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Abstract

Electrochemistry is the science of electron transfer. The subject is of great im-
portance and appeal because detailed information can be obtained using relatively
simple experimental techniques. In general, the raw data is sufficiently complicated
to preclude direct interpretation, yet is readily rationalised using numerical proce-
dures. Computational analysis is therefore central to electrochemistry and is the
main topic of this thesis.

Chapters 1 and 2 provide an introductory account to electrochemistry and numer-
ical analysis respectively. Chapter 1 explains the origin of the potential difference
and describes its relevance to the thermodynamic and kinetic properties of a redox
process. Voltammetry is introduced as an experimental means of studying electrode
dynamics. Chapter 2 explains the numerical methods used in later chapters.
Chapter 3 presents a review of the use of nanoparticles in electrochemistry.
Chapter 4 presents the simulation of a random array of spherical nanoparticles. Con-
clusions obtained theoretically are experimentally confirmed using the Cr3*/Cr?*
redox couple on a random array of silver nanoparticles.

Chapter 5 presents an investigation into the concentration of supporting electrolyte
required to make a voltammetric experiment quantitatively diffusional. This study
looks at a wide range of experimental conditions.

Chapter 6 presents an investigation into the deliberate addition of insufficient sup-
porting electrolyte to an electrochemical experiment. It is shown that this technique
can be used to fully study a stepwise two electron transfer. Conclusions obtained
theoretically are experimentally confirmed using the reduction of anthracene in ace-
tonitrile.

Chapter 7 presents a new method for simulating voltammetry at disc shaped elec-
trodes in the presence of insufficient supporting electrolyte. It is shown that,
under certain conditions, the results obtained from this complicated simulation
can be quantitatively obtained by means of a much simpler ‘hemispherical ap-
proximation’. Conclusions obtained theoretically are experimentally confirmed us-
ing the hexammineruthenium ([Ru(NHj3)g]**/[Ru(NH;)g)>") and hexachloroiridate
([TrClg)*~ /[IrClg]>~) redox couples.

Chapter 8 presents an investigation into the voltammetry of stepwise two electron
processes using ionic liquids as solvents. It is shown that these solvents can be used to
fully study a stepwise two electron transfer. Conclusions obtained theoretically are
experimentally confirmed using the oxidation of N,N-dimethyl-p-phenylenediamine
in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([C4 mim]|[BFy]).
The work presented in this thesis has been published as 7 scientific papers.
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Glossary

Where appropriate, symbols are defined in terms of the generic species X or the

reduction X +e~ =Y.

Roman Symbols

A area / m?

ax activity of species X

Cq capacitance / F

cx concentration of species X / mol m™

& bulk concentration of species X / mol m™

X0 surface concentration of species X / mol m~3

Dx diffusion coefficient of species X / m? s™!

E potential difference

EY )y standard potential difference of X + e~ = Y relative to the SHE / V
EfX/Y formal potential difference of X + e~ = Y relative to the SHE / V
E, work done / J

F faraday constant ~ 96485 C mol !

f(zx) arbitrary function

f'(x) 15% derivative of f(x)

f"(x) 284 derivative of f(z)

G Gibb’s energy / J mol™!

Glreactants Gibb’s energy of the reactants / J mol™!

G products Gibb’s energy of the products / J mol™!

G chem chemical contribution to Gibb’s energy / J mol~!



Galec electrochemical contribution to Gibb’s energy / J mol~!

H Enthalpy / J mol™!

i current / A

Ufaradaic faradaic current / A

Inon—faradaic non-faradaic current / A

J flux / mol m—2 s7!

KO heterogeneous rate constant / m s™!

Kox heterogeneous rate constant for oxidation / m g1
kred heterogeneous rate constant for reduction / m s™*
n number of moles of electrons transferred

P pressure / N m~2

Q charge / C

q heat / J

R universal gas constant ~ 8.314 J K~! mol~!
R electrical resistance /

Te electrode radius / m

Tmax radial limit of simulation space / m

r radial coordinate / m

S entropy / J K~! mol™!

T absolute temperature / K

t time / s

U internal energy / J

Vv volume / m?

v scan-rate / V s7!



v vector of convection velocity / m s}

w work

Wmechanical mechanical work

Wnon—mechanical non-mechanical work

X species X

x linear coordinate / m

y longitudinal coordinate / m

7 Arrhenius pre-exponential factor / m s™*
z axial coordinate / m

Zmax axial limit of simulation space / m

Zx charge of species X / e molec™*

Greek Symbols

a Butler-Volmer transfer coefficient (range: 0-1)

large difference in a quantity

Ux stoichiometric coefficient of species X
o) potential / V

®m electrode [metallic] potential / V

bs solution potential / V

O fractional surface coverage

Miscellaneous Symbols

\Y% del operator

I (as superscript) transition state

\% Laplacian operator

> sum of

S (as superscript) standard conditions

(as subscript) formal conditions

f
() (as bracket) mean value of a quantity
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Abbreviations

ADI
IHP
OHP
PDE
ref
SCE
SHE
soln

SS

Alternating direction implicit
Inner Helmholtz plane

Outer Helmholtz plane

Potential determining equilibrium
(as subscript) reference

saturated calomel electrode
standard hydrogen electrode
solution

(as subscript) steady-state

Normalised Parameters'

KO
Kcomp

CA
A
JTe

CZDA

kOre

Da

kcompc*Arg
Dy

kdispczrg
Dy

F(E-EZ)
RT

it is traditional to normalise parameters using the first species in the mechanism (denoted ‘A’).
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Chapter 1

Introduction to electrochemistry

Electrochemistry is divided into two parts: potentiometry and electrode dynamics.
These are concerned, respectively, with the thermodynamic and kinetic properties of
redox processes. This chapter provides an overview of each topic. The explanations
are based on a simple one electron reduction (A% +e~ = B#A~1). More complicated
many electron reactions (A* 4+ ne~ = B*7") are the sum of several one electron

reductions.

1.1 Potentiometry!'™®

1.1.1 The origin of the potential difference

The potential (¢) at a point is the work done by external forces (Ey) in bringing a

unit positive ‘test’ charge from infinity to that point':

¢ = E,, per unit positive ‘test’ charge (1.1.1)

Potential is measured in units of volts (V). Equation 1.1.1 implies that 1 V=1 J C~1.
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Equivalently, for a ‘test’ charge of arbitrary magnitude and sign (Q):

E,
6= (1.1.2)

The potential difference (F) between two arbitrary points labeled 1 and 2 is given
by:

E=¢1— (1.1.3)

A non-zero potential difference arises from the separation of electrical charge. In
an electrochemical context, charge separation can be brought about by a potential
determining equilibrium (abbreviated as PDE). This is an equilibrium in which a
charged species is exchanged across an interface. The most common example is
one in which an electron is exchanged across the interface separating a metallic

solid (metal) and a solution (soln):
A*(soln) + e (metal) = B*~!(soln) (1.1.4)

This equilibrium can be established using a metallic solid, called an electrode, and
a solution, containing dissolved species A and B. When separated, the electrode
and the solution are each electrically neutral. When the electrode is immersed in
the solution, the reversible reaction shown in equation 1.1.4 is established. As this
reaction tends towards equilibrium, a net transfer of electrons occurs through the

solid-liquid interface. Consequently, at equilibrium, the phases possess electrical

"Chemical reactions involving two or more different phases are called heterogeneous reactions.
Chemical reactions involving only one phase are called homogeneous reactions.
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charges that are equal in magnitude but opposite in sign. A charge separation has
been established. The potential difference between the metallic and solution phases

is non-zero (£ = @metal — Psom 7# 0 V).

1.1.2 Quantifying the potential difference

A*A(soln) 4 e (metal) = B*!(soln) (1.1.5)

For the PDE shown in equation 1.1.5, the potential difference across the interface
is inextricably linked to the concentrations of species A and B. In this section, the
relationship is quantified and its implications are explored.

From the first law of thermodynamics, at constant temperature and pressure, the

internal energy change (AU) of the system is given by:

AU = Ag+ Aw (1.1.6)

AU = TAS + AWmechanical + AWnon—rnechanical (117)

where Aq is the heat taken in by the system; Aw is the work done on the system; T’
is the absolute temperature of the system; AS is the entropy change of the system;
AWmechanical 18 the mechanical work done on the system and Awyon—mechanical 1S the
non-mechanical work done on the system.

By definition, at constant temperature and pressure, the enthalpy change (AH) and
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the Gibb’s energy change (AG) of the system are respectively given by:

AH = AU+ pAV (1.1.8)

AG = AH-TAS (1.1.9)

where p is the pressure of the system and V' is the volume of the system. Combining

equations 1.1.7, 1.1.8 and 1.1.9 leads to:

AG = Wnon—mechanical (1 1. 10)

Therefore, at constant temperature and pressure, the Gibb’s energy change of a
system is equal to the non-mechanical work done on the system.
It follows from equation 1.1.2 that the work (E,,) required to move a charge through

the potential difference (E = @umetal — Psom) 1S given by:

E., = QE (1.1.11)

E,, per mole of electrons = —FE (1.1.12)

where F is the Faraday constant (= 96485 C mol™'). The work referred to in
equation 1.1.12 is non-mechanical. Therefore, combining equations 1.1.10 and 1.1.12

leads to:

AG = —-FE (1.1.13)
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It follows from equation 1.1.8, 1.1.9 and 1.1.13 that:

AS = F(M—E) (1.1.14)
or ), r
OAE
AH = —FE+FT (8—T)pj (1.1.15)

It can be shown? that the Gibb’s energy change for the reaction in equation 1.1.5
is given by:

AG = AGf + RTIn (C—B) (1.1.16)

CA
where AGY is the Gibb’s energy change under formal conditions™; R is the universal
gas constant (= 8.314 J K=' mol™"); ¢, is the concentration of species A and cp is

the concentration of species B. Combining equations 1.1.13 and 1.1.16 leads to the

Nernst equation'':

T
E=Ef - R?ln (C—B) (1.1.17)

CA
where Ef is the potential difference under formal conditions. The Nernst equation
is of central importance to field of potentiometry because it provides a quantitative
relationship between the potential difference across an interface and the concentra-
tions of the chemical species in the corresponding PDE.

In summary, the potential difference, or the potential difference as a function of

MEormal conditions are as follows:

temperature = 273.15 K
pressure = 1 bar
concentration = 1 mol dm™>

VThe Nernst equation is named in honour of the German chemist Walther Nernst (1864-1941). He
was the sole recipient of the 1920 Nobel prize for chemistry.
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temperature, can be used as a tool with which to determine: the Gibb’s energy
change; the entropy change; the enthalpy change; and the chemical composition of

the corresponding PDE.

1.1.3 Measuring the potential difference

The potential difference between two points is directly proportional to the rate at
which an electric charge moves between them. This is expressed mathematically in

Ohm’s law:

_do,

E =
dt

(1.1.18)

where ¢ is the time and R is a constant of proportionality called the resistance. The

rate of movement of electric charge is called the current” (i). Therefore:

E =R (1.1.19)

The potential difference between two points is measured using a device called a
voltmeter. A voltmeter possesses two electrodes which must be placed in electrical
contact with each of the two points of interest. In order to avoid setting up a second
PDE, these points of interest must both be in the solid phase. In sections 1.1.1 and
1.1.2, a PDE was used to establish a potential difference across two different phases.
Therefore, it is impossible to measure the absolute potential difference established by
the PDE of interest. However, it is possible to measure the potential difference of a

PDE relative to a second PDE. These PDEs are combined to form an electrochemical

VCurrent is measured in units of amps (A). Equations 1.1.18 and 1.1.19 imply that 1 A =1 C s~}
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voltmeter
salt bridge

: : wire

. metal

metalworking E E E . reference
Solnworking s i i ? SOlnreference
: I : : I : Figure 1.1.1:

Schematic
working reference electrochemical
half cell half cell cell.

cell as shown in figure 1.1.1. The PDE of interest is called the working half cell and
the second PDE is called the reference half cell. The electrodes of the voltmeter are
electrically connected to the electrodes in the working and reference half cells, as
shown. The circuit is completed by electrically connecting the solutions by a salt
bridge. This typically consists of a tube containing an electrolytic gel. The ions
of the electrolyte must respond equally rapidly to current flowing through the cell
in order to prevent an antagonistic liquid junction potential arising across the salt
bridge. Potassium nitrate (KNOj3) is commonly used for this purpose. The potential

difference (E) measured by the voltmeter is given by:

E = (¢metal - ¢soln)working - <¢metal - ¢soln)reference + 1R (1120)

where the final term (‘R’) is called the Ohmic drop'. This quantifies the decrease
in the measured potential difference derived from the inherent electrical resistance

of the cell. As discussed at the beginning of this section, the potential difference be-

vi“Ohmic drop” is also commonly called “iR drop”.
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tween two points is directly proportional to the rate of movement of electric charge
between them. Therefore, in order to measure the potential difference, a finite cur-
rent must be permitted to flow through the cell. However, this can lead to two
unwanted side effects: non-zero ohmic drop and perturbation of the equilibrium
position (and hence potential difference) within each half cell'. A compromise is
effected through the use of a high resistance voltmeter that permits a very small
(typically ~10712 A) current to pass through the cell. Therefore, to good approx-
imation, the ohmic drop term can be neglected and the equilibrium position (and
hence potential difference) of each half cell remains constant. The potential differ-
ence measured by the voltmeter (E) is therefore directly related to the potential

difference across the working electrode:

E= (¢metal - gbsoln)working + constant (1121)

Changes in the potential difference across the working electrode are therefore equal

to changes in the measured potential difference of the cell.

1.1.4 Reference electrodes

A suitable reference electrode establishes a potential that is stable with respect
to temperature, time and the passage of the small currents. By convention, the

reference electrode used for potentiometric work is the standard hydrogen electrode

VHTf current were allowed to flow freely through the cell, the equilibrium in each half cell would be
lost and the entire cell would tend towards equilibrium. This is how a battery works.
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(abbreviated as SHE). The corresponding PDE is:
1
H*(aq)(ag+ = 1) + e (metal) = §H2(g)(1 bar) (1.1.22)

where ap+ is the activity of HT ions*!. The potential difference of this PDE under
standard conditions™ (E*®) is declared equal to 0 V. This provides a basis for
comparison with all other PDEs.® Although reproducible, the SHE is experimentally
cumbersome owing to the need for hydrogen gas. For routine laboratory use, it is
common to use the following alternatives:

The saturated calomel electrode (+0.244 V vs SHE):

1
§Hg2C12(s) + ¢ (metal) = Hg(l) + Cl™ (aq) (saturated KCI)

The silver-silver chloride electrode (40.204 V vs SHE):
AgCl(s) + e (metal) = Ag(s) + Cl™(aq) (0.1 mol dm™* HCI)

It should be noted that in neither case above are all chemicals present in unit
activity. Therefore, the quoted potential difference of each half cell is not equal to

its standard electrode potential.

vilily water, ag+ = 1 is equivalent to ¢+ = 1.2 mol dm™>.
=Standard conditions are as follows:

temperature = 273.15 K

pressure = 1 bar

activity = 1
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1.1.5 The electrical double layer

™9 When a potential difference exists across an interface, the ions on the solution

Diffuse layer Bulk solution

Electrode *

©

soln

OHP
IHP

Figure 1.1.2:

Schematic illustration of the electrical double layer for a case in which the electrode is
positively charged (left). The corresponding change in potential as a function of distance
form the electrode is also shown (right).

side spontaneously adopt an arrangement called the electrical double layer. This
is shown in figure 1.1.2. The electrical double layer is composed of four parts.
In order of increasing distance from the electrode these are: the Inner Helmholtz
Plane (IHP); the Outer Helmholtz Plane (OHP); the diffuse layer and bulk solution.
The Inner Helmholtz Plane (IHP) is composed of ions, with no solvation shell,
adsorbed on the electrode surface. These ions are in direct contact with the electrode
(specific adsorption). Therefore, this adsorption interaction is likely to be chemical
rather than electrostatic. This layer can contain both positively and negatively
charged ions. The Outer Helmholtz Plane (OHP) is composed of ions, with solvation
shells, adsorbed on the electrode surface. These ions are not in direct contact with
the electrode (non-specific adsorption). Therefore, this adsorption interaction is

likely to be electrostatic rather than chemical. In this case, the Outer Helmholtz
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Plane contains only negatively charged ions. The diffuse layer is composed of both
positively and negatively charged ions and represents a compromise between the
ordering effect of the electric field, which attracts negatively charged ions towards
the electrode, and the disorder brought about by natural thermal motion, which
tends to distribute positively and negatively charged ions evenly. Ions can screen one
another from the effect of the electric field. Therefore, the ordering effect becomes
less important with distance from the electrode surface. The surplus of negatively

charged ions decreases with distance until, in bulk solution, it is equal to zero.

1.2 Electrode dynamics®"10:12

1.2.1 Faradaic and non-faradaic currents

A*A(soln) + e (metal) = B* ! (soln) (1.2.1)

If the equilibrium position of equation 1.2.1 is perturbed, re-equilibration will occur.
However, this is not instantaneous. Rather, it is a finite process during which
current flows and the potential difference changes. There are two types of current:
faradaic and non-faradaic. The evolution of these currents during equilibration are
inextricably linked to the physical and chemical processes underpinning the PDE of
interest.

A faradaic current is caused by movement of electrons through the interface. One of
the electroactive species from equation 1.2.1 approaches the electrode surface and

an electron travels, via quantum mechanical tunneling, through the interface. This
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process obeys Faraday’s law:

Z-faradaic = AF]A = _AFJB (122)

where A is the area of the electrode; ja is the flux of species A at the electrode
surface and jg is the flux of species B at the electrode surface.
A non-faradaic current® is caused by the rearrangement of charge in the electrical

double layer. This process is quantitatively identical to capacitative charging:

Z-nonffaradaic = C1d14@ (123)

where Cy the capacitance and v is the rate at which the potential difference across
the interface changes.

Unlike the faradaic current, the non-faradaic current is influenced by factors apart
from the PDE of interest. These include the polarity of the solvent and the concen-
tration of inert ions dissolved in the solution. Therefore, when studying a PDE it
is preferable to maximise the ratio ifaradaic/%non—faradaic- 1t is shown in section 1.2.5
that the faradaic current is often proportional to v/v. Combining this with equation
1.2.3 leads to:

ifaradaic 1

- X—= 1.2.4
non—faradaic \/5 ( )

Therefore, the non-faradaic contribution to the total current is smallest when the

potential difference across the interface is changed slowly.

*The “non-faradaic current” is also commonly called the “capacitative current”.
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1.2.2 Quantifying electrode dynamics

A*(soln) + e (metal) = B~ (soln) (1.2.5)

In this section, the relationship between current and potential is quantified and its

implications are explored. The current is related to the flux of species A by:
i = AFja (1.2.6)

where A is the area of the electrode and j, is the flux of species A “through” the
electrode. The later is equivalent to the overall rate of the forward reaction in

equation 1.2.5. Equation 1.2.6 can therefore be expanded as a rate equation to give:
1= AF (krech,g — koxCB,O) (127)

where cp o is the concentration of species A at the electrode surface; cp, ¢ is the
concentration of species B at the electrode surface; k..q is the rate constant for
reduction, and k,y is the rate constants for oxidation. It is assumed that these rate
constants exhibit Arrhenius type behavior. Therefore:

AGH
krea = Zexp (—%) (1.2.8)

1
kox = Zexp (—ARC;?X> (1.2.9)
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where AG?_ is the activation energy of oxidation; AGfed is the activation energy
of reduction and Z is the pre-exponential factor. According to the principle of
microscopic reversibility, the pre-exponential factor for reduction is equal to the

pre-exponential factor for oxidation. The Gibb’s energy profile for equation 1.2.5 is

Gi

G / kJ mol”

AGOXI
Figure 1.2.1:
The Gibb’s energy profile for equation
1.2.5. Ghreactants %S the Gibbs energy
of the reactants; Gproducts 15 the Gibbs
energy of the products and G* is the

Reaction coordinate " Gibb’s energy of the transition state.

reactants

G

products

shown in figure 1.2.1. From this it can be shown that:

AC;irted = Gi - Greactants (1210)

AG(T;X = Gi - Gproducts (1211)

The total Gibb’s energy (Giota) Of a chemical species consists of two components: a

chemical term (Gepem) and an electrochemical term (Geec):

Gtotal - Gchem + Gelec (1212)

The electrochemical component is given by:

Gelec - ZFQb (1213)



CHAPTER 1. INTRODUCTION TO ELECTROCHEMISTRY 15

where z is the charge of the chemical species of interest and ¢ is the potential at the
point occupied by the chemical species of interest. Combining equations 1.2.12 and

1.2.13 for reactants and products leads to:

Greactants - Greactants chem + (ZA - ]-)ngsoln -F (gbmetal - Qbsoln) (1214)

Gproducts = G’products chem T (ZA - 1)F¢soln (1215)

It is assumed that the potential dependence of the transition state lies midway

between those of the reactants and products. Therefore:

Gi == Gihcm + (ZA - 1)F¢soln - (1 - Oé)F (¢metal - ¢soln) (1216)

where « is an empirical parameter called the transfer coefficient (0 < o < 1). When
a = 0, the potential dependence of the transition state is identical to that of the
reactants. When o = 1, the potential dependence of the transition state is identical
to that of the products. In general, a &~ 0.5. Combining equations 1.2.14 and 1.2.16

leads to:

AGfed = Gihem - Greactants chem + aF (¢metal - ¢soln) (1217)

Combining equations 1.2.8 and 1.2.17 leads to:

Gi _Greac ants chem aF metal — #soln
krea = Z exp (— chem e : >exp (— (@ f%lT ¢ 1)> (1.2.18)
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Equation 1.2.21 below can trivially be derived from equations 1.2.19 and 1.2.20:

E = (¢metal - ¢501n>working - (¢metal - ¢501n)reference (1219)
Efe = (¢metal - ¢SO]H)Vevorkingf - (¢metal - ¢50]n)reference (1220)
E— Efe = ((brnetal — ¢501n)working - ((bmetal - ¢soln)vevorkingf (1221)

Combining equations 1.2.18 and 1.2.21 leads to:

Gi

krea = Z €xp (—

RT RT

(1.2.22)
The right hand terms of this equation that do not depend on the applied potential

(E) can be amalgamated into a constant called °:

Gi _Greacanscem+a metal — sone i
k,O _ Zexp (_ chem tants ch o (¢ tal ¢ 1 )workmg f) (1223)

Combining equations 1.2.22 and 1.2.23 leads to

kred _ k,O exp (—OéF (E — Ef ))

1.2.24
RT (1.2.24)

where k° is called the electrochemical rate constant. In most experiments it’s value

lies in the range 107 — 10 cm s~!. An analogous expression for ko, can be derived

chem — Greactants chem + @ ((bmetal - (bsoln)vevorking f> ( « (E — Efe)
exXp| ————=——

)
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using the same procedure. This leads to:

(1.2.25)

o 1 (LU LB D))

RT

Combining these expressions for k..q and ko, with equation 1.2.7 leads to the Butler-

Volmer equation 314

: aF(E — Ef 1—a)F(E - E?
i = AF (kOCA,O exp <-%) — K%cpgexp (( )R(T - )>)

(1.2.26)
The Butler-Volmer equation quantifies the relationship between potential difference
and current as a PDE tends towards equilibrium. When equilibrium has been es-
tablished, the current is equal to zero and the Butler-Volmer equation collapses to
the Nernst equation, as expected. It can be seen from equation 1.2.26 that the
relationship between current and potential is dependent on two factors: electrode
kinetics (k° and «) and mass transport of electroactive species to the electrode (ca g

and cpp).

1.2.3 Mass transport

The concentration of an arbitrary chemical species (A) in solution as a function
of time depends on four concurrent processes: diffusion, migration, convection and
homogeneous kinetics. The quantitative effect of these processes are additive and

lead to the following mass transport equation:

*IThe Butler-Volmer equation was proposed by German chemist Max Volmer (1885-1965) in 1930,
based on work published in 1924 by British Chemist John Butler (1899-1977).
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DaVcy Diffusion

‘%‘ = +Veav Convection

2 . .
zADAVcA%ﬁ + zaDaca F§T¢ Migration

Sk]ex? Homogeneous kinetics

where V and V? are operators corresponding to the first and second derivatives
respectively. The form of these operators is dependent on the geometry of the

experiment of interest. Some common examples are given in table 1.1.

Electrode geometry First derivative Second derivative

P ) 52
lanar Fo 2
i i 9 2 20
Hemispherical 5 2. +22
: e} e} 9?2 2 0 9?2
Discal p: and 5 T ror t oz

Table 1.1:
Operators for geometries commonly encountered in electrochemical problems.

Diffusion

Diffusion is the natural movement of material down a concentration gradient. It is

quantified by Fick’s laws. Fick’s first and second laws are respectively:

jA == —DAVCA (1227)
8CA

—= = DnV? 1.2.2
ot AV CA ( 8)

where Dy the diffusion coefficient and quantifies the rate at which a molecule moves

through solution. It depends on a range of factors including the size of the molecule,
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the temperature, and the viscosity of the solvent.!® Diffusion coefficients are of the

1 6

order 107 ecm? s™! in most common solvents. Ionic liquids are notable exception®
for which diffusion coefficients can be as low as 107 cm? s~!. Diffusion is a natural

process, and cannot be eliminated by the design of the experiment (above 0 K).
Migration

Migration is the movement of charged material down a potential gradient. It is

quantified by the following equations:

) zZaF

ja = —qpDacaVo (1.2.29)
aCA . ZAF 2
i ﬁDA(VCAV¢ +caAV79) (1.2.30)

The potential difference across an electrode leads to a potential gradient in solu-
tion, as discussed in section 1.1.5. The effect of this gradient can be suppressed
by adding large quantities of inert, or ‘supporting’, electrolyte to the solution™. As
the concentration of supporting electrolyte increases, the potential gradient becomes
compressed closer to the surface of the electrode. Once thinner than ca. 1-2 nm,
the effect of migration vanishes because over this distance the electrons can bypass
the potential gradient by means of quantum mechanical tunneling.! Consequently,
no electroactive material enters the region occupied by the potential gradient. As
a general rule, this effect is achieved if the supporting electrolyte is present in a

concentration greater than 30 times that of the electroactive species. In addition

xiiFor example, potassium chloride (KCl) is used for aqueous systems while tert-butylammonium
perchlorate (TBAP) is used for non-polar solvent
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to reducing the contribution from migration, supporting electrolyte also reduces
the ohmic drop, by increasing the conductivity of the solution, and maintains con-
stant activity coefficients, by dominating the effect of variable amounts of naturally

occurring electrolyte. 12
Convection

Convection is the movement of material caused by a mechanical force. There are
two types: natural convection and forced convection. Natural convection occurs
due density gradients in solution caused by natural variations in background tem-
perature. This is impossible to eliminate but it’s effects are minimal over short
timescales (typically ~ 20 s). These timescales are suitable for most voltammetric
work. Forced convection is brought about by mechanical means such as stirring.

Forced convection is quantified by the following equations:

jconvection = V¢ (1231)
0
o= vVe (1.2.32)

where v is the velocity of the solution.
Homogeneous kinetics

The chemical species involved in the PDE of interest may also be involved in one or
more homogeneous reactions in solution. The most common reaction mechanisms
are classified using a form of nomenclature proposed in 1961 by Testa and Rein-

muth.!'” The rules are as follows: heterogeneous reactions are indicated by the letter
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E; homogeneous reactions are indicated by the letter C; second order reactions are
indicated by a subscript 2, and catalytic reactions are indicated by a prime symbol.

