298 K.

4.2.2.3 Electrode Modification with Gold Nanoparticles

Seed-mediated growth method was used to modify a glassy carbon electrode [28, 42,
44, 48-50]. The polished GC electrode was immersed in the gold seeding solution

containing 18 mL water, 0.5 mL (0.01 M) trisodium citrate, 0.5 mL HAuCly (0.01
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M) and 0.5 mL freshly prepared ice-cold NaBH, (0.10 M). After immersing in the
seeding solution for 30 minutes, the electrode was sequentially rinsed by water and
dried with nitrogen. Then the seeded electrode was immersed in the growth solution
containing 18 mL CTAB (0.10 M), 0.5 mL HAuCl, (0.01 M) and 0.1 mL ascorbic
acid (0.10 M) solutions for 2, 10 and 30 min to reach different degrees of coverage.
The use of longer growing times was avoided since it resulted in a higher degree of
agglomeration of particles which compromised the accuracy of the characterization
method here presented. The modified electrode was rinsed thoroughly with deionized

water and dried under nitrogen atmosphere before electrochemical experiments.

4.2.2.4 Electrochemical Characterization

The modified electrode was first immersed into 1 mM Pb(NOs),, 0.1 M NaOH
solution to run cyclic voltammetry at 50 mV-s~! in the range of 0.20 to 0.73 V
(vs. SCE). After the experiments with lead the modified electrode was rinsed with
distilled water and transferred into 0.1 M HCI. Stripping experiments in hydrochloric
acid were carried out by scanning between 0.70 and 1.30 V (vs. SCE). All the
solutions were deoxygenated by purging with nitrogen gas for about 30 minutes and

the experiments were carried out under N, atmosphere.
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4.2.3 Results and Discussion

4.2.3.1 Electrochemical Characterization

Underpotential deposition (UPD) of metals as well as adsorption/desorption pro-
cesses are surface-sensitive and they enable selective examination of the character-
istics of metal substrates. In the case of gold surfaces, electro-oxidation in 0.5 M
sulphuric acid medium is a commonly used approach for the determination of the
surface area by integration of the cathodic peak [43]. However, as discussed in sec-
tion 4.1, the use of this method for quantitative analysis is inappropriate given that
the gold oxide growth is a function of the number of scans as a result of the for-
mation of monolayer and multilayer oxidized products [21, 51, 52]. This effect was
found in preliminary experiments of this work such that the reduction peak shifts
towards less positive potentials in successive scans as reported in the literature [21].

Underpotential deposition is well known to be highly sensitive to the surface
structure of the electrode, the process being dependent on the particular interactions
between the surface and the depositing atoms [53]. Hernandez et al. [46] have proved
lead UPD in alkaline solution to be a suitable system for the estimation of the surface
area and surface structure of gold nanoparticles (NPs). Thus, lead forms a layer on
gold surface at a slightly positive potential than bulk lead deposition [54] which is
dissolved at different potentials depending on the facets of the gold nanocrystals. As
shown below, the voltammograms corresponding to the lead deposition/stripping on

gold provide better accuracy and reproducibility as well as further insights into the
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gold surface sites.
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Figure 4.5: Comparison of the cyclic voltammogram corresponding to lead de-
position on bare GC electrode (dashed line) and gold nanoparticles-modified GC
electrode with 2 min (dotted line) and 30 min (solid line) growing time in 1 mM
Pb(NO3), and 0.1 M NaOH solution. Scan rate: 50 mV-s~*.

The voltammetric profiles of bare and gold nanoparticle-modified (Au/GCE)
glassy carbon electrodes in 1 mM Pb(NOj3),, 0.1 M NaOH solution are shown in
Figure 4.5. Whereas no signal is observed on the bare GC(dashed line), the peaks
corresponding to the deposition and subsequent stripping of lead are recorded af-
ter the modification with gold nanoparticles. In the seed-mediated growth method

employed here the size of the nanoparticles (and so the total surface area) can be

increased by immersing the seeded electrode in the growing solution for longer pe-
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riods of time. Figure 4.5 shows the “fingerprint” in lead solution corresponding to
2 min(dotted line) and 30 min (solid line) growing time, the charge of lead deposi-
tion/stripping clearly increasing with the length of the growing step.

From the results obtained with single-crystal electrodes [46] it is known that
Au(111), Au(100) and Au(110) have well-defined deposition/stripping peaks at dif-
ferent potentials. Thus, structural information is available along with the quantita-
tive determination of the surface area of nanoparticles. The sharp stripping peak at
-0.58 V (vs. SCE) in Figure 4.5 is associated with the Au(111) domain and a lead
UPD charge of 380 uC-cm™2 [46, 54]. Au(110) facet contributes to the broader strip-
ping peak at -0.38 V (vs. SCE) with a deposition charge associated of 330 pC-cm ™2
[46]. No relevant contribution of (100) domains is observed in the voltammograms
shown in Figure 4.5. Therefore, additionally to the determination of the gold sur-
face area, lead UPD peaks enable us to identify the different surface sites on the
NP surface and their relative areas. This is connected to the size and shape of the
nanoparticles and it is essential to evaluate their suitability for a given application.

The quantification of the amount of gold deposited on the glassy carbon surface
has been carried out by anodic stripping of the nanoparticles in 0.1 M hydrochloric

acid [47]. According to studies on macro gold electrodes [29, 55] the resulting species

are the complexes AuCl; and AuCly according to the following equilibria [29, 47, 55]:

Au+4Cl" = AuCly + 3e” (4.4)
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AuCl; + 2Au + 2C1° < 3AuCly (4.5)

Recent work in our group has extended the study to nanogold [47], the results show-
ing that the charge of the stripping is quantitatively related to the loading of gold
nanoparticles with a value of 1.9 & 0.1 electrons transferred per gold atom. Thus,
the electro-oxidation of gold nanoparticles was carried out via cyclic voltammetry in
the potential range 0.70 - 1.30 V (vs. SCE). As can be observed in Figure 4.6.a, no
signal is recorded on bare glassy carbon electrode(dashed line) which confirms that
the stripping charge is all due to gold nanoparticles. After several scans (typically
3 scans, see Figure 4.6.b) the gold deposit is completely removed and the charge
under the peaks enables the calculation of the total amount of gold deposited on

the glassy carbon surface.
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Figure 4.6: (a) Comparison of cyclic voltammograms obtained with gold
nanoparticle-modified GC electrode(solid line) and bare GC electrode(dashed line)
in 0.1 M HCL Scan rate: 100 mV-s7'. (b) Successive cyclic voltammograms,1st
scan (dashed line), 2nd scan (dotted line), 3rd scan (solid line), obtained with gold
nanoparticle-modified GC electrodes in 0.1 M HCl. Scan rates: 100 mV-s~*.

By combining the values of the surface area (S) determined by lead UPD and the
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amount of gold (Q) from anodic stripping in HCI the radius and number of nanopar-

ticles on the GC electrode can be easily calculated from the following relationships:

S =amr? x N (4.6)
zﬂ.TSﬂAu
Q=19xex 32— x Ny xN (4.7)
MAu

where x = 2 for hemispherical and x = 4 for spherical nanoparticles, e is the electronic
charge, r is the average radius of the nanoparticles, N is the number of particles,p 4, is
the density of gold, M 4, is the molar mass of gold and N, is the Avogadro constant.

Thus, from the ratio Q/S the radius of the nanoparticles can be determined:

31\/[Au

5T 190pauNa

Q
x5 (4.8)

Once the radius is known, the number of particles can be extracted from Eq. 4.6 or
4.7.

Following the above procedure the characteristics of the nanoparticles at the
modified GC electrode have been examined for different growing times. The results
are shown in Table 4.1. As expected, the values obtained for the diameter of the
particles gradually increase with the growing time from ca.20 nm for 2 min growing
time up to ca.40 nm for 30 min. Assuming a hemispherical shape for the particles,
the mean value for the number of particles obtained is (4 + 2)x10® NPs, which

yields a value of particle density of ca. (6 &+ 3)x10° NP-cm™2.
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Table 4.1: Values of the diameter (d) and number (N) of gold nanoparticles obtained
through electrochemical characterization (i.e., lead deposition and stripping in HCI
solution). Different growing times in the modification of the electrode are considered.

Growing time/min d/nm N/(10® particles)
2 23 £ 2

10 327 4+2

30 39 £ 3

4.2.3.2 Scanning Electron Microscope (SEM) Results
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Figure 4.7: Scanning electron microscopy images of a glassy carbon surface modified
with gold nanoparticles by seed-mediated growth method with a growing time of 30
min.

Scanning electron microscope (SEM) images of the surface of the modified GC
electrodes were also obtained in order to evaluate the size and distribution of the
nanoparticles and test the suitability of the electrochemical approach presented in
section 4.2.3.1. SEM images of Au-NPs/GCE electrodes after growing times of 30
min are shown in Figure 4.7. As can be observed, gold nanoparticles have a spherical

shape, with an average size of ca. 40 nm diameter, which agrees very well with the
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results obtained with the electrochemical approach.

4.2.3.3 Application to Supplied Gold Nanoparticles

The electrochemical characterization method has also been tested by characteriz-
ing supplied nanoparticles (Mintek,Randburg, South Africa). The glassy carbon
electrode was modified with 5 mL gold nanoparticles by the drop-casting method.
The electrochemical characterization approach yields an average diameter of ca. 22
nm. These results are in good agreement with those obtained by SEM and anodic

particle coulometry which yielded a diameter of 20 nm and 21 nm, respectively [47].

4.2.4 Conclusions

A simple electrochemical methodology has been developed for in situ characteriza-
tion of gold nanoparticles. This can complement typically used imaging techniques
since it provides faster and more representative results.

Gold nanoparticles under study are deposited on a glassy carbon electrode. First,
the total surface area and structure of the particles are estimated from underpoten-
tial deposition of lead in alkaline medium. Next, the amount of gold is determined
from the charge associated with the anodic stripping of gold in hydrochloric acid
solution. Both measurements enable the extraction of the average size and number
of nanoparticles as well as the estimation of the different surface sites.

The suitability of the method has been confirmed by examining glassy carbon

electrodes modified with gold nanoparticles of different size by seed-mediated growth
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method. The results obtained with the electrochemical approach agree well with
those derived from scanning electron microscopy. The new characterization proce-

dure has also been applied to the study of supplied nanoparticles.
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Chapter 5

A Joint Experimental and
Computational Search for
Authentic Nano-electrocatalytic
Effects: Electrooxidation of
Nitrite and L-Ascorbate on Gold
Nanoparticle-Modified Glassy
Carbon Electrodes
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In this chapter, section 5.1 introduces mechanistic studies of the electro-oxidation
of the nitrite anion in aqueous media on different electrode materials. The voltam-
metric analytical determination of nitrite is in principle a very competitive method
by virtue of being fast, easy to apply, economical and portable. In order to opti-
mize the experimental conditions for the analytical determination it is essential to
understand the reaction scheme and kinetics of the redox system. For this purpose
square wave voltammetry is employed to examine the electro-oxidation of nitrite.
The reaction mechanism and electrode kinetics are investigated, pointing out the ef-
fects of the solution pH, the electrode material (glassy carbon, edge plane pyrolytic
graphite and gold) and the supporting electrolyte. A second order catalytic mech-
anism is suggested by the experimental results, with the nitrite being regenerated
by disproportionation of the electrogenerated NO, with a rate constant kg, = (2.0
+ 0.1) x 10 M~! - s71. The electrode reaction is found to be reversible on gold
macroelectrodes and much slower on carbon based electrodes with a blocking effect
due to the presence of perchlorate anions.

The simulation program used in section 5.1 for square wave voltammetry was
written and debugged by Dr. Eduardo Laborda. Work related with this section has
been published in the Journal of Electroanalytical Chemistry, [1].

In section 5.2, the investigation of electrocatalytic nanoeffects is tackled via joint
electrochemical measurements and computational simulations. The cyclic voltam-
metry of electrodes modified with nanoparticles is modelled considering the kinetics

of the electrochemical process on the bulk materials of the different regions of the
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electrode, that is, the substrate (glassy carbon) and the nanoparticles (gold). Com-
parison of experimental and theoretical results enables the detection of changes in
the electrode kinetics at the nanoscale due to structural and/or electronic effects.
This approach is applied to the experimental assessment of electrocatalytic effects by
gold nanoparticles (Au-NPs) in the electrooxidation of nitrite and L-ascorbate. In
particular, a glassy carbon electrode is modified with Au-NPs via the seed-mediated
growth method. Divergence between the kinetics of these processes on gold macro-
electrodes and gold nanoparticles is examined. Whereas claimed catalytic effects
are not observed in the electrooxidation of nitrite, electrocatalytic nanoeffects are
verified in the case of L-ascorbate. This is probably due to that the latter electron
transfer process follows an adsorptive mechanism. The combination of simulation
with experiments is commended as a general strategy of authentification, or not, of
nanoelectrocatalytic effects.

The simulation program in this section was written and debugged by Dr. Kristo-
pher Ward. SEM measurements were carried out by Mr. Chris Salter and Prof.
Alison Crossley. Contents based in section 5.2 was published in Small, [2]. Dr.

Eduardo Laborda helped with the data interpretation.
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5.1 Electrochemical Oxidation of Nitrite: Kinetic,
Mechanistic and Analytical Study by Square

Wave Voltammetry

5.1.1 Introduction

The determination of the nitrite ion is of fundamental interest due to its potential
effects on human health and its widespread presence in food, water and soils [3—
6]. These effects include serious problems, for example, leading to carcinogenic
compounds in the digestive system or interfering in the oxygen availability for tissues.
Therefore, knowledge of nitrite concentration is essential in assessing the quality of
food and water.

Many analytical methods have been employed including spectroscopic, chromato-
graphic, electrophoretic and electrochemical methods [7]. The latter have important
advantages due to their rapid response, easy use and cheap and portable instrumen-
tation. Among the electrochemical methods, electro-oxidation of nitrite is preferable
to electro-reduction where several interferences operate (mainly, nitrate and molec-
ular oxygen) and the understanding of the reaction mechanism involved is more
complex.

With the aim of decreasing the overpotential required for the nitrite electro-
oxidation, reducing interferences and increasing the analytical sensitivity, electrodes

modified with carbon nanotubes, metal nanoparticles, polymeric films, etc. [6] (and
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references therein) have been widely employed. The electrode modification may
affect the electrode kinetics, the effective surface area and the diffusion regime [8, 9],
modifying the magnitude of the signal and the overpotential where this appears. For
the effective and rational electrode modification it is necessary to understand the
reactions involved in the redox system, as well as the effect of the experimental
variables.

In the case of nitrite electro-oxidation, various papers have been devoted to
the study of possible reactions coupled to the electrode process, but less attention
has been paid to the analysis of the electrode kinetics. This section deals with the
mechanistic and kinetic study of the electro-oxidation of nitrite by using square wave
voltammetry (SWV). This differential pulse technique has well-known advantages in
electroanalysis, such as well-defined peak-shaped response and reduced capacitative
effects [10]. SWV can also be very valuable for quantitative kinetic analysis given
that the distorting effects are minimized, the voltammograms are peak shaped and
they are very sensitive to the electrode kinetics (see below) [8, 11]. This makes the
extraction of parameters easier and more accurate.

Thus, we have characterized the reaction mechanism and the electrode kinetics by
means of square wave voltammetry through the variation with the frequency of the
characteristic parameters of the voltammograms: peak current, peak potential and
half-peak width. A second-order catalytic mechanism (Eq. 5.1 and Eq. 5.2) accounts
for the experimental results obtained in square wave and cyclic voltammetry under

a range of time scales:
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kow
NO; = NOy + e~ (5.1)

kdisp

2NO, + H,O = 2H" + NO; + NO, (5.2)

The effects of pH, supporting electrolyte and electrode material on the electrode

kinetics are discussed.

5.1.2 Experimental
5.1.2.1 Chemical Reagents

Sodium phosphate monobasic dihydrate (>99 %), potassium sulphate (K2504, >99
%), sodium sulphate (NaySOy, >99 %), sodium perchlorate monohydrate (NaClO4,
>98 %), potassium chloride (KCl, 99.0100.5 %), sodium chloride (NaCl, >99 %),
hydrochloric acid (37 %), acetic acid (> 99 %), sodium acetate trihydrate (>99
%), sodium hydroxide (>97 %), sodium phosphate dibasic (>99 %) and sodium
nitrite (NaNOg, >99 %) were all purchased from SigmaAldrich and used as received
without further purification.

Buffer solutions were prepared as follows: pH 1 - 3: 0.1 - 0.001 M hydrochlo-
ric acid; pH 4.6: 0.1 M acetic acid and 0.1 M sodium acetate; pH 6.8: 0.025 M
sodium phosphate dibasic and 0.025 M sodium phosphate; pH 9.2: 0.05 M disodium
tetraborate; pH 10 — 12: 0.0001 — 0.01 M sodium hydroxide.

Experiments on the influence of pH were made in different buffers containing
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0.1 M potassium chloride as supporting electrolyte and 1 mM sodium nitrite. Ex-
periments for the kinetic study of the electro-oxidation of nitrite were carried out
in solution at pH 4.6, with a constant ionic strength of the supporting electrolyte
0.5 M and 2 mM sodium nitrite. The concentration of nitrite was verified with
ultravioletvisible spectroscopy (U-2001 spectrophotometer, HITACHI, UK) at 355
nm (e355 = 23 mol™' dm? em™") [12]. A precision digital pH meter (PH213 Mi-
croprocessor pH meter, HANNA Instruments, UK) was used for pH measurements.
Deionised water with 18.2 MQ cm (25°C) was used to prepare all the solutions and

the temperature was controlled at 20 °C during the experiments.