The Testa-Reinmuth notation for some common reaction mechanisms are shown in

table 1.2.
Testa-Reinmuth notation Reaction mechanism
E A+e =B

EC A+e =B-C

EC, A+e =B+ C—=D

ECE A+4+2e=B+e —-C+e =D

EC’ A+B+e =C+B=D+A
Table 1.2:

Testa-Reinmuth notation for some common reaction mechanisms.

1.2.4 Three electrode systems”:!2

In a voltammetric experiment, a potential difference is applied across the working
electrode in order to perturb the position of the corresponding PDE. The current
through the this electrode is measured as equilibrium is re-established. Dynamic
information can be derived by analysing the current as a function of the applied
potential difference. Naively, such an experiment could be performed using the two
electrode system shown in figure 1.2.2(a). The potential difference between the
working and reference electrodes (F) is given by Eqn 1.2.33. Since a current flows,

an ohmic drop term (iR) must be included in order to account for the inherent
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(a) (b)

power — potentiostat power
source source

) ®

working reference working counter
electrode electrode electrode o | electrode
[

Figure 1.2.2:
reference (a) Two electrode system
electrode
(b) Three electrode sys-
tem
electrical resistance of the cell.
E = (Qbmetal - ¢soln)working - (¢meta1 - Qbsoln)reference + 1R (1233)

In order to obtain meaningful data, the potential difference applied across the cell
must directly control the potential difference across the working electrode. There-
fore, the terms (@metal — Psoln )reference and iR in equation 1.2.2 must be constant with
respect to E. The first condition is satisfied when no current passes through the
reference electrode. This is not possible in a two electrode system: a third electrode
(called the counter electrode*') must be included as shown in figure 1.2.2(b).

A device called a potentiostat drives a current through the counter electrode in order
to form a complete circuit with the working electrode. This eliminates the need
for a current to flow through the reference electrode. Consequently, the reference
electrode possesses a constant composition and, therefore, a stable potential. The

counter electrode must possess a high surface area and be positioned very close to

the working electrode in order to minimise to ohmic drop term in equation 1.2.33.

¥iiiThe “counter electrode” is also commonly called the “auxiliary electrode”.
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The counter electrode is often separated from the working electrode by a porous frit

in order to prevent interference between the chemical species involved in each PDE.

1.2.5 Voltammetric experiments

There are two main types of voltammetric experiment: chronoamperometry and

cyclic voltammetry. These techniques are explained in the following sections.
Chronoamperometry

In chronoamperometry, the applied potential difference across the working electrode
is stepped from an initial value F7, at which no electrolysis occurs, to a second
value F5, at which the rate of electrolysis is mass transport limited. This is shown

schematically in figure 1.2.3(a). The corresponding transient is shown in figure

1.2.3(b).
(a) (b)
E - ilA
E/IV
E, L
t/'s t/'s

Figure 1.2.3:
(a) Potential difference across the cell as a function of time.
(b) Current through the working electrode as a function of time.

This experiment can be solved analytically for diffusion to a planar electrode (equa-
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tion 1.2.35) or to a hemispherical electrode (equation 1.2.35).

FA\/ DAC*A
Vit

T FADACZ(

Cyclic Voltammetry 819

=

\/7TDAt Te

(1.2.34)

(1.2.35)

In cyclic voltammetry, the applied potential difference across the working electrode

varies linearly from an initial value, F;, at which no electrolysis occurs, to a second

value F,, at which the rate of electrolysis is mass transport limited. The potential is

then linearly swept back to E;. The rate of change of potential with respect to time

during the linear sweeps is called the scan rate and can vary from a few milivolts

per second to several million volts per second depending on the experiment. This

is shown schematically in figure 1.2.4(a). A typical transient is shown in figure

1.2.4(b).
(a) (b)
E,- i/A
E/V
E.

t/s

Figure 1.2.4:

(a)Potential difference across the cell as a function of time.

@

@
©,

E/V

(b)Current through the working electrode as a function of potential difference across the

cell.
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At point 1 in figure 1.2.4(b), the flux increases with applied potential as quantified
by the exponential terms in the Butler-Volmer equation. The current is said to be
limited by the electrode kinetics. At point 2, mass transport becomes rate limit-
ing. At point 3, the flux is controlled by mass transport alone. There are three

main voltammetric wave shapes: reversible, quasi-reversible and irreversible. When

(a) (b) (c)

i/A k i/A i/A
N E/V E/V E/V

Figure 1.2.5: (a)Reversible (b)Quasi-reversible (c)Irreversible

the electrode kinetics are rapid relative to mass transport, species A and B are in
equilibrium at the electrode surface. The system is said to be reversible and is char-
acterised by a cyclic voltammogram of the form shown in figure 1.2.5(a). The peak
to peak separation is 59 mV and the peak current of the forward peak is quantified

by the reversible Randles-Sevéik equation:
1 1
ipeak = (2.69x10°)AD} chyv? (1.2.36)

When the electrode kinetics are slower, equilibration cannot occur on the experimen-
tal timescale. The system is said to be irreversible and is characterised by a cyclic
voltammogram of the form shown in figure 1.2.5(c). The potential of the forward

peak is scan rate dependent and the peak current is governed by the irreversible
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Randles-Sevéik equation:

[un

ipeak = (2.99%10%)a? AD: ¢tyv? (1.2.37)

Voltammetry between the reversible and irreversible limits is described as being
quasi-reversible and leads to cyclic voltammetry of the form shown in Figure 1.2.5(b).
Matsuda and Ayabe!® have quantitatively defined electrochemical reversibility based

on scan rate v and electrochemical rate constant k°. This is shown in table 1.3.

Classification Matsuda-Ayabe condition

Reversible k°>0.303 cm s~
Quasi-reversible 0.3v2 cm s~! > k% > 2x10 502 cm s~}

Irreversible E°<2x 10502 cm s~!

Table 1.3:
The Matsuda-Ayabe classification.
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Chapter 2

Introduction to numerical

modeling

Electrochemistry is almost unique. It lends itself to a wide range of important,
everyday applications yet is often amenable to accurate numerical modeling. This

chapter provides an overview of numerical modeling in electrochemistry.

2.1 Why model electrochemistry?

Any electrochemical experiment can be expressed as a mathematical problem. Al-
most all of these problems can be solved. When the reaction mechanism is not
known, the correct formulation of the problem can be deduced using an iterative
process in which experimental and theoretical results are compared. A flow chart
for this process is shown in figure 2.1.1. The correct mathematical model for an ex-
periment is useful for two reasons. First, it can be solved to yield the same result as

the experiment, often with considerably less time and expense. Secondly, it provides

28
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Experiment

Evaluate differences
between theory and
experiment

v

—>‘ Propose a ma

thematical model ‘

A

A\ 4

Solve mathematical model ‘

A\ 4

No L

Concordance between
theory and experiment?

Valid mathematical model ‘

v

Quantitative predictions

Figure 2.1.1:

Flow diagram showing
the process of modeling
an electrochemical exper-

‘ iment.

an insight into the physical and chemical processes underpinning the experiment.

Concordance between theoretical and experimental results can be used to provide

evidence for a reaction mechanism. Such evidence becomes stronger if concordance

can be obtained over a wider range of experimental conditions.

2.2 Mathematical methods

Any electrochemical experiment is mathematically described by one or more mass

transport equations, subject to a collection of initial and boundary conditions. The

solution of this initial and boundary value problem (abbreviated as IBVP) is nor-

mally a concentration profile as a function of space and time. Two types of math-

ematical method can be used to solve IBVPs: analytical methods and numerical

methods.
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2.2.1 Analytical methods

Analytical methods produce a solution to an IBVP either in closed form or as a
functional series. The functional series is either truncated, yielding an approximate
closed solution, or is evaluated to the desired level of accuracy using a computer.
Commonly used analytical methods include integral transforms and separation of
variables. The majority of IBVPs encountered in electrochemistry are sufficiently
complicated to preclude the straightforward derivation of an analytical solution.
Consequently, analytical methods are not used for the majority of the work presented

in this thesis.

2.2.2 Numerical methods

Numerical techniques produce an approzimate solution to an IBVP. The mathemat-
ics involved are finite, not continuous, and are therefore amenable to computational
manipulations’. Commonly used numerical methods include the finite difference
method and the finite element method. The finite element method is difficult to
implement but can be applied to solve a wider range of problems, especially those
involving irregular experimental geometries. In contrast, the finite difference method
is easier to implement, but lends itself only to relatively simple experimental geome-
tries. Since the most useful electrochemical experiments are geometrically simple,

the finite difference method is used for the work presented in this thesis.

iThe first published use of a numerical technique to solve an electrochemical problem was done
in 1948 by John Randles.! In in lieu of a computer, the calculations were done entirely by hand.
According to Britz,? the first published use of a numerical method to solve an electrochemical
problem with a computer was written by Stephen Feldberg in 1964.3
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2.3 The finite difference method

2.3.1 Discretisation

A computer cannot store an infinite number of degrees of freedom. Consequently, it
is incapable of manipulating a continuous function. Discretisation is the process by
which a function is made computationally tractable by dividing its coordinates into
a mesh of discrete points called nodes. In this section, we shall consider the arbitrary
function f(z) in which the dependent variable is discretised to form an even mesh
with internode separation Az. The discretisation of an arbitrary function, f(z),

leads to:

f(x)= f(xo), f(x1), f(22),. .. (2.3.1)

There are three ways in which the first derivative can be discretised: the backward,

f(x) f(x) f(x)

XM Xw X X,_1 Xn XM X X. Xm X

Backward difference Central difference Forward difference

Figure 2.3.1:

The backward, central and forward difference approximations of the first derivative. These
are shown for an arbitrary function, f(x), at point x, indicated by the tangent to the curve
in each case.

central, and forward difference approximations. These are are shown schematically
in figure 2.3.1 and defined mathematically in table 2.1. The backward and forward
difference approximations are combined to yield the discrete form of the second

derivative, defined mathematically in table 2.1. The accuracy of these discretised
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Finite difference approximation

Mathematical form

first derivative (backward difference)

first derivative (central difference)

df o, [@)—f—Aa)
dz Ax

df - fla+Az)—f(z—Ax)
dz ~ 2Ax

Af o fatAn)—f(@)

first derivative (forward difference) = ~

a2 f f(z+AAz)ff<z> _f(z)fz(zfmw
@z Az

second derivative

Table 2.1:
Mathematical form of various finite difference approximations.

first and second derivatives can be estimated by expanding the function f(x) around

an arbitrary point, x;, in a Taylor expansion:

(Az)? d?f (=)

dz?

df(x;) N

flz+ Ax) ~ f(z;) + Ax e 5

(2.3.2)

Combining equation 2.3.2 with the expression for the backward difference approxi-

mation for the first derivative from table 2.1 leads to:

Af(e) _ floi+ Ar) — () Awdf(x)
dx Ax 2 da?

(2.3.3)

By comparing equation 2.3.3 with the expression for the backward difference ap-
proximation for the first derivative from table 2.1, it can be seen that the leading
error term of the latter is directly proportional to the internode spacing, Az. The
backward difference approximation is said to have an error of the order Az (abbre-
viated as O(Ax)).

A similar analysis can be applied to the other finite difference

approximations. The results of these error analyses are summarised in table 2.2. In
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all cases, the error becomes smaller with decreasing internode spacing, Az. Of the
three first derivative approximations, the error decreases at the greatest rate for the

central difference approximation. Consequently, this approximation is used where

possible.
Finite difference approximation | Error
first derivative (backward difference) | O(Ax)
first derivative (central difference) O((Az)?)
first derivative (forward difference) | O(Ax)
second derivative O((Ax)?)
Table 2.2:

Errors for various finite differences.

2.3.2 Diffusion in one dimension

As stated in section 2.2, any electrochemical experiment can be mathematically
described by one or more mass transport equations, subject to a collection of ini-
tial and boundary conditions. For the example is this section, the mass transport
equation is Fick’s second law of diffusion:

dc 0%

5 =D (2.3.4)

where c¢ is an arbitrary concentration; t is the time; D is the diffusion coefficient
and x is the spatial coordinate. This mass transport equation is appropriate for a

one dimensional problem such as a macrodisc in which edge effects are negligible
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(i.e. the diffusion layer is much thinner than the radius of the electrode). The first
step is to define the discretised mesh over which equation 2.3.4 is to be solved. In
this example, the spatial mesh consists of uniformly spaced nodes (node separation
= Ax) in the range 0>2>% .. The temporal mesh consists of uniformly spaced

nodes (node separation = At) in the range 0<t<ty.,. These discretised meshes are

Continuous space Discrete space

k=3
k=2

k=1

k=0

=0 =1 j=2 =3 j=4

Figure 2.3.2:
Schematic representations of continuous space and discrete space.

shown schematically in figure 2.3.2 and are mathematically described by:

z; = jAxforj=0,1,..., N, (2.3.5)

th = kAtfor k=0,1,..., N; (2.3.6)

where . = N, Az and t,.c = N;At. Equation 2.3.4 is discretised:

Ci+1 — 26 + ¢

At (Az)2

(2.3.7)
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The right hand side of this equation is not yet discretised with respect to time.
It is possible to use either ¢ or ¢, for this purpose. These are called the explicit
and implicit finite difference methods respectively and are described in the following

sections.

Explicit finite difference method in one dimension

k+1 ’L

k

Figure 2.3.3:
, Schematic representation of the one di-
i-1 i i+1 X mensional explicit finite difference method.

Explicit discretisation is as follows:
dc &

— = D— 2.3.8
ot Ox? ( )

k+1 k k k| ok
4 —9 _ pin 26 g (2.3.9)

At (Az)?

The computational stencil for this scheme showing how the new point is calculated

is shown in figure 2.3.3. The concentration at the new time step (i) is calculated

j
from a knowledge of three concentrations at the previous time step (ch-‘H, cJk and

c}il) and is independent of other concentrations in the new time step.

A numerical method is said to be stable when the error incurred at a given temporal

iteration fails to propagate during successive iterations. The stability of a finite
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difference scheme is studied using a Fourier stability analysis* %! and is presented

here. Rearrangement of equation 2.3.9 leads to:

DAt
k+1 _ k k
I NV VE (i

— 2 + ¢ ) (2.3.10)

The round-off error, ¥

, €, assoclated with the discrete concentration c}‘ is given by:

ek ok gk (2.3.11)

where s}‘ is the exact concentration and c}‘ is the approximate concentration. Com-

bining equations 2.3.10 and 2.3.11:

DAt
ekH = ek +

k k
: R oese (60 — 267 +¢,) (2.3.12)

The error is composed of two parts: a spatial and temporal. It is known that,
for mathematical problems of the type encountered in electrochemistry, the spatial
component can be expressed as a Fourier series and the temporal component as an
exponential.

Z exp (akAt) exp (ifmjAx) (2.3.13)

where a and S are constants. It can be seen from equation 2.3.13 that the growth

of error in a single term is identical to that for the whole series. Therefore, only a

i A Fourier stability analysis is also called a von Neumann stability analysis.
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single term need be considered. For m = 1:
e = exp (akAt) exp (iBjAx) (2.3.14)

Combining equations 2.3.12 and 2.3.14 leads to:

k+1
(A 2

J_< (2.3.16)

Comparing equations 2.3.15 and 2.3.16 leads to:

DAt 1
<

— 2.3.1
Ax?2 2 (2.3.17)

Consequently, the result of this Fourier stability analysis shows that the one dimen-

sional explicit finite difference method is only stable when gﬁf g%. Although simple
to program, the conditional stability of the explicit method makes it unsuitable for
solving many problems.

It can be shown that the error associated with the one dimensional explicit method

is as follows:

error = O(At) + O((Ax)?) (2.3.18)
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Implicit finite difference method in one dimensional

t
k+1
k
T Figure 2.3.4:
, Schematic representation of the one di-
i-1 i i+1 X mensional implicit method.

Implicit discretisation is as follows:

dc d*c
= - p 2.3.19
ot O0x? ( )
k+1 _ k k+1 k+1 | k+1
G 49 _ phnT Hen (2.3.20)
Al (A2

The computational stencil for this scheme showing how the new point is calculated
is shown in figure 2.3.4. The concentration at the new time step (™) is calculated

from a knowledge of one concentrations at the previous time step (c¥) and from

k+1

k
i+1 +1)

two concentrations in the new time step (¢)7 and 7). It can be shown, by
means of a Fourier stability analysis, that the fully implicit finite difference scheme
is unconditionally stable (i.e. there is no restriction on the relationship between At

and Azx).

The error associated with with the one dimensional implicit method is identical to
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that for the one dimensional explicit method:

error = O(At) + O((Ax)?) (2.3.21)

2.3.3 Diffusion in two dimensions

If the geometry of the experiment is two dimensional, it is necessary to invoke a
two dimensional version of Fick’s second law. For the example is this section, the

following mass transport will be used:

(2.3.22)

de_p (e e o
ot or2  ror 022

where ¢ is an arbitrary concentration; ¢ is the time; D is the diffusion coefficient;
r is the radial spatial coordinate and z is the axial spatial coordinate. This mass
transport equation would be appropriate for a situation in which the diffusion layer
is large compared to the radius of a disc shaped electrode. The first step is to define
the discretised mesh over which equation 2.3.22 will be solved. The spatial grid will
consist of uniformly spaced nodes (node separation = Ar and Az) from r = 0 to
r = Tmax and from z = 0 to z = 2y Similarly, the temporal mesh will consist

of uniformly spaced nodes (node separation = At) from ¢t = 0 to t = t;.x. These
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discretised meshes are mathematically described as follows:

ri=jArforj=0,1,..., N, (2.3.23)
z=iAzfori=0,1,..., N, (2.3.24)
t=kAt fork=0,1, ..., N, (2.3.25)

Equation 2.3.22 is then discretised leading to:

k+1 k
Gj "G _ pfam— 265t agn Laga — g Giong — 26 + Gy
At (Ar)? r Ar (Az)?

(2.3.26)
The right hand side of this equation is not yet discretised with respect to time. It
is possible to use either ty or t,,; for this purpose. These lead to the explicit and
implicit finite difference methods respectively. These are described in the following

sections.

Explicit finite difference method in two dimensions

N
=

k+1

f\/ ]+1
f\/t/f\/ J .
/// ’ Figure 2.3.5:

/V Schematic representation of the two di-
k i1 : 1 mensional explicit method.
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Explicit discretisation is as follows:

oy’ — e _ D Cij-1 — 265 F G n 1 — o L C — 25 + ¢y
At (Ar) r Ar (Az)

(2.3.27)

The computational stencil for this scheme showing how the new point is calculated

is shown in figure 2.3.5. The concentration at the new time step (c k“) is calculated

k k
from a knowledge of five concentrations at the previous time step (cft B Gty Cigd s

c%fj_l, and c%fj +1)- This processes has stability restrictions and is rarely used.”

Implicit finite difference method in two dimensional

/ j+1
//A/J
e s

k+1 //)J

/V ] Figure 2.3.6:

Schematic representation of the two di-
k ; menstonal implicit method.

Implicit discretisation is as follows:

1,j L) i,j—1 i,j—1 i—1.j i+1.j

At (Ar) r Ar (AZ)

KLk 5 < Kl 26k+1 +Cﬁ++11 1Ck,J++11 oKl Kl 2Ck+1 4+ kil )

(2.3.28)

The computational stencil for this scheme showing how the new point is calculated

k+1>

is shown in figure 2.3.6. The concentration at the new time step (c is calculated

from a knowledge of one concentration at the previous time step (cf¢ ;) and 4 concen-
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k+1 k+1 k+1

k+1
i—1,p» Gir1j Gij-1

trations at the new time step (¢ and ¢

). This processes has no

stability restrictions but is computationally expensive.

Alternating direction implicit finite difference method in two dimensions

8,9

’/ j+1

i*
1 i1

k+0.5 , k+1 ,
i1 i i+1 i-1 i

/i+1
I/ g g
L7 7 R veverd
/O/V - alalyalys

i-1 i i+1 i-1 i i+1

First half time step Second half time step

Figure 2.3.7:

Schematic representation of the alternating direction implicit method (ADI).

The alternating direction implicit method (abbreviated as ADI) combines the ef-
ficiency of the fully explicit scheme with the unconditional stability of the fully
implicit scheme. In this method, each time step (At) is split into two half time
steps. In the first half time step, the z coordinate is treated implicitly and the r

coordinate implicitly. The discretisation is:

i,j L _ Lj—1 ij—1

Al (Ar)? . Ar (Az)?
(2.3.29)

k+0.5 k k+0.5 k+0.5 k+40.5 k+0.5 k+0.5 k k k
G % _p <C' -1 —2ay oy | Loy —c Gipj — 265 + Ci+17j>

In the second half time step, the r coordinate is treated explicitly and the z coordi-
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nate implicitly. The discretisation is:

ij i ij—1 it i-1

At (Ar)? r Ar (Az)?
(2.3.30)

k41 k+0.5 k41 k41 k+1 k+1 k41 k+0.5 k+0.5 k+0.5
Gy —G  _p (C —2ay tc Lo — Gy | Gy — 2G5 6 )

The corresponding finite difference stencils for these steps is shown in figure 2.3.7.
The ADI method is computationally efficient and unconditionally stable. Conse-
quently, this method is almost universally employed to solve two dimensional prob-

lems of this type.

2.4 Boundary conditions

There are three types of boundary condition: Robin, Dirichlet and Neumann. These

are discussed in the following sections.

2.4.1 Robin

A Robin boundary condition relates the value of the derivative normal to a boundary
to the value of the variable of interest at the boundary itself. A common example

is the application of the Butler-Volmer condition at the electrode surface:

dea\  _ (0 _ FE-ED)\ 0 _ \FE-E?)
(E)ZO—O{: cA7Oexp< a———pr k cg oexp | (1 —a) TV

(2.4.1)

CA,1—CA 0 0 . F(E_Efe) 10 i F(E_Efe)
B (k cA,Oexp< O K cg, oexp | (1 a)—RT

(2.4.2)
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2.4.2 Dirichlet

A Dirichlet boundary condition relates the variable at a boundary to a specific
value. An example is a potential step experiment where the response is transport-

controlled, we often have ¢ = 0 at the electrode surface at time ¢ > 0.

2.4.3 Neumann

A Neumann boundary condition relates the derivative of the variable at a boundary
to a specific value. An example occurs at the electrode surface where the boundary
where the derivative of the concentration in the direction normal to the boundary

1S zero:

(%)Z:O = 0 (2.4.3)

CA, 1 —CAO
21— 20

= 0 (2.4.4)

2.5 Solution methods

2.5.1 The Thomas algorithm

10The linear system of equations shown above can be solved for matrix z using
Gaussian elimination. This algorithm is trivial and will not be discussed further.!!
The matrix equations encountered when solving electrochemical problems have ele-
ments close to the leading diagonal. The Thomas algorithm is a simplified form of

Gaussian elimination for solving tridiagonal matrix systems. The matrix equation
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to be solved is written as:

d = [T]u (2.5.1)

The tridiagonal matrix [T] is factored into two bidiagonal matrices [T1] and [Ty]
such that

[T] = [T1][Tv] (2.5.2)

A solution is then found in the vector f in

d=[Ty]f (2.5.3)

and f is used to give a final solution for vector u

Tolu = f (2.5.4)

The matrix [T] of n elements can be written as

an—1 by_1 cnoa
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On factorization [T] takes the form

aq

a2

[T] = [TL] [TU] =

%)

an—-1 QnN-1

an anN 0

B2

Bn-1

where o and 3 are to be determined. By equating the left- and right- hand sides

of the equation [T'] = [T1][Ty], the following relations are obtained:

a

A

Bi

by

C1

aq

bj—ajﬁj_l J:2,3N

€

Q;

i=23...N—1(a; #£0)

After ontaining a; and f;, the equation for f is solved:

[TL]f =d

where elements f; and f are given by

S
fi

dy

a7

(d — ajfi-1)

(i=23...N)

Q;

(2.5.5)
(2.5.6)
(2.5.7)

(2.5.8)

(2.5.9)

(2.5.10)

(2.5.11)
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f is then used to determine the elements of u; of u

un = fn (2.5.12)

w = fi—Bupy (G=1,2...N—-1) (2.5.13)

By this procedure the matrix equation [T'Ju = d is solved for u. For such systems,
the solution can be obtained in O(n)(d)? operations instead of O(n?) required by
Gaussian elimination. For electrochemical problems, n > d therefore the Thomas
algorithm is more efficient than Gaussian elimination by a factor of n%. Also the
Thomas algorithm only requires that the two vectors, and the diagonal matrix ele-

ments be stored.

2.5.2 Newton’s method

Sometimes the equations to be solved are non-linear and therefore must be solved
simultaneously using an iterative method. This is often the case if we have some
homogeneous reactions with rate equations that must be combined with the mass
transport equations for each species involved. Again, the specific equations for the
problems encountered in this thesis will be detailed in the subsequent chapters.
Newton’s method is the method of choice in this work, used to solve a system of
equations in the form F(y) = 0. The matrix form is y*™! = y* — [J(y*)] ' F(y?)

where J is the Jacobian matrix found by differentiating each equation in the vector
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F" with respect to each term in y that appears in the equation

on 9A .. Of

3y1 ay? 8yn

Ofa 0f2 .. Of

dy1  Oy2 Oyn
J(y) =

Ofn  Ofn ... Ofn

oy Oy2 Oyn

introduction of the vector v where u = y**! — y* yields the system of equations

Ju=—F (2.5.14)

which may be solved by a standard linear method. The process is iterated until the

termination citeration is met:

(P +1—y?)2 <e (2.5.15)

2.6 Unequal node distribution

The results from finite difference equations over a uniform mesh are not accurate at
all points. The results are normally less accurate at points where the concentrations
change more rapidly. These points are called singularities. This can be overcome
simply by using a denser grid. However, this strategy leads to a greater number
of nodes and, consequently, to longer simulation times. Alternatively, the existing
nodes can be redistributed such that the nodes are denser close the singularity

and sparser away from the singularity. Since the same number of nodes have been
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Figure 2.6.1:
A concentration profile divided into
equal Ac values but unequal Ax val-

»

Ax Ax Ax X ues.

used, this strategy does not lead to longer simulation times. Concentrations most
commonly vary most rapidly close to the electrode surface it is common to use a

mesh that expands from the electrode surface as shown in figure 2.6.1.

2.7 Normalised parameters

When an electrochemical problem is expressed mathematically, the resulting formu-
lation contains many variables. Consequently, the final result (typically the current)
varies as a function of many variables. This, often overwhelming, number of vari-
ables makes many electrochemical problems appear, at first sight, to be too difficult
to comprehend fully. However, in most cases, the IBVP, and its solution, can be
simplified considerably by noting that some of the variables are simple scaling fac-
tors that affect the final result in a trivial way. These scaling factors are often
linked to the concentrations of the chemicals or to the geometry of the equipment.
The problem can be easily generalised by absorbing these scaling factors into the
other variables. This leads to a simpler form of the problem expressed in terms of

normalised variables. Common normalised variables are defined in the glossary.
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2.8 Finite simulation space

Counsider Fick’s second law:
dc D 0%c

5 =D (2.8.1)

subjected to the following boundary conditions:

t=0,all x cA = C)
t>0, = Tmax CcA = Cp
t>0, z—00 ca =0

In many cases it is not possible to simulation space to infinity. In addition, beyond
a certain point, far enough away from the electrode, the concentration is unchanged
from its starting value and simulation is not required. The position of this point
can be estimated by solving the system of equations above. This is a rare situation

in which the equation can be solved analytically. The result is:%13

¢ = crerf (Qfﬁ) (2.8.2)

where erf is the error function.The layer of depletion is larger than the majority
of other situations for two reasons: the electrode is planar so the depletion layer
is not limited by a steady-state and the concentration of the electroactive species
(A) is zero at the electrode surface so is depleted at a very high rate. The position
of Zymae 18 taken to be 6v/Dt. When substituted into equation 2.8.2, the value of
¢ at rpar is 0.99997791. This point corresponds to bulk solution enough to be

applicable to slightly different experimental setups so long at the highest diffusion
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coefficient is used when calculating x,,ax.'* it is good practice to confirm this limit
is not exceeded by the concentration of any particular simulation.

dc D82c

2.9 Computational details

The numerical methods were coded by the author in the C++ programming lan-
guage. The development environment was visual C++ 2010 express edition
(www.microsoft.com /visualstudio/en-us/products/2010-editions/visual-cpp-express).
This is open source software that incorporates the mingw windows compiler. All
source code possesses an object orientated structure in order to facilitate debugging
and reuse.!® All simulations were run on a Dell Precision T3400 desktop computer
with an Intel Core2 Quad Q9550 2.83 GHz processor and 3.2 GB of RAM. The op-
erating system was windows XP Professional SP3. Where possible, the simulations

were parallelised using the OpenMP APIL.

2.10 Summary

In this chapter, the principle of mathematical modeling and numerical simulation
have been discussed. In this thesis, the finite difference method is used. Non-
linear terms are linearised using Newton’s method and solved iteratively using the
generalised Thomas algorithm. Boundary conditions and sources of error have also

been discussed.
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Chapter 3

Nanoparticles in electrochemistry:

a review

A nanoparticle is a material with at least one dimension of order one nanometre.
This chapter provides an introductory account into the uses of nanoparticles in
electrochemistry and gives an overview of recent research. This has been publised
as areview in Physical Chemistry Chemical Physics.! Some of the material described

in this chapter is extended in chapter 4.

3.1 Introduction

Metals in the form of nanoparticles can show qualitatively different behaviour from
that of the bulk material.? Perhaps the most clear example of this is that of gold.
Bulk gold is a relatively non-reactive metal. However, as nanocrystals of a few
hundred atoms it becomes highly active catalytically, for example in respect of

selective oxidation reactions such as alkene epoxidation or alcohol oxidation, and

23
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the synthesis of hydrogen peroxide from hydrogenation of di-oxygen.3*

Bulk metals are, of course, widely deployed as electrode materials to facilitate a
variety of electrolytic processes. The latter range from the synthetic (aluminium,
chlorine, and nylon synthesis) through the analytical (sensors for smoke detection
via carbon monoxide in air, or for glucose in blood to facilitate the regulation of
diabetes) to the energy storage/production areas of fuels cells, batteries, solar cells,
etc. The range of metallic materials used in electrochemistry is wide and diverse;
that said, the properties of electrodes for selected tasks have been improved and
optimised by means of their ‘chemical modification’.5¢ That is, by immobilising
molecules, polymers, films, etc. on the surface of conventional electrode materials,
their properties can be changed notably, for example in respect to the electron trans-
fer kinetics for various selected target species. Recently,® electrode surfaces have
been modified by growing or casting ‘arrays’ of nanoparticles onto the electrode.
Providing then that the nanoparticles are in electrical contact with the substrate
electrode, each nanoparticle can act as a tiny electrode, so that the electrode sur-
face has the electrochemical properties of the nanoparticle material rather than (or
strictly as well as) that of the supporting electrode. Typically, the latter might be
carbon based for reasons of cost effectiveness, but a wide range of other supports
have been used.® Figure 3.1.1 (page 55) shows the growth of cobalt nanoparticles
onto the surface of a boron-doped diamond electrode” as imaged by electrochemical
atomic force microscopy; in these experiments the cobalt nanoparticles are grown
via electro-deposition. The purpose of this chapter is to consider the behaviour of

nanoparticle modified electrodes and to ask in what ways this can differ from that



CHAPTER 3. NANOPARTICLES IN...

95

a b)

0.5 ym 0.5 pm

()k‘/ g

c S um d ) 5
0.5 ym

0s
0

0

)
e) 5um

f S um
s

) !!

Sum

Figure 3.1.1:

In-situ  electrochemical atomic
force microscopy of cobalt nucle:
growth,  deposited onto boron
doped diamond from 10 mM
Co(ii) solution at -1.15 V vs
SCE for a)-g) 0, 10, 20, 30, 40,
50, and 60 s respectively.”

of conventional unmodified macroscale electrodes. In contrast figure 3.1.2 (page 55)

shows scanning electron microscopy (SEM) images of silver nanoparticles which, for

analytical purposes, can be cast onto an electrode made of basal plane pyrolytic

graphite.®

Figure 3.1.2:

SEM images of colloidal citrate-capped AgNPs: (A) 20-40 nm, (B) 50-70 nm, and (C)
80-120 nm. SEM carried out on a carbon film/copper grid substrate.’
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3.2 Types of electrode reaction

The general reader will be familiar with the concepts of outer sphere and inner
sphere electron transfer as pertaining to electron transfer between two molecules in
homogeneous solution.!® In heterogeneous electron transfer, analogous kinetic cases
are also seen, with the outer sphere case corresponding to the reactant being located
at the Outer Helmholtz Plane, corresponding to the distance of closest approach to
the electrode such that the layer of solvent molecules adsorbed on the electrode
surface is not penetrated by the reactant or its coordination sphere.!! In contrast,
the inner sphere limit corresponds to specific adsorption of the reactant on the
electrode surface.

It is evident that the latter type of electrode process is likely to show differences
between the macro- and nanoscales. Since adsorption will be sensitive to the surface
structure: both electronic and topological. The next section considers examples of
such differences before we make the same comparison for outer sphere type electrode

processes.

3.3 Electrode reactions involving adsorption

A first example of changed electrochemical behaviour between the nano and macroscales
concerns the phenomenon of underpotential deposition (upd). This is the electrode-
position of a monolayer, or sub-monolayer, of one metal onto a different (substrate)

metal at potentials more positive (less negative) than those required for the bulk
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deposition:

M"*(aq) + ne” = M(ads) E} (3.3.1)

M"*(aq) +ne” = M(bulk) FEj (3.3.2)

where E} > E5. The upd of thallium on silver macro-electrodes has been studied

using both polycrystalline and single crystal electrodes:

TI*(aq) + e~ = Tl(ads) (3.3.3)

The structure of the surface sensitively influenced the ease with which the metal
could be deposited: Ag(111)>Ag(100)>Ag(110)>polycrystalline Ag.'*!? These ob-
servations encouraged a study of the corresponding phenomenon on silver nanopar-
ticles (AgNPs) of varying sizes'* which were synthesised by a seed mediated citrate
reduction process with the formation of AgNPs with the following diameters: 20-
40 nm, 50-70 nm and 80-120 nm. The resulting colloidal AgNPs suspensions were
cast on the surface of a basal plane pyrolytic graphite electrode (BPPG). Thallium
upd was first carried out on a macrodisc electrode (diameter 0.7 cm) using a solution
of 10mM TINOj3 in 1.5 M KNOs.

Figure 3.3.1 (page 58) shows the resulting voltammetry with underpotential deposi-
tion with a peak potential of -0.545 V vs the saturated calomel electrode (SCE) and
corresponding stripping at -0.440 V. The bulk deposition of thallium is apparent at

more negative potentials, together with a bulk stripping peak on the positive going
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sweep of the voltammogram. Comparison of this behaviour with differently sized
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Figure 3.3.1:

Thallium deposition
on a silver macrodisk
electrode. ¥ Experimen-
tal conditions: KNOs
(1.5 M) + TINO;s
vs SCE. Scan rate:
50 mV s~ 1.

Solid  line: 10 mM
TINOg

Dashed line: 0 mM
TINOg

Figure 3.3.2:

Thallium deposition
on AgNP—BPPG
(2040 nm) electrode.’
Ezperimental condi-
tions: KNOs (1.5 M)
+ TINOs vs. SCE.
Scan rate: 50 mV s~ 1.
(Solid line: AgNPBPPG
(2040 nm) electrode;
dashed  line: bare
BPPG.)

AgNPs on BPPG showed the responses shown in figures 3.3.2 (page 58) and 3.3.3

(page 59). In all cases bulk deposition is seen but the thallium upd is only apparent

for the nanoparticles of 80-120 nm diameter and is not observed for the 20-40 nm
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301
20
<
3
=107 Figure 3.3.3:
Stripping voltammetry
recorded  for  increasing
surface coverage of AgNPs
0 (2040 nm, 0.5 and 3.0 %).
, . , . , . Fxperimental conditions:
02 0.4 0.6 NaClOy (0.1 M) vs SCE.
E/V vs. SCE Scan rate: 20 mV s~1.

sized particles. The results show that qualitatively different adsorption behaviour
is seen with a size threshold of ca 50 nm with thallium adsorption absent below.
Such behaviour in other systems can, of course, explain differences in electrode re-
action mechanisms between the macro- or micro- and the nanoscales. Analogous
observations have been made for the upd of lead and cadmium on AgNPs.® Simi-
larly the upd of thallium has been studied in respect of gold nanoparticles (AuNPs)
supported on multiwalled carbon nanotubes (MWCNT), as shown in figure 3.3.4'6
(page 60). The upd deposition and study of thallium was observed on macro-gold
and on large nanoparticles (30-60 nm diameter) but was completely absent on the
10 nm diameter sized gold nanoparticles despite the fact that the nano-particles
were shown to be in electrical contact with the nanotubes and supporting electrode.
As a second illustration of changed adsorption between the macro- and nano-scale
we consider the reduction of hydrogen peroxide at silver electrodes under acidic

conditions. For polycrystalline macro-electrodes the work of Ertl'” has shown that
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Figure 3.3.4:

A transmission electron microscopy
(TEM) image showing the gold
nanoparticles encrusting a carbon
nanotube. 10

two parallel mechanisms operate: first the ‘normal’ reduction (at potentials < -0.4 V
vs Hg/Hg,SO,) with a transfer coefficient, o ~ 0.23 and an ‘activated’ mechanism
seen at a less negative potential (-0.1 V vs Hg/Hg,SOy, a ~ 0.40). The mechanism

of the normal reduction is thought to be:

H,0, + HY +¢= 2% OH(ads) + H,O (3.3.4)
H* 4+ OH(ads) + e~ % H,0 (3.3.5)

The normal reduction provides an initial source of OH(ads) which allows the acti-

vated process to occur at a faster rate via the following mechanism:

HyOy +e~ — OH™ + OH(ads) (3.3.6)

H,O02 + H" + OH(ads) + e~ — 20H(ads) + HyO (3.3.7)
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The mechanism is ‘autocatalytic’ as the presence of adsorbed OH increases the

4R 4 B

start

<
< <
. l” H
r:(?:cT:iaon o “autocatalytic” H,0,
reduction
E |/ V vs. SCE E | V vs. SCE

Figure 3.3.5:

Schematic representation of voltammetry at a stationary Ag electrode in an electrolyte of
0.1 M HCIOy + 20 mM Hy Oy, with a scan rate of 100 mV s~1.18 (A) First scan, beginning
at the start point and sweeping the potential first in a positive direction. Only normal
H5 05 reduction can be observed in the reverse sweep. (B) Subsequent scans displaying an
autocatalytic reduction peak at more positive potential as well as the normal reduction at
a higher overpotential.

rate of the above process and results in further OH adsorption on the silver surface.
Figure 3.3.5 (page 61) shows the voltammetry associated with the two processes.
Figure 3.3.6 (page 62) shows the voltammetry at a AgNP modified electrode. In
contrast to the macroelectrode behaviour, the autocatalytic process was entirely
absent under all conditions studied, testifying to the changed adsorption behaviour
at the nanoscale.

Figures 3.3.7 (page 62) and 3.3.8 (page 63) show further data for the HyO5/AgNP
system. First, when the AgNP coverage is such that the nanoparticles are diffusion-
ally isolated then the peak potential for the reduction wave varies with the particle

size (ryp) as shown in figure 3.3.7 (page 62), with the reduction moving to more
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Figure 3.3.6:

Reduction of HyOs at a AgNP-modified
electrode: autocatalytic reduction absent in
the voltammetry. Data is shown for a high
nanoparticle surface coverage.!®

Figure 3.3.7:

Reduction of HoOy at AgNP-modified
electrode: Ep, vs logio(rp) for isolated
nanoparticles; o = 0.253.18

negative values as the radius shrinks. Second, as shown in figure 3.3.8 (page 63),

the peak potential is sensitive to the coverage of nanoparticles on the electrode; as

the coverage increases, the peak potential for the reduction moves to more positive

(less negative) potentials.

The dependence of the peak potential on both the radius and the coverage reflects

both the rate of the electrolytic process and that of the mass transport to and from

the nanoparticles. In the case of the data shown in figures 3.3.6 (page 62) and 3.3.7

(page 62), the size of the nanoparticles is sufficiently large and the concentration of

supporting electrolyte sufficiently high that a diffusion-only approach to transport

can be usefully adopted, as discussed in the next section.
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Figure 3.3.8:
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Plot of peak potential, E,, calculated for an array of AgNPs and those obtained experimen-
tally against charge (Q/C), representing the coverage of NPs on the electrode surface.®
Data plotted for three sizes of NPs with varying degrees of NP coverage: (A) rnp = 15 nm,

(B) rop = 30 nm, and (C) rpp = 50 nm.

3.4 Electrolysis at large nanoparticles and their

arrays

3.4.1 Isolated nanoparticles

For sufficiently large and diffusionally isolated nanoparticles supported on a pla-

nar electrode, a diffusion only model can provide a useful insight into the expected

current-voltage behaviour, assuming the electrolysis is confined to the surface of the

nanoparticle with none occurring on the electrode support. The approach is likely to
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3) Q@ @ ©
Q@ Q

Figure 3.4.1:
b) O O Well-separated nanoparticles on an elec-
O trode:'?
O @) (a) spherical

, (b) hemispherical

be quantitative for nanoparticles larger than ca 10 nm in size, provided the electrol-
ysis is conducted in the presence of a sufficiently large concentration of supporting
electrolyte. Figure 3.4.1 (page 64) schematically shows (well separated) nanoparti-
cles on an electrode with identical spherical and hemispherical shapes; figure 3.4.2
(page 64) shows coordinate systems used to describe these isolated nanoparticles.

The current-voltage response at the isolated nanoparticles will depend on the volt-

Z Z 4

a) b)
P

r 7

Figure 3.4.2:
Schematic diagram of:!?
(a) a spherical particle

(b) a hemispherical particle sitting upon a supporting planar surface

age scan rates (V s7'). However, for suitably slow scan rates a diffusion limited
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current, 7, will be established. For a hemispherical electrode:

ilim = 27T7’LFDAT’HP [A]bulk (341)

where r is the radius for the nanoparticle and Dy, is the diffusion coefficient of the
electroactive species A, which undergoes the following electrocatalytic process at the

surface of the hemispherical nanoparticles:

A £+ ne” — products (3.4.2)

F' is the Faraday constant and [A]pu is the bulk concentration of A. For the case
of a sphere,

ilim = 8.717’LFDATnp[A]bu1k (343)

Figure 3.4.3 (page 65) shows the concentration profile of A surrounding the nanopar-

1 1.00
0.90

5+ 0.70
0.60

0.40
0.30

020 Figure 3.4.3:

010 Stmulated concentration profile at a spher-

000 jcal particle supported on an electrically

L e e insulating surface under diffusion-limiting
2 conditions.?

ticle under these conditions (R = moand Z = i) For an isolated sphere in free
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solution, 75, is given by equation:
fim = 47N F D AT p [Alpu (3.4.4)

Analogous expression for spheroids and hemispheroids? have been reported. Note
that the limiting current for a free sphere (eqn 3.4.4) and a sphere attached to a
surface (eqn 3.4.3) are not equal. This discrepancy is derived from the ‘shielding
effect’ caused by the substrate that reduces the limiting current in the latter situ-
ation. For fast voltage scan rates, peak shaped responses are seen. It is helpful to

define a dimensionless scan rate:

SEATER 509
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Figure 3.4.4:

Simulated concentration profiles at a spherical particle supported on an electrically insu-
lating surface: (a) o =0.1, (b) o =1, (¢c) o =10, (d) o = 100, (e) o = 1000.1Y
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Figure 3.4.5:

Simulated voltammetry for a reversible electrode transfer at the spherical particle. The
following scan rates are used: (a) o = 1073, (b) 0 =1, (c) o = 1000.1?

where v is the true scan rate (V s™'), R is the universal gas constant and T is
the absolute temperature. Figure 3.4.5 (page 68) shows the simulated voltammetry
at a spherical nanoparticle for scan rates of o = 1073, ¢ = 1 and ¢ = 103. The
emergence of peak-shaped behaviour at faster scan rates is evident. Figure 3.4.4
(page 67) shows the concentration profiles of A at the potential corresponding to
the peak current. It can be seen that the layer of depletion of A (the ‘diffusion
layer’) shrinks as o increases to the point that, for ¢ = 103, it is confined to a very
thin layer adjacent to the nanoparticle surface. The peak current changes from a
scan rate independent value at low scan rates to one which apparently scales with
\/o at very fast scan rates. This reflects the change, implicit in figure 3.4.4 (page
67), from convergent to linear diffusion. The voltammograms shown in figure 3.4.5
(page 68) were calculated for fast (‘reversible’) electrode kinetics.

The reasons for the nanoparticle size dependence of the peak potential is that this
quantity reflects a switchover between rate-determining electrode kinetics, which
controls the current before the peak potential, to rate determining mass transport

(diffusion) after the peak potential. Thus, for a fixed rate of transport, the faster
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the electrode kinetics, the lower the peak potential, and this is the key observation
required to identify ‘electrocatalysis’. Note therefore that it is not the magnitude
of the current but rather the value of F,, which is the key diagnostic for changes in
electrode kinetics.

If the same processes are considered at electrodes of decreasing size, for example,
figure 3.3.7 (page 62) showing the variation of E,, with radius for the reduction of
H50, at isolated AgNPs, then the rate of mass transport increases as the size shrinks,
and so for the same electrode kinetics the peak potential will occur at increasingly
high potentials (more positive for an oxidation, more negative for a reduction).

It follows from the above that for an electrochemically reversible process, the peak
potential will appear on nanoparticles with an apparently larger overpotential than
at the corresponding macroelectrode and that the smaller the nanoparticle size then
the greater the apparent overpotential. Both of these features are apparent in the
H50, reduction at silver described above. Comparison of figure 3.3.5 (page 61) and
figure 3.3.8 (page 63) shows that large overpotentials are seen on the nanoscale as
opposed to the macroscale and figure 3.3.7 (62) shows that £, becomes increasingly

negative as the radius of the nanoparticle shrinks.

3.4.2 Nanoparticle arrays

A nanoparticle array is an assembly of nanoparticles supported on a conductive
substrate. As with the isolated case, electrolysis is assumed to occur solely on the
surface of the nanoparticles and not the underlying substrate. Nanoparticle arrays

can be synthesised in a wide variety of ways and were reviewed by Campbell et al.®
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The surface coverage of the nanoparticles is defined in terms of the area obscured in
a top down view of the substrate. The relationship between the nanoparticle radius
(rnp), the nanoparticle separation (rep) and the fractional surface coverage (©) is

given by:

o= (rnp >2 (3.4.6)

Tsep
The electrode kinetics observed at a given nanoparticle are independent of the others
in the array and therefore conform with the discussion in Section 3.6 below. In
contrast, mass transport towards an array is substantially different than that to
an isolated nanoparticle. Mass transport to a random array can be understood in

terms analogous, but complementary, to those for partially blocked electrodes?!:?2

2326 and is based on the interaction between diffusional

and microdisc electrodes
layers as a function of the experimental timescale and of the surface coverage. This

is discussed with respect to a reversible 1 electron oxidation:
A—e =B (3.4.7)

As the experimental timescale increases and the nanoparticle surface coverage de-
creases, the diffusional interaction changes from category 1 through to category 4 as
shown in figure 3.4.6 (page 71). In category 1, the diffusion layers are small and each
nanoparticle is diffusionally isolated: mass transport is 1 dimensional and linear. As
explained in chapter 1, cyclic voltammograms in this category are peak shaped and
obey the Randles-Sevéik equation (ipear o< 4/0); the chronoamperometry obeys the

1

Cottrell equation (i \/Z)' In category 2, the diffusion layers are large and approxi-
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Figure 3.4.6:
Simulated concentration profiles at o diffusion domain containing a spherical particle on
an electrically insulating surface. Category 1: o = 1000. Category 2: o = 10. Category 3:

o = 1. Category 4: o = 0.01. For all categories Rsep = =2 = 2. Concentration profiles

Tnp
were taken at the linear sweep peak potential. 0

mately hemispherical but diffusional isolation between nanoparticles is maintained.
The corresponding cyclic voltammograms are in steady-state with a limiting cur-
rent given by equation 3.4.3. In category 3, the depletion layers overlap and are
relatively small compared to the nanoparticle separation. The cyclic voltammetry is
peak shaped and the absolute current is smaller than that given by equation 3.4.3.

In category 4, the diffusion layers overlap and are relatively large compared to the
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nanoparticle separation. Mass transport is effectively 1 dimensional and linear over
the entire array. As with category 1, cyclic voltammograms in this category are
peak shaped and obey the Randles-Sevéik equation while the chronoamperometry
obeys the Cottrell equation. The current response is similar to that obtained had
the entire substrate been electroactive. This latter property is useful in catalysis as,
in the category 4 region, a nanoparticle array yields a similar amount of electrolytic
depletion to a macroelectrode of the same total area. This property is of practical
importance as minimal amounts of expensive catalyst, such as platinum or gold, can

be used to offer a maximal electrochemical response. Figure 3.4.6 (page 71) shows

Tsep — 2
Tnp :

concentration profiles corresponding to each category for which R, =
Note the change in scale required to resolve the increase in diffusion layer size from

category 1 to category 4. Figure 3.4.7 (page 72) shows linear sweep voltammetry

10- 0
le-4
le-3
8
- Se-3
64 “
0.01
4
0.02
2_ .
005 Figure 3.4.7:
. 0.1 Simulated linear sweep voltammetry of a
reversible electron transfer at a spherical

Q0 0% % 4 50 2 4 6 § 1o particle modified electrode. Scan rate o =
-0 0.01, © wvaries from 10™4 to 0.1.7%0

for a fixed dimensionless scan rate (o = 0.01) and variable fractional surface cover-

age (0). The axes are given in terms of the dimensionless current per nanoparticle

(j= m). When the fractional surface coverage is very small (© = 107%), the
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nanoparticles are diffusionally isolated and the voltammetry is necessarily in cate-
gory 1 or 2. In this situation, the experimental timescale is long enough for category
2 (steady-state) behaviour to be observed. As the fractional surface coverage is in-
creased, the nanoparticle separation decreases and the voltammetric response passes
through category 3 until eventually reaching category 4. Note that, as the surface
coverage increases, the absolute size of the dimensionless current per nanoparticle

decreases since the region of solution available to each nanoparticle is less. Figure

(a) (b)

84 .

o

Figure 3.4.8:

Peak current, j,, versus square root of the scan rate, \/o. Simulated data is shown by
circles, the solid line the shows Randles-Sevéik values for planar diffusion. (a) © = 0.2
and (b) © = 0.05.%7

3.4.8 (page 73) shows the dimensionless peak current (j,) as a function of /o for
two fractional surface coverages. In each diagram the solid line plots the Randles-
Sevéik equation (j, o< 4/o). Category 4 behaviour can be observed at the low scan
rates where overlapping of the diffusion layers is greatest. With a surface coverage
of ® = 0.05, the peak current is smaller than the planar diffusion peak current at

higher scan rates. This indicates incomplete overlapping of diffusion layers and a

transition into category 3 diffusional behaviour. With a surface coverage of o = 0.2,
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the peak current is larger than the simulated peak current from the planar diffusion
value at higher scan rates. The spherical particles considered here are able to draw
a higher current because their height above the electrode surface makes them diffu-
sionally accessible to a greater region of the solution on a short experimental time
scale.

It is useful to compare experimental data with the theory discussed above. Consider

the electrocatalytic reduction of protons at a palladium particle modified electrode:

H*(aq) + e~ = Ha(g) (3.4.8)

Figure 3.4.9 (page 74) shows SEM images of glassy carbon microspheres before

| 4

Figure 3.4.9:
SEM images of glassy carbon microspheres:?” (A) shows the non-modified microspheres,
and (B) and (C) show the microspheres with a Pd shell.

and after modification with Pd nanoparticles. The Pd nanoparticles are shown
to be approximately spherical in shape. Figure 3.4.10 (page 75) shows a range of
experimentally recorded voltammograms using this system. When © = 0.445 the
diffusion layers overlap extensively and category 4 behaviour is observed for all scan
rates studied. Accordingly, the voltammograms are peak shaped and the Randles-

Sevéik equation is obeyed. When © = 0.118 category 4 behaviour is observed in the
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Figure 3.4.10:

Cyclic voltammetry in 8 mM HCI, 0.1 M KCl at a 5 mm diameter BPPG electrode mod-
ified by the abrasive attachment of different amounts of Pd-CMs.?” The fractional sur-
face coverage of particles is (A) 0.445, (B) 0.118, and (C) 7.6 x 1073. For each graph
curves (a), (b), and (c) correspond respectively to voltammograms recorded at 10, 100, and
500 mV s

limit of low scan rates while category 2 behaviour is observed in the limit of high scan
rates. The Randles-Sevéik equation is obeyed in the limit of low scan rates while
at high scan rates, the peak current is invariant with scan-rate corresponding to
steady-state voltammetry in the category 2 region. When © = 7.6 x 1073, category
4 behaviour is observed in the limit of low scan rates while category 2 behaviour is
observed at intermediate scan rates and category 1 behaviour is observed at high scan
rates. The Randles-Sevéik equation is obeyed in the limit of low scan rates while at

intermediate scan rates, the peak current is invariant with scan-rate corresponding to
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steady-state voltammetry in the category 2 region. At very high scan rates, category
1 behaviour occurs and the Randles-Sevéik equation is obeyed: albeit multiplied
by the factor 40 in order to account for the fact that diffusion occurs to each

nanoparticle individually rather than towards the entire array.?® Figure 3.4.11 (page
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76) shows a comparison between the peak current (normalised by the number of
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nanoparticles in the array) for experiment and simulation for a range of fractional
surface coverages. As the fractional surface coverage decreases, the region of solution
available to each nanoparticle increases leading to a larger relative current. In the
limit of very low surface coverages, a steady-state response is attained, corresponding
to the category 2 region.