5.1.2.2 Instrumental

Electrochemical experiments were performed using a three-electrode system with an
Autolab PGStat 20 computer-controlled potentiostat (Eco-Chemie, Utrecht, Nether-
lands). A glassy carbon electrode (GC, 3.0 mm diameter, BAS, Technical, UK), a
gold electrode (1.0 mm diameter, BAS, Technical, UK), and edge plane pyrolytic
graphite (EPPG, 4.0 mm diameter, BAS, Technical, UK) were used as the working
electrodes. A Platinum wire was employed as the counter electrode and the refer-
ence electrode was a saturated calomel electrode (SCE, Radiometer, Copenhagen).
The GC electrode was polished before use with diamond paste (Kenet, Kent, UK) of
decreasing size (3 ym, 1 pm and 0.1 gm). Gold and EPPG electrodes were polished
prior to experiments on alumina lapping compounds (BDHS) of decreasing sizes

(10.3 pm). All of them were sonicated in an ultrasound bath prior to use. All the
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electrochemistry experiments were carried out at 298 K.

5.1.2.3 Simulation Details

The simulation of the electrochemical experiments has been carried out with the
commercial package DigiSim?™ in the case of cyclic voltammetry and with a finite
difference homemade program for square wave voltammetry and chronoamperome-
try.

Regarding the latter, the results presented in Refs. [13, 14] have been applied
such that the chemical and diffusion changes are evaluated sequentially, with the
Crank-Nicolson method for time-integration preceded by four initial extrapolation
steps to avoid oscillations. For the spatial discretization, exponentially expanding
grid with high expansion factors and four-point formulae has been used.

The simulation program was developed and debugged by Dr. Eduardo Laborda.
The fitting for square wave voltammetry was completed with the assistance of Dr.

Eduardo Laborda.

5.1.3 Results and Discussion

The complete electrochemical characterization of redox systems requires the iden-
tification of the reaction mechanism, the determination of the heterogeneous and
homogeneous kinetics, and the behaviour of the species involved in solution.

With this aim, square wave voltammetry (SWV) is employed. Besides being

very advantageous in electroanalysis, this differential pulse technique is attractive
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for quantitative analysis since it offers voltammograms better resolved, less distorted
by capacitative effects and more sensitive to electrode kinetics than cyclic voltam-
mograms. Further, the peak shape of the voltammograms facilitates its analysis
through the variation with frequency of three well defined parameters: the peak
current (I,), the peak potential (E,) and the half-peak width (w; /). Following this
procedure, next the electro-oxidation of nitrite is investigated on glassy carbon, gold

and EPPG macroelectrodes in different media.
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Figure 5.1: Representative forward, backward and net components of (a) a square
wave voltammogram (f = 10 Hz, pulse amplitude = 15 mV, step potential = 10
mV) and (b) CV (v = 0.1 V- s71) of the electro-oxidation of nitrite on glassy carbon
electrode. Solution: 2 mM NaNQOy, 0.16 M Nay,SO,, pH 4.6.

A first qualitative analysis of the voltammograms reveals the absence of the
reverse reaction (i.e., reduction of NOy) in the backward component of the SWV
voltammograms (Figure 5.1.a) as well as in the CV signal (Figure 5.1.b) which
shows a single oxidative peak (situated at 0.78 V (vs. SCE) on glassy carbon).
This could be explained by the inference of an irreversible electrode process (E;
mechanism) or a coupled chemical reaction consuming the oxidized species, namely,

EC— or catalytic—type mechanisms. The quantitative analysis of the experimental
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results (see below) indicates the occurrence of the second-order catalytic mechanism

proposed by Guidelli et al. [15] (see Eq.5.1 and Eq.5.2), according to which nitrite

is regenerated in solution by the disproportionation of electrogenerated NOs.
Regarding the electrode kinetics, according to the Butler-Volmer formalism, the

oxidation and reduction rate constants are given by:

Koy = kO - 7 (5.3)

Kpeq = k- e~ (1AM (5.4)

with n = F(E—E?) /RT, E? being the formal potential, T the absolute temperature
and k° the standard heterogeneous rate constant, 3 is the transfer coefficient.

The above catalytic reaction scheme is also compatible with limiting current
chronoamperograms (shown in Figure 5.2) such that a current greater than that
expected for an E or EC mechanism Dy, = 1.8 x 107 cm? -s7' [12, 15, 16]
is obtained, due to the regeneration of the reduced electroactive species. From the
fitting of the chronoamperograms with the diffusion coefficient of nitrite (D) and the
disproportionation constant (kgs,) as adjustable parameters, and considering the
reaction scheme given by Eq. 5.1 and Eq. 5.2, the following values were obtained:
D=(19+01) x 107° cm? -s7! and kg, = (2.0 £ 0.1 )x 10° M~! -s~!. These
are in good agreement with previous data in the literature [12, 15, 16] and enable
satisfactory fitting of SWV (see below).

Moreover, this mechanism has been employed successfully in several studies [4—
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Figure 5.2: Experimental (points) limiting current chronoamperograms recorded on
glassy carbon. Solid line corresponds to the best-fit theoretical curve considering the
reaction mechanism given by Eq.5.1 and 5.2 and dashed line to the chronoampero-

gram predicted for E and EC mechanisms with D y,-=1.8x 10~%cm?s~t. Solution:
3 mM NaNO,, 0.5 M NaCl, pH 4.6.

6,12, 15-17], and data for the disproportionation constant (kg;s,) have been reported
by means of electrochemical and non-electrochemical methods [12]. In contrast, the
electrode kinetics has received less attention such that this has been usually pre-
sumed or its effects have been avoided by working under diffusion-limited conditions.
Here, the study of the redox system (Eq. 5.1 and Eq. 5.2) is carried out by char-
acterizing both the chemical and electrochemical processes, extracting the dispro-
portionation rate constant, kgsp, and the parameters associated with the electrode
kinetics.

First, the effect of the solution pH on the electrochemical response is evaluated.

The variation of the peak current and potential of cyclic voltammograms at glassy
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carbon electrode are shown in Figure 5.3. As can be seen, the peak current increases
gradually with pH while the peak overpotential decreases, both magnitudes reaching
a stable value for pH > 4. The latter is in agreement with the irreversible chemical
reaction assumed in Eq. 5.1 and Eq.5.2. The decrease of the electrochemical signal
at low pH can be attributed to the instability of the predominant electroactive
species HNOy (pKa = 3.3 at 25°C) [18]. However, basic solutions can promote the
formation of oxide layers on the electrode surface which inhibit the oxidation of

nitrite [12]. Consequently, a compromise value of 4.6 was employed for subsequent

studies.
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Figure 5.3: Influence of pH on the (a) peak potential and (b) peak current of cyclic
voltammograms corresponding to the electro-oxidation of nitrite at glassy carbon
electrode. v = 1 V- s7%. Solution: 1 mM NaNO,, 0.1 M NaCl.

Figure 5.4 shows the experimental and theoretical SWV voltammograms for
different electrodes and supporting electrolytes. The analysis of the voltammograms
indicates that in all cases the electron transfer rate increases in passing from GC to

EPPG to gold electrodes, such that the height of the peak increases and the peak

potential is situated at smaller overpotentials. Nevertheless, this initial conclusion
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must be taken with caution due to the inference of the coupled disproportionation
reaction and the quantitative analysis of the peaks is required. This has been done
by the simultaneous fitting of the peak height (I,), peak potential (E,) and half-peak

width (wy/) at different frequencies in the range 10 - 200 Hz.
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Figure 5.4: Experimental (points) and theoretical (solid line) SWV voltammograms
corresponding to the electro-oxidation of nitrite at different electrodes with (a) NaCl,
(b) NapSO,4 and (¢) NaClO, as supporting electrolyte. Frequency = 100 Hz, pulse
amplitude = 15 mV, step potential = 10 mV. Solution: 2 mM NaNO,, pH 4.6, ionic

strength of the supporting electrolyte = 0.5 M.

In the case of GC electrodes, the study of the electro-oxidation of nitrite shows
that this process is very sluggish. In such a case, the peak current and width are
only dependent on the disproportionation rate constant and the electron transfer

coefficient ($). Thus, from I, and wy /s, the value for kg, has been corroborated
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and the 3 value obtained (given in Table 5.1). These give rise to satisfactory fitting of
square wave and cyclic voltammograms for all the supporting electrolytes considered

and all the frequencies employed (see Figure 5.4 and Figure 5.5).
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Figure 5.5: Experimental (points) and theoretical (solid) CV voltammograms corre-
sponding to the oxidation of nitrite in NaySO, solution. The parameters employed
for the simulations are those obtained from SWV (Table 5.1). v =1V - s~ Other
conditions as in Figure 5.4.

Given that the nitrite oxidation kinetics is very slow on GC, the values of kg
and Egc cannot be determined separately from the voltammetric response and so the
value k% FF#/ET i oiven instead.

For EPPG electrode, quasireversible or irreversible behaviours are encountered,
depending on the supporting electrolyte employed (see below). In the first case,

the ko and [ values were obtained from the values of the peak current and half-

peak width, and once these were known, the peak potential enabled to extract
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Table 5.1: Values for the electrochemical kinetic parameters obtained from the fitting
of square wave voltammograms at different frequencies in the range 10 - 200 Hz.

Electrode| Electrolyte| k” / cm -s™! | E$ (vs. | B kOePFER/RT /(cm
SCE) / V s7h)
NaCl 0.02640.001| 0.78240.001| 0.6204+0.001 | —
EPPG NayS0O, 0.032+0.001| 0.7924+0.001| 0.64 + 0.01 | —
NaClOy4 — — 0.663 0.006 | 5.00 x 10712
NaCl — — 0.63740.006 | 2.76 x 107!
GCE NaySO, — - 0.64340.006 | 1.83 x 1071
NaClOy4 — — 0.68+0.01 2.19 x 10712
Au NaySO, > 0.1 0.776+0.001| — —
NaClOy4 > 0.1 0.786+£0.004 | — —

the Eg)cvalue. In all the conditions studied (see Figure 5.4), the electrode reaction
on EPPG is faster than on GCE. This behaviour has been reported previously for
other redox systems [19] and it is related to the higher proportion of edge plane sites
on the EPPG surface [20]. In the same way, this also explains the electrocatalytic
effects reported for the oxidation of nitrite on carbon nanotube electrodes [21].
Finally, the electrode process was found to be reversible (k° > 0.1 cm - s71 )
on gold electrodes in all the conditions considered. Thus, the electrode process is
much faster than on carbon-based electrodes (EPPG, GCE) such that the electron
transfer rate decreases in the order: Au > EPPG > GCE. This significant influence
of the nature of the electrode joins previous evidences of the strong dependence
of the nitrite electro-oxidation on the state of the electrode surface [12, 17, 22].

This suggests that the electron transfer is inner-sphere and so strong interactions

take place between the electroactive species and the electrode surface: adsorption
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of nitrite [23-25].

Accordingly, the use of gold electrodes or the modification with gold particles

is recommended for nitrite sensing, giving rise to greater signals at smaller over-

potentials. As can be inferred by comparing Figure 5.4.b and Figure 5.5, the gain

expected by the enhancement of electrode kinetics is greater in SWV than in cyclic

voltammetry (CV). This result points out the greater sensitivity to the electrode

kinetics of the peak current in SWV, which is very beneficial in terms of accuracy

for quantitative analysis of electrode kinetics.
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Experimental SWV voltammograms corresponding to the electro-

oxidation of nitrite on (a) EPPG (f = 50 Hz), (b) GC (f = 50 Hz) and (c) gold
electrodes (f = 10 Hz), when different supporting electrolytes are used. Other con-

ditions as in Figure 5.4.
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The influence of the supporting electrolyte is investigated in Figure 5.6 at anal-
ogous conditions of ionic strength. From Figure 5.6 one can infer that the kinetics
of the electrode reaction is significantly affected on carbon electrodes. The effect
is much less significant in the case of gold electrodes, where the electrode reaction
is essentially reversible both in NaySO4 and NaClOy, solutions (see Table 5.1). As
shown in Figure 5.7, the signal for electro-oxidation of nitrite on gold electrode in

chloride solution is very distorted due to the electrode surface oxidation promoted

by Cl~.
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Figure 5.7: Cyclic voltammogram in the presence (circle points) and absence (plus
points) of nitrite when gold electrodes are used in NaCl solution. Other conditions
as in Figure 5.4.

Thus, the electrode reaction on EPPG and GC electrodes is slower in the presence

94



of perchlorate anions than when chloride or sulphate salts are used as supporting
electrolyte. This behaviour was investigated by recording SWV voltammograms in
solutions of different compositions and the presence of perchlorate anions seems to
be responsible for the change in the electrode kinetics observed. As can be con-
cluded from Figure 5.8, the addition of NaClO4 to fully-supported nitrite solutions
in NaCl or NaySOy gives rise to the decrease of the peak height and the shift of the
peak towards greater overpotentials. Given the inner-sphere nature of the electron
transfer process, a plausible explanation for this behaviour is the blocking effect
of perchlorate anions inhibiting the necessary interaction between nitrite and the

electrode surface.
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Figure 5.8: Influence of perchlorate anions on the SWV voltammograms recorded
on EPPG electrode in 2 mM NaNOs, 0.5 M NaCl (a) or NaySO, (b) solution in the
absence (circle) and presence (0.5 M, triangle) of sodium perchlorate. f = 10 Hz,
unbuffered solution. Other conditions as in Figure 5.4.

The above data and discussion can assist the development of more effective
methodologies for electroanalysis of nitrite by employing bare or modified electrodes.

This will be further discussed in section 5.2.
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5.1.4 Conclusions

The electro-oxidation of nitrite at different electrodes and under different conditions
of pH and supporting electrolyte has been investigated by square wave voltammetry.
Besides the well-known advantages of SWV to obtain well-defined peaks, these have
proven to be more sensitive to the electrode kinetics than cyclic voltammograms.
This enables a more accurate evaluation of the kinetic parameters.

The experimental results indicate that this redox system follows a second-order

catalytic mechanism:

kox
NO; = NOy +e” (5.5)
kdisp
2NO, + H,O = 2H" + NO3 + NO; (5.6)

The mechanistic and kinetic characterization of the system has given a value
for the disproportionation rate constant of kg, = (2.0 £ 0.1) X 106 M—1. s71,
independently of the nature of the supporting electrolyte employed. The values
obtained for the transfer coefficient, 3, are significantly greater than 0.5 (8 =1 - «)
= 0.62 - 0.68).

The electrode kinetics exhibits a significant dependence on the nature of the
electrode and the supporting electrolyte. In general, a reversible behaviour is found
on gold macroelectrode, quasireversible on edge plane pyrolytic graphite and irre-
versible on glassy carbon. This trend suggests an inner-sphere nature of the electro-
oxidation process such that a strong interaction occurs between the nitrite and the

electrode surface for the electron transfer. The identity of the anion of the support-
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ing electrolyte also affects the electrode kinetics on carbon electrodes such that it is

inhibited by the presence of perchlorate anions.

5.2 Electro-oxidation of Nitrite and Ascorbic Acid
on Gold Nanoparticles: a Joint Approach Us-

ing Computation and Experiment.

5.2.1 Introduction

Extensive works are devoted to the development of nanotechnology with ground-
breaking applications in (electro) catalysis [26, 27], chemical analysis 28, 29], ma-
terial science [30], medicine [31]. Geometric and electronic features of materials
can vary with size affecting their physical (electrical, optical, magnetic, mechanic)
and chemical properties [27, 32-34]. Understanding and controlling the behavior of
nano-sized materials is essential for the efficient progress of nanoscience and it de-
mands the development of methodologies for the preparation of structure-controlled
nanoparticles (NPs) and the analysis of their characteristics.

In electrochemistry metal nanoparticles are widely employed for the modification
of the electrode surface in order to develop (bio)sensors and energy production
cells [26-29] as well as for environmental applications [35]. Nanoparticle-modified
electrodes provide large effective surface area, enhanced mass transport and high

control over local environment [29]. In addition, the reduction of the amount of

97



material enables the decrease of fabrication costs and environmental impact. In
many cases modification with nanoparticles just leads to the increase of the surface
area without affecting the electrode kinetics with respect to the bulk material. The
aim of this section is to identify authentic nano-effects, that is, changes of the
electron transfer kinetics at the nanoscale.

A widely-used strategy for electrode modification with metal nanoparticles is
the drop-cast deposition of chemically prepared NPs. Synthesis of nanoparticles
by reduction of a metal salt enables a better control of the size and structure of
nanoparticles [36-38] though it often requires the use of capping agents that can alter
the electrochemical response of both nanoparticles and substrate-electrode [39, 40].

Regarding characterization techniques, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), scanning tunneling microscopy (STM), atomic
force microscopy (AFM) and X-ray diffraction (XRD) are commonly employed [33].
Electrochemical methods are also valuable to obtain information about metal nano
particles [41, 42], given that the electrochemical response of electrode processes is in-
fluenced by the properties of the electrode material. When the particular properties
of nanosized materials give rise to enhanced electrode kinetics, electrocatalytic ef-
fects are observed. Major issues in nanoelectrochemistry are related to the detection
of these effects and their relationship with structural and/or electronic properties of
the nanosized material in comparison with the bulk material.

Many examples of electrocatalysis have been claimed in the literature when mod-

ifying electrodes with noble metal nanoparticles, such as gold, platinum and silver

98



NPs [29]. Apart from the importance of understanding the nature of electrocatalysis,
such effects are potentially very valuable in electroanalysis and energy production
given that the triggering of the electrode reaction is facilitated. Moreover, the inves-
tigation of these phenomena can provide further insight into the factors governing
electron transfer processes.