A similar model to that considered above can be applied to stripping voltammetry.
Ward-Jones et al?® have studied the reversible stripping reaction shown in Equation

3.4.9 at a random array of AgNPs:

Agt(aq) + e~ = Ag(aq) (3.4.9)

The stripping voltammetry for different surface coverages is shown in figure 3.4.12

120 4
100 4
80 4

60 4

1/pA

40
20 )
Figure 3.4.12:
04 Stripping voltammetry for four different
2 . ' . ' . ' . . loadings of 80-120 nm diameter nanoparti-
0.2 04 06 08 cles stripped into a 0.1 M NaClOy4 solution
E/V at a scan rate of o =20 mV s~1.%9

(page 77). When the nanoparticles are of equal size, the stripping charge, ), (mea-
sured by integrating the area under the voltammogram) is directly proportional to
the nanoparticle surface coverage. Figure 3.4.13 (page 78) shows plots of £, as a

function of stripping charge. It can be seen that the peak potential becomes more
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Figure 3.4.13:

Plots of peak potential, E;,, measured experimentally (symbols) and predicted by a com-
putational model (solid line) against the stripping charge, Q.?° Nanoparticle radius (ryp):
(a) 12.5 nm (sample 1), (b) 25 nm (sample 2), and (c) 50 nm (sample 3). (d) Same data
plotted against In(Q). In all cases, the scan rate, o, is 0.02 V s~

positive as the stripping charge (hence surface coverage) becomes higher. The dif-
fusion layers are derived from Ag™ moving away from the surface during stripping.
The diffusion layers overlap leading to category 1-4 behaviour as explained above.
As the surface coverage increases, the diffusion layers overlap to a greater extent
and hinder the diffusion of Ag* from the surface. This leads to the effect of rate
determining mass transport (and hence the voltammetric peak) being offset to more

positive potentials.
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3.5 Porosity effects: a caveat

The above discussion has assumed that the nanoparticles on the electrode surface
are present at monolayer coverage or less. In some applications, especially electro-
analysis,>® thicker layers of nanoparticles may be used, so forming a porous layer on
the electrode surface. This quantitatively changes the mass transport characteristics
at the interface. For a thick (> monolayer) modifying layer, the electrode surface

2507 __ semi-infinite diffusion
2004 Thin layer diffusion

1504
100
504

Figure 3.5.1:

Comparison of linear sweep voltammetry
using a semi-infinite and thin layer pla-
nar diffusion models.?’ For both models,
ko = 107 cm s7'; D = 107° em? s71;
o =01V st ¢ =10° mol cm™3.
Semi-infinite diffusion electrode area, A =
1 ecm?; thin layer area, A = 30 cm?; thick-
ness, | =1 pm.

il uA

-100
-150+
-200

can be thought of as a porous layer in which products in solution®” are transported
in between multiple layers of nanoparticles. The electrolysis of species within the
porous layer can be approximately described using a model of a thin-layer cell of
high electrode area (much higher than the area of the modifying supporting elec-
trode) reflecting the large surface area of the nanoparticles within the porous layer.
This contrasts with electrolysis at the corresponding ‘naked’ (unmodified) electrode
where semi-infinite planar diffusion is the appropriate transport model. Figure 3.5.1
(page 79) shows comparative voltammograms simulated using the two models using
a standard electrochemical rate constant of kg = 10™* cm s71, a diffusion coefficient

of 107 ecm™! s7! and scan rate of 100 mV s~1 and assuming that the surface area
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of the nanoparticles is 30 times that of the naked electrode. Butler-Volmer kinetics
is also assumed. Note that the thin layer model predicts a smaller peak to peak
separation than the semi-infinite diffusion model and that the peaks appear with a
larger overpotential in the latter model. It is evident that if the current measured
at a nanoparticle modified electrode has a significant contribution from a porous
layer then the impression of an erroneously large electrochemical rate constant may
be inferred. That is, a porous layer can give the false impression of speeding up an
electrode process whereas in fact it is simply reducing the diffusional overpotential.
Porosity effects have been shown to operate in electrodes modified with thick layers

30-33

of carbon nanotubes and of Cgo.?*3® They are also likely to exist in some or

even many electrodes modified with thick layers of metallic nanoparticles.

3.6 Changed electrode kinetics and mechanisms

at the nanoscale

Earlier in this chapter, it was suggested that the changed electronic structure and
adsorption behaviour at the nanoscale might induce changes of electrolytic reaction
mechanism and kinetics. Thus, for example, gold atomic clusters (Au,; 5 < n < 13)

stabilised by surfactants can reduce oxygen to water:36-37

Oy + 4H" + 4e~ = 2H,0 (3.6.1)
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Table 3.1:
@ ko Kinetic data for hydrogen evolution at
silver. 58
macro silver 0.36 6 x 10712 cm 5!

silver nanoparticles 0.16 1 x 1075 cm s™!

whereas at bulk gold a two electron process is seen:

OQ + 2H* + 2 = H202 (362)

In the above example a double electrode (ring-disc) was used to identify the presence
or absence of HyOy generated on a disc electrode covered with electro-deposited
layers of the nano-material.

In other work sub-monolayers of larger nanoparticles have been employed.®® Thus

the hydrogen evolution reaction:

H*(aq) + e~ = 0.5Hx(g) (3.6.3)

carried out using either a silver macroelectrode or an array of silver nanoparticles
showed very different Butler-Volmer kinetics as reported in Table 3.1: where « is the
transfer coefficient and kg is the standard electrochemical rate constant. Important
in this work was the correction for mass transport effects as described elsewhere in
this article. Similarly the reaction of 4-nitrophenol® in aqueous solution was shown
to have a quite different mechanism between a silver macro-electrode and arrays of
15-50 nm order nanoparticles. In the former case an « close to unity supported the

possibility of the fast formation of the radical anion followed by a rate determining
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chemical step, whereas for the nanoparticles a low « value suggested slow, rate

determining electrode kinetics.

3.7 Modelling the behaviour of small (< 10 nm)

nanoparticles

The Debye length, the distance over which electric fields are effectively screened in
an electrolytic solution, ranges between 1 and 10 nm in aqueous solution for typ-
ical concentrations of electrolyte from 1 to 100 mM. The longer part of the range
(rp &~ 10 nm) corresponds to weakly or self-supported solutions, as may be of inter-
est in, for instance, biological applications.*’ For electrodes with dimensions which
approach this size, electric fields and migration effects strongly influence behaviour
close to the electroactive surface, especially when the concentration of supporting
electrolyte is small. Therefore, the study of electrolysis at small nanoparticles no
longer admits some common assumptions such as electroneutrality, but rather re-
quires a more thorough theoretical treatment. A range of ‘non-classical’ effects have
been identified. These effects are discussed in this section.

In consideration of the diffuse double layer, which at steady state compensates the
excess charge on a nanoelectrode, recent work has shown that the effect of curvature
on the double layer at a nanoparticle with radius less than or close to the solution
Debye length causes deviation from the classical Gouy-Chapman theory,*142 for both
hemispherical and cylindrical geometries. In particular, elevated and increasingly

potential independent diffuse double layer capacitance is predicted, together with
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increased electric field at the nanoparticle surface and hence reduced ohmic drop at
the plane of electron transfer. Since the Debye length is inversely dependent on the
square root of the ionic strength, these effects ought to occur at larger nanoparticles
under conditions of low electrolytic support.

Size effects are equally important under conditions of dynamic electrolysis, such as
in a voltammetric experiment with a potential step or potential sweep. Since the
dimensions of the electrode, and hence the plane of electron transfer, are of the
same order as the Debye length, the double layer and diffusion layer are entangled
in a complex manner close to the electrode surface. The overall behaviour is not
yet well understood, but it is safe to say that any attempt to model electrolysis at
small nanoparticles must explicitly consider double layer structure. For instance,
in a study of weakly supported chronoamperometry, Streeter et al. demonstrated
that the decoupling of ohmic drop and double layer capacitance by a zero-field
approximation is invalid at nanoelectrodes;*® by contrast, this approximation has
been successfully applied to fit experimental data for weakly supported voltammetry
at larger electrodes.***> Yang et al. have considered some features of the influence
of the double layer on voltammetry at nanoelectrodes.46

Furthermore, the magnitudes of charge and distance associated with small nanopar-
ticles render continuum theories altogether inappropriate under many circumstances.
For example, a 5 nm particle with a mean surface capacitance of 10 uF cm~2 will
have an excess charge of fewer than 50 electrons at a 200 mV overpotential away
from the potential of zero charge. For such small excess charges, components of the

electron conduction bands may be observably discrete, and the charging process is
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therefore quantised. The tunnelling of single electrons to and from discrete wave-
functions within the nanoparticle may be measured, with charging occurring one
electron at a time in a so-called ‘Coulomb staircase’*”*? - alkanethiol-modified Au
nanoparticles have been the most popular systems for experimental investigation to
date. Classical interpretations of capacitance clearly do not apply here; any theo-
retical treatment which ignores quantisation will exclude experimentally significant
effects.

Finite molecule or ion volume effects may equally become significant at a small
nanoparticle scale. Traditional mean field (continuum) theories cease to be reliable
at very short length scales, and a fuller consideration of finite volume effects leads
to a revised understanding of double layer structure. Lopez-Garcia et al. have con-
sidered this topic most completely using a simulation method based on the modified
Poisson-Boltzmann equation;® the references therein represent an adequate review
of the prior literature.

Similarly, the assumption of a continuous solvent is weaker, since the surface struc-
ture of the nanoparticle controls the local orientation of solvent molecules, and the
number of solvent molecules making up the compact double layer is not sufficiently
large to treat solution as continuous approaching the surface. Especially in consider-
ation of the close coupling of the double layer to the diffusion layer, such effects may
influence experimental observations for voltammetry or impedance spectroscopy ex-
periments. The magnitude of such effects has not yet been thoroughly investigated
in an electrochemical context, although some studies have used molecular dynamics

to investigate the limitations of mean field theories®' 3 for describing the electrical
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double layer. The fuller analysis of charge dynamics and electrolysis at the nanoscale

remains in its infancy, however.

3.8 Conclusion

It has been shows that, in almost all cases, the voltammetric response from a
nanoparticle modified electrode is substantially different from that expected from a
macroelectrode. Discrepancies occur due to a combination of electrode kinetics and
mass transport. Using computer simulations, it is possible to deconvolute these fac-
tors and obtain useful experimental information regarding the nanoparticle specific

effects. In the following chapter, the simulation of these arrays is investigated.
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Chapter 4

Numerical simulation of

nanoparticle arrays

As seen in chapter 3, nanoparticle arrays are increasingly used in electrochemical
research and important applications are being found. This chapter presents work
into voltammetry at nanoparticle arrays. The work presented in this chapter has
been published partly in The Journal of Physical Chemistry® and partly in Chemical
Physics Letters.? The experimental work was performed by Dr. Fallyn W. Campbell

and Ms. Yige Zhou.

4.1 Introduction

The search for improved amperometric sensors and for electrodes capable of resolv-
ing fast kinetics for processes of importance in fuel cells, batteries and other energy
conversion devices has led to the increasingly wide study of electrodes modified with

small quantities of electrocatalytically active nanoparticles.®* The nanoparticles are

89
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supported on a conductive substrate with the added expectation that electrolysis
occurs solely on the surface of the nanoparticles and not the underlying substrate.
It is established® that, for appropriate surface coverages, such an array can show a
current response corresponding to transport controlled electrolysis at the geometric
area of the substrate electrode; despite the latter being partially covered by nanopar-
ticles. In this way, minimal amounts of expensive catalyst, such as platinum or gold,
can be used to offer a maximal electrochemical response.

In addition, the use of nanoparticles can produce electrochemical behaviour at the
nanoscale which is different to that seen on either the micro- or macro-scales. Re-
cent literature has shown that underpotential deposition adsorption of thallium onto
gold nanoparticles switches off for gold particles of diameter smaller than ca 50 nm©
whilst the kinetics of the hydrogen evolution reaction at silver are significantly al-
tered between the macro- and nano-scales.” The reduction of hydrogen peroxide at
silver nanoparticles shows a mechanism distinct to that on the macro-scale.® Such
differences in behaviour can occur either through a change in the electronic prop-
erties of the particles from the macro to the nano-range, influencing, for example,
the work function of the metal, and also through the altered surface crystallography
at the nano-scale, where high index planes are more likely to occur and where the
sheer size limits the extent to which large terraces of a low index plane can exist.
In order to explore the electrochemistry of nanoparticles and to discover the kinet-
ics and mechanism of electrocatalytic processes, it is necessary to develop a theory
of voltammetry at substrates partially covered with nanoparticles. In previous re-

search, the steady-state voltammetry has been calculated for isolated nanoparticles
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of various shapes? supported on an inert planar conducting electrode. The predic-
tions were confirmed experimentally.!? More recently this was extended to voltam-
metry at an electrode covered with an array of nanoparticles, assumed to be flat
disks.!! This chapter examines the more realistic case in which the nanoparticles
are spherical. The approximation of spheres by discs is shown to be justified in
most, but not all, experimental situations. Theoretical results are verified experi-
mentally using the well-defined one electron reduction'? of Cr*" in aqueous solution

(4.1.1) using an array of silver nanoparticles.

Cr*t(aq) + e = Cr’*f(aq) (4.1.1)

4.2 Theory

We consider a one electron electron reduction of the form:

A+e =B (4.2.1)

in which the diffusion coefficients of species A and B are equal (Dy = Dg). The
reaction occurs on an infinitely large, random array of nanoparticles supported on
a planar electrode. The nanoparticles are perfect spheres of equal size that catalyse
the reaction shown in Eqn 4.2.1. This reaction is assumed to occur exclusively
on the surface of the nanoparticles, with negligible adsorption effects so that the

voltammetry is exclusively diffusional in character.
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4.2.1 Categorisation of the diffusional behaviour

1
B
10

i I
s
.

T T m v

Category 1 : Category 2

Category 3 Category 4

QO 0O S o o6 o o o

Figure 4.2.1:
Categorisation of the diffusional behaviour.

Mass transport to a random array of spherical nanoparticles can be understood in
terms analogous, but complementary, to those for partially blocked electrodes!?!4
and microdisk electrodes.®!% The interaction between the diffusional zone of each
nanoparticle varies as a function of the experimental timescale and of the nanopar-
ticle surface coverage. As the experimental timescale increases and the nanoparti-
cle surface coverage decreases, the diffusional interaction changes from category 1
through to category 4 as shown in Figure 4.2.1. In category 1, the diffusion layers are
small and each nanoparticle is diffusionally isolated: mass transport is 1 dimensional
and linear. This behaviour leads to peak shaped cyclic voltammograms. In category
2, the diffusion layers are large and approximately hemispherical but diffusional iso-
lation between nanoparticles is maintained. This behaviour leads to steady-state
cyclic voltammograms. In category 3, the depletion layers overlap and are relatively

small compared to the nanoparticle separation. The cyclic voltammetry is interme-

diate between categories 2 and 4. In category 4, the diffusion layers overlap but are
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relatively large compared to the nanoparticle separation. Mass transport is effec-
tively 1 dimensional and linear over the entire array. The current response is equal
to that obtained had the substrate been electroactive. This behaviour leads to peak

shaped cyclic voltammograms.

4.2.2 Voltammetry for a random array of nanoparticles

Figure 4.2.2:
(a) Top-down view of a section of a random array of nanoparticles.
(b) Top-down view shown in “(a)” divided into Voronoi cells.

Nanoparticles of equal size and are randomly distributed over the surface of an in-
finitely large supporting electrode; a section of which is shown in Figure 4.2.2(a).
This assembly is divided into hypothetical units called Voronoi cells as shown in
Figure 4.2.2(b). Each ‘wall’ is situated midway between adjacent nanoparticles.
Consequently, to good approximation, the walls can be considered no flux bound-
aries. The Voronoi cells are therefore diffusionally independent and can be simulated
separately. The final voltammogram is constructed by summing the voltammogram
derived from each Voronoi cell, weighted by the size distribution of the Voronoi cells.

An arbitrary Voronoi cell is shown in Figure 4.2.3(a); the simulation of which is a
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a) b)

Figure 4.2.3:
(a)Arbitrary Voronoi cell.
(b)Circular cell derived from “(a)” using the diffusion domain approzimation.

computationally intractable 3 dimensional problem. The problem is computation-
ally simplified by applying the diffusion domain approximation proposed by Gileadi
and Amatore. "8 The irregular Voronoi cell shown in Figure 4.2.3(a) is transformed
into the circular diffusion domain shown in Figure 4.2.3(b). The diffusion domain
is of equal area to the original cell and is concentric with respect to the nanopar-
ticle. Since the diffusion domain corresponds to a cylindrical simulation space, the
problem is rendered two dimensional and can be solved numerically using a desktop
computer. This technique is well established and has been used to simulate a range
of experiments. ® The validity of the diffusion domain approximation has been stud-
ied in detail by Godino et al.'® In general, a high degree of concordance was shown
to occur between the experimental and simulated data. Significant discrepancies
occurred for small arrays. In these cases a large proportion of the nanoparticles
were situated at peripheral points in the array. Over long timescales, diffusion to-
wards these peripheral points become important and mass transport was convergent

towards the entire array. This contrasts with the case of an infinitely large array
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in which, over long timescales, mass transport is linear towards the entire array
(category 4). The diffusion domain approach is best suited for large arrays with

significantly more microelectrodes in inner than in perimetric positions. The size
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Figure 4.2.4:
Size distribution function for a random array.

distribution of the Voronoi cells is given by the function f <<;—3>> where rq is radius of
a given diffusion domain and (rq) is the mean radius of the Voroni cells in the array
(related to surface coverage, as considered in Section 4.2.3). Although an exact an-
alytical expression for this function does not exist, Ferenc et al® have numerically
derived a result using Monte Carlo-type simulation methods. The distribution is

given by equation 4.2.2:

()W (@) = () e
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The voltammetric response for the random array (Vyiandom) is constructed by sum-

ming the voltammogram derived from each Voronoi cell (Vo). Each voltammogram

in this sum is weighted by the function f ( <:j>> in order to account for the mean

diffusion domain radius, (rq):

Viandom ({Ta)) = /O Oof ({—d) Veen(r4) drg (4.2.3)

Td>

The diffusion domain radius, 74, is discretised as follows:

8 < Tup rh =0.01(p + 1)ryp p=0,1,2,...,97,98,99

rh > rop rh = (1 +1073F00P)p p = 100,101,102, ..., 598, 599, 600
The logarithmic form of this discretization allows it to be used over a range of (rq)
values and is converged for those considered in this chapter (1 < (rq) < 50). When
rf < rpp, corresponding to nanoparticle overlap, diffusion is approximately linear

and the voltammetry can be approximated as:2°

Vear(ra) = <T—d) 2 Vear(r7%) (4.2.4)

Tnp

The geometry of the nanoparticle with respect to the diffusion domain can be
equivalently defined with respect any 2 dimensional coordinate system. The spatial
boundary condition at the surface of the nanoparticle is most easily given in terms
of spherical coordinates (rgpn and ¢gpn) while the remaining spatial boundary condi-
tions are most easily given in terms of cylindrical coordinates (7. and zy). These

coordinate systems are shown in Figure 4.2.5. As explained in Section 8.1.3, the
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Table 4.1:
(Ra) | Surface Coverage / % Comparison between the mean diffu-
sion domain radius ((Rq)) and per-
1.75 31.93 centage coverage for a random array.
3.25 9.47
5.75 3.02
10.00 1.00
A
chl
ch/max 7777777777777777777777777777777777777777777
(psph Figure 4.2.5:
Spherical nanoparticle  defined
r with respect to a system of spher-
sph ; ical coordinates (rsph and ¢spn)
‘ ” and to a system of cylindrical
re rcyl max rcyl Y f Y

coordinates (rey1 and zey).

problem is solved more efficiently if spherical coordinates are used.

A chronoamperogram or voltammogram is a solution to Fick’s 2" law of diffusion:

8CA B 2 aCA + 82CA i 1 aCA 4 1 ach (4 9 5)
Ot Tspn OTsph Tgph rszph tan ¢ O¢ rszph D2 o

with respect to the following boundary conditions:
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t>0

t>0

t>0

t>0

0<op<m Tsph = Tnp

0<¢p<m Tsph 2 Tnp

0< gﬁ < tan—! Tcyl max T'sph = 001545
tan~1 Tcyl max < ¢ < g Tsph = cgsczl%iufx)
Z<¢<tan™! (%)Jrg T’sphic;cz;im_&;)

tan~! (

Zcyl max

Teyl max

)+%§¢<ﬂ- Tsph =

Zcyl max

cos(¢p—m)

CA —

Oca  __
OTsph

Oca  _
87"sph

Oca  __
3Tsph

Oca  _
87"sph

Oca
8Tsph

98
A
Kocp exp[—aF(ER;TEOI)]
—kO(1 — ca) exp[(1 — a)F(ER;fO,)]
0
0
0
0

For chronoamperometry the applied potential is stepped from a value at which no re-

action occurs (FEipiial) to one in with mass transport is effectively diffusion controlled

(Eﬁnal):
t < tstart E= Einitial
[ E = Eﬁnal

For cyclic voltammetry, the applied potential, E, varies as a function of time, ¢,

according to:

E= | — vt + Estart - Evertex| + Evertex (426)

where g and Foeiex are the starting and vertex potentials respectively.

4.2.3 Surface coverage

The nanoparticle surface coverage, ©, is defined as the fraction of the substrate

electrode obscured in a top-down view of the array. That is:

(4.2.7)
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where N is the number of nanoparticles in the array and A is the area of the substrate

electrode. The nanoparticle surface coverage, O, varies as a function of the mean

diffusion domain radius, (rq):!

Sy () radra + [ € () dra

©= fooof <<:j>> r2drq

(4.2.8)

Data for this function are included on the attached CD
(file entitled “chapter_4_supplementry_info.xls”). When O is small, the mean nanopar-
ticle separation is large and the equation for the nanoparticle surface coverage is

considerably simplified:

2
0=— (4.2.9)

2
Tq

<

In order for this equation to exhibit < 0.1 % accuracy, the nanoparticle surface

coverage must be less than 0.12.

4.2.4 Numerical simulation

The problem is generalised by means of a transformation into a conventional set
of normalised parameters (defined in the glossary). The problem is solved numeri-
cally using the Alternating Direction Implicit (ADI) variant of the finite difference
method.?! The differential equations are discretised using a standard 3 point finite
difference scheme. As discussed in Section 4.2.2, the problem is most easily formu-
lated in either spherical or cylindrical coordinates. Spatial mesh density must be
higher in regions where the concentration changes rapidly. In the problem consid-

ered, mesh density must be highest at the surface of the nanoparticle.?? In addition,
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a) b)
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Figure 4.2.6:
Discretised spatial grid used in the numerical simulations.

there should be high mesh density adjacent to the Z .y axis in order to prevent the
no-flux boundary condition extending too far into the solution when the equations
are discretised. The requisite spatial mesh for cylindrical and spherical coordinates
are shown in Figure 4.2.6(a) and Figure 4.2.6(b) respectively. Given that simulation
times increase with the number of node on the spatial mesh, a system of spherical
coordinates will yield the most efficient simulations. The problem considered here is

solved in terms of spherical coordinates. The spatial mesh was discretised as follows:

Roynj—o = 1 (4.2.10)
Ronj=1 = 14+ (5x107?) (4.2.11)

Rsph,j+1 - Rsph,j —|— 1-15(Rsph,j - 1) (4212)
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Gsphi=0 = 0 (4.2.13)

¢sph,i:max = T (4214)

Gsphiv1 = 0.025 <@)+1x10—4 (ﬂ) (4.2.15)
™ ™

For chronoamperometry, the temporal mesh was discretised as follows:

7 = k(10712) k=1,2,3...,98,99,100

Tkr1 = Tk(1.01) k = 100,101,102, ...,
For cyclic voltammetry, the temporal mesh was discretised as follows:

Theo = 0

Tk+1 = Tk + ﬁ
The programs were written in C++ and compiled using a Borland compiler. Sim-
ulations were run on a quad core desktop PC with 3.25 GB of RAM and processor
speeds of 2.83 GHz. The simulations were converged to an accuracy of 0.5 % relative

to the analytical expression for the steady state current:?

iss = 4w In(2)nca Darnp F (4.2.16)

4.3 Theoretical results and discussion

4.3.1 Chronoamperometry

Figure 4.3.1 shows chronoamperograms (7 = 107%—10°) as a function of the mean

diffusion domain radius, (Rq). At short times, the diffuse layer is small and diffusion
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Figure 4.3.1:
Chronoamperograms as a
1Og10(T) function of mean diffusion
0 6 domain radius (Rq)

is 1 dimensional and linear (category 1). The gradient between log,,(.J) and log;,(7)
in this region is equal to the Cottrellian value of -0.5. At longer times, the diffusion
layer is more hemispherical and a steady-state current is attained (category 2). The

steady-state current is equal to the theoretical value:?

Jos = 4 In(2) (4.3.1)

Over longer timescales, the current decreases from the steady-state value (category
3) due to diffusion layer overlap and the gradient between log,,(.J) and log,,(7) tends
towards -0.5 (category 4). The timescale over which each of the categories occur
changes as a function of the mean diffusion domain radius, (Rq4). The diffusion
layer for Category 1 is confined to the region close to each nanoparticle and is
therefore approximately invariant to (Rq). As (Rq) increases, the timescale over
which category 3 behaviour occurs becomes larger. It takes correspondingly longer

to attain the limit of category 4 behaviour. At very small values of (Rq4), the
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timescale over which cases 2 and 3 occur is vanishingly small and a Cottrellian
response is observed at all times. This behaviour corresponds to a macroelectrode
in which the entire area is electroactive.

In some applications or especially in fundamental studies, it is desirable for the array
to exhibit only category 1 and 2 behaviour. Since the nanoparticles are diffusionally
isolated, the current drawn at each nanoparticle is maximised. It is therefore of
interest to devise a semi-empirical expression, ¢g(7), which is accurate over all times

]24

simulated. Following Shoup et al** we consider a function of the form:

g(T) = 8.67 <A + % +(1—A)exp (%)) (4.3.2)

This function possess the correct limiting behaviour since:
— B
0 g(r) = 8.67 (I)
T — 00 g(T) =8.67

Over very short times (category 1) the exact analytical solution is:
g(1) =/ — (4.3.3)

Therefore, B = 0.29. We now choose A and C such that the equation is valid over
the remainder of the transient. The transient was fitted using the a non-linear curve
fitting function in the software package Origin 7.0 (Microcal Software Inc.). In this

way it was found that:
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A =0.958

B =10.29

C =09
therefore:

g(T) = 8.67 <O.958 + % + 0.042 exp (i\/;))> (4.3.4)

This expression exhibits maximum error of 0.09 % relative to the simulations over
the range 107% < 7 < 10°. Since the simulations themselves are accurate to 0.5 %,
the expression exhibits maximum error of 0.6 % over the range 107¢ < 7 < 10°
relative to the true transient: well within typical experimental accuracy. In this
sense, it may be regarded as a de facto solution of the problem. In dimensional

form, Eqn 4.3.4 is:

0.29 —0.9
i = 8.67Tnci DarnpF [ 0.958 + +0.042 exp (4.3.5)
Dy Dy

4.3.2 Cyclic voltammetry

Cyclic voltammograms were characterised by the dimensionless peak-to-peak sepa-
ration (fp,) and the dimensionless peak current obtained during the forward sweep
(Jpeax). Figure 4.3.2 shows logyo(Jpeak) as a function of (Rq) and log;,(c) in the
reversible (K = 10%) and irreversible (K" = 1072) limits. In each case, in the
Category 1 region, the gradient between log;(Jpeax) and logyy(o) is equal to 1 and

is consistent with the respective Randles-Sevéik equations. At high values of (Rg4)
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Figure 4.3.2:
log10(Jpeak) as a function of (Rq) and logyy(c) in the reversible (K = 10%) and irreversible

(K =1072) limits.

and low scan-rates (Category 2), a near constant flux occurs. This is consistent
with mass transport under steady-state conditions. As (Rq) is decreased from 50
to less than 10, Jyeak drops steeply at low scan-rates; corresponding to depletion of
electroactive material caused by overlapping depletion layers (categories 3 and 4).

Figure 4.3.3 shows the analogous plot to Figure 4.3.2 in terms of the dimensionless
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Figure 4.3.3:
Opp as a function of (Rq) and logyo(c) in the reversible (K = 10%) and irreversible (K =

1072) limits.

peak-to-peak separation (6,,). For the reversible limit, in the Category 1 region, the
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peak to peak separation is characteristic of the electrochemically reversible limit at
a planar surface? (=~ 59 mV at 298 K). This limit is also approached at low (Rg4))
values over all scan-rates, corresponding to linear diffusion in the Category 4 region.
At intermediate scan-rates and R4 values, the operation of Category 2 and 3 are re-
vealed by much larger peak to peak separations consistent with voltammograms close
to steady-state. For the irreversible limit, analogous trends are observed except that

in categories 1 and 4, when diffusion is linear, 6, increases with scan rate. Figure
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Figure 4.3.4:
log g (Jpeak) as a function of logo(K) and log,o(c) for various values of (Rq).

4.3.4 shows logy(Jpeak) as a function of log,;,(K) and log,y(c) for various diffusion
domain radii ((Rq)). In each case, log;o(J/peax) increases marginally with log;,(K) at

constant log;,(c). This corresponds to the transition from irreversible to reversible
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At very high scan-rates (Category 1) and very low scan-rates

electrode kinetics.

(Category 4) diffusion is linear and the gradient between log;y(Jpeax) and logyy(o)

. This is consistent with the semi-empirical Randles-Sevcik equations

1
2

is equal to

At intermediate scan-

for linear diffusion in the reversible and irreversible limits.

rates, log;y(Jp) is less sensitive to log,,(c) and corresponds to voltammetry close

The lowest scan-rate at which this approximate ‘plateau’ region

state.

to steady-

owing to diffusion zone overlap (Category

occurs decreases with decreasing (Rg))

3). Figure 4.3.5 shows the analogous plot to Figure 4.3.4 in terms of the normalised
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Opp as a function of logq(K) and log,y(o) for various values of (Rq).

Figure 4.3.5:

For very high scan rates (Category 1) and very

peak to peak separation (6p).
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low scan rates (Category 4), in the irreversible limit (low K), 6, scales linearly
with log;o(K): consistent with cyclic voltammetric theory.?® In the reversible limit,
0,p ~ 2.4; consistent with cyclic voltammetric theory? and corresponds to &~ 59 mV
at 298 K. At intermediate scan-rates, 0, is larger and corresponds to voltammo-
grams close to steady-state. The timescale over which this region occurs decreases

with increasing surface coverage owing to diffusion zone overlap (Case 3). Figures
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Figure 4.3.6:

Cyclic Voltammograms for various parameters for which Rqg = 3.25 and © = 0.0947.

4.3.6 and 4.3.7 show cyclic voltammograms for various parameters when (Rq) = 3.25
and (Rq) = 10.00. These diffusion domain sizes correspond approximately to frac-

tional surface coverages of 0.1 and 0.01 respectively. In each case, when o = 1000,
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Figure 4.3.7:
Cyclic Voltammograms for various parameters for which Rq = 10.00 and © = 0.01.

diffusion lies within the Category 1 region. Consequently, the voltammetric shape
is unchanged between the two (R4) values. When o = 1 and (Ry) = 10.00, diffusion
is close to the case 2 region and the voltammetry is approximately steady-state. In
contrast, when (Ry) = 3.25 diffusion layers overlap and Category 3/4 four behaviour
is observed. When o = 0.001, diffusion lies within the Category 4 region for both
(Rq) values. Mass transport is slower when (R4) = 3.25 due to each nanoparticle
being replenished by a smaller area of bulk solution leading to two consequences.
First the current for (Rq) = 3.25 is smaller than for (R4) = 10.00; second, when
K = 0.01, the waveshape for (R4) = 10.00 is more electrochemically reversible than

for (Ry) = 3.25.
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4.3.3 Comparison between spheres and discs

A paper by Belding et al?® considered diffusional cyclic voltammetry at a random
array of nanoparticles in which the latter were assumed to be inlaid discs. Here we
compare the voltammetry for a random array of spheres with one of inlaid discs of
the same radius and surface coverage. We consider two different diffusion domain
radii, (Rq) = 3.25 and (Rq) = 10.00. These diffusion domain radii correspond to
surface coverages, ©, of 0.0947 and 0.01 respectively. These are considered to be

experimentally realistic nanoparticle coverages. Figure 4.3.8 shows a comparison
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Figure 4.3.8:
Cyclic voltammograms for a random array of discs (O) and spheres (—). (Rq) = 3.25
and © = 0.0947.
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Figure 4.3.9:

Peak to peak separations (Oy,) and peak currents (J,) as a function of logyq(o) for spheres
(—) and disks (O) for which K =1 and (Rq) = 10.00. In addition, data is shown for
spheres for which K = 0.25 and (Rq) = 10.00 (A) and for disks for which K =1 and the

surface is fully active (o). The diffusional categories are assigned as shown.

between the cyclic voltammograms for spheres and discs for which (Ry) = 3.25
(© = 0.0947). The cyclic voltammograms are shown over a range of o and K. Figure
4.3.9 plots 60, and log(.J,) as a function of log(o) for which K =1 and (R4) = 10
(© =0.01). A large range of o values are considered in the latter figure in order to
attain experimental timescales appropriate to observe categories 1-4 (as shown). In
addition, the limits of electrochemical reversibility and irreversibility are accessible.
When ¢ is large, Category 1 behaviour occurs. The diffusion layer is confined to each
diffusion domain and, since diffusion is linear, the current is directly proportional to
the surface area of the nanoparticle. The surface area of a sphere (= 477?) is 4 times
that of a disk (= 7r?). Therefore, at all applied potentials, the current for an array
of spheres is 4 times that for an array discs of the same surface coverage. Since the
mass transport and electrode kinetics for these processes are identical, the peak to

peak separations are equal. In addition, the voltammetric features for the disks are
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identical to those for a fully active planar electrode. In the Category 2 region, J,
is approximately invariant with ¢ owing to convergent diffusion. The 6,, values are
very large and correspond to voltammograms close to steady-state. In this region,
the peak currents are equal to the appropriate (dimensionless) equations for mass
transport limited steady-state diffusion towards spheres and disks (Eqns 4.3.6 and
4.3.7 respectively).

Jo = 47 1n(2) (4.3.6)

Je=4 (4.3.7)

It follows that the ratio of peak currents, Jy(phere)/Jp(disk), is equal to 71n(2) in
this region. In addition, it is clear from Figure 4.3.9 that the timescale over which
spheres exhibit Category 2 behaviour is shorter than for disks. This is because, at
short times, the spheres draw a much larger current compared to the disks. Spheres
attain Category 3 behaviour over a shorter timescale than do disks. For irreversible
electrode kinetics in the Category 4 region, log(.J,) and 6, each vary directly with
log(o) in accordance with voltammetric theory. It is clear, from Figures 4.3.8 and
4.3.9, that, in the Category 3/4 region, spherical nanoparticles appear to give rise
to more reversible electrochemical responses compared to disks. In the limit of
electrochemical irreversibility, the flux through the electrode is much slower than
the rate of diffusion of material over the electrode surface: the flux over the surface

of each nanoparticle is uniform. It follows that, for a given surface coverage, in the
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Category 3/4 region:

(np surface area)
Jarray = (dlSk area) Jarray disks (438)

Since diffusion is linear, the array behaves like an array of disks with an apparent
rate constant, K,pparent, Which is affected by the surface area, and hence morphology,

of the nanoparticles:

% _ (np surface area)
PPArent T (disk area)

(4.3.9)

Amatore et al?” have shown that, for flat disks, the apparent rate constant varies
with surface coverage. The theory proposed here is based on morphological effects
at a constant surface coverage. In Figure 4.3.9, the comparison between spheres and
discs is performed for equal surface coverages. However, the surface area of a sphere
is four times that for a disc. This behavior corresponds to a situation in which K
for a sphere appears 4 times larger than for a disk (leading to a larger peak-to-peak
separation but approximately the same peak current). This is confirmed in Figure
4.3.9 where there is concordance between disks (K = 1) and spheres (K = 0.25)
of the same surface coverage. The trends discussed above in terms of Figure 4.3.9
are equally applicable to Figure 4.3.10 which shows data plotted for K = 0.01 at
two different surface coverages. Figure 4.3.11 shows shows Jy(sphere)/ Ip(disc) @S a
function of log,,(K) and log,(c). At very high scan-rates (Category 1), diffusion is
linear in each case and J(sphere) / Ipdise) = 4 (owing to their respective surface areas).
At very low scan-rates (Category 4) diffusion is linear over the entire array and the

peak currents are equal. At between these limits, the value of Jy(sphere)/Jp(disc) 15
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Peak to peak separations (By,) and peak currents (J,) as a function of logyo(o) for spheres
(—) and disks (O) for which K = 0.01. In addition, data is shown for spheres for which
K =0.0025 (A). Data is shown for (Rq) = 3.25 and (Rq) = 10.00.

Jp (sphere)

p (disc)

Figure 4.3.11:

The ratio of peak currents
Jp(sphere)/‘]p(disc) as a func-
tion of log;o K and logyo.
Data is shown for (Rq) =
3.25.
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. . . . 0
(a) The relative difference in the peak potentials g

pp(sphere)

and loggo. Data is shown for (Rq) = 3.25.(b) The difference in the peak potentials
Opp(sphere) — Opp(disc) as a function of logyy K and log;go.

epp(sphere) —

pp(disc)

as a function of logq K

log,o(0). At very high scan-rates (Category 1), diffusion is linear in each case and the
peak-to-peak separation for spheres and discs equal to 2.4 (corresponding to 59 mV
at 298 K)). Owing to their larger surface area, spheres possess a larger diffusion layer
at a given time. Therefore, during Category 3, the extent of diffusion layer overlap
is greater for spheres than for discs. Hence, in Category 3, spheres appear more
reversible compared to discs and have a smaller peak-to-peak separation. At very
low scan-rates (Category 4) diffusion is linear over the entire array. As discussed
above, disks appear more irreversible compared to spheres. For low K and low ¢ the

pp(disc)

. . 0 ey —0
difference 0, (sphere) — Opp(dise) is constant and therefore the value of pp(sphere)

epp(spheTE)

decreases with decreasing K due to increasing 0 (sphere). Figure 4.3.12(b) shows a

similar plot with 6,p(sphere) — Opp(aise) as a function of log,o(K) and log,, (o).
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4.4 Experimental results and discussion

The experiments in this section were conducted by Dr. Fallyn W. Campbell and Ms.

Yige Zhou. The detailed experimental method is described in Appendix A. Silver

Figure 4.4.1:
I 1 T 1 1 . . .
Silver macro-disk voltammetry in
0.8 0.6 0.4 02 'm NaClOy + 10 mM Cri+.
E/V Scan rate: 50 mV s~!.  Solid

line:  experiment; dashed line:
DIGISIM simulation.

electrodes are known to display electrocatalytic activity towards the reduction of
chromium species in solution, displaying a distinct reversible redox wave.!? When
we compare the macro-disk behaviour to a AgNP-modified BPPG electrode, we see
some distinct differences in the nature of the voltammetry. We first consider figure
4.4.1, which shows the voltammetry of 10 mM Cr?*T in a 1 M NaClOy, electrolyte

solution at a 5 mm diameter silver macro-disk electrode (E,. = —0.581 V and
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Table 4.2:
Parameter Value Silver macro-disk fitting parame-
ters.

EY (V) vs. SCE | —0.485

D (m?s™1) 1.6 x 10710
KO (ms™h) 1.0 x 1073
a 0.5

E,.=—0451V (vs. SCE)).
Variable scan rate experiments showed a linear plot of current vs. square root
of the scan rate (y/v), implying a diffusion-controlled process. By applying the

28 an experimentally measured diffusion coefficient of 1.5 x

Randles-Sevcik equation,
1071 m?2 s7! was extracted. Using DIGISIM we were able to model the redox
behaviour at the silver macro-disk as shown in figure 4.4.1. This allowed us to
determine the kinetic parameters for this process based on the on electron reduction
of Cr** to Cr** (Cr*t + e~ = Cr*"). In a solution of 1 M NaClOy, the kinetic
parameters were optimized as shown in table 4.2.

The next step was to examine the behaviour of a AgNP-modified BPPG electrode
towards the reduction of Cr3* in NaClOy, electrolyte solution. Figure 4.4.2 shows the
experimentally obtained voltammetry for several AgNP-modified BPPG electrodes,
with varying NP densities, towards the reduction of Cr3*. The voltammetry displays
a clear relationship between degree of surface coverage and the voltammetric wave
shape. The recorded current increases as we increase the active surface area of

silver on the electrode. we also observe an increase in the apparent reversibility of

the system with increasing NP coverage as the oxidation peak becomes more well-
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100 4

Figure 4.4.2:

the experimentally
obtained voltam-
metry for several
AgNP-modified

BPPG  electrodes,
with  wvarying NP
T T T T densities,  towards

the reduction of
EIV Cr.

1/ uA

-100

defined and peak-to-peak separation decreases. Furthermore, we also report a small
positive shift in reduction potential (~0.15 V from 0.3% to 10.2%) as previously
reported in the literature, for the reduction of hydrogen peroxide,'® protons'? and
4-nitrophenol? at AgNP arrays. This occurs at least in part due to the change in
diffusion regime experienced at the NP-array as we increase the surface coverage
from 0.3% to 10.2%.

This experimental data in the range of 0.3-10.2% nanoparticle coverage, was then
first approximately fitted using Dicistim™ . This fitting approximates the mass-
transport to the array as linear. The data was fitted by varying the values of
Butler-Volmer parameters, Kapparent annd o where Kypparent is the apparent rate con-
stant describing the fit between theory and experiment. The result was a linear re-
lation between apparent rate constant (kapparent) ascertained from the approximate
Dicisiv™ fitting s and the degree of surface coverage as shown in Figure 4.4.3. We

refer to this value of rate constant as kapparent due to the fact that it has been claimed
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0.010 ®
0.008 1
~ 0.006
'
E .
L. 0.004 4 Figure 4.4.3:
5 ; ) Linear  plot  of
% 0002 -1 (kapparent) vS.
e surface coverage
0.000 4 ® as obtained .from
the approximate
0 5 10 15 20 fitting —of  AgNP
voltammetry using
surface coverage (%) DIGISIMT™™

assuming the diffusion to the surface is considered to be linear rather than a mixture
of convergent and linear diffusion as actually occurs at arrays of nanoparticles and
also that the entire electrode surface is uniformly electro-active. Extrapolation of
this linear plot estimated Kapparent for full coverage (6 = 1) as ~0.9 x 1073 ms1,

based on the relation shown in (4.4.1):

kapparent(ms_l> = k()(ms_l)e (441)

k° is the intrinsic rate constant for the silver macroelectrode. Note that the ex-
trapolation gives a value close to that recorded experimentally for the silver macro-

electrode, which was 1.0 x 1073 ms™!.

In order to account more precisely for the
different diffusional behaviour at an array of nanoparticles, the AgNP voltammetry

was then fitted using a diffusional model based on a regular array of discs, as devel-

oped above.?” The values of D, E{ and k° were taken to be equal to the macro-disk
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Silver nanoparticle surface coverage (6) 0.003 0.035 0.102
E? \Y -0.485 -0.485 -0.485
D m?s! 1.6 x 1071 | 1.6 x 1071° | 1.6 x 10719
K% ms™! 1.0x107% | 1.0x 1073 | 1.0 x 1073
o 0.5£0.1 0.4+0.1 0.4+0.1
[Cr3t)(mM) 10+1 1041 10+1
Table 4.3:

Fitting parameters for AgNP-BPPG with varying surface coverage

values. The surface coverage () is also input into the model in order to define the
diffusion domain. It was therefore possible to fit the experimental data as shown in

figure 4.4.4. The optimized parameters for AgNP fitting obtained from this model

a 100 4 b 150 A
50 A 100 A
50 -
0 -
< < 04
~ 50 ~
- = -50 1
-100 + -100
-150 A -150 4
'200 T T T T T '200 T L] T T T
-1.0 -08 06 -04 02 0.0 10 -08 -06 -04 02 0.0
E/V E/V

Figure 4.4.4:
Disc simulation fitting for AgNP-BPPG electrode coverage. (a) 3.5%, and (b) 10.2%.
Solid line: experimental voltammetry; dashed line: disc simulation.

are shown in table 4.3.

In summary, an increase in the extent of surface coverage alters the mass-transport
regime, resulting in a transition from convergent to linear diffusional behaviour.
At 10.2% surface coverage the electrode exhibits near-macro-disk behaviour due to

greatest degree of diffusional overlap.
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4.5 Conclusion

Diffusional chronoamperometry and cyclic voltammetry at a random array of nanopar-
ticles can be simulated efficiently and rationalised in terms of four categories which
define different extents of diffusion layer overlap. The cyclic voltammetry in the
Category 3/4 region has been shown to be morphology dependent for voltammetry
that is not electrochemically reversible.

The reduction Cr3* to Cr*" was carried out experimentally on an array of silver
nanoparticles (80-120 nm diameter). A clear relationship was shown to exist between
the degree of surface coverage (#) and the nature of the voltammetry. Increasing
the coverage resulted in an increase in the apparent reversibility of the process as
well as an increased current due to the greater surface area available for the reac-
tion to take place. This is due to the transition from convergent diffusion to linear
diffusion with increasing surface coverage. By increasing the nanoparticle density

the electrode kinetics tend towards those of a macro-disk electrode.
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Chapter 5

Cyclic voltammetry: the effect of

analyte charge

This chapter presents research showing how cyclic voltammetry is affected by the
electric charge on the analyte ions when mass transport is a composite of diffusion
and migration. The contents of this chapter have been published in the Journal of
Electroanalytical Chemistry.! The work described here is extended in chapters 6 and

7.

5.1 Introduction

Since the publication of Nicholson and Shain’s landmark paper of 1964,% cyclic
voltammetry has evolved into one of the most widely used and useful techniques in
analytical chemistry. The experiments are relatively simple yet can provide funda-
mental information for a spectrum of chemical systems. Diverse applications have

been found and range from chemical sensors® % to the use as an experimental probe

124



CHAPTER 5. CYCLIC VOLTAMMETRY: THE EFFECT... 125

with which to investigate the electrocatalytic properties of nanoparticles” or the
various theories of electron transfer.®

Two modes of mass transport operate in a quiescent solution: diffusion and mi-
gration.”!? Although it is possible, and in some cases necessary,'''? to conduct
voltammetry in the presence of both, so-called ‘diffusion-only’” conditions are gener-
ally preferred because the experiments are easily reproducible and can be quantified
by fast, accurate numerical modeling. '3

When the potential applied at the working electrode is changed, electrolysis occurs
and a net charge is formed in solution. The charge is dissipated by migration be-
tween the working and counter electrodes. Resistance to this flow of current leads to
the establishment of a potential gradient across the solution. The potential available
to drive electrolysis at the working electrode is correspondingly diminished: the dif-
ference is called ‘ohmic drop’. Electrolysis therefore establishes concentration and
potential gradients along which chemical species diffuse and migrate respectively.
The potential gradient leads to two main qualitative differences in the voltammetry
compared to diffusion-only conditions: first, the peak to peak separation is greater
because the applied potential at which the electrode kinetics outrun mass transport
is offset by ohmic drop; secondly, the peak heights are distorted because mass trans-
port is augmented (either positively or negatively) by the migration of ions along
the potential gradient.

Diffusion-only conditions must be attained by adding a large quantity of inert salt,
so-called ‘supporting electrolyte’, to the solution.* ! As the resistivity of the solu-

tion decreases, the potential gradient decreases and becomes increasingly confined to
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the surface of the working electrode. In practice, experimentalists need only add suf-
ficient supporting electrolyte to compress the potential gradient to within ca 10 A
of the working electrode.!®?° In this situation, voltammetry is purely diffusional
because the electrons “bypass” the potential gradient by quantum mechanical tun-
neling. 19

In cases where diffusion-only conditions are assumed, it is imperative that sufficient
supporting electrolyte be present. For example, if the potential gradient was naively
ignored, a large peak to peak separation, derived from an appreciable ohmic drop,
might erroneously be ascribed to a low electrochemical rate constant. As a gen-
eral rule, voltammetric experiments can be considered purely diffusional when the
concentration of supporting electrolyte exceeds 30 times that of the electroactive
species.?! However, this value, often called the ’support ratio’, is known to vary ac-
cording to the experimental conditions. For example, the support ratio required to
achieve purely diffusional steady-state voltammetry is known to be more forgiving
than in the corresponding transient cases.??

In this chapter, the cyclic voltammetry of the reduction, A% + ne” = B%® (1 <
n < 2), assumed to be electrochemically reversible, is studied using numerical sim-
ulations. The effect of adding different concentrations of supporting electrolyte is
studied as a function of the scan rate, the diffusion coefficient of species B and the
diffusion coefficients of the ions in the supporting electrolyte. These studies cover
the following Za/Zp redox couples: 2/1, -1/-2, 8/7, and -7/-8. This chapter ex-
tends Dickinson et al?' work on unsupported systems of relatively low ion charge

(A% + e = B* and AT + e~ = BY) in three ways. First, a fuller range of
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charges of the electroactive species are considered (see Section 5.2.1 for a definition
of the charge range used). Secondly, both one and two electron transfers are stud-
ied. Thirdly, a comprehensive supporting information is included which tabulates
the minimum concentration of supporting electrolyte required to achieve fully sup-
ported voltammetry. This data can be found on the attached CD in the file entitled
“Chapter_5_supplementry_info.xls”. The data is pertaining to a range of scan rates
(107! < %;g:,, < 10°) and a range of charges of the electroactive species (see Sec-
tion 5.2.1 for a definition of the charge range used) and for both one electron and
concurrent two electron transfer (n = 1 or 2 respectively). This allows experimental
conditions to be defined so that any particular Nernstian electrochemical system

may be studied under diffusion-only conditions without the need for additional ex-

periments or simulations.

5.2 Theory

In this section, the type of experiment studied is explained and cast in mathematical
form. The method of numerical simulation is also described. All symbols are defined

in the glossary.

5.2.1 Reaction mechanism

We consider a solution containing an electroactive species, A, of charge Z,, which is

capable of undergoing a n electron reduction to form species B, of charge Zg. The
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process is entirely heterogeneous and takes place at an inert hemispherical electrode.

AN+ ne” =B " (5.2.1)

Species A is accompanied by an inert, monovalent, counterion, X, and the solution
is supported by a monovalent 1:1 inert salt, M*X~. Three further assumptions are
made: first, the magnitude of the highest charge, Z4, is 8; secondly, the maximum
number of electrons transfered in the electrochemical process is 2; finally, ion pairing
is completely absent. This leads to 16 permissible combinations of Z,, Zg and n.
Note that ions of high charge, such as dendrimers, can exist without substantial ion

pairing. 2

5.2.2 Experiment

The reaction described in Section 5.2.1 is studied using cyclic voltammetry. The

applied potential, F, varies as a function of time, ¢, according to:

E - | — vt + Estart - Evertex‘ + Evertex (522)

where Fgae and Eyeiex are the starting and vertex potentials respectively.

5.2.3 Mathematical formulation

The concentration of each species varies in space and time according to the Nernst-

Planck (NP) equation for mass transport in a hemispherical coordinate system:
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Each equation consists of two terms: the first quantifies diffusion while the second
quantifies migration. This system of 4 independent equations contains 5 unknowns:
the concentration for the each of the 4 species (ca, ¢g, cm and cx) and an additional
term for the potential (¢). Consequently, the description of the problem is incom-
plete and a further relationship must be introduced. For this purpose, the Poisson

equation is invoked:

or?2  ror €:€0
S

¢ 200 __F Zzscs (5.2.3)

This relationship follows from Maxwell’s equations; however, many workers have
attempted to simplify the problem by invoking, instead, the electroneutrality ap-

proximation

F
0=— <Cs 5.2.4
Yk (5.2.0

The electroneutrality equation is well obeyed because the Gibb’s energy of the het-
erogeneous process is insufficient to overcome the strong coulombic forces between

the ions of the solution. Although useful when deriving analytical solutions, the
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electroneutrality approximation does not, in general, make numerical solutions more

2324 Consequently, in this chapter, the Poisson equa-

straightforward or more stable.
tion is used.

The mass transport equations and the Poisson equation are solved in the region
roe < r < oo subject to an appropriate collection of boundary conditions. However,

the problem is considerably simplified, without affecting the result, by defining a

finite upper limit, 7 = ry.. In this chapter

Tmax = Te + 6 V Dmaxt (525>

where D,y is the diffusion coefficient of the most itinerant species in the solution.??

Beyond the point 7 = 7., all concentrations are temporally invariant and the
flux of each species at can be set equal to zero at all times. In addition, since
the concentrations of species in the solution are equal to the initial values, the
solution must be electroneutral. It follows, from the Poisson equation combined
with electroneutrality, that at r = ryax

P9

87"2 T=Tmax

—0 (5.2.6)

Integrating this equation subject to the condition ¢ — 0 as r — oo leads to a

boundary condition for the potential at r = ry.x

%)  __2 (5.2.7)

87" T=Tmax T
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The complete set of boundary conditions for the problem are:

t=0,all r CA = Cy cg =0
oM = Oy cx = ¢y o=
= e — dcp _
t> 0,7 = rpax ol =0 52 =0
T=Tmax T=Tmax
Oem — Ocx — 9¢ - _ ¢
or | =0 or | =0 or| -
T=Tmax T=Tmax T=Tmax
F(E—E®, ,.—Ag)
t>0,7r=r, cA = cBeXp<§’%—AT/B
dcp — _D,%a
Dg or - Dy or | _
T=Te T=Te
dem _
DM or | 0
r=re
ex. —
DX or | 0
r=re

where F is the potential applied at the electrode; Efe' A/B is the formal potential
of the A/B redox couple. A¢ is the difference in potential between bulk solution
and the edge of the double layer at which location we assumed species A and B
to be Nernstian equilibrated. The parameter A¢ is therefore the loss in ‘driving
force’ for the reaction. In particular, the modified Nernstian boundary condition

was implemented by using Butler-Volmer kinetics of the form

F Ea —-E? _A¢)
t > O’ =T, DA%C—T‘} = kg/BcA,O exp (—CVA/B (Eapp R;A/B )
r=re
F(Eapp—E®, .—Ad)
—k}/pCB0€XP ((1 — o) )

and taking the electrochemical rate constant, k° to infinity in order to obtain equi-
libration. This was done for ease of computation.