In most cases, electrocatalysis is tentatively identified from the reduction of the
overpotential where the electrode reaction occurs and the increase of the magnitude
of experimental voltammograms. Nevertheless, the corroboration of electrocatalytic
effects must be carried out more carefully given that modification of electrodes in-
volve changes in the electrode-solution interface that can mimic the effects expected
when the electrode kinetics is enhanced [9, 43, 44]. For example, when porous layers
are employed for the electrode modification, thin-layer diffusion of the electroactive
species trapped between the layers takes place and gives rise to the shift of the
voltammograms towards smaller overpotentials. Even in the case of bare electrodes
modified with “naked” nanoparticles, the changes observed in the voltammograms
might be explained simply by the response of an “array” of assembled nanoelectrodes
with the same characteristics as the bulk material.

In this section, we tackle the detection of electrocatalytic nanoeffects by com-
bining electrochemical experiments and computational simulations as summarized
in the scheme shown in Figure 5.9. Thus, the response of the electrode modi-
fied with nanoparticles is first simulated assuming that the particles retain the

electrode kinetics of the bulk material; this enables us to predict the response in
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the absence of nanoeffects. Separately electrochemical experiments are performed
with nanoparticle-modified electrodes, the characteristics of the modification being
examined by electrochemical and imaging techniques. Finally, the comparison of
simulated and experimental voltammograms enables the detection of differences be-
tween the kinetics at the bulk material and at the nanoparticles and, therefore, for

revealing authentic nanoeffects.

Kinetics on macro electrodes for electro- Modification of GCE with Au-NPs with
oxidation of nitrite or L-ascorbate different coverage
Y
Characterization

of Au-NPs/GCE
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Figure 5.9: Approach followed in this work for the detection of nanoelectrocatalysis
of the electrooxidation of nitrite and L-ascorbate by gold nanoparticles combining
electrochemical measurements with computational simulations.

The theory is applied to the study of two electrode processes of biological and
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industrial importance for which electrocatalytic effects by gold nanoparticles have
been reported repeatedly [29]: electrooxidation of nitrite [6] and L-ascorbate [45—
47] in aqueous solution. Modification of glassy carbon (GC) and indium tin oxide
(ITO) electrodes with gold nanoparticles gives rise to significant shift of the voltam-
mograms towards smaller overpotentials, which is commonly ascribed to electro-
catalytic effects. The nature of these behaviours is investigated in this chapter by
comparing the theoretical response predicted in absence of nanoeffects with that
obtained on a glassy carbon electrode modified with ca. 20 - 90 nm-diameter gold
NPs via the seed-mediated growth method [36-38, 48-50]. The comparison of the
simulated and experimental results show that electrocatalysis is not observed for the
electrooxidation of nitrite. On the other hand, the authentic enhancement of the
electrooxidation kinetics of L-ascorbate on gold nanoparticles with respect to gold
macroelectrodes is pointed out. The origin of such electrocatalytic nanoeffects is

likely associated with the adsorptive mechanism of this electron transfer process.

5.2.2 Theory
5.2.2.1 Reaction Schemes

The electrooxidation of the nitrite ion in aqueous solution at the working pH of 4.6
on both gold and glassy carbon electrodes is known to proceed by the second order

catalytic (DISP2) mechanism [1, 12] as discussed in section 5.1:

NO; 2 NOy + e~ (5.7)
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ONO, + H,O % o+ 1+ NO; + 2NO; (5.8)

This process consists of charge transfer at the electrode surface followed by a
second-order disproportionation reaction which partially regenerates the starting
material (the nitrite ion).

The electrooxidation of L-ascorbic acid at the working pH of 6.8 proceeds by the

following scheme [40, 51, 52

AH™ S A~ b HY 4o (5.9)
A= 5 DHA 4 e (5.10)
DHA + H,0 —£5 HDHA (5.11)

such that the two electron, one proton oxidation of L-ascorbate (AH-) results in
the initial form of dehydro-L-ascorbic acid (DHAA) which undergoes hydrolysis (the
product of which can suffer further oxidation) [40]. Accordingly, the above scheme

has been modelled considering an EEC mechanism.

5.2.2.2 Numerical Simulation

Simulation program in this section was written and debugged by Dr. Kristopher
Ward. Dr. Eduardo Laborda helped with the data interpretation.

The simulation methods employed are as used previously by this group for hemi-
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spherical particles [53], and heterogeneous surfaces [54], although this is the first
time a simulation of an array electroactive hemispherical particles on an electroac-
tive surface has been performed. A summary of the important points is presented
below.

Throughout this study, the substrate electrode used consists of a disc of glassy
carbon (GC) modified with gold nanoparticles. The supporting glassy carbon sub-
strate is a macro electrode (radius = 1.5 mm); the size and number of the nanopar-
ticles vary depending on the growing time and were typically in the range 20 - 90
nm diameter and 2 x 10® - 6 x 10® particles respectively. The nanoparticles are
assumed to be hemispherical in shape, and the surface coverage by the particles, ©

, is defined as:

(5.12)

where N is the number of particles, r. is the radius of a single nanoparticle and A
is the area of the GC substrate. For the purposes of simulation, it is assumed that
nanoparticles are of uniform size and that they are regularly distributed across the
GC surface. Previous studies have demonstrated that for the time scale employed in
this work there is little difference between the simulated voltammograms of arrays
regularly and randomly distributed [55].

Computationally, the electrode is modelled in a 2D space through use of the dif-
fusion domain approximation [56, 57]. The Butler-Volmer equation with an applied

potential waveform appropriate to cyclic voltammetry is used to model electrode ki-
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netics and diffusion is determined by Ficks second law which is discretised according
the ADI method [58]. The simulation method employed allows the current response
at each electroactive material (gold nanoparticle and GC electrode substrate) to be
recorded separately. The resolution of the voltammetry into separate components in
this manner allows for a greater insight into the mass transport phenomena present
in the system. Simulation and duffusion domain approximation were introduced in

chapter 2.

5.2.3 Experimental
5.2.3.1 Chemical Reagents

Sodium  borohydride (98%, NaBH,), gold(III) chloride trihydrate(>99%,
HAuCly-3H,0), trisodium citrate (>99.0%), hexadecyltrimethylammonium bromide
(CTAB), hydrochloric acid (37%,HCI),L-ascorbic acid (>99.0%), sodium hydroxide
(>97%,NaOH) and lead(II) nitrate (>99.5%, Pb(NO3)s) were all purchased from
Sigma-Aldrich and used as received without further purification. Citrate-capped
gold nanoparticles were provided by Mintek (Randburg, South Africa). All the

solutions were prepared using deionised water with a resistivity 18.2 MQ (25° C).

5.2.3.2 Instrumental

Instrumental details for electrochemical measurements followed the same strategy

described in the section 5.1.2.2.
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5.2.3.3 Electrode Modification with Gold Nanoparticles

Seed-mediated growth method was used to modify a glassy carbon electrode [36-
38, 48-50]. The polished GC electrode was immersed in the gold seeding solution
containing 18 mL water, 0.5 mL (0.01 M) trisodium citrate, 0.5 mL HAuCl (0.01
M) and 0.5 mL freshly prepared ice-cold aqueous NaBHy (0.10 M). After immersing
in the seeding solution for 30 minutes, the electrode was sequentially rinsed by water
and dried with nitrogen. Then the seeded electrode was immersed in the growth
solution containing 18 mIL. CTAB (0.10 M), 0.5 mL HAuCl, (0.01 M) and 0.1 mL
ascorbic acid (0.10 M) solutions for 2, 10 and 30 min to reach different degrees
of coverage. Longer growing times may result in a higher degree of agglomeration
of particles which compromised the accuracy of the characterization method here
presented. The modified electrode was rinsed thoroughly with deionized water and

dried under nitrogen atmosphere before electrochemical experiments.

5.2.4 Electrochemical Characterization

The modified electrode was first immersed into 1 mM Pb(NOjs),, 0.1 M NaOH
solution to run cyclic voltammetry at 50 mV-s~! in the range of 0.20 to 0.73 V
(vs.SCE). After the experiments with lead the modified electrode was rinsed with
distilled water and transferred into 0.1 M HCI. Stripping experiments in hydrochloric
acid were carried out by scanning between 0.70 and 1.30 V (vs.SCE). All the solutions

were deoxygenated by purging with nitrogen gas for about 30 minutes and the
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experiments were carried out under Ny atmosphere.

5.2.5 Results and Discussion
5.2.5.1 Characterization of Au NP-Modified GC Electrodes

Electrochemical characterization of the modified electrode was carried out immedi-
ately following each experiment with nitrite or L-ascorbate. The total coverage of
NPS, that is, the surface area of gold nanoparticles, was estimated by the lead depo-
sition method developed by Hernandez et.al [59]. Underpotential deposition (UPD)
is commonly used to characterize the electrode surface structure as it is sensitive
to the arrangement of atoms. Lead UPD in alkaline solution has proved to be a
suitable system to estimate the surface area and morphology of gold NPs [60]. In
chapter 4, a detailed explanation for this method was introduced.

Figure 5.10 shows the voltammetric profiles of a bare glassy carbon and Au-
NPs/GCE in the presence of 1 mM Pb(NO3), and 0.1 M NaOH at 298 K, 50 mVs™!.
The surface area of gold nanoparticles can be determined from the stripping peaks
[59, 60]. Au(111) contributes to the narrow and sharp stripping peak at potential
0.58 V ( ws. SCE) and 380 uC -cm~2 is the charge associated with the lead UPD
process [59, 60]. A broader stripping peak at 0.42 V (vs. SCE) corresponds to
Au(110) and Au(100) crystal planes. The charge associated with the lead UPD
process have been reported to be 330 uC -cm™2 and 340 pC -cm™2 for Au(110) and

Au(100) respectively [59].
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Figure 5.10: Cyclic voltammogram corresponding to lead deposition on gold
nanoparticles deposited on GC electrode in 1 mM Pb(NOj), and 0.1 M NaOH
solution. Scan rate: 50 mVs!.
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Figure 5.11: Scanning electron microscopy images of a glassy carbon electrode mod-
ified with gold nanoparticles by seed-mediated growth method with a growing time
of 30 min.

107



Scanning electron microscope (SEM) images of the surface of the modified GC
electrodes were also obtained in order to evaluate the size and distribution of the
nanoparticles. The SEM images of Au/GC electrodes after a growing time of 30 min
are shown in Figure 5.11. Gold nanoparticles show spherical shape, with an average
size of ca. 40 nm diameter and a total number of ca. 10® NPs (i.e., ca. 10° NP
cm~?). The SEM images also point out the monodispersity and even distribution of
the particles on the GC surface.

The size of the particles was confirmed to increase during the growing time with
an average diameter of ca. 20 nm after 2 min, 30 nm after 10 min and 40 nm after
30 min. Due to problems of aggregation [61] the electrochemical approach could not
be used for sizing the nanoparticles obtained with a growing time of 120 min. In
this case, SEM images were employed determining a size similar to that for 30 min
growing time (i.e., ca. 40 nm diameter). This is a consequence of the effect of the
capping agent (CTAB), the adsorption of which on the nanoparticle surface slows
down and eventually prevents its growth.

The above sizes of nanoparticles correspond to coverage values in the range © =

1-8%.
5.2.5.2 “Side Effects” of the Electrode Modification on the Electrooxi-
dation Kinetics

The adsorption of the surfactant employed in the electrode modification (CTAB) on

gold and carbon surfaces has been previously documented in the literature [40, 62,
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63]. Accordingly, its effect on the electrooxidation kinetics of nitrite and L-ascorbate

was evaluated in this work.

A GCE 20 - A GCE
a. o Au b ° Au
800 R 4 GCE after CTAB ’ ¢, | A GCEafter CTAB
S o Au after CTAB 15 o e Auafter CTAB
AAQ.
A® A
o ~ 10+ AA 9. AA
o
g 5 Ae s
i 21 Ap AA
= Z 54 Al A
= —_ Ag A
AG Iy
04 ‘AAAA‘
1 -5 T T T T T T T T
1.0 1.1 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
Evs SCE/V Evs SCE/V

Figure 5.12: Effect of the immersion of the gold and glassy carbon electrodes in a
CTAB solution on the electrooxidation of nitrite (a) and L-ascorbate (b). White
points correspond to the bare electrodes and black points to the electrodes after
30 min immersion in a 0.1 M CTAB solution and rinse with water. Scan rate:
25 mVs~!. Nitrite solution: 2 mM NaNQO,, 0.3 M NaySO,4, pH 4.6. L-ascorbate
solution: 0.1 mM L-ascorbic acid, 0.1 M PBS, pH 6.8.

The effect on the electro-oxidation of nitrite and L-ascorbate was examined by
recording cyclic voltammograms of both processes on gold and glassy carbon macro-
electrodes before (white points in Figure 5.12) and after immersion in 0.1 M CTAB
solution for 30 min and rinse with distilled water (black points in Figure 5.12 ).
As can be seen in Figure. 5.12.a for nitrite and Figure 5.12.b for L-ascorbate, the
CTAB treatment influences the electrochemical response on gold and glassy carbon
in opposite ways, the kinetics being slowed down in the former and speeded up in
the latter. Both effects are more apparent in the case of L-ascorbate giving rise to
the inversion of the kinetics with respect to the bare electrodes. Thus, whereas at

bare electrodes (white points) the process is faster on Au than on GC electrodes,
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the L-ascorbate electrooxidation is faster on GC than on Au after the “CTAB treat-

ment” (white points). The greater sensitivity of the L-ascorbate electro-oxidation

to CTAB adsorption points out that the inner-sphere character of this electrode

process is higher than the nitrite electro-oxidation.

Table 5.2: Kinetic parameters for the electro-oxidation of nitrite on gold and glassy
carbon electrodes after immersion in CTAB solution 0.1 M for 30 min. The values
are obtained from fitting of experimental cyclic voltammograms at different scan

rates: 50 - 500 mVs~!. See scheme given by Eq. 5.7 and Eq. 5.8.

Electrode kO / (em-s7Y) |« EY / (mV vs SCE) Kaisp / M~1s™?
CTAB/Au | 0.075 i

776 2.0 x 108
CTAB/GCE 0.013 0.6

Table 5.3: Kinetic parameters for the electrooxidation of L-ascorbate on gold and
glassy carbon electrodes after immersion in CTAB solution 0.1 M for 30 min. The
values are obtained from fitting of experimental cyclic voltammograms at different
scan rates: 25 - 100 mVs™!. See scheme given by Eq. 5.9 - Eq. 5.11.

kexp((1-)ESF/RT) / cm-s™

Electrode Eq. 5.9 Eq. 5.10 o k /st
CTAB / Au 4.40 x 1074 1.47 x 1074

0.54 1.3 x 10°
CTAB / GCE | 2.79 x 1074 1.47 x 1072

In order to take into account the above effects in our study, the kinetics of both

electrooxidation processes were examined on CTAB-modified electrodes (referred as

CTAB/Au and CTAB/GC hereafter). Thus, bare gold and GC macroelectrodes

were immersed in a 0.1 M CTAB solution for a time equivalent to that employed

110




in the growing step of the electrode modification. Then, the electrodes were thor-
oughly rinsed with water, placed into the nitrite or L-ascorbate solution and cyclic
voltammograms were recorded at different scan rates between 50 and 500 mVs™!.
From the fitting of the experimental results with the simulation software DigiSim
the quantitative kinetic analysis of both systems was carried out according to the
reaction mechanisms discussed in section 5.2.2.1. The values of the diffusion coef-
ficient employed in the simulations were 1.9 x107° cm? - s7! for nitrite and 6.0 x
107% em? - s7! for L-ascorbate, both in good agreement with the values reported in
the literature [1, 64—66]. As representative cases, the kinetic parameters obtained
after 30 min immersion in the CTAB solution (0.1 M) are given in Tables 5.2 and
5.3. The relatively fast electron transfer rate constant in the electro-oxidation of
nitrite may indicate a similar molecular structure (bond lengths, angles) of NO; to
NOs. In contrast, a variety of reasons may lead to the slow electron transfer rate
constant in the electro-oxidation of L-ascorbate, such as a markedly dissimilar struc-
ture between the reactant and the product, solvation effects and/or weak coupling
between the electronic states of the electrode and the solution species.

The origin of the contrasting behaviour on gold and GC electrodes was further
investigated by examining the adsorption of CTAB on the GC and gold electrode
surfaces via X-ray photoelectron spectroscopy (XPS). The spectra of GC electrodes
(Figure 5.13.) after immersion in 0.1 M CTAB solution for 30 min clearly show

the peaks of N1s and Br, confirming the adsorption of CTAB on GC surfaces. In

the case of gold electrodes (Figure 5.14), the presence of Br on the surface was also
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confirmed. On the other hand, the results for N1s were not conclusive since peaks
in the binding energy region of nitrogen were observed on gold samples both before

and after the CTAB modification.

GC electrode

N1s Br

CTAB-GC 120 CTAB-GC

%00
6000
80
5600
700
5600 |
30 305 400 405 410 415 420 425 40 60 1 80 % 100 10
Binding energy / eV Binding energy / eV
6600 1400
Blank Blank
6400 1300
6200 1200
®
4
S
6000 1100
5800 1000
5600 %00
5400 800
30 35 40 405 410 415 40 425 40 e 10
Binding energy / eV Binding energy / eV

Figure 5.13: XPS spectra corresponding to the glassy carbon electrode before (bot-
tom) and after (top) immersion in a 0.1 M CTAB solution for 30 minutes.

Au electrode

Nis Br
5800
CTAB-Au CTAB-Au
5600 1600
5400
1400
5200
@
4
S
5000
1200
4800
00 1000
30 35 40 405 410 415 40 425 430 © 70 0 P 100 10
Binding energy / eV Binding energy / eV
1800
00 Blank & Blank
6600 1600
8400 4
S
6200 e
6000
1200
5800
5600 1000

30 305 400 405 410 415 420 425 430 g0 7 P 50 100 110
Binding energy / eV Binding energy / eV

Figure 5.14: XPS spectra corresponding to the Au electrode before (bottom) and
after (top) immersion in a 0.1 M CTAB solution for 30 minutes.