The current was calculated as follows:

0
i = QWFCZDATen—aCA (5.2.8)
T lr=re
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5.2.4 Numerical methods

The problem is readily formulated in terms of a conventional set of normalised pa-
rameters, defined in the glossary. This procedure reduces the number of solutions
by amalgamating parameters that act as scaling factors into parameters that do
not. The NPP equations are discretised in this simulation space according to the
Crank-Nicholson method,?® which is characterised as stable and accurate for 1D sim-
ulations.?” The resulting set of coupled non-linear simultaneous equations is solved
using the iterative Newton-Raphson method.?®

The spatial simulation mesh is composed of an irregular grid of points, expand-
ing in R away from the electrode. This grid corresponds to that used in previous
work, 112931 with a region of extremely dense regular grid spacing close to the elec-
trode that expands proportionally to R beyond some characteristic switching point

R,. Mathematically, the R position of a point R; is defined as:

R < R, Rj = Rj_1 + ’YR(RS — 1) (529)

R Z RS Rj = Rj_l + ’YR(Rj—l — 1) (5.2.10)

where the point at the electrode surface, Ry, is equal to 1. A regular time grid was
employed, where the number of time-steps per unit 0,,, is given by a parameter
mpr . Convergence studies were used to find optimal grid parameters which for the
majority of systems were: yg = 1 x 1072, Ry = Ry + (2 x 1073); 7p1 = 50. The

simulations were converged to 0.5%.
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5.3 Results and discussion

5.3.1 Preliminaries

The supporting information contains data for the range of 16 different combinations
of Zx, Zg and n (see section 5.2.1). In order to explain the trends in the voltammetry,

only 4 cases are studied in detail in this section:

A*t e =BT (5.3.1)
A¥t fem =B (5.3.2)
A" +e =B (5.3.3)
AT te =B (5.3.4)

In each case, the effect of varying the support ratio is studied as a function of
four parameters: the scan rate, o; the diffusion coefficient of species B, Dy and

the diffusion coefficients of the ions in the supporting electrolyte, Dj; and DY.

. . . . Fur2
The dimensionless scan rate, o, is given by :T

popr and the dimensionless diffusion
coefficient for species i is given by D! = D;/D,. Unless otherwise stated, the effect
of each parameter is studied with respect to an electrochemically reversible system
in which all diffusion coefficients are equal (D = Dy = Dy = 1).

In what follows, all systems are assumed to be electrochemically reversible. The

effect of changing the electrochemical rate constant from this limit to the limit of
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electrochemical irreversibility has been studied. The electrochemical rate constant

does not significantly affect the required support ratio.

5.3.2 Effect of scan rate (o)

Figure 5.3.1:
Peak to peak separation, AbOpy, as a function of scan rate, o, and support ratio, Ceup. The
redoz reaction is AZA + e~ = B?». D), = Dy = D}; = D%.

Figure 5.3.1 shows the peak to peak separation, Af,,, as a function of the scan
rate, o, and the support ratio, Csyp (= m) At full support, the ohmic drop is
zero and the effective overpotential experienced by the solution is simply given by
difference between the dimensionless applied potential and the dimensionless formal
potential (6 —6¢). The rate of mass transport increases with scan rate: a higher scan
rate leads to a thinner layer of depletion and a steeper concentration gradient close to

the electrode. As the scan rate decreases, the voltammetry becomes more sigmoidal

and the peak to peak separation tends towards infinity. As the scan rate increases,

I

the peak to peak separation tends towards a limiting value of approximately 2.22 7=,

which corresponds to AE,, ~ 57 mV at 298 K.?°

At low support, the ohmic drop is non zero and the effective overpotential experi-
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enced by the solution is given by ‘0 — 0 — A6’ where 6 is the dimensionless applied
potential; #; is the dimensionless formal potential and A6 is the loss in potential
driving force at the electrode surface as explained in section 5.2.2. The ohmic drop is
proportional to two variables: the current through the electrode and the resistance
of the solution. Over low scan rates (o ~ 1072 — 10°), the current is very small
and the ohmic drop is effectively zero. In this scan rate range, the peak to peak
separation is therefore almost independent of support ratio. Over higher scan rates
(0 &~ 10° — 10°), the current is significant and increases with increasing scan rate
(as explained in the previous paragraph). Therefore, ohmic drop increases with in-
creasing scan rate. The potential applied at the working electrode required to bring
about rate limiting mass transport is correspondingly higher. Therefore, increasing
the scan rate at low support leads to an increase in the peak to peak separation.
Over high scan rates, (0 ~ 10* — 10°), the peak to peak separation increases with
decreasing support ratio. This occurs due to an increase in the ohmic drop. As
explained in the previous paragraph, ohmic drop increases with the resistance of
the solution. Solution resistance is inversely related to ionic strength and contains
two components: one from the supporting electrolyte and one from the electroactive
ions themselves. As the support ratio decreases, the contribution to the solution
resistance derived from the supporting electrolyte decreases while that derived from
the electroactive ions themselves stays constant. In the limit of very low support
ratios, the ohmic drop is almost independent of support ratio. This is called the
limit of self support.?!

Increasing the charge of the electroactive ions increases the contribution to the
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solution’s ionic strength and consequently decreases the contribution to the ohmic
drop. Therefore, the self support limit corresponds to a much smaller peak to peak
separation as the magnitude of the analyte charge increases. Since the ohmic drop
has little effect on the peak to peak separation over low scan rates (1072 — 10),
the effect of analyte charge is effectively zero in that region. The potential window
required to observe both peaks in a cyclic voltammogram, over a range of support
ratios and scan rates, becomes smaller as the charge of the analyte ions increases.
For example, a dimensionless potential window required to observe a voltammogram
is approximately 70 (E = 1.80 V at 298 K) when Z, = —1 but is approximately
0 =15 (E =0.39 V at 298 K) when Z, = —7. Therefore complications associated
with the use of a wide potential window, for example solvent breakdown, are much
less important for analyte ions of high charge. Figure 5.3.2 shows the forward peak
flux, Jp¢, as a function of the support ratio, Cy,p, and the scan rate, o. At low scan
rates, the peak currents corresponds to the steady state signal arising from a very
large potential step (6 — 6; > 0). In the limit of self support, these values can be
derived analytically.?? In this limit, the steady state current increases as the charge
of the reduced species becomes more positive. The heterogeneous process increases
the net negative charge close to the electrode surface and positive ions must migrate
towards that region to neutralise the charge. This also increases the concentration
gradient of positive analyte ions in the vicinity of the electrode. As the support ratio
decreases, a greater proportion of the ions that must migrate increases. Therefore,
the number of positive analyte ions required to neutralise the excess charge at the

electrode surface increases as the support ratio decreases. Consequently, the steady
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Figure 5.3.2:

Forward peak fluz, Jyu, as a function of scan rate, o, and support ratio, Csup. The redox
reaction is A%r + e~ = B?3. D', = D = D}, = Dk.

state current increases as the analyte ion becomes more positive. The opposite

effect occurs for analyte negative ions. As the charge of the analyte ions increase,
the number of analyte ions required to migrate to neutralise the excess charge at the

electrode is reduced. Consequently, the steady state current is much less sensitive

to changes in support ratio.

At high scan rates (10° —10°), the peak current increases with the effective scan rate

(a(G—AG) )

5 ). As the support ratio decreases, the ohmic drop term increases and the
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8(6—A0)

5 ) increases.

scan rate (52) required to achieve the the same effective scan rate (
This decrease in Jpeax With decreasing support ratio becomes less important as the
analyte charge increases owing to a decrease in the ohmic drop. A self support limit
is also observed in each case.

When Z, is positive, the steady-state current increases as the support ratio de-
creases. However, the trend is reversed at higher scan rates. There is therefore an
intermediate scan rate at which the peak currents at full and zero support are equal.
This corresponds to the point at which the effect of ohmic drop is exactly canceled
out by changes in concentration profiles brought about by migration.

At very high scan rates (10> — 10°) and at full support, the logarithm of peak
current varies linearly the logarithm of scan rate according to the Randles-Sevéik

3334 Under self support, this plot is still linear but the gradient is atten-

equation.
uated by the ohmic drop effect discussed above. It was found to be possible to
empirically fit peak current as a function of scan rate in the limit of self support.
This was done in the range 10?> — 10°; with a maximum error of 1.38% over the
entire range of redox couples defined in Section 5.3.1. The fitting was done numeri-
cally using the least squares minimisation method.?® The dimensionless form of the

equation is:

Jor = 10" (5.3.5)

In dimensional form this is:

Fr\*
ipf = (QWFCZDATe)aI (R_;> (536)
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where the coefficients, a; and as, for each redox couple are given in Table 5.1 on

I | Zn as a Max % error
-1 | -2 | 0.382535 | -0.159753 0.936277
-1 | -3 ]0.363767 | 0.116757 0.400534
-2 | -3 |0.415161 | -0.186128 0.797462
-2 | -4 | 0.396223 | 0.102953 0.705241
-3 | -4 | 0.43426 -0.208738 0.618542
-3 | -5 | 0.416578 | 0.0881252 0.609666
-4 | -5 | 0.446477 | -0.225329 0.490326
-4 | -6 | 0.43063 | 0.0749998 0.562463
-5 | -6 | 0.454676 -0.23704 0.834472
-5 | -7 | 0.44076 | 0.0643412 0.479898
-6 | -7 | 0.460377 | -0.245265 1.19008
-6 | -8 | 0.448275 | 0.0559744 0.386897
0.464459 | -0.251076 1.45837
0.404108 | 0.00994755 0.799481
0.397646 | 0.414916 0.555227
0.426654 | -0.0627735 0.643874
0.416939 | 0.323657 0.568358
0.441312 | -0.110246 0.538515
0.430665 | 0.265628 0.541013
0.45113 -0.142733 0.463856
0.440724 | 0.224703 0.474374
0.457911 | -0.165726 0.846649
0.448248 | 0.194438 0.39208
0.46272 -0.182453 1.14794
0.45398 0.171338 0.417912
0.466215 | -0.194941 1.38497

I
-

I
o0

00 00 1 1 O O UL U i i W W N
N OO O O O e W NN~

Table 5.1:
Empirical parameters for calculating peak currents using Eqn 5.3.6. Error is measured
with respect to the peak current obtained from numerical simulations (converged to 0.5%).

r2Fv

5
DRT < 10° when

page 139. This empirical equation is valid in the region 10 <

Dy = Dg.
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Figure 5.3.3:
Cyclic voltammetry for 16 different points in figures 5.3.1 and 5.3.2. The redox reaction
is AZA + e~ = B?s. D, = Dj; = D}, = D.
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Figure 5.3.3 shows the cyclic voltammograms at 16 points across figures 5.3.1 and
5.3.2. At low scan rates, the effect of changing Cs,,, is to change the value of the peak
current. As the scan rate increases, there are two effects: the ohmic drop increases
and the depletion layer at electrode surface becomes thinner. The first effect leads
to an increase in peak to peak separation while the second leads to an increase in
the peak current and an increase in peak to peak separation (due to an increase in
ohmic drop according to Ohm’s law). As the scan rate increases from zero, the peak
height increases but the peak to peak separation remains approximately constant:
the voltammograms become more concordant and the percentage difference in peak
heights becomes smaller. At higher scan rates, both the peak height and peak to
peak separation increase: the voltammograms become less concordant. Therefore,
at intermediate scan rates, concordance between full and self supported regimes is
maximized (as observed in Figure 5.3.3). This effect is investigated further in figure
5.3.4. This shows the variation in error relative to the diffusion-only (i.e. fully

supported) regime as a function of o and Cy,,. The error is defined as follows:

J — Jdiffusion—only

1
Error = — (5.3.7)
N Z | (pr B Jpr>

diffusion-only |

In this equation, the discrepancy between the currents between the considered
voltammogram and the diffusion-only (i.e. fully supported) voltammogram (J —
Jdiffusion-only) 1S compared with the difference in the peak currents (Jy¢— Jp). This is
necessary because, when experimental voltammograms are compared with simula-

tions, the entire range of recorded currents are viewed together. The error minimum
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Figure 5.3.4:
Mean deviation relative to Cgyp = 10* (full support) as a function of scan rate, o, and
support ratio, Ceup.

at intermediate scan rates is clearly visible for all redox couples shown. The min-
imum errors for Zy = —7/Zg = —8 system and Z, = 8/Zp = 7 system are very
small because the effect of increasing ohmic drop with scan rate is offset by the large
contribution to the ionic strength from the highly charged electroactive ions. In fact,
figure 5.3.3 shows that, for these redox couples, the voltammograms at o = 10 are
practically identical, regardless of the concentration of supporting electrolyte. Fig-
ure 5.3.4 implies that this might be the case over a range of scan rates. This is
confirmed in figure 5.3.5 where qualitative concordance is achieved over scan rates

spanning two orders of magnitude- a range sufficient to obtain semi-quantitative
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voltammetric information from the system.
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Figure 5.3.5:
Cyclic voltammograms showing the concordance between Cgy, = 10* (full support) and

Csup = 1073 (self support) for high analylate charges (Zn = —7 and Zn = 8) over a

wide range of scan rates (0 = 10> — 10*). The redox reaction is A%» + e~ = B?B.

D)y = Dy = D}y = Dk.
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5.3.3 Effect of diffusion coefficients of supporting electrolyte
(Dy; and DY)

In the steady-state limit (g—; = 0), the diffusion coefficients of the supporting elec-

trolyte, D}, (= D—f) and DY (= g—i), can be factored out of the mathematical

formulation of the experiment given in Section 5.2.3.

The mass transport equation:

0 = <aa2:2B %%)Jr(m—n) (%{3% CB%—FCB%%)

The Poisson equation is:

or?2  ror €:€0

O 200 __F Zzscs (5.3.8)

The complete boundary conditions are:

t=0,all r CA = Cj cg =0
M = Cyp X = ¢y p=
_ Jca _ Jdc o
t>0,7’—7’max o =0 8_7}“3 =0
T=Tmax T=T"max

dem _ Odex. — 2¢ __9¢
or | =0 or | =0 or| - r

T=Tmax T=Tmax T=Tmax
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Figure 5.3.6:

Peak to peak separation, AbOyy, as a function of the diffusion coefficient of species M, Dy,
and the diffusion coefficient of species X, Dx. Data is shown for the following support
ratios: Cgup = 1073, 1072, 1071, 10°, 10%, 102, 10 and 10*. In each case, the surface
corresponding to Csyp = 10° is shown in black. The redox reaction is A%A + e~ = B%B.
o =10° and Dy = Dj.

F(E—E?, ,—A¢)
t>0,7r=r cA = cBexp(;’z—AT/B
Ocp _ _ dca
D or - DA or |
r=re =76
dem _
or - 0
r=re
dex —
or - 0
r=Te

The current was calculated as follows:

@CA

1 =2nFc\Daren—
A ¢ 87" r=re

(5.3.9)

Therefore, voltammograms obtained in this limit are independent of the diffusion

coefficients of the supporting electrolyte, D}, (= 2 N

o) and Dy (= g—i). The rate at
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which the supporting electrolyte can move through solution becomes less important
as the experimental timescale tends towards infinity. However, over short experi-
mental timescales (i.e. under transient conditions), D}, and D% must be included
in the mathematical formulation of the experiment and are therefore expected to
affect the resulting voltammetry. Figure 5.3.6 shows the peak to peak separation,
Af,, at o = 10°, as a function of the diffusion coefficient of species M, Dj;, and
the diffusion coefficient of species X, D%. Data is shown for the range of support
ratios : 1073 — 10%. In each case, the peak to peak separation is independent of Dj;
and D% at very high support ratios: this corresponds to diffusion-only conditions.
The peak to peak separation is also independent of Dj; and D% at very low support
ratios: this corresponds to the self supported case in which the concentration of sup-
porting electrolyte is equal to zero. Peak to peak separation varies most strongly
with Dy, and D% over intermediate support ratios. In this region, the support ratio
is low enough to allow mass transport to occur by diffusion and migration but is
high enough to ensure that a significant part of the solution’s ionic strength is de-
rived from the supporting electrolyte. The concentration of supporting electrolyte
at which the voltammetry varies most strongly with D}, and DY increases with the
charge on the analyte ion. At this support ratio, the ionic strength derived from
the supporting electrolyte is comparable to that derived from the analyte ions. As
the charge of the analyte ions increases, a higher support ratio is required to obtain
the same contribution to the total ionic strength of the solution. Figure 5.3.6 shows
that the peak to peak separation, hence ohmic drop, decreases as the diffusion co-

efficients, D}; and D, increase. The net charge generated at the surface of the
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electrode can be neutralised more rapidly as the ions of the supporting electrolyte
become more itinerant. Figure 5.3.7 shows cyclic voltammetry from different points
in Figure 5.3.6. It is seen that the effect of the itinerary of the supporting electrolyte
is less pronounced for analyte ions of high charge. In these cases, the analyte ions
make an appreciable contribution to the ionic strength of the solution and therefore,

the effect of supporting electrolyte is less important.

D, =D,

M

x

100

Figure 5.3.7:
Cyclic voltammetry from different points in figure 5.3.6. The values of Dy = D% are
10795, 10° and 10°°. The redox reaction is A% + e~ = B?8. ¢ = 10° and D)y = D.
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5.3.4 Effect of diffusion coefficients of species B (D})

Figure 5.3.8:
Peak to peak separation, Abpy, as a function of support ratio, Csyp, and diffusion coefficient
of species B, Diy. The redoz reaction is A?A + e~ = B%3. ¢ = 10° and Dy, = D}; = Dk.

Figure 5.3.8 shows the peak to peak separation, Af,,, as a function of the support
ratio, Csup, and the diffusion coefficient of species B, Dj. The scan rate, o, is 10°.
At low support ratios, A, increases with increasing Dy. Species B is formed at
the electrode surface. As Dj increases, species B moves into bulk solution more
rapidly and the self supported contribution to the ionic strength at the surface of
the electrode is less. This effect becomes more pronounced as the charge, hence

ionic strength, of species B increases. As the concentration of supporting electrolyte
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increases, the contribution from self support becomes relatively less important and
the peak to peak separation does not vary with Dy. As expected, the concentration
of supporting electrolyte required to achieve this effect increases as the charge of the
analyte ion increases. Figure 5.3.9 shows cyclic voltammetry from different points

in figure 5.3.8. Figure 5.3.10 shows the forward peak current, Jy, as a function of

- - - - - T T T T T
4 40 20 0 20 -40

2
c,, =10 ~100-]
-1004

50

-150

Figure 5.3.9:
Cyclic voltammetry from different points in figure 5.3.8. The values of Df are 10795, 10°
and 10°°. The redox reaction is A% + e~ = B%3. ¢ = 10° and D)y = D}; = Dk.

the support ratio, Cy,p, and the diffusion coefficient of species B, Dy;. The scan rate,
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Figure 5.3.10:
Peak current, Jyr, as a function of support ratio, Cs.p, and diffusion coefficient of species

B, Dj. The redoz reaction is A%A + e~ = B?3. ¢ = 1072 and D'y = D}; = Dk%.

o, is 1072 At low support ratios, the magnitude of J; increases with increasing
Dj. As species B becomes more itinerant, the net charge at the electrode surface
becomes larger and more species A is required to neutralise that charge. This effect
becomes more pronounced as the charge, hence ionic strength, of the analyte ions
increases. As the concentration of supporting electrolyte increases, the contribution
from self support becomes relatively less important and the forward peak current

separation does not vary with Dj. As expected, the concentration of supporting

electrolyte required to achieve this effect increases as the charge on the analyte ion
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increases. Figure 5.3.11 shows cyclic voltammetry from different points in figure

5.3.10.

Figure 5.3.11:
Cyclic voltammetry from different points in figure 5.3.10. The values of Dy are 1070,
10° and 10°°. The redoz reaction is A% + e~ = B#2=1, ¢ =1072 and D), = D}; = Dk%.
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5.3.5 Effect of the number of electrons transferred (n)
The effect of the number of transferred electrons is studied with respect to the

following redox couples:

A" fne” =B (5.3.10)
A" 4 pne” = B8 (5.3.11)

Figure 5.3.12 shows the peak to peak separation ratios as a function of the support
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Figure 5.3.12:
Peak to peak separation ratios as a function of the support ratio, Csup, and the scan rate,

o. The redox reaction is A?A + 2¢~ = B?A~1. D), = D = D}; = D%.

ratio, Cy,p, and the scan rate, 0. At high support ratios, peak to peak separa-
tions are equal because migration much less important than diffusion. The peak to
peak separation does not vary as a function of either peak height or peak to peak
separation. At low scan rates, peak to peak separations all tend towards infinity
(steady state sigmoidal CVs) and therefore the ration of peak to peak separations
tends to equality. The discrepancy in Af,, increases with increasing scan rate and

decreasing support ratio because more extensive migration is required when two
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charges are generated at an electrode as compared to only one. The ohmic drop in
the former case is therefore larger, leading a greater Af,, value. This increase is
more significant for ions of lower charge because, under conditions of self support,
the ionic strength, and hence also the ability to neutralise excess charge, is smaller.

Figure 5.3.13 shows the forward peak current ratios as a function of the support

20 TS T-6/-8 vs -7/-8
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Figure 5.3.13:
Forward peak current ratios as a function of the support ratio, Csup, and the scan rate, o.

The redoz reaction is A%A + 2¢~ = B%B—1, D\ = Dy = Dy, = Dk.

ratio, Csyp, and the scan rate, o. At high support ratios, forward peak current ra-
tios are equal because migration much less important than diffusion. The forward
peak current ratios is simply equal to the ratio of the transferred electrons (= 2).
The discrepancy in Jy; increases with increasing scan rate and decreasing support
ratio because more extensive migration is required when two charges are generated
at an electrode as compared to only one. Since this is a reduction reaction, negative
charge is generated at the electrode surface and must therefore be compensated for
by the migration of negatively charged analyte ions away from the electrode surface.

Fewer analyte ions are required to migrate away from the electrode surface and the

charge on the analyte ions increases and as the number of electrons transferred at
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the electrode decreases.

5.4 Conclusion

The cyclic voltammetry of the E reduction, A%A4ne~ = B?B, has been studied using
numerical simulations. The effect of adding different concentrations of supporting
electrolyte has been studied as a function of the scan rate, the diffusion coefficient
of species B, the diffusion coefficients of the ions in the supporting electrolyte and
the charges of the analyte ions.

The minimum support ratio required observe quantitative diffusion-only cyclic voltam-
metry has been shown to vary as a function of the scan rate, o, the diffusion coeffi-
cients of the supporting electrolyte, D}, and D%, and the charge of the analyte ion,
Zx. The diffusion coefficient of species B has been show to have no effect on the
peak to peak separation close to the diffusion-only limit (although it will change the

peak position).
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Chapter 6

Diffusion-migration voltammetry:
extra kinetic and mechanistic

insights

Despite it’s relatively low cost, voltammetry is an astonishingly powerful technique
with which reaction mechanisms can be determined. There exist, however, some
reactions that cannot by conclusively elucidated voltammetrically if, as is common,
mass transport occurs by diffusion alone. This chapter extends the usefulness of
voltammetry to an important class of such mechanisms by utilising mass transport
that occurs by a combination of diffusion and migration. This chapter therefore
extends the work presented in chapter 5. The work presented in this thesis has been

published as an article in Angewandte Chemie International Edition.!
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6.1 Introduction

In a quiescent voltammetric experiment, there are two modes of mass transport:
diffusion and migration. Diffusion is an entropic process and is undergone by any
species in a system above absolute zero. In contrast, migration is exclusive to
ions and can be suppressed by the addition of excess inert electrolyte (‘supporting
electrolyte’). These ‘diffusion-only’ systems are conventionally used by researchers
because the modeling is greatly simplified and the results are relatively easy to
rationalise through the use of suitable equations or simulations.?™

When electrolysis occurs in a solution, ions migrate due to the resulting potential
gradient in order to minimise charge separation in the solution. The rate at which
a solution can respond to an applied potential is therefore limited by the rate at
which ions can migrate to disperse the change in potential gradient at the electrode.
Because the response of the system is not instantaneous, there is a difference between
the potential applied at the electrode and the effective potential experienced by the
solution adjacent to the electrode surface. Traditionally, this discrepancy is called
the ‘ohmic drop’ however, since Ohm’s law is not obeyed, the term ‘potential drop’
is preferred.® The resulting voltammogram is distorted both by the complicated
mass transport, which is a combination of diffusion and migration, and also by
the potential drop at the electrode surface. Both effects can be suppressed by
adding large quantities of inert, or ‘supporting’, electrolyte to the solution. As the
concentration of supporting electrolyte increases the potential gradient is compressed

towards the electrode surface. In other words, charge separation caused by the
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heterogeneous process can be dispersed more effectively by a greater number of
ions. The solution can therefore respond more rapidly to changes in the applied
potential and the potential drop at the electrode surface is suppressed.

When the concentration of supporting electrolyte is high (approximately 1 M), the
potential gradient is confined to within a region ca. 10 nm from the electrode
surface and electrons can tunnel directly between the electrode and bulk solution.
Therefore, at no point in the system does mass transport take place in the presence
of a significant potential gradient: migration has been eliminated. Dickinson et al.®
have shown that, as a general rule, transient voltammetry can be considered purely
diffusional if the supporting electrolyte is present in a concentration greater than
100 times that of the electroactive species.

While voltammetric results obtained using diffusion-only conditions are useful, sev-
eral situations exist in which kinetic and mechanistic information can be unobtain-
able or ambiguous. For example and in particular, stepwise two electron reactions
are commonly encountered in electrochemistry and have been reviewed by Evans,

himself a noted contributer to the field "8

Ate = B Efyy (6.1.1)
Bte = C Efye (6.1.2)
A+C = 2B (6.1.3)

Comproportionation between species A and C is thermodynamically favourable

when the formal potential of the second step is much more negative than the first
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(Ef‘::’A B > Efy /C). This situation is commonly encountered because the electron
added in the first step repels the electron added in the second. Insightful pioneering
work by Savéant and Andrieux® has shown that voltammetry is necessarily blind
to the presence of comproportionation in situations where both electron transfers
are reversible and the diffusion coefficients of species A, B and C are equal. In
addition, it has been shown numerically that, when the values of the diffusion coeffi-
cients are similar, the presence or absence of comproportionation, as determined by
means of voltammetric techniques, is ambiguous;!® the current-voltage curves are
almost identical regardless of whether comproportionation takes place or not. This
frequently occurs because the substrate and product in a heterogeneous reaction
are often structurally very similar, leading to similar diffusion coefficients for A, B
and C. It possible to voltammetrically distinguish the presence of comproportiona-
tion in situations where the diffusion coefficients differ significantly: for example in
ionic liquid solvents,! where ions of higher charge interact more strongly with the
solvent, or in solvents of low polarity,'® where ions of different charge associate to
different extents with ions of the supporting electrolyte. In each case, electroactive
ions of higher charge move more slowly in solution and therefore possess smaller
diffusion coefficients. In addition, Evans has demonstrated that it is possible to
resolve mechanistic information when the second electron transfer is irreversible.!?
In other situations, it is necessary to use non-voltammetric techniques to provide
evidence for the comproportionation reaction. For example, Savéant and Andrieux
have used electron spin resonance.” It is useful to develop a voltammetric technique

that can resolve reaction mechanisms of this type, and others, unambiguously.
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One possible solution is to perform the experiments in the presence of a low concen-
tration of supporting electrolyte. Under such conditions, as will be shown below,
voltammetric equivalence is not observed, even when the diffusion coefficients of
A, B and C are equal, owing to the inclusion of a migrational term in the mass
transport equations.

Electrochemistry in weakly supported media is most useful when a theoretical model
can be obtained, either analytically or numerically, to explain the experimental
observations. In 1987, Amatore!® was first to construct such a model, for a simple
E reaction. Several more complicated mechanisms have been studied since.® 7
Most publications to date have only considered systems at steady state, owing to
the lack of a reliable model with which to describe transient experiments. Bond,
Feldberg and Oldham were first to publish work under the latter conditions.®2°
The authors relied on simulations based on an explicit, as opposed to an implicit,
system of equations. The resulting simulations could only simulate heterogeneous
systems and, furthermore, all diffusion coefficients had to be similar. In addition,
the authors, perhaps unknowingly, made a serious approximation by assuming the
concentration and potential profiles to be linear at disc shaped electrodes over short
timescales. In the experience of the present authors, while it is possible to obtain
linear concentration profiles under such conditions, potential profiles are necessarily
much larger and can be hemispherical. Consequently, the simulated results of Bond
et al. compared rather poorly with experimental data.'%?° Recently, Streeter et

al.?! published work on transient systems using a more robust simulation technique.

The theory was based on the ‘zero field” approximation which states that, when the
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electrode is sufficiently large ( > 1 pm), it is valid to consider the electrical double
layer to be infinitely thin compared to the diffusion layer. It follows, from Gauss’s
law, that the derivative of the potential at the outside edge of the double layer is
equal to zero. The theory has been successfully applied to experimental systems
involving only heterogeneous processes. 22 %4

The EE mechanism considered here has been studied numerically by Norton et
al.,??% analytically by Amatore et al.?” and experimentally by Kowski et al.?8 All
considered exclusively steady-state conditions and the theoretical treatments applied
only to extreme cases in which comproportionation was either absent or exclusively
diffusionally controlled. In the present chapter, a more general model is used to nu-
merically simulate this process at a range of comproportionation rates, under both
steady-state and transient conditions, with an arbitrary set of diffusion coefficients.
In Section 6.5, numerical simulations, using the model of Streeter et al.?! described
above, are used to explore the behaviour of this system as a function of several vari-
ables. The simulations are applied to the electroreduction of anthraquinone (figure
6.1.1) in acetonitrile, for which diffusion controlled comproportionation is shown to
occur. When using cyclic voltammetry to elucidate a reaction mechanism, it is good
practice to compare theory and experiment over a range of scan rates (covering linear
to convergent diffusion regimes). This improves the reliability of the data because
the relative sensitivity of the voltammetry to each of the parameters changes with
the experimental timescale. In this chapter it is shown that, in addition, the sensi-

tivity of the voltammetry to many of the parameters varies with the concentration

of supporting electrolyte. In the experimental study presented here, the validity of
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@]

Figure 6.1.1:
@) Structure of anthraquinone, AQ.

the data is improved considerably by comparing theory and experiment over a range
of scan rates and a range of concentrations of the supporting electrolyte.

We anticipate electrochemistry in solutions of variable ionic strength is therefore
likely to become widely used and is expected to greatly enhance the scope of voltam-

metry in detecting kinetic and thermodynamic parameters.

6.2 Theory

All symbols used in this chapter are defined in the glossary.

6.2.1 Reaction mechanism

We consider a solution containing an electroactive species, A, which is capable of
undergoing two, reversible, single electron reductions, forming species B and C re-
spectively. These heterogeneous processes occur at a hemispherical electrode and

imply an additional homogeneous comproportionation/disproportionation equilib-
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rium

A e = B! OES, 4 (6.2.1)

B lpem = C*? Efy (6.2.2)
kcom

AP 4 A2 = 2Bl K, = (6.2.3)
kdisp

Species A is accompanied by a counterion, Y~*A  and the solution is supported by
a monovalent 1:1 inert salt, MTX~. In this chapter, 2z, is relatively small and ion
pairing is assumed to be completely absent in solution. The equilibrium constant
for comproportionation, Keqm, depends on the formal potentials for both of the

heterogeneous steps, Ef, /B and £ Jc

F © ©
Kegm = exp <ﬁ<Ef,A/B - Ef,B/C)) (6.2.4)
In this chapter, £, B > Efy et thermodynamically, the comproportionation reac-

tion is favoured.

6.2.2 Mathematical formulation

The concentration of each species varies in space and time according to the mass

transport equations
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86% = Dj (8;:? + i%?) + Daza @;Cfgf + CA% + CAigi)) — keompCacc + kaispCh

%Lf = Dp <882:§ i%?) + Dg(za — 1) <8acfgf + CB% + CBiZf) + 2kcompeacc — 2kdispCh
aaitc = D¢ (a;:f i?) + Do(za —2) (%Cfgf + Cc% + Cci?ﬁ) — keompCacc + kdispCh
a;—;v[ = Dy (8;:12\4 +12"686M> + Dy (2m) (agy?f“v‘Cngj‘FCMi?)

68% = Dx (8;:;( +i8@c;<> + Dx(2x) (aaifig(f +cx% +cxig(f>

86% = Dy (8;:; i(’)acY) + Dy (—za) (%i?(gf—i-cygif—i-cyi(;(f)

Each equation is composed of three terms. The first quantifies diffusion, the second
migration, and the third quantifies the homogeneous chemical reaction. Since species
M, X and Y are chemically inert, the latter term in the respective mass transport
equations is equal to zero. This system of 6 independent equations contains 7
unknowns: the concentration for the each of the 6 species and an additional term
for the potential. Consequently, the description of the problem is incomplete and
a further relationship must be introduced. For this purpose, we invoke the Poisson

equation

Po 20¢ F
= S e = -

W ;E— i erEO[ZACA+(ZA_1)CB+(ZA_2)CC+ZMCM+ZXCX_ZACY]

(6.2.5)
This relationship follows from Maxwell’s equations; however, many workers have

attempted to simplify the problem by invoking, instead, the electroneutrality ap-
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proximation
F F
0=— Z 24Cs = — [zaca + (za — 1)eg + (24 — 2)cc + 2mem + 2x0x — 2ACY)
€r€Q . €r€o

(6.2.6)
In the experience of the present authors, this relationship, although well obeyed
over the majority of simulation space, does not significantly increase simulation effi-
ciency. It is therefore regarded in the presented work as an unnecessary, additional,
approximation.
The mass transport equations and the Poisson equation can be solved in the region
re < r < oo subject to a set of boundary conditions. However, the problem is

considerably simplified, without affecting the result, by defining a finite upper limit,

I = 'max. 1IN this chapter

Tmax = Te + 6/ Dpaxt (6.2.7)

where D, is the diffusion coefficient of the fastest moving species in solution.?

Beyond the point 7 = ry.y, all concentrations are temporally invariant and the flux
of each species at can be set equal to zero at all times. In addition, it follows, from
the Poisson equation combined with electroneutrality, that at r = ryax

¢

87"2 T=Tmax

=0 (6.2.8)

Integrating this equation subject to the condition § — 0 as r — oo leads to a
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boundary condition for the potential at r = ry .
dp ¢
— = —= 6.2.9
87" P=Tmax T ( )
The complete set of boundary conditions for the problem are
t=0,all r cA =C) cg =0 cc=0 cy =cji
oM = ¢y ex = ¢y =0
t>0, 7 = rmax ea| =0 | =0 Gec| =0 Doy =0
ag% T=Tmax =0 88673( T=Tmax =0 gf T=Tmax - _%
F(Eapp—EZ, ;)5—®PET)
t > 0, =T, DA%C—T‘} _ = kg/BCA,O exp (—OCA/B PP ;;/B )
F(Eapp—E7 , ;5—9¢PET)
—k}/pCB.0 XD <(1 —aam)— 5 )
oc oc dc,
s —Dar, . P
5 F(Eapp—Efp o —¢PET)
D¢%¢ . _k%/CCB,O exp <_04B/C PP ;;/c )
F(Eapp—Erg o —¢PET)
+hkp jccc0 exp ((1 —apjc) =" )
)
DM% =" o O
9 _
DX% T 0
d
Dy %X . 0

The boundary condition at r = r, invokes the ‘zero field approximation’ which states

that the double layer at the electrode surface is negligible in extent compared to the

diffusion layer, such that the charge on the electrode is fully compensated at r =~ r,.

This point is called the ‘plane of electron transfer’, PET. It follows from Gauss’s

law that
¢

87’ r=re

—0 (6.2.10)



CHAPTER 6. DIFFUSION-MIGRATION VOLTAMMETRY:... 169

For cyclic voltammetry, the applied potential, E,pp,, varies as a function of time, ¢,
according to

Eapp = | — vt + Estart - Evertex| + Evertex (6211)
where Fgat and Eyetex are the starting and vertex potentials respectively.
The flux at surface of the electrode, 7, is calculated using

) = 2— 2—— 6.2.12
J 87" r:re+ DA T Ir=re ( )

which may be related to the current, ¢

i =2 Fc\Darej (6.2.13)

6.3 Novel method for determining the presence

of comproportionation

In this section it is shown analytically, for a hemisphere in fully supported media,
the steady state 2e™ current when comproportionation is absent is equal to that
when comproportionation is diffusionally controlled, regardless of the values of Dy,

DB and Dc.

The steady state 2 e~ current in the absence of comproportionation is?

_ FADxcLj
= —=

(6.3.1)

Te
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The mechanism, in the presence of comproportionation, is

A+e = B (6.3.2)
B+e = C (6.3.3)
A+C = 2B (6.3.4)

The corresponding concentration profile is shown schematically in figure 6.3.1.

- K =0 1A

C
B
C
1 l 1 l 1 l 1
R
i ! | _ 8 | ! | ! |
| comp_ 10 A
c L _'
e 1B
C
1 l 1 l 1 l 1
R

Figure 6.3.1:
Schematic concentration profiles for Keomp = 1078 and 108. The general shape of each
profile is invariant to the kinetic and thermodynamic parameters simulated.

There is a reaction front, rgen:, below which species A does not exist and above
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which species C does not exist. The problem is solved in two parts: the first for
r < rgont and the second for r > rgon. The species names are given the subscripts
“I” and “u” in the respective parts of the problem.

6.3.1 Lower part

The mass transport equations are

CAl — 0 (635)
820131 2 80]31
D — = 0.
B(8r2 +r or 0 (6.3.6)
82001 2 8001
D — = ..
0(87“2 +7“ or 0 (6.3.7)
Integration of these equations leads to
ca1 = 0 (6.3.8)
cgl = % + gB1 (639)
ccl = Z% + qc1 (6310)

where pg1, pc1, ¢B1, ¢c1 are constants of integration. When r = r., ¢cg; = 0. Therefore

pe1+ g1 =0 (6.3.11)

When r = r,, g—chm = g—chBl. Therefore

_Dc _ pe1

6.3.12
Dy pri ( )
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When r = rgont, cc1 = 0. Therefore
Pl gei=0 (6.3.13)
Tfront
6.3.2 Upper part
The mass transport equations are
820Au 2 aCAu
D - =0 6.3.14
A ( or? * r Oor ) ( )
82CBu 2 8cBu
D - =0 6.3.15
B ( or? + r Or ( )
ccu = 0 (6.3.16)
Integration of these equations leads to
caw = AU g, (6.3.17)
Cpy = pi“ + gBa (6.3.18)
ccu = 0 (6.3.19)
When r = rgont, caw = 0. Therefore
DAY | au =0 (6.3.20)

Tfront
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When r = rgont, Veaw = g—iVCm. Therefore

« D
_PAw _ Zc (6.3.21)
pc1 Da
When r = rgont, g—chBl — g—ichu = 2Veca . Therefore
Dg Dg
—2 Bl — —CBu = 2PAu 6.3.22
DACBI DACB Pa ( )
When r — o0, cay = ¢). Therefore
dau = Cy (6.3.23)

When r — 00, cg, = 0. Therefore

qBu =0 (6.3.24)
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From this information it is possible to show that
D
PB1 = _D_grfront (6325)
D
gB1 = D_grfront (6326)
D
pPo1 = D—ZTfront (6.3.27)
Dy
=== 6.3.28
qci De ( )
PAu = —Tfront (6329)
qau = Cy (6.3.30)
D
PBu = D_grfront (6331)
The current is given by
i = FADxc\j (6.3.33)
. N Dy
1= FADACA 2Vear + D—VCBl (6334)
A
1 = FADAC\Tfront (6.3.35)
When r = rgont, cBu = cg1. It follows, from eqns 6.3.9 and 6.3.18 that
Ttont = 2Te (6.3.36)
Therefore
i =2FADxc\Te (6.3.37)
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This is the same result as for the absence of comproportionation.

6.4 Numerical methods

The problem is readily formulated in terms of a conventional set of normalised pa-
rameters, defined in the glossary. The problem is discretised using the fully implicit
finite difference method. The resulting nonlinear equations are solved using the
Newton-Raphson method and the Thomas algorithm.3? It is known3! that when
K omp is large, a singularity in species B exists at a time dependent point Rg. It is
therefore necessary to constructed a spatial mesh of high density close to the elec-
trode surface and close to Rg. This can be achieved either by using a mesh that is

L or, more efficiently, by using a temporally dynamic mesh that

uniformally dense?
adapts to changes in the concentration profile at each timestep.3?3% In the latter
case, the dynamically adaptive gridding techniques could handle any mechanism.
In so doing, the authors sacrificed computational efficiency in favour of mechanistic
generality. In this chapter a dynamically adaptive grid is used that is specifically
tailored to the EE reaction, with comproportionation. The singularity in species B
is only considered when Rg > 1.1. When R < 1.1, the mesh density close to the
electrode is sufficient to resolve the singularity caused by species B. Linear inter-
polations are used to calculate concentration profiles at successive timesteps. The

variation in grid density during the voltammogram, when Kcomp is large, is shown

in figure 6.4.1. The discretization quantitatively expressed as
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Figure 6.4.1:

Schematic representation of the spatial grid as a function of O.pp. The corresponding
voltammogram is shown for comparison. Note the singularity that occurs away from the
electrode at large ,p, values corresponding to approximately R = 1.
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Ro=0
Ry < BB R; = Rj_1 +yr (H(Rs — Rj)Rs + H(R; — Rs)Rj_1 — 1)

Be < Ry < Rp Rj = Rg — (R — Rj_1) + r (H(Rs — Rj + Rp)Rs + H(R; + Rp — Rs)(Rp — Rj_1) — 1)
R; > Rp R; = Rg + (Rj—1 — Rg) + & (H(Rs — Rj — Rg)Rs + H(R; — Rg — Rs)(Rj—1 — Rg) — 1)

where H is the Heaviside step function. The parameters are converged to yield
< 1% error (g =1 x 1072 and R, = 2 x 1073). The mesh density is considerably

35737 owing to the extremely

higher than that used in simple ‘diffusion only’ studies
tight coupling between the migration electrical fields and concentration profiles of
ionic species. 38 All simulations were programmed in C++ and run on a desktop

computer (Intel Core2 Quad 2.4 GHz, 2 GB RAM), with running times of 30-60

minutes per voltammogram being typical.

6.5 Theoretical results and discussion

6.5.1 Preliminaries

The mechanism considered varies as a function of several parameters. Discussions

in this section are based on a system in which g—i = D—i =124 =0, zg = —1,
zc = —2, R, = 2660 and the electrode kinetics are reversible. The value of R,
is derived from cx = 1 mM, r, = 25 um and ¢, = 37.5, which correspond to the
experiments in acetonitrile considered in the experimental section."

Figure 6.3.1 shows schematic concentration profiles for which K¢omp, = 0 and Keomp =
10® at the second peak. Trivially, when Keomp = 0, species A travels towards the

electrode from bulk solution while species C travels away. Species B, formed in

the first wave, has remained very close to the electrode and, consequently, is al-
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most depleted at the second peak. The concentration profile when Komp = 10% is
more complicated. As before, during the second wave, all 3 electroactive species
are present in solution. Species A travels towards the electrode from bulk solution
while species C travels away. At an intermediate point in solution, a homogeneous
comproportionation reaction occurs between species A and C leading to a maximum
in the concentration of species B.

The comproportionation can be studied using cyclic voltammetry. During the second
wave of the forward sweep, all three electroactive species (A, B and C) are present
in appreciable quantities close to the electrode surface. It follows that the peak
current for this wave (Jpeak2) is the most sensitive measure of the rate constant,
Keomp. As is conventional,? this current is quoted relative to a baseline derived
from the forward wave of the corresponding one electron process. This procedure is

illustrated schematically in figure 6.5.1.

— 1 electron transfer
"""" 2 electron transfers

Figure 6.5.1:
Schematic  voltam-
. mograms for 1 elec-
JpeakZ_JbaseIine ) tron, A + e~ = B,
and two electron,
A+2e = B+e™ =
\ - C, processes. The
procedure for cal-
culating baseline
corrected  currents
- for the second peak,

! 1 ! 1 ! 4 ! 4 ! 4 ! 4 ! JpeakZ - Jbaseline; 18
0 shown.
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6.5.2 Effect of Cy,

Figure 6.5.2:
Jpeak2 — Jpaseline a8 a function of Coupp and Keomp for o = 1073 and 103.

Figure 6.5.2 shows Jpeak2 — Jhaseline @s @ function of Cyypp and Keomp. When Cyypp
is high, the ionic strength is sufficiently high at every point in solution to suppress
potential gradients. In this region, migration does not occur and the voltammetry
is purely diffusional. As explained in the introduction to this chapter, the effects
of Keomp are not voltammetrically distinguishable under diffusion only conditions.
This manifests figure 6.5.2, as Jpeak2 — Jbaseline 15 invariant with Keomp when Cyypp is
high. Additionally, it is known that when g—i and g—i both close to unity, the value of
K comp, though experimentally obtainable using voltammetry, is not unambiguous. '
As Cyypp decreases, the ionic strength in solution decreases and the potential gradient

close to the electrode increases. Migration makes a progressively more significant

contribution to mass transport. In every case, the current is given by:

Dy (9Cy 0C
=2 (2 42 5n 5.1

When o = 1000, the timescale of the experiment is short and, during the second
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wave, B is present in appreciable quantities close to the surface of the electrode
when Keomp large and when Kgonp is small. Therefore, in both situations, as the
value of Cyyp, decreases the current decreases. When Cgpp is small, the current
increases with decreasing Kcomp. This occurs because the term in species B is more
important for the current when K.omp, is large, due to the higher concentration of
species B close to the electrode. Lower values of Cg,pp are required to reach the
self support limit as the scan rate increases. The ions of the supporting electrolyte
move to nullify to effect of the potential gradient close to the electrode. As the scan
rate decreases, the time over which the ions can adapt to a given potential at the
electrode increases and the extent of this shielding effect becomes more significant.
When o = 0.001, species B is almost completely depleted and this contribution to
the flux is negligible. The flux is given solely in terms of the uncharged species, A.
Since A is uncharged, its mass transport is independent of potential gradients in
solution. As Cyypp decreases, Jpeak2 — Jbaseline 1S constant. In contrast, when Keomp
is large species A is almost completely depleted close to the electrode and this
contribution to the flux is negligible. The flux is given solely in terms of the charged
species, B. Since B is negatively charged, it is repelled by the negative charge at the
surface of the electrode. As Cg,pp, decreases, the flux of species B at the electrode
surface, and Jpeak2 — Jbaseline; decreases. At very low values of Cyypp, the system
begins to tend towards a limit in which the ionic strength of the solution varies as
a function of only the electroactive species present in solution and its counter ion
and products, and hence is independent of Cgupp. This is called the limit of ‘self

support’.® The comproportionation reaction is most effectively studied at, or near,
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steady state because the charge on the ions close to the electrode changes with Kcomy,
and leads to significant changes in the voltammetry at low support when migration

is a significant form of mass transport.

6.5.3 Effect of Dy,

Figure 6.5.3:
Jpeak 2 — Jbaseline a5 a function of Deupp = Dv = Dx and Keomp for o = 1072 and 103.

Figure 6.5.3 shows Jpeak2 — Jhaseline as a function of Dyypp (= Dy = Dx) and Keomp.
The surface is drawn for a situation in which Cy,,, = 1. This value represents a
compromise between a support ratio low enough to allow comproportionation to be
observed while allowing the effect of changing Dygy,,, to be probed. As explained
above, Jpeak2 — Jbaseline decreases as Kqomp increases. As Dy, increases, the ions
of the supporting electrolyte can move more quickly and so are more effective at
maintaining the electroneutrality in the solution: the proportion of migration that
must occur from the electroactive species is smaller. As the scan rate increases, the
time over which the ions can adapt increases and the rate at which the ions move
becomes less significant. Therefore, when o = 0.001, the voltammetry is insensitive

t0 Dgupp; in contrast, when o = 1000 the value of the value of J,eak2 — Jhaseline tends
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towards the limit of full support as Dg,pp increases.

6.5.4 Effect of Dg/Dy and D¢/Dy

It was concluded in section 6.5.2 that the effect of comproportionation is most
pronounced at steady state. In this section, the value of the steady-state current
is studied as a function of Dg/Dy and D¢/Dy at various values of Cyupp. When
Keomp = 0, the flux is given solely in terms of species A and the voltammetry is
independent of Dg/Da and D¢/Da. In addition, since A possesses no charge, the
steady state value is independent of Cy,pp. In contrast, when Koom, = 108, the
flux depends on upon all three electroactive species. It is therefore anticipated that
the value of the steady-state current will depend upon Dg/Dx, Dc/Da and Cyypp.
Figure 6.5.4 shows Jpeak 2 — Jhaseline @s a function of Dg/Dy and Dg/Da for o = 1073,
Surfaces are drawn for several values of Cgypp. As noted in Section 6.5.4, the value of
Jpeak2 — Jbaseline iNCreases with Cgypp; however, the rate at which this occurs changes

2 and is shown

with Dg/Dj and Dc/Dya. It has been observed experimentally,?
analytically in the appendix, that at full support, the value of Jyeak2 — Jbaseline
at steady-state when Kiomp = 0 is equal to that when Keomp = 108, regardless
of the values of Dg/Dx and D¢/Dy. Given that most mechanisms of this type
have either no comproportionation or diffusion controlled comproportionation, the
presence or absence of the homogeneous step can easily be verified experimentally by
comparing the value of the steady-state current under weakly supported conditions

with one at full support: comproportionation is absent if the two are concordant.

At each support ratio, Jpeaks — Jbaseline increases with Do/Dy. Species C travels
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Figure 6.5.4:
Jpeak2 — Jbaseline a5 a function of Dg/Da and Dc/Dy for o = 1073.

away from the electrode and make no contribution to the current; however, there
is a large concentration of C close to the surface of the electrode. Species C can
therefore exert strong ionic strength effects. As D¢/Dy increases, the C ions can
respond more rapidly to changes in potential at the electrode surface. This leads
to a decrease in ohmic drop and in the size of the potential at the plane of electron

transfer, ¢gppr. It is reasonable to assume that

% XX _¢PET (652)

Therefore, as Dg/Dy increases, the potential gradient at the electrode surface be-

comes smaller. Under these conditions, negative migration of the flux determining
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species, species B, is less significant and the current increases. At each support
ratio, Jpeak2 — Jbaseline decreases with Dg/Dy. It follows that, from the concentra-
tion profiles shown in figure 6.3.1, the size of maximum in concentration of species
B increases as Dg/Djx becomes smaller. The concentration gradient between this

maximum and the electrode surface increases and the diffusion term becomes more

significant. This leads to an increase in the current.

6.5.5 Effect of zp
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Figure 6.5.5:

Jpeak 2 — Jpaseline a5 a function of Coupp and Keomp for za = —1, 1, 2 and 3.

As explained in section 6.5.2, when zp = 0, the presence of comproportionation is
most easily measured at low scan rates and low support ratios. This conclusion is

expected to hold in other situations when z5 # 0. Figure 6.5.5 shows Jpeak2 — Jhaseline
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as a function of Cyypp and Keomp. The surface is redrawn for different values of z4;
the case for which zp = 0 has already been considered in section 6.5.2. Since both
heterogeneous processes are one electron transfers, the charges of the other species
follow directly from z,. In each case, the charge on species A is balanced by a
counterion of equal but opposite charge. The ionic strength of the solution, for
a given Cgypp, changes between the surfaces for z5; however, it is still possible to
identify meaningful trends in the z, values.

In each case, when Koy, is close to zero, the value of Jyeak2 — Jbaseline 15 determined
solely by the flux of species A, from eqn 6.5.1. As Cy,p,, decreases, the mass transport
of species A becomes increasingly dictated by the potential gradient at the electrode
surface. The reaction considered is a reduction and the electrode is negatively
charged. Therefore, when z5 < 0, negative migration occurs and the value of J,eax2 —
Jpaseline decreases with Cgypp; in contrast, when za > 0, positive migration occurs
and the value of Jpeaks — Jpaseline increases with Cgypp. As pointed out in section
6.5.2, when 25 = 0, migration does not occur and the value of Jpeak2 — Jhaseline dO€S
not vary with Cgypp.

When zy = —1 and Kcomp is very large, both species B is negatively charged and
undergo negative migration close to the surface of the electrode. The difference
between Komp = 0 and Keomp = 10® is relatively small because each case, the flux
determining species is negatively charged and mass transport is affected by negative
migration.

When zp = 1 and Kcomp is very large, species B is neutral and is not affected

by migration close the electrode surface. The difference between Kom, = 0 and
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Keomp = 10® is very large because in the former case, mass transport is affected
by positive migration while, in the latter, mass transport is affected by positive
migration. In this situation, it is even possible to voltammetrically distinguish a
wide range of intermediate values of K omp, between Keomp = 0 and Keomp = 108,
The range lies approximately between Keomp = 107* and Keomp = 10%.

When zy = 2 or 3, and Keomp is very large, species B is positively charged and is
affected by positive migration towards the electrode surface. The difference between
Keomp = 0 and Keomp = 10® is small because, in both cases, mass transport is
affected by positive migration. The difference is less when zp, = 3 because the

relative difference in charge between species A and B is lower.

6.6 Experimental results and discussion

All experimental work was conducted by Dr. Juan G. Limon-Peterson. The method

and materials used are described in detail in Appendix B.

Parameter Experimental Value Reference
O./AQ/AQf 0.5
OéAQ—/AQz— 0.5
DAQ 21 %107 m?s!

DAQ— 1.7 x 107" m? s7!

Daqe- 1.6 x 1079 m? s~ !

Drpa+ 0.68 x 1079 m? s~ ! Szymanska, et al.°
D¢y~ 235 x 107 m?2 st Szymanska et al.%°
€r AN 37.5 Ritzoulis et al.?®

kRQ/AQ_ > 0.001 m s!

ng_/AQQ_ > 0.001 m s !
Ecomp 1 x 10® m® mol ™' s~!

Table 6.1: FExperimental data for anthraquinone, AQ, in acetonitrile, AN.