In view of this, cyclic voltammograms were recorded after immersing the gold
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electrode in a 0.1 M NaBr solution in order to assess the effect of the bromide adsorp-
tion on the electrooxidation processes. The effect on the experimental voltammo-
grams (Figure 5.15) was similar to those obtained after immersion in CTAB solution
(Figure 5.12), that is, the shift of the peaks to more positive potentials and smaller
peak currents. This along with the XPS results suggests that the Br=! adsorption
is the main responsible for the kinetic changes described above. Note that this is
also in agreement with the contrasting behavior observed for the electrooxidation

kinetics on GC and Au electrodes after the CTAB treatment.

e Au afterimmerse in Br'
©__Au before immerse in Br’

e Au afterimmerse in Br'
©__Au before immerse in Br’

]b.

I/ pA

T T T T T | T T T T T 1
0.5 0.6 0.7 0.8 0.9 1.0 1.1 02 01 00 o041 02 03 04 05 08
Evs SCE/V Evs SCE/V

Figure 5.15: Effect of the adsorption of bromide on the gold electrode for the elec-
trooxidation of (a). nitrite and (b). L-ascorbate. Open circles correspond to the
bare electrodes and solid circles to the electrodes after 30 min immersion in a 0.1 M
NaBr solution and rinse with water.Scan rate: 25 mVs~!. Nitrite solution: 2 mM
NaNO,, 0.3 M NaySOy, pH 4.6. L-ascorbate solution: 0.1 mM Lascorbic acid, 0.1
M PBS, pH 6.8

5.2.5.3 Electro-oxidation of Nitrite on Gold Nanoparticle Modified GC

Electrodes: No Nanoelectrocatalysis

Nitrite solutions were prepared at pH 4.6 with a buffer solution containing acetic acid
and sodium acetate according to previous studies [1]. As can be observed in Figure
5.12.a, a single oxidative peak at 0.74 V (vs SCE) on CTAB/Au and 0.78 V (vs
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SCE) on CTAB/GCE electrodes is obtained given that the reactant species (NOy)
is regenerated in solution according to the DISP2 mechanism given by Eq. 5.7 and
Eq. 5.8 (described in section 5.1) . The peak shows a higher density current on gold
than on glassy carbon and it is situated at smaller overpotentials as corresponds to
a more reversible process [1].

The experimental voltammograms obtained with the glassy carbon electrode
modified with gold nanoparticles are shown in Figure 5.16 (circle points) for dif-
ferent coverage and scan rates at 298 K. After the modification, the shift of the
voltammograms towards smaller overpotentials and the increase of the peak current
are observed; the larger the gold NP coverage, the more apparent the changes in
the voltammetry. The experimental results were compared with the simulations ob-
tained considering the gold coverage on the GC electrode and the kinetic parameters
obtained for bare glassy carbon and gold electrodes (black solid line). In all cases
the agreement between experimental and theoretical results is good. The theoretical
contributions of the gold nanoparticles (red line) and the GC substrate (grey line)
are also plotted. Note that the peaks of both components are situated at similar
potentials given that the electrode modification shifts the peak corresponding to the
GC component with respect to the bare GC electrode as a result of the consumption
of electroactive species by the Au-NPs. As expected, the NP component increases
with the coverage from 40 % for © = 2 % up to 70 % for © = 6 % such that
the responses obtained are representative and informative about the nanoparticle

properties.
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From the good agreement of experimental and simulated voltammograms changes
in the electrode kinetics of the electrooxidation of nitrite between the bare gold
macroelectrode and the gold nanoparticles cannot be inferred. Accordingly, electro-
catalytic nanoeffects can be discounted for the conditions of this study given that
the electrochemical response observed agrees with that expected for a heterogeneous
electrode with two spatial zones of different kinetics, i.e., the glassy carbon substrate

and the gold nanoparticles.

5.2.5.4 Electrooxidation of L-Ascorbate on Gold Nanoparticle Modified

GC Electrodes: Nanoelectrocatalysis.

The study of the electrooxidation of L-ascorbic acid was carried out at pH 6.8 (0.1
M PBS). A single oxidative peak at 0.18 V (vs SCE) on CTAB/Au and 0.13 V
(vs. SCE) on CTAB/GC electrodes is observed corresponding to the two-electron
oxidation of L-ascorbate. According to the scheme given by Eq. 5.9 - Eq. 5.11,
the product of the electrode reaction undergoes hydrolysis and no reductive peak is
observed at the scan rates employed (v = 25 - 100 mV-s™1).

According to the results shown in Figure 5.12.b assuming that the reactivity of
L-ascorbate is the same on gold at both the macro- and nano-scales, the modifica-
tion of GC electrode with Au NPs by seed-mediated growth method is not expected
to have a catalytic effect on the response (i.e., increase of the current and decrease
of the overpotential) given that the electrode reaction is slower on CTAB/Au (see

Figure 5.17 and Table 5.3). Indeed, the results obtained from digital simulations
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show that the cyclic voltammetry is not predicted to be affected significantly by
the modification with Au NPs (see Figure 5.17 ) and that the contribution of the
nanoparticles to the electrochemical signal is quite small(ca. 12 % in the peak cur-
rent, see Figure 5.18. On the other hand, the experimental results with the modified
electrodes show the shift of the voltammograms towards smaller overpotentials and
greater current densities with respect to the theoretical predictions based on the
kinetic parameters determined at the macro-scale (Table 5.3 ); the greater the cov-
erage, the more apparent these effects (see Figure 5.18 ). This indicates that the
electrode kinetics on the gold nanoparticles is faster than on gold macroelectrode

and so the occurrence of electrocatalytic nanoeffects is verified.

e Exp.Au/CTAB
35 — ~  Exp.GCE/CTAB
Sim.Total
----Sim.Au zone
~~~~~ Sim.GC zone

30

25
20
154

10

j ! pA/cm?

03 -02 -01 0.0 0.1 0.2 0.3 0.4 0.5
E vs SCE

Figure 5.17: Experimental voltammograms (points) corresponding to the electroox-
idation of L-ascorbate on CTAB/Au and CTAB/GC. Simulated voltammograms
(line) corresponding to 8 % coverage are also plotted. Scan rate: 100 mVs™'. Other
conditions as in Figure 5.12 .
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Figure 5.18: Experimental (points) and simulated (line) voltammograms corre-
sponding to the electrooxidation of L-ascorbate on CTAB/Au, CTAB/GC and Au-
NP/GC electrodes at different scan rates and coverage (indicated on the graphs).
Other conditions as in Figure 5.12 .
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Possible reasons of the electrocatalysis can be found attending to that electroox-
idation of L-ascorbic acid is structure sensitive and significant differences between
the voltammetry on polycrystalline gold electrodes and single crystal electrodes have
been reported [40]. Accordingly, the electrocatalytic effects observed can be due to
a change of mechanism (i.e., of the relative rates of the two electron transfer steps)
associated with the surface structure of gold nanoparticles [67, 68]. However, na-
noeffects related to particular electronic properties of the nanoparticles should also
be considered. The quantitative comparison of the kinetics at gold nanoparticles
and single crystal electrodes is of great interest to elucidate these fundamental as-
pects. The electrochemical approach for assessment of nanoeffects here presented

can contribute to this aim.

5.2.6 Conclusions

An electrochemical approach for the detection of nanoeffects has been developed.
The electrochemical response of electrodes modified with nanoparticles (NPs) is
modelled considering different electrode kinetics on the surface of the substrate-
electrode and on the NPs. This enables the evaluation of kinetic changes of electrode
processes associated with the use of nanosized materials and therefore the investi-
gation of electrocatalytic nanoeffects. The theory has been applied to the study
of the possible electrocatalysis of the electrooxidation of nitrite and L-ascorbate by
gold NPs. Glassy carbon macroelectrodes have been modified with Au NPs of 20

- 90 nm-diameter via the seed-mediated growth method. By comparison of experi-
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mental and simulated voltammograms it is inferred that no differences are observed
between the kinetics of electrooxidation of nitrite on gold nanoparticles and on gold
macroelectrodes. So, electrocatalytic nanoeffects under the conditions here consid-
ered can be discarded. On the other hand, the authentic enhancement of the kinetics
of the electrooxidation of L-ascorbate by nano-gold has been confirmed. The modi-
fication of the electrode can affect the surface of the substrate beyond the changes
expected from the presence of the nanoparticles. Thus, the adsorption of the surfac-
tant(CTAB) on glassy carbon affects the electrode kinetics of both electrooxidation
processes which are faster after the CTAB-modification, particularly in the case of
L-ascorbic acid. On the other hand, the bromide adsorption on gold electrodes gives
rise to a decrease of the degree of reversibility, although this effect is less apparent

than that due to CTAB adsorption.
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Chapter 6

Oxygen Reduction Reaction in
Strong Acid Media on Different
Sizes of Gold Nanoparticle

In this chapter, the electron transfer kinetics for oxygen reduction reaction in 0.5 M
sulphuric acid solution are investigated at different sizes of gold nanoparticles. In the
section 6.1, kinetic and mechanistic studies of the oxygen reduction reaction (ORR)
in oxygen saturated 0.5 M sulphuric acid at 298 K at a gold macro electrode and at
a electrodeposited gold nanoparticles modified glassy carbon electrode are reported.
The conditions of electrodeposition are optimized to obtain small nanoparticles of
diameter from 17 nm to 40 nm. The mechanism and kinetics of ORR on gold macro
electrodes are studied and compared with those extracted for nanoparticle-modified
electrodes. The mechanism involves two electron and two proton transfers with hy-
drogen peroxide as the final product. The first electron transfer step corresponding
to the reduction of Oy to O is defined as the rate determining step. No significant
changes are found for the nanoparticles here employed: the electron transfer rate

constant (ko) is ko pux = 0.30 cm - s7! on bulk material and kg ,4no = 0.21 cm- s™ on
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nanoparticles; transfer coefficient(c) changes from 0.45 at the macro-scale to 0.37
at the nano-scale.

The simulation program used was written and debugged by Dr. Kristopher
Ward. The SEM images were obtained by Dr. Kristina Tschulik. Dr. Eduardo
Laborda helped with the data interpretation. This work has published as a full
paper in Nanoscale, [1].

In section 6.2, citrate-capped gold nanoparticles (AuNPs) of 5 nm in diameter
are synthesized via wet chemistry approach and deposited on a glassy carbon elec-
trode through electrophoresis. The kinetics of the oxygen reduction reaction (ORR)
on the modified electrode is determined quantitatively in oxygen-saturated 0.5 M
sulphuric acid solution by modelling the cathode as an array of diffusionally interac-
tive nanoelectrodes. Quantitative analysis of the cyclic voltammetry shows that no
apparent ORR electrocatalysis takes place, the kinetics on AuNPs being effectively
the same as on bulk gold.

In contrast with the above, strong ORR catalysis is found when Pb** is added
to the oxygen saturated solution or when the modified electrode is cycled in lead
alkaline solution such that lead dioxide is repeatedly electrodeposited and stripped
off on the nanoparticles. In both cases, the underpotential deposition of lead on the
gold nanoparticles is found to be related to the catalysis.

The simulation program for this work was developed by Dr. Kristopher Ward.
The SEM and TEM images were obtained by Dr. Kristina Tschulik and Dr. Chris-

tine Damm. The XPS spectrum and related data interpretation were carried out by
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Dr. Robert G. Palgrave and Dr. Blake J. Plowman. Dr. Eduardo Laborda helped
with the data interpretation. This work has published as a full paper in Physical
Chemistry Chemical Physics, [2].

In the section 6.3, the electron transfer kinetics associated with both the re-
duction of oxygen to hydrogen peroxide (HyO3) and of protons to form hydrogen
(Hs) at gold nanoparticles are shown to display strong retardation when studied at
citrate capped ultra small (2 nm) gold nanoparticles. Negative nanocatalysis in the
hydrogen evolution reaction (HER) is observed and reported for the first time.

The simulation program for this work was developed by Dr. Kristopher R. Ward.
The TEM analysis was carried out by Dr. Kristina Tschulik and Dr. Christine
Damm. Dr. Eduardo Laborda helped with the data interpretation. This work has

published in Nanoscale, [3].
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6.1 A Kinetic Study of the Oxygen Reduction Re-
action at, and Characterization of Electrode-
posited Gold Nanoparticles of Diameter Be-
tween 17 nm and 40 nm in 0.5 M Sulphuric
Acid

6.1.1 Introduction

Nanoparticle-modified electrodes are widely used to improve the working efficiency of
sensors and fuel cells [4-7] due to the enhanced effective surface area, mass transport,
high control over local environment and possible catalytic properties [6]. Thus,
changes of electroactivity can be expected considering that nanoparticles may have
altered electronic properties [8-10], surface structures [8, 9] and electron transfer
kinetics with respect to the bulk material depending on their size. For example,
there is a dramatic decrease of (111) facets in gold nanoparticles with size below 3
nm, whereas for particles with size bigger than 10 nm, the (111) facets are found to
be predominant [8]. White et al. [9] have also suggested that there is a decrease of
the density of states from bulk gold to gold nanoparticles.

The above changes at the nanoscale can lead to different electrochemical be-
haviour on nanosized materials; so-called “nanoeffects”. Electrocatalytic effects

caused by noble metallic nanoparticles such as platinum [11, 12], gold [13, 14] and
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palladium [15] have been extensively studied. These refer to an enhanced electro-
chemical behaviour giving rise to the decrease of the signal overpotential and increase
of its magnitude. However, the corresponding changes in mass transport also have
to be considered when investigating electrocatalytic effects at the nanoscale because
the diffusion field will change at nanoparticle-modified electrodes compare to bulk
material. For example, apparent electrocatalytic effects can be caused by thin-layer
diffusion on porous film electrodes, where the electroactive species is trapped within
pores on the electrode surface leading to the decrease of the overpotential of the

voltammograms [16-18].

Table 6.1: Electrodeposition of gold nanoparticles on glassy carbon (GCE), indium
tin oxide (ITO), highly ordered pyrolytic graphite (HOPG) and fluorine-doped tin
oxide (FDTO) electrodes.

Size/nm | Method Substrate Additives Ref.

32 Double-pulse  Elec- | FDTO 1no [19]
trodeposition

5-20 | Single-pulse Elec- | GCE no [20]
trodeposition

10-24 | Electrodeposition - 20 g/ dm® PVP + 2.5 | [21]

¢/ dm? SDBS
30 Potential-step  Elec- | GCE and HOPG | 0.1 mM I* [22]
trolysis

27 + 16 | Cyclic Voltammetry GCE no [23]

22 £ 9 | Single-pulse Elec- | ITO 0.125 mM L-cysteine | [24]
trodeposition

Wet chemistry synthesis [25] and electrodeposition (Table 6.1 [19-28] ) are two
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commonly used methods for the synthesis of nanoparticles. In wet chemistry meth-
ods, nanoparticles are usually synthesised through seeding and growing steps. The
first seeding process can follow either progressive or instantaneous nucleation [25].
Progressive nucleation leads to broader size distributions because of nucleation and
growth happening at the same time, while a more uniform distribution of the par-
ticle size is achieved by instantaneous nucleation on a shorter time scale. In the
growth step, nanoparticles grow under either kinetic or diffusion control. The size
of the nanoparticles under kinetic control conditions has a wider distribution com-
pared to that in the diffusion controlled region [25]. Instantaneous nucleation and
diffusion controlled growth is the preferred method to realise a more uniform size of
nanoparticles [29, 30].

However, surfactants are usually employed in wet chemistry methods to con-
trol the particle size and stabilize nanoparticles. In chapter 5, an effect of cetyl
trimethylammonium bromide (CTAB) on the kinetics of electro-oxidation of nitrite
and L-ascorbic acid was confirmed on gold and glassy carbon electrodes. Methods
for removal of the surfactant can involve change of the surface morphology and loss
or aggregation of nanoparticles. Therefore, an electro-deposition method without
additives is employed in this chapter to get surfactant free nanoparticles.

A general experimental and simulation approach was developed to investigate
the kinetics of electron transfer reactions on nanoparticles [31] (detailed in Chapter
5). Thus, the response of a nanoparticle modified electrode is simulated using the

diffusion domain approximation (see chapter 2) and assuming that the particles
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are of uniform size and evenly distributed on the substrate surface. By fitting the
experimental results with the mechanism determined for the bulk material, it is
possible to obtain the kinetics on nanoparticles. This approach was applied to two
different systems: the electro-oxidation of nitrite, where authentic catalysis was
thought not to occur, and the electro-oxidation of L-ascorbic acid, which shows
authentic nanocatalysis as discussed in Chapter 5.

In this section, the above strategy will be extended to the study of the oxygen
reduction reaction (ORR). This has a very significant importance in biological pro-
cess and energy transformation, especially in fuel cells [4]. Direct electrodeposition
is employed in order to get surfactant free gold nanoparticles with adjustment of the
optimum conditions (concentration of gold salt, deposition time and potential) to
control the size and number density of the nanoparticles. The ORR kinetics is stud-
ied at the resulting modified electrode where, under the conditions of the present
study, there is a negligible contribution from the supporting electrode, which pro-
vides a “clean window” for the study of the kinetics on nanoparticles. The absence
of a distorting effect due to the capping agent or substrate enables an accurate and
representative study of the kinetics on gold nanoparticles. Comparison are made

with the same process on gold macro electrodes.
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6.1.2 Experimental
6.1.2.1 Chemical Reagents

Sulphuric acid (H2SOy4, Fisher, >95%), gold (III) chloride trihydrate (HAuCl, -
3H,0, Sigma-Aldrich, >99%), hydrochloric acid (Sigma-Aldrich, >37%), lead(1I)
nitrite ( Sigma-Aldrich, >99.5%), sodium hydroxide ( Sigma-Aldrich, >97%) were
all used as received, without further purification. All the solutions were prepared

using deionised water with a resistivity of 18.2 M2 cm ( 25°C ).

6.1.2.2 Instrumental

All electrochemical experiments were performed using a three-electrode system with
an Autolab PGStat 20 computer-controlled potentiostat (Eco-Chemie, Utrecht, Nether-
lands). A platinum wire was employed as counter electrode and a saturated calomel
electrode (SCE, Radiometer, Copenhagen) was used as reference electrode. A bare
or modified glassy carbon electrode (GCE, 3 mm diameter, BAS, Technical, UK)
or a bare gold electrode (2mm diameter, BAS, Technical, UK) were employed as
working electrodes. The glassy carbon electrode was polished using 3.0, 1.0 and 0.1
pm diamond spray (Kenet, Kent,UK) and the gold electrode was polished with a
decreasing size of 1.0, 0.3, 0.05 ym alumina lapping compounds ( Bucher, Germany).
All electrodes were sonicated in an ultrasound bath prior to use. Scanning Electron
Microscope (SEM) images were obtained on a LEO Gemini 1530 (Zeiss) using an

in-lens detector and a beam voltage of 5 kV. This was undertaken by Dr. Kristina
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Tschulik.

6.1.3 Results and Discussion

6.1.3.1 Characterization of Gold Nanoparticles on Glassy Carbon Elec-

trodes

The characterization of Au-NPs/GCE was performed by the electrochemical method
[31, 32] introduced in section 4.2 as well as by Scanning Electron Microscopy (SEM).
Regarding the electrochemical characterization, lead underpotential deposition (UPD)
on gold nanoparticles [33] and subsequent anodic stripping of gold in hydrochloric
acid [34] were employed to determine the total surface area and amount of gold,
respectively, as discussed earlier in chapter 4. Lead UPD in alkaline solution has
proved to be an effective method for estimating the surface area and morphology of
gold nanoparticles [31-33]. A typical cyclic voltammogram of a gold nanoparticle
modified glassy carbon electrode(solid line) and bare glassy carbon (dashed line) in
the presence of 0.1 mM Pb(NOj3)s with 0.1 M NaOH is shown in Figure 6.1. As
reported by Hernandez et al. [33], the sharp peak at around -0.56 V (vs SCE) is
assigned to the stripping of lead on the Au(111) crystal plane with a charge transfer
per atom of 380 uC / ecm™2 [33]. Au(100) and Au(110) crystal planes contribute to
the broad peak that appears at around -0.39 V (vs SCE). The associated charge is

340 uC / em™2 [33] for Au(100) plane and 330 uC / em™2 [33] for Au(110) plane.

135



1/ pA

Au-NPs/GCE
---- bare GCE
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-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
Evs SCE/V

Figure 6.1: Cyclic voltammogram of underpotential deposition of lead on gold
nanoparticles modified glassy carbon electrode(solid line) and bare glassy carbon
electrode(dashed line) in 0.1 mM PbNO3 and 0.1 M NaOH, 50 mVs™*.

The amount of electrodeposited gold nanoparticles was determined from anodic
stripping of Au-NPs/GCE in 0.1 M HCL. As discussed before, at the macro scale,
the soluble complexes AuCl;, and AuCl; will be formed during the oxidation process
of gold in 0.1 M HCI. Our group extended this study into the nanoscale and found
that the charge in the stripping process is related to the loading of gold nanoaprticles
with a value of 1.9 electrons transfer per gold atom [34]. Figure 6.2 shows the anodic
stripping of gold nanoparticles-modified glassy carbon electrode in 0.1 M hydrochlo-
ric acid. Normally three scans is sufficient to strip off all the gold nanoparticles.
Thus, by combining the results from lead UPD and anodic stripping, and assuming

that the nanoparticles are hemispherical, the number and size of particles can be
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calculated from the following expressions:

S =amr® x N (6.1)

L x mrip

Q=19xexNyxNx 3 i (6.2)

where, =2 for hemispherical and x=4 for spherical nanoparticles, e is the electron
transfer charge, r is the average radius of nanoparticles, N is the number of particles,

p is the density of gold, M is the molar mass of gold and N 4 is the Avogadro constant.
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Figure 6.2: Anodic stripping of a gold nanoparticle modified glassy carbon electrode
in 0.1 M HCI, 100 mVs~!.

SEM has also been employed in the present study to evaluate the size and dis-

137



tribution of gold nanoparticles on the glassy carbon electrode. The SEM image
(obtained by Dr. Kristina Tschulik) in Figure 6.3 shows the glassy carbon surface

after electrodeposition for 30 s at -0.2 V ( vs SCE ) in 0.1 mM HAuCly solution.

Figure 6.3: Scanning electron microscope of glassy carbon surface after electrode-
position at -0.2 V ( vs SCE) in 0.1 mM HAuCly for 30 s

The SEM images obtained were analysed with ImageJ software (1.47, National
Institutes of Health, USA). The results show gold nanoparticles of rounded shape,
reasonably evenly distributed on the glassy carbon surface, and with a diameter of
24 + 9 nm and a total coverage(=100 x 7r?/A where A is the glassy carbon area) of
8.4 + 0.7%. The electrochemical characterization for Au-NPs/GCE under the same
deposition conditions yields a particle diameter of 35 + 10 nm; moreover, assuming
that the particles are hemispherical, the coverage determined is of 8 + 1%. These
values agree acceptably well with the SEM ones, especially in terms of coverage
that is the factor that predominantly defines the electrochemical response in the
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conditions of the present study, that is, case 4 of diffusional behaviour to an array

of nanoparticles [35]. Case four diffusion is described in chapter 2.

6.1.3.2 The Electrodepostion of Gold Nanoparticles on Glassy Carbon

Electrodes

A high density nanoparticle-modified electrode was prepared by electrodeposition
[19]. In this method, the seeding and the growing laws of wet chemistry method still
operate but there is another variable in the growing procedure, that is, the “Inter
Diffusion Coupling” (IDC). Deposition at large overpotentials promotes instanta-
neous nucleation [19] and therefore small particle seeds. If a subsequent growing
pulse is applied, IDC is found to be the main factor determining the distribution of
particle size [19, 25]. The depletion layer of neighbouring nanoparticles overlaps and,
therefore, the size of the nanoparticles strongly depends on the distance and distri-
bution of its neighbours. Providing the process is under diffusion control, Plieth [36]
and Penner [25] found that the influence of IDC is negligible in the electrochemical
kinetic controlled region. Forster et al. [19] controlled particle sizes by a double-
pulse technique. A first pulse was applied at large overpotentials to generate small
seeds followed by a second pulse in the kinetic control region to realise slow growth
avoiding the generation of more seeds as well as IDC. In the present paper, only the

first seeding pulse is applied in order to get smaller nanoparticles.
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Figure 6.4: Cyclic Voltammograms of bare macro glassy carbon electrode in nitrogen
saturated 0.5 mM HAuCly and 0.5 M sulphuric acid solution at 298 K and 100 mVs™!
: 15t (dash line) ; 2" (solid line) ; 10" scan (dash dot line)

Figure 6.4 depicts cyclic voltammograms of electroreduction of HAuCly on a
bare glassy carbon electrode in 0.5 M HySO,4 containing 0.5 mM HAuCly. As can
be seen, in the first reduction scan gold deposition on glassy carbon happens at
around 0.64 V ( vs SCE ), the deposition peak shifting to lower overpotentials for
about 70 mV in the second scan and finally stabilizing at 0.75V ( vs SCE ). This
decrease in overpotential in subsequent scans shows that electrodeposition on gold
deposit is more favourable than on carbon [19, 23, 26, 28]. The small reduction
peak increased with scans at around +0.89 V ( vs SCE ) and may be related to the
reduction of gold oxides formed in the reverse oxidation process in the repetitive
scan [37]. Reflecting these results, deposition potentials between -0.2V and -0.5V

were chosen in the following studies to get instantaneous nucleation.
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Table 6.2: Electrodeposition of HAuCly in nitrogen saturated 0.5 M HySOy4 at 293.15
K : Influence of deposition time; surface coverage by nanoparticles (©) in the table
is defined as: © = N%’i x 100, where, where N is the number of particles, r is the
radius of a single nanoparticle and A is the area of the GC substrate.Error bars
calculated from 3-20 experimental measurements.

¢ / mM | Deposition potential / V (vs SCE) | t /s d / nm ©/%
30 35%+10 8+1
0.1 -0.20 10 30£1 6.8+0.4
0.05 36£1 3.8+0.1

Table 6.3: Electrodeposition of HAuCly in nitrogen saturated 0.5 M HySO4 at 293.15
K : Influence of concentration of HAuCly, surface coverage calculated as indicated
above in Table 6.2.

t / s | Deposition potential / V (vs SCE) | ¢ / mM d / nm e/ %
0.10 35+10 8+1

30 -0.20
0.05 2443 3.7+0.6
0.50 59+£2 9.0£0.2

2 -0.20 0.25 47+2 8.1£0.5
0.10 4448 3.8£0.5
0.50 43+2 8.2+0.4

0.5 -0.50
0.30 35%2 10.8+0.1

Table 6.4: Electrodeposition of HAuCly in nitrogen saturated 0.5 M HySOy4 at 293.15
K : Influence of deposition potential, surface coverage calculated as indicated above

in Table 6.2
t /s | ¢/ mM | Deposition potential / V (vs SCE) | d / nm ©/%
-0.20 35+10 8=+1
30 0.10
-0.50 18+3 10+£1
10 -0.20 29+1 6.8+0.4
10 -0.35 2143 6.6+0.3
0.10
8 -0.40 21+£2 T£2
7 -0.50 22£2 8+1
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Besides the deposition potential, the AuCl; anion concentration and the deposi-
tion time are the other two main variables in single pulse electrodeposition. Tables
6.2 - 6.4 show the correlations between particle size and coverage with these three
variables. Regarding the effect of deposition time, the results in Table 6.2 show that
the influence on the particle number is more significant than on the average size.
Thus, the particle size does not change significantly for deposition times between 30
s and 0.05 s while the coverage changes from 8 % to 4 %. Accordingly, increasing
deposition time will lead to a major effect on the number density of nanoparticles
but not the size of nanoparticles. Tables 6.3 and 6.4 demonstrate that both concen-
tration and potential are critical in controlling particle size and numbers. A slight
decrease of size happens when concentration drops. However, concentration can only
decrease particle size to a certain extent. A more significant decrease of particle size
is achieved by increasing the overpotential which provides a large driving force for
deposition. In Table 6.4 particle sizes smaller than 20 nm are gained with a deposi-
tion potential around -0.5 V (vs SCE). Deposition potentials more negative than -0.6
V were avoided due to hydrogen discharge. In conclusion, small gold concentrations

and large overpotentials are used for the synthesis of small nanoparticles.

6.1.3.3 Kinetic Studies of the ORR on a Polycrystalline Bulk Gold Elec-

trode

The Oxygen reduction reaction (ORR) on metal electrode surfaces has been in the

spot-light for several decades [38-54]. A number of mechanisms for ORR in acid
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media have been proposed and are still under debate [45, 53, 54]. A sequential
pathway including two electron transfers to hydrogen peroxide or an overall four
electron transfer reaction to water have been proposed depending on the solution
conditions and electrode materials [44, 45, 53, 54].

On polycrystalline gold electrode in strong acid media, the reduction of oxygen
to hydrogen peroxide has been reported [45]. Therefore, the following mechanism is

employed in the simulations with the parameters shown in Table 6.6:

ko,1,E 01
Oy te =05 (6.3)
Keql»kfl
O; +H" = HO, (6.4)
A _ EQ>EY _
HO, + e~ = ' HO, (6.5)
ch27k5f2

where, k; is the electron transfer rate constant for step i; «; the transfer coefficient;
EY the formal potential; K., the equilibrium constant and ky; the forward rate
constant.

The first electron transfer (Eq.6.3) leading to the formation of the superoxide ion
is thought to be the rate determining step (RDS) regardless of the electrode material
and medium. In the following, this is confirmed via Tafel analysis. At low pH [45],
this reaction is followed by fast protonation (step 6.4) and a further fully driven

electron transfer step as shown in Eq. 6.5. The final product, hydrogen peroxide,
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is formed by rapid protonation of HO;. Gold has been acknowledged as having
the least adsorption of the noble metals for oxygen species, although adsorption of
intermediates, such as O and HOj, may still happen [45, 48, 50, 53] and there may

be changes in this respect between macro and nano gold.

-0.02

-0.03

1/ A

-0.04 -

0.0 0.2 0.4
t/s

Figure 6.5: Determination of diffusion coefficient and concentration of oxygen in
oxygen saturated 0.5 M sulphuric acid solution at 298 K by Shoup and Szabo equa-
tion. Open circle is for simulation and solid line is for experiment.

In this chapter, kinetic studies of ORR on polycrystalline bulk gold electrode are
reported in oxygen saturated 0.5 M sulfuric acid solution at 298 K (pH=0.39). Ther-
mostatic control is essential due to the fact that the solubility, diffusion coefficient
and electron transfer kinetics are temperature sensitive. Determination of diffusion

coeflicient and concentration are completed on a gold microelectrode (r, = 13 pm )
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via potential step chronoamperometry through the Shoup and Szabo equation (Fig-
ure 6.5) [55]. The values obtained for the diffusion coefficient and concentration are
(1.26 £ 0.03) x 1075 cm? - s7! and 1.43 4 0.02 mM, respectively, which are in good

agreement with the literature [56].
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Figure 6.6: Simulated (circle) and experimental (solid line) voltammograms on
macro gold electrode in oxygen saturated 0.5 M sulphuric acid solution at 298 K
from 25 mVs~! to 2000 mVs™!
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The kinetics of the ORR on polycrystalline bulk gold electrode in strong acid
media is reported in Table 6.6 based on the mechanism proposed by Eqs. 6.3 - 6.6.
The satisfactory fitting between the experimental (solid line) and simulated (dashed
line) voltammograms over a wide range of scan rates from 25 mVs™! to 2000 mVs™!
in Figure 6.6 suggest the validity of the mechanism proposed. The homogeneous
kinetics for steps 6.4 and 6.6 are widely reported [39]. Superoxide ion will protonate
rapidly once after it is formed. Kastening and Divisek suggested step two (Eq. 6.4)
to be diffusion-limited and the acid dissociation constant pK, = 4.88 for HO;, [39].
The homogeneous reaction Eq. 6.6 is also a fast protonation step (diffusion-limited)
with pK, = 11.62 for hydrogen peroxide [57], so HO; is consumed immediately.
Moreover, considering the formal potential value of the redox couple HO,/HO; (see
Table 6.6), it is expected that step 6.5 is fully driven, that is, HO, is immediately
reduced to HO,, .

Based on all the discussion above, the kinetics of step 6.3 determines the rate of
the overall reaction. The standard redox potential for the couple Oy/O;" [38] has
been determined to be -0.21 V (vs SCE) and more negative values for the formal
potential of up to -0.434 V(vs SCE) [41] (Table 6.5) have been reported by different

means such as thermodynamic calculations and electrochemical measurements. Us-

0

0,05+ 1 and ko1, as fitting parameters, the values E° = —0.298 V (vs
2

ing &/ 005"
SCE), a; = 0.45 and ko ; = 0.30 cm-s™! correspond to the best fitting of the voltam-

mograms from 25 mVs~! to 2000 mVs~! shown in Figure 6.6. Note that the o value

relates to the single step defined by Eq. 6.3. Figure. 6.7 shows voltammograms for

146



the ORR on Au-NPs/GCE (solid line) and bare GCE (dash line) in oxygen satu-
rated 0.5M sulphuric acid at 100 mVs~! and 298 K. As can be seen, the response
from GCE is almost negligible in the range where ORR happens on Au-NPs/GCE.

This allows a more accurate study of the kinetics onthe gold nanoparticles.
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Figure 6.7 ORR on bare glassy carbon electrode (dashed line) and 8 % Au-
NPs/GCE (solid line) in 0.5 M sulphuric acid solution in 298 K at 100 mVs™!.

Table 6.5: Literature value of E?)Q 05 in aqueous solution
2

Eg2/02,. /V(vs SCE) Methods
-0.210 Thermodynamic calculation (Standard electrode potential) | [38]
-0.358 Tafel plot [39]
-0.399 Pulse radiolysis 40]
-0.434 Thermodynamic calculation [41]
-0.355 Tafel plot [42]
-0.424 Thermodynamic calculation [43]
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6.1.3.4 Kinetic studies of the ORR on Au-NPs/GCE

In the section 6.1.3.3, the kinetic and mechanistic study on bulk gold was reported.
The next stage is to investigate the ORR kinetics on gold nanoparticles under the
same experimental conditions. Au-NPs/GCE are prepared following the electrode-
position method discussed in section 6.1.3.2. The coverage and size of nanoparticles
for each particular Au-NPs/GCE are obtained by the electrochemical characteriza-
tion method discussed in the chapter 4 and the section 6.1.3.1 immediately after
investigation of oxygen reduction. Note that all the studies are based on the first
voltammograms with freshly prepared Au-NPs/GCE. Subsequent scans were found
to yield irreproducible results that may be due to the poisoning of gold surface. Con-
ventional cleaning methods of gold macro electrode with repetitive scans in nitrogen
saturated sulfuric acid have been found to promote defects and alter the morphology
of gold nanoparticles [58]. Moreover, repetitive scans of Au-NPs/GCE in sulphuric
acid can lead to detachment of nanoparticles [58, 59].

A simulation program was developed by Dr. Kristopher Ward under the assump-
tion of diffusion domain approximation together with hemi-spherical nanoparticles
of uniform size and evenly distributed on the substrate as detailed in [31, 60]. The
influence of different shape and size on the voltammograms has been investigated
prior to the study. Comparison of simulated voltammograms of nanoparticles of
different size with spherical, hemispherical and disk shapes showed negligible diver-

gence for the conditions of this study, the response being defined almost exclusively

148



by the nanoparticle coverage.
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Figure 6.8: Comparison of experiment (black solid line), simulation with kinetics
obtained from macro gold electrode (open triangle) and simulation with changed
kinetics for gold nanoparticles nanoparticles (solid circle) for ORR on 40 nm Au-
NPs/GCE in oxygen saturated 0.5 M sulphuric acid solution at 298 K from 25 mVs™!

to 750 mVs~!.
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Figure 6.9: Comparison of experiment (black solid line), simulation with kinetics
obtained from macro gold electrode (open triangle) and simulation with kinetics for
gold nanoparticles nanoparticles (solid circle) about ORR on 17 nm Au-NPs/GCE
for oxygen saturated 0.5 M sulphuric acid solution at 298 K from 25 mVs~! to 750

mVs~L.
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There are two steps in the following study of the ORR kinetics on gold nanopar-
ticles. The first is to identify whether there is a kinetic change with respect to the
bulk material. If so, the second step is to obtain the new kinetics from fitting. The
ORR response were recorded on nanoparticles of diameter from 17 nm to 40 nm with
coverage from 6.5% to 12.8%. It is worth pointing out that, for suitable simulation,
very high coverage should be avoided to prevent the formation of porous films on
the electrode. Meanwhile, very low coverage is not preferred because the voltam-
mograms will have a predominant contribution from the glassy carbon substrate.
Comparison of experimental voltammograms (solid line) and simulation (open tri-
angle) considering the coverage for nanoparticles and kinetics from bulk gold are
shown in Figure 6.8 (40 nm) and Figure 6.9 (17 nm). It can be inferred that the
fitting of the peak current is worse with the increasing of the scan rate. Simulated
voltammograms with new kinetics (solid circle) are shown in Figure 6.8 and Figure
6.9 from 25 mVs™! to 750 mVs~!. Considering the whole range of scan rates, a
higher quality fitting is achieved with the best fit parameters shown in Table 6.6.
Figure 6.10 shows the correlation of the experimental (open square) and simulated
(solid square) peak potentials against natural logarithm of scan rate for a similar
coverage (8 %). A good linearity (R* = 0.997) is obtained for experimental data,
and these are well fitted with the simulation. In Figure 6.11, peak current is plotted
as a function of square root of scan rate. A good agreement of experimental and
simulated results can be seen. The experimental value a.,, = 0.36 calculated from

the slope of I, vs.\/v in Figure 6.11 agrees with the value employed in the simulation
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of Agim — 0.37.
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Figure 6.10: Comparison of peak potential of ORR on Au-NPs/GCE in 0.5 M
sulphuric acid at 298 K from 25 mVs™ to 750 mVs™! from experiment (solid square)
and best fit simulation (open square) with respect to natural logarithm of scan rates.
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Figure 6.11: Comparison of peak potential of ORR on Au-NPs/GCE in 0.5 M
sulphuric acid at 298 K from 25 mVs™! to 750 mVs™! from experiment (solid circle)
and best fit simulation (open circle) against square root of scan rates.

151



Table 6.6: Summary of kinetics of ORR in 0.5 M sulphuric acid at 298 K on gold
macro electrode and gold nanoparticles modified glassy carbon electrode

Gold macro electrode Au-NPs/GCE

ko 1=0.30 cm- s~! (this work) ko1=0.21 cm-s™! (this work)

step 1 | EY = —0.298 V(vs SCE)(this work) | EY = —0.298 V(vs SCE)(this work)

ap = 0.45(this work) a1 = 0.37(this work)
step 2 pKago, =4.88[39] pKago, =4.88[39]
step 3 E9=1.19 V(vs SCE)[61] EY=1.19 V(vs SCE)[61]
step 4 pKam,0, =11.62[57] pKap,0, =11.62[57]

The electrode kinetics on nanoparticles of diameter from 17 nm to 40 nm have
been summarized in Table 6.6 based on the fitting of voltammograms measured at
the scan rates from 25 mVs™' to 750 mVs™!. The transfer coefficient («) changes
from 0.45 on the bulk material to 0.37 at the nanoscale. Adzi¢ [52] revealed that
ORR shows different transfer coefficient («) at different crystalline planes:c g0y =
0.49, a11) = 0.34 and «a(1109) = 0.49. Therefore, the change of o here may be related
to the different domains of crystalline planes on the nanoparticles. Regarding the
rate constant of electron transfer (k,), this is slightly smaller on nanoparticles of
diameter from 17 nm to 40 nm (0.21 cm-s™') compared to gold macro electrode
(0.30 cm-s~1). However, comparing the kinetics on bulk material and nano particles
(see Table 6.6), one can infer that the change is not significant. Extraordinary
electrocatalytic effects has been reported on gold nanoparticles smaller than 3-5 nm,

for example, for the electro-oxidation of carbon monoxide [62] and oxygen reduction
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reaction [63].

6.1.4 Conclusions

In this section, kinetic and mechanistic studies of oxygen reduction reaction (ORR)
on gold macro electrode and electrodeposited gold nanoparticles of diameter from
17 nm to 40 nm modified glassy carbon electrode have been completed in oxygen
saturated 0.5 M sulphuric acid solution at 298 K. An overall ECEC mechanism with
two electron, two proton transfers and hydrogen peroxide as final product has found
to be consistent with the experimental voltammetry. The first electron transfer step
corresponding to the reduction of Oy to O is defined as the rate determining step.
For this, the kinetics on gold macro electrode is obtained through the fitting of cyclic
voltammetry in the range of 25 mVs™! to 2000 mVs™!: Egg/o; = —0.298 V (vs
SCE), apur = 0.45 and ko pui, = 0.30 cm-s~!. Although these kinetic parameters do
not enable to fit satisfactorily of the voltammetry on nanoparticles, the change of
kinetics at nano-scale is not significant, obtaining the following values: 4, = 0.37
and ko nano = 0.21 cm-s™1.

The electrochemical behaviour for the ORR system of electrodeposited gold
nanoparticles of size between 17 nm and 40 nm is not significantly different from
that on the bulk material. The small change of electrode kinetics from macro to
nano scale may indicate that gold nanoparticles in the range of diameter from 17

nm to 40 nm are not small enough to observe apparent nanoeffects. Therefore, it

will be of interest to extend the strategy to the study of the electrocatalytic activity

153



of smaller gold nanoparticles, where more significant change of properties (surface
site domain and electronic properties) are expected. This is adressed in section 6.2

and section 6.3.

6.2 The Strong Catalytic Effect of Pb(II) on the
Oxygen Reduction Reaction on 5 nm Gold

Nanoparticles

6.2.1 Introduction

The high overpotential of the oxygen reduction reaction (ORR) is one of the main
performance limiting factors for energy conversion in fuel cells. Accordingly, much
effort is being made in the development of new cathode materials with the aim
of increasing the efficiency and lowering the cost of the corresponding large-scale
technologies.

As presented in the section 6.1, nanocatalysis is not observed for on electrode-
posited gold nanoparticles of diameter between 17 nm and 40 nm for ORR in 0.5 M
sulphuric acid solution [1].

In this section, the study is extended to smaller gold nanoparticles, where differ-
ences between the properties at the macro- and nanoscales are expected to be more
apparent, for the ORR under the same conditions in the previous section.

A smaller particle size is reached (ca. 5 nm in diameter) via solution-phase
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chemical reduction of a gold(I1T) salt and, subsequently, nanoparticles are deposited
on glassy carbon electrodes through electrophoresis. Assuming that the reaction
mechanism is the same as introduced before [1] in Eq. 6.3 - Eq. 6.6, the ORR
kinetics on gold nanoparticles in sulfuric acid medium is determined and compared
with gold macroelectrodes.

In addition, different catalytic activities are observed between the particles before
and after a surfactant-removal treatment based on lead oxide deposition-stripping
[64, 65]. Thus, whereas the “uncleaned” nanoparticles do not show a significant
change in ORR kinetics with respect to bulk gold, significant electrocatalysis is
observed after the cycling in lead alkaline solution. The origin of the “activation”
of the gold particles after the “cleaning” treatment is investigated and found to be

related to the enhanced ORR kinetics by the bimetallic Pb-Au surface.

6.2.2 Experimental
6.2.2.1 Chemical Reagents

Sulphuric acid (HySOy, Fisher, >95%), gold (III) chloride trihydrate (HAuCly -
3H,0, Sigma-Aldrich, >99%), hydrochloric acid (Sigma-Aldrich, >37%), lead(II)
nitrite (Sigma-Aldrich, >99.5%), sodium hydroxide (Sigma-Aldrich, >97%), sodium
borohydride (>98%) and trisodium citrate (>99.0%) were all used as received, with-
out further purification. All the solutions were prepared using deionised water with

resistivity of 18.2 MQ cm (25°C).
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6.2.2.2 Instrumental

The instrumental details for electrochemistry measurements were the same as de-
tailed in the section 6.1.2.2.

X-ray photoelectron spectroscopy (Thermo Scientific K-Alpha) was carried out
using a 72 W monochromated Al K alpha source (E =1486.6 eV). The X-rays
are microfocused at the source to give a spot size on the sample of 400 microns in
diameter. The analyser is a double focusing 180 degree hemisphere with mean radius
125 mm. It is run in constant analyser energy (CAE) mode. The pass energy was
set to 200 eV for survey scans and 50 eV for high resolution regions. All XPS spectra
were referenced according to the adventitious C 1s peak (285 eV). The spectra were
obtained and interpreted by Dr. Robert G. Palgrave and Dr. Blake J. Plowman.

TEM studies were performed using a FEI TECNAI T20 ( 200 kV/ LaB6- fil-
ament/ EDX- Oxford-detector). Diffraction contrast allowed the identification of
both facetting of individual and possible agglonmeration of multiple nanoparticles.
Nanodiffraction and high resultion images (not shown) confirmed the cubic struc-
ture of the analysed Au nanoparticles. Scanning Electron Microscopy (SEM) images
were obtained on a LEO Gemini 1530 (Zeiss) using an in-lens detector and a beam
voltage of 5 kV. The freshly sonicated Au NP stock suspension was drop-casted
onto a carbon coated TEM grid of 3 mm in diameter. SEM images were carried
out on uncleaned and “cleaned” Au-NPs/GCE. The adsorption of nanoparticles was

characterized with ultraviolet-visible spectroscopy (U-2001 spectrophotometer, HI-
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TACHI, UK) from 700 nm to 300 nm at a scan rate of 100 min~! . The SEM and the

TEM analysis were carried out by Dr. Kristina Tschulik and Dr. Christine Damm.

6.2.2.3 Modification of Glassy Carbon Electrodes with Gold Nanopar-

ticles

After polishing and sonication (detailed in the section 6.1.2.2), the GCE was trans-
ferred into the nanoparticle synthesis solution containing 0.01 M HAuCl, (0.5 mL),
0.01 M trisodium citrate (0.5 mL), 0.1 M freshly prepared ice-cold NaBH, (0.6
mL) and 14.4 mL water [31, 66-71]. Under open circuit conditions the sticking
of nanoparticles on the glassy carbon surface was found to occur very slowly and
so a very low nanoparticle coverage was obtained even after 2 hours. To speed
up the modification step, electrophoretic deposition was employed recognising the
negatively charged citrate layer on the nanoparticle surface. Therefore, a positive
potential of +0.65 V (vs SCE) was applied for 5-10 minutes. This potential value
was chosen in order to promote the migration of the citrate capped nanoparticles

towards the glassy carbon surface while avoiding gold electrooxidation.

6.2.2.4 “Cleaning” of Gold Nanoparticle Surface

The conditions for the nanoparticle synthesis employed in this work is reported to
yield spherical, citrate-capped particles with diameter of ca. 4 nm [66-69]. Accord-
ing to previous studies, the electron transfer kinetics can be affected by the capping

agent [31]. A commonly-used method to remove the capping agent is by electroox-
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idation in sulfuric acid [72] or sodium hydroxide solutions [73]. However, these
methods can alter the surface properties of the nanoparticles [58], for instance, as a
result of surface reconstruction [37, 74] and an increased number of surface defects
(75, 76].

Herndndez et.al [65] introduced a less aggressive alternative for the removal
of organic capping agents from gold nanoparticles based on the electrochemical
cycling of the nanoparticles modified-electrode in an alkaline solution of lead nitrate.
By scanning towards positive potentials, lead oxides are electrodeposited on the
nanoparticle surface that protects the gold surface structure while promoting the
oxidation of the capping agent [64, 65]. Prior to ORR experiments gold nanoparticle-
modified glassy carbon electrodes were cycled in 1 mM Pb(NOj),, 0.1 M NaOH
solution from -0.73 V (vs. SCE) to +0.5 V with three cycles performed followed by
a linear scan from -0.73 V (vs. SCE) to 0 V. Following this “cleaning” procedure, the

nanostructured electrodes were rinsed by deionised water prior to ORR experiments.

6.2.2.5 Characterization of Gold Nanoparticle-modified Glassy Carbon

Electrodes

The characterization of the Au-NPs/GCE surface was carried out by coulometry,
X-ray photoelectron spectroscopy (results discussed in section 6.2.3.2) and scanning
and transmission electron microscopies.

The diameter of the nanoparticles synthesized according to the method described

in section 6.2.2.3 is reported to be ca. 4 nm. This is in agreement with the UV-
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vis spectrum shown in Figure 6.12 corresponding to a representative NP synthesis
solution with a dilution factor of 3 at 298 K. The main absorption peak arising at

507 nm indicates that the size of the synthesized gold nanoparticles is smaller than

5 nm [77, 78].
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Figure 6.12: Characterization of gold nanoparticles: a. UV-vis spectrum of the
synthesis solution with a dilution factor of 3 at 25°C, b. TEM of gold nanoparticles
after synthesis, c. SEM of Au-NPs/GCE before the “cleaning” process, d. SEM of
Au-NPs/GCE after the “cleaning” process

The particle size and shape were also investigated by transmission electron mi-
croscopy (TEM) and scanning electron microscopy (SEM). As can be seen in Figure
6.12, SEM and TEM images show spherical nanoparticles. The analysis of 8 TEM
images including 595 particles with ImageJ software (1.47, National Institutes of
Health, USA) yields a diameter of 4.7 &+ 0.6 nm.

Regarding the electrochemical characterization, each Au-NPs/GC electrode was
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transferred to a hydrochloric acid solution and scanned anodically in order to oxidize
the gold nanoparticles (a mean value of 1.9 electrons are transferred per gold atom
[34, 79, 80]). Given that the average particle diameter is known (ca. 5 nm), the
total number of particles (N) is determined from the stripping charge in 0.1 M HCI
medium, providing the nanoparticle surface coverage (=N 713 5/Acc, where ryp is
the radius of nanoparticles, Agc the geometric area of the glassy carbon electrode)
as required for the simulations. This was done immediately after ORR experiments
in order to obtain representative results of the electrode surface employed for each
experiment and to minimize subsequent alterations due to nanoparticle oxidation

and/or detachment.

6.2.2.6 Oxygen Reduction Reaction on Au-NPs/GCE

Studies of oxygen reduction reaction on Au-NPs/GCE were carried out in oxygen
saturated 0.5 M sulfuric acid solution at 298 K. For the studies of ORR on “un-
cleaned” Au-NPs/GCE in the presence of Pb*™, 10 uL of 0.1 M Ph(NO3), was added

into 10 mL of oxygen saturated 0.5 M sulfuric acid at 298 K.

6.2.3 Results and Discussion
6.2.3.1 Oxygen Reduction Reaction on “Uncleaned” Au-NPs/GCE

The mechanism of the ORR on metal electrodes has been extensively investigated
over many decades [38, 44-46, 81]. The ORR mechanism and kinetics on a poly-
crystalline gold macroelectrode and nanoparticles (with size from 17 nm to 40 nm)
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in strong acid media were presented in section 6.1 [1]. In all cases, the voltammetric
response was parameterized satisfactorily for a wide range of scan rates with an
ECEC mechanism corresponding to a two-electron, two-proton transfer that leads
to hydrogen peroxide as final product shown in Eq. 6.3 - Eq. 6.6. The electron
transfer kinetics were obtained on a gold macroelectrode by fitting experimental
voltammetry from 25 mVs~! to 2000 mVs~!. No significant change of ORR kinetics
was found between bulk gold electrode and gold nanoparticles of size 17 nm to 40
nm [1]. According to the literature, the diffusion coefficient and concentration of
oxygen under our experimental conditions (oxygen saturated 0.5 M sulphuric acid
solution at 298 K) are 1.26 x 107> cm? - s7! and 1.43 mM, respectively [1, 56].
Based on the reaction scheme (Eq. 6.3 - Eq. 6.6), the kinetics of the rate deter-
mining step of oxygen to superoxide ion (Eq. 6.3) is characterized by comparison of
experimental and theoretical voltammograms. The latter are obtained with a home-
written simulation program (by Dr. Kristopher R. Ward) [31, 60] which models the
nanoparticle-modified surface as an array of evenly-distributed nanoelectrodes of the
same size under the assumptions of the diffusion domain approximation [60]. This
approach has proven to fully describe the system and has shown good agreement
with experiments [1, 31]. Simulations predict that, for the range of surface coverage
of this study, the influence of size and shape of the nanoparticles is not primarily
significant and the response is almost exclusively defined by the surface coverage.
This is determined for each particular Au-NPs/GCE immediately after oxygen elec-

troreduction as described in section 6.2.2.5. All the studies of the ORR kinetics are
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based on the first voltammogram recorded for the freshly prepared Au-NPs/GCE.
Figure 6.13 shows the comparison of experimental voltammetry (solid line) of
ORR on “uncleaned” Au-NPs/GCE with simulations run with the ORR kinetics
on bulk gold (dashed line). The satisfactory fitting of simulation and experimental
results indicates that there is no significant change between the kinetics on gold
macroelectrodes and citrate-capped 5 nm Au-NPs for the ORR system are shown

in Table 6.7.
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Figure 6.13: Comparison of ORR experimental (solid line) on a gold nanoparti-
cle modified glassy carbon electrode and simulated (dashed line) voltammograms
calculated assuming the kinetics on bulk gold at 100 mVs™1.
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Table 6.7: Summary of the ORR kinetics in 0.5 M sulfuric acid at 298 K on gold
macroelectrode and gold nanoparticle-modified glassy carbon electrode in the ab-
sence (Au-NPs/GCE) and presence (Au-NPs/GCE + Pb*") of Pb?* in the solution
(see text).

Au-NPs/GCE + Pb** Gold macroelectrode and Au-NPs/GCE
ko1= 0.55 cm-s~! (this work) ko 1=0.30 cm-s~! ([1])
step 1 | EY = —0.298 V(vs SCE) ([1]) EY = —0.298 V(vs SCE) ([1])
a; = 0.52 (this work) a; = 0.45 ([1])
step 2 pKago, =4.88 [39] pKago, =4.88 [39]
step 3 |  EY=1.19 V(vs SCE) [61] E9=1.19 V(vs SCE) [61]
step 4 pKap,0, =11.62 [57] pKag,o, =11.62 [57]

6.2.3.2 Oxygen Reduction Reaction on “Cleaned” Au-NPs/GCE
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Figure 6.14: Cyclic voltammograms corresponding to the cleaning process of Au-
NPs/GCE (solid line), bare GCE (dotted line) and underpotential deposition of lead
on the same Au-NPs/GCE (dashed line) in 0.1 mM Pb(NOj); and 0.1 M NaOH, 50
mVs~!. Inset corresponds to the potential region where underpotential deposition
of lead on gold takes place in this medium.
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Figure 6.14 shows typical cyclic voltammograms corresponding to the “clean-
ing” treatment on a Au-NPs/GCE (solid line) and a bare GCE (dotted line) and
to the underpotential deposition of lead on the same Au-NPs/GCE (dashed line)
in 1 mM Pb(NOj3), and 0.1 M NaOH at a sweep rate of 50 mVs~!. The inset in
Figure 6.14 corresponds to the potential region where underpotential deposition of
lead on gold takes place. At the high pH medium of this treatment, Pb3O4 and
PbO, are expected to be deposited on gold at the anodic signal of the forward scan
[82-84], which are partially stripped off in the reverse one. Note that, in this work,
more positive potentials are avoided to prevent the deposition of PbOs on the glassy
carbon surface. According to the stability of lead species at the working pH [82-84],
peaks C1 and C2 correspond to the electroreduction of PbOy and PbsOy, respec-
tively. Regarding peak C3, in part this is due to lead underpotential deposition on
gold as can be inferred from the inset in Figure 6.14. This is an interesting result
considering the very small size of the particles and it will be further discussed in
section 6.2.3.3. It can be observed that other faradaic processes take place at the
potential region of C3 since the signal is much larger than the UPD one. Further
investigation of C3 at a gold macroelectrode (Figure 6.15) points out that the mag-
nitude of C3 decreases when reducing the upper potential limit and it is the same
as the UPD signal when the lead oxide deposition does not take place (blue line
in Figure 6.15). Thus, we can infer that C3 is related to both lead UPD on gold
nanoparticles and the electroreduction of lead oxide species [65, 84]. Considering

the cyclic voltammogram obtained for bare GCE (dotted line in Figure 6.14), lead
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oxides are not expected to deposit on the glassy carbon surface in this potential
range. The ratio of the reductive charge in the reverse scan to the anodic charge in
the forward scan is around 0.9, which can be due to the partial dissolution of PbOy
in basic solution [85] and also to the formation of soluble lead species in the forward

scan that diffuse towards the bulk solution.
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Figure 6.15: Deposition and stripping of PbO, and underpotential deposition
(dashed line) on a gold macroelectrode at different upper limit oxidation potentials
in 0.1 M NaOH in the presence of 1 mM Pb(NO3),, 50 mVs™!, 298 K.

Electroreduction of oxygen in 0.5 M sulfuric acid has been carried out on citrate
capped Au-NPs/GCE after this “cleaning” procedure. Figure 6.16 shows the com-
parison of cyclic voltammetry of ORR on “uncleaned” (dotted line) and “cleaned” (solid

line) Au-NPs/GCE in oxygen saturated 0.5 M sulfuric acid solution at 100 mVs™!
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and 298 K. As can be seen, there is a very significant enhancement of the ORR kinet-
ics after the PbO, treatment of the modified electrodes that leads to a considerable
decrease of the ORR overpotential of 90 mV. The experimental value of transfer
coefficient oy cjeanea = 0.57 calculated from the slope of peak current (Ip) against
square root of scan rate(/v) (Figure 6.17) and Tafel plot (Figure 6.18) is quite
noticeably larger than on bulk gold (aq pux = 0.45), which also indicates the “ac-

tivation” of the reduction process after the cycling in alkaline lead solution. Note

dE RT

Tl = af’ in accordance with ITUPAC convention

that the o value is given by
[86, 87]. The definition was selected to be experimentally based and does not imply

any value of the number of electrons transferred.
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Figure 6.16: Comparison of cyclic voltammetry of ORR on “uncleaned” Au-
NPs/GCE (dotted line) and cleaned Au-NPs/GCE (solid line) in oxygen saturated
0.5 M sulfuric acid solution, 100 mVs~!, 298 K.
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Figure 6.17: Correlation of the experimental peak current versus the square root of
the scan rate.
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Figure 6.18: Tafel analysis of the voltammetry obtained with “cleaned” Au-
NPs/GCE in oxygen saturated 0.5 M sulfuric acid solution at 298 K.
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Considering the phenomena taking place during the cleaning process, several
factors might be considered in order to explain the catalysis found on the “cleaned”
nanoparticles. Thus, this might be related to the removal of the citrate layer but
also to the presence of lead species on the nanoparticle surface after the deposition-
stripping cycling. Indeed, Chen et. al [64] found traces of lead after applying a

similar cleaning treatment to gold nanoparticles.

ORR Catalysis by Lead Underpotential Deposition
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Figure 6.19: XPS spectra for Au 4f (a,c) and Pb 4f (b,d) of gold nanoparticle-
modified glassy carbon electrode before (a,b) and after(c,d) the cleaning process.
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The elemental composition of the nanoparticle-modified surface before and after
cleaning was examined by X-ray photoelectron spectroscopy (XPS) and Figure 6.19
shows the signals corresponding to Au 4f (a,c) and Pb 4f (b,d) before (a,b) and after
(c,d) cleaning. The binding energies of the doublet for Au 4f;/, at 84.0 eV and Au
4f5 )5 at 87.8 eV are characteristic for metallic gold [88, 89]. The binding energy
for the Pb 4f doublet indicates the presence of lead oxide species after the cleaning
procedure [90, 91].

XPS confirmed the presence of lead species on the electrode surface after the
PbO, deposition/stripping step. The possible influence of Pb species on the ORR ki-
netics will now be considered. Figure 6.20 shows the cyclic voltammetry of bare GCE
(dashed line) and Au-NPs/GCE after the cleaning process in nitrogen-saturated
(solid line) and oxygen-saturated (dotted line) 0.5 M sulfuric acid solution. As can
be observed in the inset, there appear two small peaks (C4 and C5) for Au-NPs/GCE
in Ny-saturated solution in the ORR potential region. These can be assigned to the
underpotential deposition of lead on the gold nanoparticle surface [92], with the
Pb?* made available through the dissolution of lead oxides in this acidic solution.
Electrocatalysis of ORR by the presence of foreign metal ad-atoms on the surface
of gold macroelectrodes, including Pb, has been reported in the literature [73, 92].
According to Adzic et.al [73], a gold surface covered by lead ad-atoms would be
more suitable in terms of the adsorption of oxygen and ORR intermediates than
a bare gold surface, resulting in enhanced ORR kinetics. Though underpotential

deposition of ad-atoms may not be apparent at very small particles [93-96], the
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results shown in Figure 6.14 and Figure 6.20 point out that lead UPD does happen

on 5 nm gold nanoparticles and it can be responsible for the ORR catalysis.
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Figure 6.20: Cyclic voltammetry on bare GCE (dashed line), Au-NPs/GCE after the
“cleaning” process (solid line) in nitrogen-saturated 0.5 M sulphuric acid solution
and Au-NPs/GCE after the “cleaning” process (dotted line) in oxygen-saturated 0.5
M sulphuric acid solution, 750mVs~—t, 298 K.

The above question is further studied in Figure 6.21 that shows the comparison
of the ORR cyclic voltammetry on “cleaned” Au-NPs/GCE (solid line), “uncleaned”
Au-NPs/GCE (dotted line) and “uncleaned” Au-NPs/GCE in the presence of Pbh?*
in Og-saturated 0.5 M sulphuric acid solution. It can be inferred that, similar to what

is observed on macroelectrodes, the presence of Pb?* catalyses the electroreduction

of oxygen on gold nanoparticles. Figure 6.22 shows the best fitting of ORR kinetics
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on “uncleaned” Au-NPs/GCE in the presence of Pb?* from 100 mVs™! to 750 mVs™!
with the best fitting values being included in Table 6.7. A significant increase in
the value of the transfer coefficient («) is observed after the addition of Pb*T to
the solution, which can be rationalized in terms of the different absorptivity of the

participating species with respect to bare gold and it leads to better performance

for ORR.
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Figure 6.21: Oxygen reduction reaction in 0.5 M sulphuric acid solution on “un-
cleaned” (dotted line) and “cleaned” (solid line) Au-NPs/GCE at 100 mVs™!, 298
K. Cyclic voltammetry for “uncleaned” Au-NPs/GCE(dashed line) in oxygen satu-
rated 0.5 M sulfuric acid solution with the addition of Pb**, 100 mVs~1, 298 K.

Figure 6.21 shows that the electrocatalysis observed on the “cleaned” nanopar-

ticles is greater than on “uncleaned” NPs in the presence of Pb?*. Several reasons
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for this divergence can be envisaged. The cleaning effect of the PbOs treatment
together with a greater availability of Pb?T may lead to a more complete lead layer
formed on the nanoparticle surface and, consequently, a stronger catalytic activ-
ity observed. Moreover, SEM images and EDX analyses after the PbO, treatment
(Figure 6.12.d) show that a “shell” of lead oxides can remain on some gold nanopar-
ticles after the cleaning. The (electro)chemical behaviour of this shell during oxygen

electroreduction in sulfuric acid medium needs for further investigation.
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Figure 6.22: Comparison of experimental voltammograms on “uncleaned” Au-
NPs/GCE in the presence of Pb?*" (solid line) and simulation (circle points) cor-
responding to the parameters obtained from the best fitting of the voltammetry in
the range 100-750 mVs™1.

6.2.3.3 Lead UPD on 5 nm Gold Nanoparticles

It is worth highlighting that the results presented in the previous sections point
out that lead underpotential deposition (UPD) is operative on the citrate-capped
5-nm gold nanoparticles synthesized in this work. This behaviour is in itself of great
interest since previous experimental results [94-96] and theoretical predictions [93]
support the disappearance of UPD on very small particles. Thermodynamically
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speaking, the adsorption of ad-atoms at edge sites is less favourable than at facets
and therefore UPD is predicted to vanish as the nanoparticle size decreases and
so the relative number of facet sites [93]. Some experimental evidence has been
reported in this sense, including the deposition of thallium, lead and cadmium on
silver nanoparticles, where the UPD peaks were found to disappear when the particle
diameter is smaller than 50 nm [94-96].

In contrast with the above results, lead underpotential deposition on gold nanopar-
ticles 5-nm in diameter has been observed in the present work both in strong alkaline
(Figures 6.14 and 6.15) and strong acid (Figure 6.20) media. From the lead UPD
charge obtained experimentally at Au NPs-modified electrode and the total number
of particles determined from stripping in HCI solution, the charge density for lead
UPD on gold nanoparticles can be calculated. With the caveats related to the un-
certainties in the integration of the small UPD peaks recorded, a value of 390 + 70
pC cm~? is obtained, which lies in the range reported for gold single crystals (330 -

380 1C cm™2) and polyorientated gold electrodes (420 pC cm™2) [65].

6.2.4 Conclusions

The electrocatalytic activity of 5 nm citrate-capped gold nanoparticles (Au NPs) to-
wards oxygen reduction reaction (ORR) in 0.5 M sulphuric acid solution has been in-
vestigated from the quantitative analysis of the cyclic voltammetry at nanoparticle-
modified electrodes. Gold nanoparticles have been synthesized via the chemical

reduction of gold(III) by sodium borohydride in the presence of citrate. Then, the
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nanoparticles were deposited on glassy carbon electrodes by electrophoresis.

The ORR cyclic voltammetry on the Au NPs-modified electrodes in a wide range
of scan rates was described satisfactorily with the two-electron, two-proton E,.;sCEC
mechanism proposed for gold macroelectrodes, with hydrogen peroxide as the final
product. Quantitative analysis of the voltammograms indicates that the ORR ki-
netics on the citrate-capped Au NPs-modified electrodes is effectively the same as
on bulk gold. On the other hand, a strong electrocatalytic activity towards ORR is
observed in the presence of Pb?* ions or when the nanoparticle-modified electrode
is cycled in lead(II) alkaline solution prior to the ORR experiments.

Underpotential deposition (UPD) of lead on the nanoparticle surface is found to
take place on such small particles and to be related with the ORR electrocatalysis.
This evidence of lead UPD on 5 nm gold nanoparticles contrasts with the absence

of adsorption of some other metals on silver nanoparticles smaller than 50 nm.

6.3 Strong Negative Nanocatalysis: Oxygen Re-
duction and Hydrogen Evolution at Very Small

(2 nm) Gold Nanoparticles

6.3.1 Introduction

The oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) are

two key processes in the energy future of mankind [13, 97-104]. Renewable and
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clean energy technologies depend heavily on hydrogen evolution and/or oxygen re-
duction. In both cases understanding the catalysis associated with the hydrogen
evolution reaction (HER) or oxygen reduction reaction (ORR) lies at the heart of
designing better materials for these key electrode reactions. Accordingly, one of the
current main challenges is the design of catalytic materials towards HER [97-101] for
hydrogen production from electrochemical water-splitting (so reducing undesirable
emissions) and towards ORR [13, 102-104] for the development of high performance
hydrogen-oxygen fuel cells.

In the earlier two sections of this chapter, the electron transfer kinetics of the
oxygen reduction reaction in 0.5 M sulfuric acid at electrodeposited “naked” gold
nanoparticles sized from 17 nm to 40 nm and 5 nm citrate capped gold nanoparticles
were investigated. In this section, following similar methodology to that presented
before, here we consider the electrocatalytic activity of 2 nm citrate capped gold
nanoparticles (Au-NPs) towards both the ORR and the HER. As indicated before,
this has a great practical significance for the rational development of efficient electro-
catalysts and it is also of fundamental interest given that such small particles lie at
the frontier between isolated molecules and bulk materials and so between classical
physics and quantum mechanics. The main steps followed for the characterization

of the Au NP catalytic activity are summarized in Figure 6.23.
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Modification of Au NPs onto glassy carbon electrode(GCE)

'l I‘i ctrophoresis
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electrolyte + Au-nps

ORR on Au-NPs/GCE HER on Au-NPs/GCE
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Determination of Au-NP coverage by anodic stripping in HCI
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Quantitative analysis of the ORR and the
HER kinetics by simulation and fitting of
the experimental voltammograms

Figure 6.23: Strategy applied in this work for the quantitative kinetic studies of the
ORR and HER kinetics on 2 nm Au-NPs/GCE.
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6.3.2 Experimental Section
6.3.2.1 Chemical Reagents

Sulphuric acid (HySOy, Fisher, >95%), hydrochloric acid (Sigma-Aldrich, >37%)
and citrate-capped 1.9 nm gold nanoparticles (Nanopartz; Zeta potential = —30
mV) were all used without further purification. All the solutions were prepared

using deionised water with resistivity of 18.2 MQ cm (25°C).

6.3.2.2 Instrumental

The instrumental information for electrochemistry measurements were the same as
presented in the section 6.1.2.2.

Transmission electron microscopy (TEM) images were obtained on FEI TECNAI
T20 (200 kV/LaB6-filament/EDX-Oxford-detector). Both facetting of individual
and possible agglomeration of multiple nanoparticles can be identified with diffrac-
tion contrast. This was carried out by Dr. Kristina Tschulik and Dr. Christine

Damm.

6.3.3 Results and Discussion

First, we discuss the details of the glassy carbon electrode (GCE) modification and
the determination of the NP coverage, which are common to the studies of both the

ORR and the HER reactions. TEM analysis (displayed in Figure.6.24.a) shows that

the commecially purchased citrate capped gold nanoparticles are spherical in shape
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and the diameter is 1.9 £+ 0.8 nm. A GCE is chosen as substrate on which to examine
nanoparticle catalytic behaviour given that GCE shows poor electrocatalytic ability
towards ORR and HER such that it offers a clean potential window where the ORR
and HER responses on Au NPs can be studied without significant interference of
the substrate. To modify the GCE;, it is immersed in a Au NP solution (0.38 pM
gold nanoparticles in 0.1 M NaClO,) where nanoparticles adsorb on the surface and
modify the electrode. This approach favours the even distribution of the particles in
contrast with drop-casting methods where particles were observed to concentrate in
a small region of the GCE surface during the drying process, which can also promote
particle aggregation [105]. This is important to assure accurate results given that
the theoretical modeling employed here assumes that the NPs resemble an array of

uniform and evenly-distributed nanoelectrodes [31, 60].

0.4 ' 0.6 ' O.IS ' 1?0 ' 1.2 1.4
Evs SCE/V

Figure 6.24: (a) TEM image of the citrate-capped gold nanoparticles investigated.
(b) Anodic stripping of citrate capped gold nanoparticles from a modified glassy
carbon electrode in 0.1 M HCI at 50 mVs~—!. T' = 298 K.

The sticking of citrate-capped Au NPs onto GCE under open circuit conditions

178



have been found to be very slow leading to very low coverage (less than 1%, beyond
the detection limit of anodic stripping coulometry in HCI, see below) even after long
modification times [2]. Following the methodology employed successfully in a previ-
ous paper [2], the application of a positive potential for the electrode modification
was examined in order to enhance the flux of the negatively-charged citrate-capped
NPs towards the GCE and achieve higher coverage. An electrophoretic potential of
+0.1V (vs. SCE) was applied in order to prevent the nanoparticle electro-oxidation.
All the experiments are carried out with fresh commercial nanoparticle solutions
subject to 5 min sonication before each GCE modification in order to prevent NP
aggregation and settling, which result in lower nanoparticle sticking.

Knowledge of nanoparticle coverage is the key factor allowing rigorous quanti-
tative studies. First, the highest NP coverages which can be studied are set by
the theoretical model where the nanoparticles are supposed to be of uniform size
and evenly distributed on the GCE surface. For instance, a 15 % coverage means
that even i f the distribution of the particles was perfectly homogeneous the average
interparticle distance would be less than 6 nm. The formation of aggregates and
porous structures cannot be discarded under such conditions which is not accounted
for in our simulations. Also, when modifying surfaces with nanosized materials the
ultimate goal is to use as little of the (typically expensive noble-metal based) ma-
terial as possible and to avoid agglomeration of the nanoparticles, so as to avoid
losing positive nano-effects towards more bulk-like behavior. Thus, a homogeneous

distribution of reasonably-spaced individual particles is envisaged for both practical
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engineering aspects and theoretical analysis purposes. Secondly, Figure 6.25 shows
the ORR voltammograms on bare GCE (solid line) and Au-NPs/GCE with 3 %
(dashed line) and 7 % (dotted line) NP coverage in an oxygen-saturated 0.5 M sul-
furic acid at 298 K and 750 mVs™!. From the figure it can be inferred that there is
a very significant contribution from the substrate to the ORR signal (that is, from
ORR on bare GC regions) for 3 % coverage such that the electrochemical response

is less informative about the ORR kinetics on Au NPs.
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Figure 6.25: Experimental voltammograms for oxygen reduction reaction on a bare
glassy carbon electrode (solid line), Au-NPs/GCE with 3 % (dashed line) and 7 %
(dotted line) coverages at 298 K, 750 mVs~!.

Considering all the above factors, a modification time of 60 min was found to
be adequate given that it yields an appropriate coverage value of ca. 6 % - 8% such
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that the recorded signal reflects quantitatively the kinetics on Au NPs while keeping
the experimental time acceptably short.

The number of nanoparticles deposited on the glassy carbon electrode was esti-
mated from the anodic stripping charge of the particles in 0.1 M hydrochloric acid

! which has been successfully

by consecutive linear sweep voltammetries at 50 mVs™
employed in previous studies [1, 2, 31, 32]. Finot [106] and Kolics [107] reported
that the electro-oxidation products of bulk gold in hydrochloric acid are the AuCl,
and AuCl; complexes. More recently [34], this conclusion was extended to the case
of gold nanoparticles such that the NP stripping involves 1.9 4 0.1 electrons trans-
ferred per gold atom. Given that TEM images prove the nanoparticles to be of

spherical shape, the number of nanoparticles (V) can be immediately related to the

stripping charge (@) provided that the average radius of the particles (r) is known:

N =@ X Mau (6.7)

4
19e §7T7“3 Pau Na

where e is the elementary charge, pa, the density of gold, My, its molar mass
and N, the Avogadro constant. Once number of nanoparticles is obtained, the NP
coverage is defined as:

2
N
O =100 x -

(6.8)

Figure 6.24.b shows the anodic stripping voltammogram at a Au-NP/GCE in

0.1 M HCI at 298 K and 50 mVs~!. A typical stripping peak of citrate-capped gold
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nanoparticles appears at +0.96 V (vs. SCE) [34].
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Figure 6.26: Comparison of experimental background-subtracted voltamogramms
on bare glassy carbon electrode (dashed line), 1.9 nm Au-NP/GCE (solid line) and
simulated voltammograms with the kinetics experimentally obtained for gold macro
electrode (open circle) and for gold nanoparticles (open triangle) in oxygen saturated
0.5 M sulfuric acid at 750 and 100 mVs™!. T = 298 K.

Next, we report the Au NP electrocatalytic activity towards ORR. All the elec-
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trochemistry measurements of ORR on Au-NPs/GCE were carried out in oxygen sat-
urated 0.5 M sulphuric acid at 298 K. Figure 6.26 shows the background-subtracted
experimental voltammograms for ORR in an oxygen-saturated 0.5 M sulphuric acid
solution (T'= 298 K, a: v =750 mVs™!, b: v = 100 mVs™! ) on bare GCE (dashed
line) and on Au-NP/GCE (solid line). The NP coverages of Au-NP/GCE are ca.
7 % based on the anodic stripping charge in HCl measured just after the ORR
experiments. The cyclic voltammetry study was performed in the scan rate range
100 - 750 mVs~!. The experimental voltammograms show that the electrocatalytic
performance of the nanoparticle-modified electrode is higher than bare GCE. To
determine how this performance compares with that of bulk gold in order to detect
possible changes in the ORR kinetics as a result of nanoeffects, we make use of
a simulation program developed in our group by Dr. Kristopher R. Ward, which
enables the rigorous simulation of cyclic voltammetry experiments on nanoparticle-
modified electrodes, taking into account the remarkable differences between the mass
transport at a macroelectrode and at an array of particles acting as nanoelectrodes.
This program models the modified-electrode surface as an array of uniform sized
and evenly distributed spherical nanoelectrodes resting on a substrate [31, 60]. For
the electron transfer kinetics at the NP surface, the Butler-Volmer formalism is em-
ployed [35] and the concentrations of the different species in solution are subject to
mass transport by diffusion and the chemical transformations established by the re-
action scheme (see Eq. 6.3-6.6). The resulting diffusive-kinetic differential equation

system is solved by finite-difference methods for cyclic voltammetry conditions. The
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fitting of the experimental voltammograms enables the quantitative characterization
of the electrochemical kinetics at the nanoparticles taking into account the interplay

between the NP diffusion domains.

Table 6.8: Electron transfer kinetics of the oxygen reduction and hydrogen evolution
reactions at gold macroelectrodes and at 1.9 nm citrate-capped Au-NPs at 298 K in
0.5 M sulfuric acid solution. The values reported correspond to the best fit of the

cyclic voltammograms obtained at different scan rates between 100 and 750 mV s™!.

ORR HER
Bulk Au Au-NPs Bulk Au Au-NPs
a 0.45[1, 2] 0.37 £+ 0.01 0.46+ 0.01 0.53 + 0.01
ko 0.3[1,2] | (1.6 & 0.3) x 1073 | (6.44 0.6) x 1077 | (9.0 & 0.1) x 1078
(cms™)

By implementing the reaction mechanism given in Eq. 6.3 - 6.6 with the home-
written simulation program, the cyclic voltammetry response expected if the ORR
kinetics on the Au NPs was the same as on bulk gold was simulated (open circle in
Figure 6.26). The coverage of Au NPs were ca. 7 %, these were determined from
anodic stripping in HCI after each experiment. Thus, the ORR kinetic parameters
obtained on bulk gold in previous studies [1] were employed (see Table 6.8), along
with the NP coverage and the average NP size extracted from the TEM images (1.9
nm). By comparing the experimental (solid line) and simulated (open circle) results
one can observe a clear increase of the overpotential (ca. —330 mV) and decrease
of the peak current (10 %) when moving from bulk gold to Au NPs. This reveals
the fact that the ORR kinetics slows down on 1.9 nm gold nanoparticles compared

to bulk gold; a significant negative effect is observed.
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The negative nanoeffect shown in Figure 6.26 is further proved by quantitative
studies using Tafel analysis and fitting of the experimental voltammograms with
the home-written simulation program. Thus, satisfactory fittings (open triangle)
of the experimental curves from 100 mVs™! (Figure 6.26.b) to 750 mVs™! (Figure
6.26.a) are obtained with a transfer coefficient («;) of 0.37 & 0.01 and a standard
electrochemical rate constant of (1.6 & 0.3) x 1072 cms™'. Note that the former is
in very good agreement with the transfer coefficient value evaluated from the Tafel
plot (0.36) (inset in Figure 6.26.a).

As summarized in Table 6.8, the ORR kinetics on 1.9 nm Au NPs is significantly
slower than on gold macroelectrodes. This also means that the 1.9 nm Au NPs
are poorer catalysts for the ORR in this media than the larger particles (5-40 nm)
previously investigated, where the ORR kinetics was found to be very similar to
that at macroelectrodes [1, 2|.

Next, the HER kinetics at gold nanoparticles are examined to see if negative
catalysis also exists for that reaction. The kinetic behaviour at a gold macroelec-
trode is quantified using cyclic voltammograms obtained in nitrogen-saturated 0.5
M H,SO4 between 100 and 750 mVs™! (solid line in Figures 6.27.a and 6.27.b). The
electron transfer kinetics are quantified by Tafel analysis and fitting of experimental

I with the commercial simula-

cyclic voltammograms from 100 mVs~! to 750 mVs~
tion software DigiSim. In order to apply DigiSim to quantify the electron transfer

kinetics, the mechanism of HER need first to be considered. It is widely accepted

as the following steps [97, 109]:
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Figure 6.27: Experimental current-potential curves corresponding to the hydrogen
evolution in nitrogen saturated 0.5 M sulfuric acid solution at 750 and 100 mVs™!
on a: (a, b) macro gold electrode (solid line); (c, d) citrate-capped 1.9 nm Au-

NP/GCE (solid line) and bare GCE (dashed line).

Simulated current-potential

curves with the kinetics obtained experimentally for gold macro-electrodes (open
circle) and for gold nanoparticles (open triangle). Diffusion coefficient of H: 8.8 x
107° cm?- s7! [108]. Insets: Tafel analyses. T = 298 K.
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The first step where protons are electro-reduced to adsorbed atomic hydrogen
is thought to be rate determining [97]. Subsequently, adsorbed atomic hydrogen
combines with a proton and is further reduced to molecular hydrogen.

As shown in Figures 6.27.a and 6.27.b, a satisfactory fitting of the experimental
(solid line) and simulated (open circle) voltamograms are obtained in the whole
range of scan rates with a standard electron transfer rate constant (kg3) of 6.4 x
107" ems™! and a transfer coefficient value of 0.464 0.01. The latter compares well
with the a3 value (0.47) obtained from the Tafel plot (inset in Figure 6.27.a) and
the literature [97, 110].

Next, cyclic voltammetry experiments were performed with Au NP-modified
electrodes. Figures 6.27.c (750 mVs™!) and 6.27.d (100 mVs™!) show the comparison
of the HER experimental signals in nitrogen-saturated 0.5 M sulphuric acid solution
at 298 K on Au-NP/GCE (solid line) and bare GCE (dashed line). According to the
gold anodic stripping charge in HCI, the NP coverage is 7 % and 7.5 % for 750 mVs™!
and 100 mVs™!, respectively. The voltammograms show in that the presence of Au
NPs on the GCE surface catalyzes the HER reaction. However, when comparing
the experimental signal (solid line) with the home-written simulations run with the
kinetic parameters above-obtained for gold macroelectrodes (open circle) of the same
coverage, a lower catalytic activity by the Au NPs with respect to bulk gold can be
inferred.

In order to quantify these changes, the ko3 value and the transfer coefficient

value were obtained from the fitting of the current-potential curves with the home-
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written simulation program from 100 mVs~! to 750 mVs~!. The best-fit curves (open
triangle) corresponds to the values kg3 =(9.0 + 0.1) x 107% cms™" and ag =0.53
+ 0.01, respectively. The latter fully agrees with the as value obtained in the Tafel
analysis (0.53, see inset in Figure 6.27.c) and kg3 at Au NPs is significantly smaller
than the value obtained at gold macroelectrodes (see Table 6.8).

The above results clearly reveal a slowing down of the electrochemical kinetics
of both ORR and HER on 1.9 nm citrate capped gold nanoparticles in strong acid
media. In the case of ORR no kinetic changes on larger gold nanoparticles supported
on a glassy-carbon electrode (5 nm and 40 nm) [1, 2]. This enables us to discard
support-only effects. Also, mass transport effects can be disregarded given that the
theoretical model describes it rigorously. Therefore, the behaviour reported here is
particle size-related and it seems to be apparent only for NP diameters below 5 nm.

The above conclusion is compatible with other claims of a loss of activity of
gold and platinum NPs towards oxygen reduction and carbon monoxide oxidation
when the particles are smaller than 2-3 nm [111], which was rationalized in terms
of the oxygen binding energy at low coordinate sites that are more abundant at
small particles. Nevertheless, to pinpoint the origins behind this behaviour is not
straightforward considering the interplay of a number of structural (facets, defects)
and electronic (which can be significant for such small particles) effects associated
with nanoparticulate materials [112]. The observation of the negative electrocat-

alytic effect for the HER at small nanoparticles is entirely novel.
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6.3.4 Conclusions

In summary, for ORR, the standard electron transfer rate constant decreases from
0.3 cms™! [1] in the macro gold electrode to (1.6 & 0.3) x 1072 cms™! on the 1.9
nm Au NPs while the transfer coefficient changes from 0.45 [1] in the macroscale to
0.37 4+ 0.01 at the nanoparticles under study. The values obtained for 1.9 nm Au
NPs are also smaller than those reported for larger glassy carbon-supported gold
nanoparticles (5-40 nm), which reflects a clear slowing down of the ORR. A similar
behaviour is manifested in HER with the standard electron transfer rate constant
reducing from 6.4 x 1077 cms™! at bulk gold to (9.0 + 0.1) x 1078 cms™* on the
Au NPs, and the transfer coefficient changing from 0.46 4 0.01 to 0.53 £ 0.01 from
the macro-scale to the nano-scale. Therefore, the results obtained clearly suggest
negative electrocatalytic nanoeffects by the 1.9 nm citrate capped gold nanoparticles
for both the oxygen reduction and hydrogen evolution reactions in sulphuric acid
medium.

In this chapter, electron transfer kinetics of gold nanoparticles with different
sizes for oxygen reduction reaction in 0.5 M sulphuric acid were studied applying
the joint computation and experimental strategy developed in the previous chap-
ter. No kinetic changes were obtained for gold nanoparticles with diameters from
5 nm to 40 nm compared to that on macro gold electrode for ORR in 0.5 M sul-
phuric acid solution. However, a strong catalytic effect has been displayed on 5 nm

citrate capped Au-NPs for ORR with the presence of Pb(II). For citrate capped
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gold nanoparticles of diameter 1.8 nm, there is a strong slowing down effect of the

electron transfer kinetics for both the ORR and HER systems.
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Conclusions

Nanoeffects arising from the different behaviour between nanomaterials and bulk
materials was of particular focus in the preceding chapters. Rigorous studies were
carried out to investigate the electrochemical behaviour of gold nanoparticles in
different systems. In particular, it was sought to develop rigorous approaches to
the identification of changed electron transfer kinetics. The followings have been

achieved:

e Electrochemical characterization method: A fast, simple and effective ap-
proach was successfully developed to quantify the surface coverage of gold
nanoparticle modified glassy carbon electrodes. Underpotential deposition of
lead was employed to determine the surface area of the gold nanoparticles
while the amount of gold deposited on the glassy carbon electrode was quan-
tified from anodic stripping of gold in 0.1 M hydrochloric acid. Based on
these results, the average size and number of gold nanoparticles was calcu-
lated. The morphology of the nanoparticle surface was also analyzed from the

“fingerprint” in lead deposition/stripping experiments. The results were in
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satisfactory agreement with those obtained wvia scanning electron microscopy
(SEM). This methodology underpins the approaches taken in the rest of the

thesis.

Identification of “authentic” electrocatalysis: An electrochemical approach
consisting of comparison between simulation and experimental results was de-
veloped for the detection of nanoeffects. The electrochemical behaviour for
gold nanoparticle modified glassy carbon electrodes was modelled considering
different electron transfer kinetics on gold nanoparticles and the supporting
substrate. This enabled the evaluation of kinetic changes of electrode pro-
cesses associated with the use of nanosized materials and therefore the inves-
tigation of possible electrocatalytic nanoeffects. In the electro-oxidation of
nitrite, any electrocatalytic nanoeffect was discounted because there was no
kinetic changes found between gold nanoparticles and a macro gold electrode.
However, the authentic enhancement of the electron transfer kinetics of the

electrooxidation of L-ascorbate by nano-gold was confirmed.

Quantification of electron transfer kinetics for the oxygen reduction reaction on
different sizes of gold nanoparticles: Based on the findings for electro-oxidation
of nitrite and L-ascorbic acid, the validated strategy was further developed to
quantify the electron transfer kinetics of oxygen reduction reaction (ORR)
for different sizes of gold nanoparticles in 0.5 M sulphuric acid. The results

indicated that similar electrochemical behaviour was observed between macro
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gold materials and gold nanoparticles of sizes from 5 nm to 40 nm. However,
a significant enhancement of electron transfer kinetics was achieved for ORR
on 5 nm citrate capped gold nanoparticles with Pb(II) in the solution. For the
studies of the ORR and the hydrogen evolution reaction (HER) carried out on
ultra-small citrate capped gold nanoparticles (2nm), a strong negative effect

was obtained.

In conclusion, a joint computational and experimental approach was successfully
employed in this thesis to rigorously investigate electrocatalytic nanoeffects shown
by gold nanoparticles. Overall the work reported in this thesis has identified cases
of authentic nanoelectrocatalysis, both positive and negative. The methodology

developed has generic value.
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