The experimental data is summarised in Table 8.1. It is reasonable to expect the
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diffusion coefficients to be close to those used in the fully supported media. This
occurs because the charges of the ions considered in this reaction are small and ion
pairing ion pairing, which increases at low support, is unlikely to occur. This was
found experimentally.
The formal potentials are not given because they vary as a function of support ratio.
Changing the concentration of supporting electrolyte leads to a large change in the
ionic strength of the solution. This, in turn, affects the potential of any redox couple
by ionic strength effects:

RT'.  Yrea

(6.6.1)

The values of 7.4 and 7o, can be obtained analytically using the Robinson Stokes
equation.**? However, the requisite parameters required for these calculations are
not available in the literature. The ionic strength effects change peak position
and, to a lesser extent, peak to peak separation; peak height, which is used as
the main probe for comproportionation, is unaffected. It is therefore possible to
obtain concordance between experimental and simulated data by treating EZ as
a variable ‘fitting parameter’. The reduced species in each heterogeneous process
possesses a higher charge, Y,eq > 7ox. The ionic strength effects change peak position
and, to a lesser extent, peak to peak separation; peak height, which is used as the
main probe for comproportionation, is unaffected. Given that activity coefficients
increase with ionic strength, EF values are expected to become more negative. This

was observed experimentally.
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6.6.1 Fully supported conditions

When dissolved in acetonitrile, anthraquinone is known to present two, reversible,
single electron reduction peaks;*? in contrast, when dissolved in water, anthraquinone

presents a complex mechanism that is pH dependent.** Chronoamperograms where

200

O experiment
simulation

150

[ A dorine] s |
O analytical equation
experiment 100

i/nA O
50 g

log, i/ A) 7.1 |- oo b

=73 tls

BT 3 log"(f/s) 03 00 Figure 6.6.2:

! Ezxperimental double potential

Figure 6.6.1: step chronoamperometry com-
Ezxperimental chronoamperometry com- pared — with  the  simulated  result
pared with the analytical equation (Daq = 2.1 x 107 m? s7! and
(Daqg=21x10"2 m? s71). Dpg- =1.7x107? m? s71).

recorded in a solution containing 1.25 mM anthraquinone and 62.5 mM of TBAP,
Csupp = 50. Under these conditions, mass transport can be considered ‘diffusion-
only’. The single step chronoamperogram shown in figure 6.6.1 was obtained by
applying a potential of -1 V vs. Agur. for two seconds. This potential lies in be-
tween the two reduction waves and therefore corresponds to rate limiting diffusion
of AQ only. The value of Dpq was determined by fitting the experimental transient

to the analytical equation?

. . 1 1
1= nF?TTgDACA (\/ﬁ + r—e) (662)
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The analytical transient shown in figure 6.6.1 was obtained using Daq = 1.2 x
1075 ecm? s~ L.

The double potential step chronoamperogram shown in figure 6.6.2 as obtained
by applying a potential of -1 V wvs. Agy. for two seconds subsequently apply-
ing -0.3 V vs. Aguir for two seconds. The first potential lies in between the two
reduction waves and therefore corresponds to rate limiting diffusion of AQ only.
The second potential is more positive than either voltammetric wave and corre-
sponds to rate limiting diffusion of AQ~ only. These experimental results were
compared with numerical results obtained using a program described by Klymenko
et al.*> Concordance between the experimental and simulated data occurred when
Daq=21£02x10"? m?* s and Dyg-=17£0.2X 1072 m? s71. These values

are consistent with the literature data.® The quadruple potential step chronoam-

200 — T — T T T O simulation
experiment
150 P i
100 i
i/nA 50 h
Figure 6.6.3: Ezperi-
oL |  mental quadruple potential
step chronoamperometry
ol | compared with the  sim-
ulated  result  (Daq =
21x 1077 m* s, Dpq- =
_ PR I R P P -9 2 -1
0 05 1.0 1.5 20 25 30 35 a0 LT x 10 m= s and
E/V Dpge- =1.6x107? m? s71).

perogram shown in figure 6.6.3 as obtained by applying a potential of -1 V ws.
Agire for two seconds, -1.6 V vs. Agyir for two seconds, -1 V vs. Ag.. for two

seconds, -0.3 V vs. Agyir for two seconds. These potentials correspond to from
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open circuit step to a potential between the first and second wave, then stepping to

a potential after the second wave, after coming back to a potential between both

waves and finally stepping before the first wave. These potentials correspond to

rate limiting diffusion of species A, B, C and B respectively. These experimental

results were compared with numerical results obtained using a program described

by Wang et al.*” Concordance between the experimental and simulated data oc-

curred when Djag = 2.1 £0.2 x 1079

and Djq- = 1.6 £ 0.2 x 1072 m? 1.
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Figure 6.6.4:
FEzxperimental cyclic voltammetry

different scan rates (50, 100, 200, 500 and 1000 mV s 1).
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compared with simulated results when Ceupp = 50.

The results for the
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highest and lowest scan rates studied are shown in figure 6.6.4. The voltamme-
try was simulated as described in section 7.2. The parameters that yielded the
greatest concordance between theory and experiment are given in table 8.1. Simu-
lated voltammograms are shown in figure 6.6.4 for both keomp = 101! dm® mol ™" s~*
and Keomp = 0 dm?® mol™! s7!. The former corresponds to the limit of diffusion con-
trol. Both simulated voltammograms are in good agreement with the experimental
results over the range of scan rates studied. This is expected because the diffusion

coefficients of AQ, AQ™ and AQ?~ are similar.!'® Cyclic voltammetry is unable to

resolve the presence of comproportionation under conditions of full support.

6.6.2 Weakly supported conditions

Cyclic voltammograms were recorded at low concentration of supporting electrolyte
in a solution containing 1.25 mM of TBAP and 0.7mM of TBAP at various scan
rates. The results are shown in figure 6.6.5. The peak current of the second wave
decreases with support ratio due to negative migration, as explained in section

7.2. As before, cyclic voltammograms for keomp = 0 dm?® mol™! s!

and Keomp =
10" dm® mol ™ s~'. Unlike the case of full support, these simulated voltammograms
are distinctly different. From this data it is possible to conclude, unambiguously,
that comproportionaton occurs at diffusion control. This conclusion is in accordance
with Marcus theory which predicts that molecule, such as anthraquinone, that are

rigid with respect to gain or los of electrons, lead to rapid rate constants for reactions,

such as comproportionation, involving electron transfer.*®
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Figure 6.6.5:
Ezperimental cyclic voltammetry compared with simulated results when Cgupp = 0.56.

6.7 Conclusion

Cyclic voltammetry, with homogeneous kinetics, can be simulated for conditions
of low support. In many cases, cyclic voltammetry is unable to determine the
presence or absence of diffusion-controlled comproportionation under conventional,
fully supported, conditions; in contrast, under weakly supporting conditions the
distinction can be unequivocal. It has been shown experimentally that, in the case

of anthraquinone in acetonitrile, comproportionation is diffusionally controlled.

In the experimental study presented here, the validity of the data is improved con-
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siderably by comparing theory and experiment over a range of scan rates and a range
of concentrations of the supporting electrolyte. We anticipate electrochemistry in
solutions of variable ionic strength is therefore likely to become widely used and
is expected to greatly enhance the scope of voltammetry for detecting kinetic and

thermodynamic parameters.
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Chapter 7

Diffusion-migration voltammetry:

the microdisc electrode

This chapter presents research into voltammetry at microdisc electrodes in which
mass transport occurs by a combination of diffusion and migration. This chapter
extends the work presented in chapters 5 and 6. This reasearch has been published

as an article in Physical Chemistry Chemical Physics.*

7.1 Introduction

Over last 25 years, two types of experiment have enhanced the applicability and ap-
peal of analytical electrochemistry: voltammetry at microdisc electrodes and voltam-
metry in the absence of excess supporting electrolyte. The microdisc electrode? ¢ has
allowed cyclic voltammograms to be obtained with a high current density, a low ca-
pacitance and a low ohmic drop. In addition, microdiscs can be fabricated cheaply®

and can easy be reused.” These unique properties have contributed to several pio-

197
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neering papers, perhaps most notably to the ultra fast scan work of Amatore.® 10

Voltammetry conducted in the absence of excess supporting electrolyte allows both
diffusional and migrational modes to contribute to the overall mass transport prop-
erties of the system. "7 The added complexity can be used, for example, to investi-
gate mechanistic pathways invisible to conventional, ’diffusion-only’, techniques. %19
Despite both techniques providing useful scientific insights, the use of both simulta-
neously has been limited by a need for accurate theoretical methods.?°2? In general,
chemical systems are most throughly investigated by means of a combination of
theoretical and experimental techniques. Most theoretical research into diffusional-
migrational mass transport is based on a hemispherical electrode. Compared to
the two dimensional microdisc, the one dimensional hemisphere is a much easier
problem to solve: both analytically and numerically.?? Consequently, the use of
hemispherical electrodes in experimental work is also popular. #2425 However, such
studies are restricted because hemispheres are only easily fabricated using mercury:
the electrode must be made and characterised before every experiment in order to
maintain a clean surface; mercury is toxic; mercury reacts with many common ions,
most notably halides and sulphides; mercury often limits the potential window of
the experiment in the oxidative direction; finally, the surface tension of mercury, and
its potential dependence, limits the range of radii over which the electrode is truly
hemispherical. In order to strike a compromise between theoretical and experimental
work, many workers rely on the so-called "hemispherical approximation’: the voltam-
metry obtained at a microdisc, of radius 7., is presumed identical to that obtained

at a hemisphere, of radius %rc. That is to say, equivalence between a disc and a
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hemisphere occurs when their superficial diameters are equal.?® This approximation
provides a useful way in which to quantitatively relate straight-forward experiments,
involving microdiscs, to simple theory, based on hemispheres. The relationship is
known to be exact for electrochemically reversible reactions, of the type A+e~ = B,
at steady-state where surface concentrations are fixed by the Nernst equation. 2628
Although useful in certain circumstances (i.e. voltammetry at small electrodes and
at low scan rates),?>3? this simple approximation cannot necessarily be assumed in

1.27 The only work to date was published in the early 1990s, when Verbrugge

genera
and Baker simulated potential step chronoamperometry at microdisc electrodes (in-
cluding both the transient and the steady state regions) in the absence of excess
supporting electrolyte using the ADI method?%?! where the steps were to potentials
corresponding to transport control leading to limiting currents indicative of the elec-
trode potential. Steady state voltammetry measuring current as a function of the
applied potential has never been simulated at a microdisc electrode, possibly owing
to the high computational cost.3!

In this chapter, the steady-state voltammetric waveshapes, for the one electron re-
ductions, A +e~ = B, are studied at a microdisc electrode in the absence of excess
supporting electrolyte. For the first time, this voltammetric experiment is numer-
ically simulated for a microdisc electrode. The voltammetry is investigated as a
function of two variables: the concentration of supporting electrolyte and the elec-
trochemical rate constant. The ‘hemispherical approximation’ is shown to be valid

under weakly supported conditions for a defined, limited, range of electrochemical

rate constants. For the first time, microdisc simulations were used, in conjunction
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with the, Debye-Hiickel theory, to rationalise the experimental steady-state voltam-
metry of two aqueous redox couples as a function of the applied potential without
the use of the hemispherical approximation. The couples were hexammineruthenium
([Ru(NHj3)g]** /[Ru(NHs)6)*>T) and hexachloroiridate ([IrClg]*~ /[IrCls]>~) (each with

KCI supporting electrolyte):

[Ru(NH3)g)*" + e~ = [Ru(NH;)g]** (7.1.1)

[IrClg]*™ + e~ = [IrClg)*~ (7.1.2)

This investigation provides evidence for ion pairing between [IrClg]?~ /[IrClg]*>~ and
KT from the supporting electrolyte. No ion pairing is observed between

[RU(NH3>6]3+/[Ru(NH3)6]2+ and Cl™.

7.2 Theory

The following reaction is studied:

AZr pem = B%a! (7.2.1)

where species A is accompanied by a monovalent counter ion, X~. The reaction
occurs in the presence of a variable concentration of inert 1:1 supporting electrolyte,
M*X~. It is assumed that no ion pairing occurs. The reaction with be studied at
both a hemispherical shaped and a disc shaped electrode. All symbols are defined

in the glossary.
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7.2.1 Hemispherical electrode

In real space (Tpem;):

vV = 2
8"’hemi
v2 — 92 2 0
Orhemi? Themi OThemi

The steady-state transport equations for bulk solution are:
0 = DaV?Ca+ Dy22EV (CAV9)
0 = DpV2Cs+ DsZ3EV (CeV9)
0 = DuV?Cu+ DuZEV (CyVe)

0 = DxV?Cx + DxZEV (OxV¢)

The electroneutrality equation is:

In this chapter, the electroneutrality equation is used instead of the, more general,
Poisson equation. Since these are solved under steady state conditions, this sim-
plification is justified and can be used without loss of accuracy or computational
efficiency.®? The boundary conditions for steady state voltammetry on the electrode

surface (Themi = 7o) are:

DaVCag+ DaCroZEVAG = Cap k® exp (w)
—Cpo k° exp <W>
DpVCpo+ DpCo23fVA¢ = —DaVCag— DaCroEVAG

DV + DyCroZEEVAg = 0
DxVCxo+ DxCxoZEVAg = 0

Z ZSCS,O = 0
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where FE is the potential applied at the electrode; Ef A/B is the formal potential of
the A/B redox couple. A¢ is the difference in potential between bulk solution and
the edge of the double layer. The parameter A¢ is therefore the loss in ‘driving
force’ for the reaction. Note that under conditions of full support, A¢p =0 V.

The problem is solved using the standard fully implicit finite difference procedure.!!

The remaining boundary conditions are:

r = 00 Ca =Ci Cg =0 Cu = Cyy Cx = Cx »=0

The current is:
i = 2mriFDy (VOs + ZECy V)

The problem is solved using using the following coordinate transform:

The problem is then conveniently confined to finite space 0 < n < 1.

7.2.2 Microdisc electrode

In real space (Tgisc, Zdisc):

_ 2] 0
v - 8Tdisc + 8Zdis,c
v2 - o 10 o2
O disc? Tdisc OTdisc 0zgisc?

The transport equations, for bulk solution, are:



CHAPTER 7. DIFFUSION-MIGRATION VOLTAMMETRY:...

203

0 = DaV?Ca+ Dy22EV (CAV9)
0 = DgV?Cg+ DpZBEV (CpVo)
0 = DuV?Cy+ DyZUEV (CuVe)
0 = DxV2Cx+ DxZEV (CxVo)

The electroneutrality equation is:

0 = YZC,

The boundary conditions on the electrode surface (rgis.<re, 2 = 0) are:

DAVC’A,O—FDACA’OZIQ—;VAqﬁ = Cayg kO exp (w)
—Cgo k° exp <W>
DpVCipo+ DpCoZBEVAG = —DyVCag— DaCaoZEVAY

DyVCiyip 4+ DvCrioZ4EVAS = 0
DxVCxo+ DxCxoZEVAg = 0
ZZSCS,O = 0

The remaining boundary conditions are:

rdisc>TeandZ:O VCAZO VCBZO VCM:O

Taise = 00 and all z Cr=C5 Cg=0 Chi = O
all 7qisc and 2z = oo Ca=C) Cp=0 Cu = C};
raise = 0 and all z VCOr=0 VCg=0 VCu=0

The current is:

Te

VCx =0 > Z,C;=0
Cx=C% > .Z,C,=0
Cx = Ci Y Z.Cs=0

VCx =0 > .ZC;=0

i = 2aFDyx [ (VCa+ BECAVS) raiscdr

rdisc=0
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The problem is solved using these coordinate transforms:

Tdise = TeQn (g)CLe (77)

z = rebu(§)be(n)

2lr, n

a) o 1

Figure 7.2.1:
a) Real Space
b) Transformed Space

The functional forms of ay(&), ae(n), bu(§) and be(n) corresponding to the three
most commonly used coordinate transforms are given in table 7.1. In each case, the
transform converts the real, rectilinear, space, shown in figure 7.2.1(a), to square,
conformal, space, shown in figure 7.2.1(b). The mesh arrangement corresponding
to each conformal map is shown in figure 7.2.2. In each case, there are 11 points
in the ¢ and 7 directions. The conformal maps efficiently arrange the points of the
spacial mesh around the singularity located at the electrode edge. Consequently,
simulations conducted in conformal space (£, 1) are considerably more efficient that

those in real (r, z).
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Transform Type

Function Pairs

ac(n), be(n)

Real space a.(n) =1 an(§) =¢
be(n) =1 bu(§) =1
1 € [0;00] § € [0;00]
Verbrugge-Baker a.(n) = sec (12—77 an(&) = cos (3 (1 —¢))
mm)zﬁm(ﬁﬁ) b(€) = sin (% (1 ¢))
n € [0;1] ¢ € [0;1]
Amatore-Fossett ae(n) = sec (31n) an(§) = /1 — &2
be(n) = tan (§n) (&) = ¢
n € [0;1] ¢ € [0;1]
Oleinick-Amatore-Svir  aq(n) = sec (gn) an(§) = sin (%f)
b(p) = tam () bul€) = cos (36)
n € [0;1] ¢ € [0;1]

Table 7.1:

Summary of common conformal maps.
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S A I I A °
ITransformed Spacek

Verbrugge-Baker

08 4

0.6 3F

n | zIr,

e

0.4 2F

0.2 1

a) 090 oz o4 YR o8 o b) % 1 2 3 s 5
¢ rr,
57 T ‘/ \‘ T
Amatore-Fosset I/
zlr, | 2lr,
c) d)

Figure 7.2.2:

a) Transformed Space

Real space corresponding to:

b) The Verbrugge-Baker transformation

¢) The Amatore-Fossett transformation

d) The Oleinick-Amatore-Svir transformation
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7.2.3 Microdisc-hemisphere equivalence

It is possible to transform both the microdisc and the hemisphere problems into any

33,34

conformal space of the form shown in figure 7.2.1(b) For both geometries, the

transport equations, for bulk solution, are:

0 = DaV2Ca+ DALV (CAVY)
0 = DpV?Cg+ DpZEEV (CpV9)
0 = DuV2Cu+ Dy2EV (CuVe)
0 = DxV2Cx+ DxZLV (CxVo)
0 = > 20

The boundary conditions on the electrode surface (£, n = 0) are:

CA,O = OB,O €xp (W)
DpVCg —DaAVCayp
DV 0
DxVCx 0
0

> 2O

The remaining boundary conditions are:

& =1andall n Ca =C}
¢ =0and all
all ¢ and n=1 Cph =C}%

Cg=0

Cg=0

VCAZO VCBZO VCM:O VCXZO ZZSCSZO

Therefore, for a given 7, concentration does not vary with &.

The current is:

CM:CK/[ CX:C)*( ZZSCSZO

CM:Cf\k/[ CX:C)*( ZZSCSZO
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i = FDao [ (VCs+ 2EC\Ve)de

where ¢ is a parameter that is determined by the change of variables used to project
the problem into the (1, &) space. This is the only parameter in this problem
that depends on the geometry of the electrode. It can be shown?® that ‘Zf;ﬂ =
7. Therefore, for a reversible A/B reaction at steady state and at any support
ratio, igisc = %ihemi. This relation is called the hemispherical approximation and is
independent of the value of Dy and Dg. This relation is not exact for an irreversible

couple or in the presence of homogeneous kinetics.?®

7.2.4 Numerical methods

The problems laid out in the previous sections were transformed into a conventional
set of dimensionless variables, defined in the glossary. Both discs and hemispheres
were solved using the fully implicit finite difference method across an irregular grid
of spatial points. The resulting collection of coupled, non-linear, simultaneous equa-
tions were discretised using the Crank-Nicholson method and solved using the it-
erative Newton-Raphson method.?® All simulations were programmed in C4+ and
run on a desktop computer (Intel Intel Core2 Quad, 2.4 GHz, 2 GB of RAM). The
simulations were converged to within < 0.5 % of the analytical steady state current
corresponding to an infinitely large overpotential.® In the hemispherical simulation
space, spacings at 77 = 0, Apottom, and 7 = 1, Ay, were specified and the remaining

spacings varied linearly between these limits. That is:
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1 =0 770:0

- . A e} _A ottom
0 < i < Niotal ni=ni—1+1 <M> + Albottom

ntotal_l

In the microdisc simulation space, the grid spacings in the n and & directions followed
the same functional form as for the hemisphere above. Three conformal maps in table
7.1292136.37 are considered and compared in the theoretical results and discussion
section.

It is known that problems of this type, solved in this way, require a dense spatial

grid and must exclude the case for which Z, is equal to the number of transferred

electrons.®3? This cases causes numerical instability. Figure 7.2.3 shows concentra-

a) b)

-0.2880 0.000

-0.2518 0.1256

-0.2155 0.2512

-0.1793 0.3769

-0.1430 0.5025

-0.1068 0.6281

-0.07050 0.7537

-0.03425 ’ ’ ’ ' ) ) 0.8794

0.002000 1.005

Figure 7.2.3:
Profiles takes at the top of the potential step (corresponding to the mass transport limited
steady-state current). a) Potential profile b) Concentration profile of species A

tion and potential profiles for a full potential step (F > Ef). There is seen to be
negligible flux in the ¢ direction. This confirm the conformal nature of the spacial

grid used.
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7.3 Theoretical results and discussion

0.5 0.5
1.0 1.0
S s T s
] 8
é 2.0 g,) -2.0
§ Transform: Verbrugge & Baker § 25 Transform: Amatore & Fossett
i g g 254 " p
g 25 an,., (10%), AZ, (10%) g —e—4an,, (10%), Ag, (10%)
o k) e
= a0 ——An,, (107), A, (10%) = 30 —v—An,, (10%), Ag, (10%)
o v —e—An,, (10%), AZ, (10%) s .5 —=—An,, (10°), A, (10°)
] —v—An,, (10°), Ag, (10%) ) —A—An,, (10°), Ag, (10%)
4.0 T T T T T T 4.0 T T T T T T
25 30 35 -40 45 -50 25 30 35 40 45 50
o o
6
0.5
54
1.0
£ s 44
@
2
g 2.0 3
§ 25 Transform: Oleinick, Amatore & Svir JIA
§ T —e—An_, (10%), AZ (10°) 2
:? 3.0 —v—An,, (107), A&, (10%) ,
< 35 —=—An_, (10%), Ag, (10°)
} —a—An,, (10°), Ag, (10) 0
-4.0 T T T T T T T T T T T
25 -30 -35 -40 -45 -50 -10 -20 -30 -40 -50
0 0

Figure 7.3.1:

Convergence plots

a) Verbrugge-Baker transformation

b) Amatore-Fossett transformation

¢) Oleinick-Amatore-Svir transformation
d) Corresponding Cyclic voltammogram

Figure 7.3.1 shows convergence plots for three conformal maps: Verbrugge-Baker,
Amatore-Fossett and Oleinick-Amatore-Svir. The simulations were run for the sys-
tem with the lowest rate of convergence: the irreversible, self supported, redox
couple AT + e~ = BT. This is expected because electroactive ions of low charge,
in the absence of electrolytic support, will maximise the contribution of the mi-
grational component to the overall mass transport of the system. The migrational

part is know to exhibit slow convergence characteristics.?! In addition, irreversible
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electrode kinetics lead to a non-uniform concentration distribution over the elec-

trode surface (see figure 7.3.2). This necessitates the use of a high density of spacial

a) b)
1.0 ; 1.0
-0.1550 0.4260
08 F 1 01355 08 | 0.4982
0.6} . -0.1160 06k i 0.5705
" -— ] -0.09650 y 0.6428
0.4 1 04 J
-0.07700 0.7150
02 -0.05750 02 0.7873
-0.03800 0.8595
%0 02 0.4 0.6 0.8 1.0 *%0 0.2 04 0.6 038 1.0
’ ’ -0.01850 ’ ’ ’ ’ ' ‘ 0.9318
¢ ¢
1.000E-03 1.004

Figure 7.3.2:

Profiles takes at the half wave potential. a) Potential profile b) Concentration profile of
species A

mesh points on the { direction. In each case, Anip = 0.05 and Aépottom = 0.05.
The simulations were unchanged when these parameters were decreased by an order
of magnitude: indicating that convergence is limited by Anpottom and A&iep. This
region corresponds to the edge of the electrode. This is known to be the location

38,39 and a high mesh density is required. The simulations were

of a spatial node
compared relative to Anpottom = 107> and A&iop = 107%, i.e. an order of magnitude
smaller than the values plotted on the convergence plots. Figure 7.3.1 shows the
rate of convergence for a complete range of applied potentials, 8, when Anpottom and
A&;op are varied. This is necessary because the conditions for convergence at the top
of the wave, where electrode kinetics are reversible, is likely to be less stringent than

the region close to the half wave potential. The rate of convergence is shown to be

very similar in each case and, as expected, is slowest close to the half wave poten-
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tial. Similar rates of convergence are expected because, as shown in figure 7.2.2 the
distribution of spacial points are very similar. For the remainder of the chapter, the
Verbrugge-Baker transform is used in order to be consistent with previous work.2%2!
The concentration profiles are most easily studied in conformal space. This is be-
cause the greatest changes in concentration and in potential occur close to the elec-
trode surface. The z axis is completely occupied by the electrode in the conformal
space but is only partially occupied in real space. However, figures 7.3.3, 7.3.4, 7.3.5,
and 7.3.6 are included in real space for to enable comparisons to be made with the

following discussions in conformal space.
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0,1, are 100.
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Figure 7.3.2 shows the potential (a) and concentration (b) profiles for the irreversible
redox couple A%t + e~ = BT at self support. The loss in potential driving force is
negligible (6 = —0.15 corresponds to E ~ —3.85x1072 V at 298 K), as expected for
voltammetry at steady-state. The concentration varies over the electrode surface.
This can be explained with respect to the Butler-Volmer equation in the transformed

space:

A%L;\ = sin(3(1—¢)) K% exp (——O‘F(E;{?_AQS))

—sin (5(1 - €)) KPcp exp (UL

Consequently, the effective rate constant over the electrode surface is:

(7.3.1)

effective real

K% i = sin (5(1 - g)) K°

Therefore, K2

offective 111CTeases with decreasing £. Greater depletion of species A is

therefore expected at the centre of the electrode, as shown in figure 7.3.2 (b).

Figure 7.2.3 shows the corresponding potential (a) and concentration (b) profiles at
the top of the voltammetric wave. This corresponds to reversible electrode kinetics.
Consequently, the Nernst equation is obeyed over the electrode surface and the flux
is uniform. Again, the loss in the potential driving force is negligible (§ = —0.288
corresponds to E ~ —7.39x107% V at 298 K), as expected for voltammetry at
steady-state. Figure 7.3.7 a) shows the cyclic voltammetry at a microdisc for the

redox couple A%t +e~ = BT under self support as a function of the electrochemical
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=
_
\\\\\

o/, error

a) b)

Figure 7.3.7:
a) Percentage error between microdisc and equivalent hemisphere at csyp = 0
b) Cyclic voltammograms corresponding to ’a)’ (above)

rate constant, K°. The following equivalence relation is used:

Te,disc = ;Te,hemi (732)

As explained in the theory section, this relation becomes increasingly unreliable as
the electrochemical rate constant, K°, decreases.?®? Figure 7.3.7 b) shows the per-
centage error between the simulation for a microdisc and for a hemisphere using the
hemispherical approximation. The maximum error is shown to be 3.81 %: close to
the error range of most experiments. The hemispherical approximation is therefore
quantitatively useful when K° < 1073. Since this analysis is conducted for an ex-
treme case, this is also valid for higher support ratios and different charges in the

one electron A /B redox couple.
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7.4 Experimental results and discussion

The experiments in this section were condicted by Dr. Eduardo Laborda. The

experimental methods used are described in Appendix C. Figure 7.4.1 shows the

-2.54

©  Shoup and Szabo Equation
Experiment

-2.04 CSW

S 840 < 1o
-1.0 -0.5 IO;::(t) 0.5 1.0 0.1 0.0 —Oélv VS—O.SZCE -0.3 0.4 -0.5
Figure 7.4.1: Figure 7.4.2:
Chronoamperometry for Ezxperimental cyclic wvoltammetry for
[Ru(NHs)6)*" /|Ru(NHs)g]*". [Ru(NHs)6)*" /|Ru(NHs)g]*"

chronoamperometry at a microdisc at full support for the [Ru(NHs)g)*/[Ru(NHjz)g]*"
system. In order to extract the diffusion coefficient from this transient, the line was
fitted using the nonlinear curve fitting function in the software package Origin 7.0
(Microcal Software Inc.) according to the following equation proposed by Shoup

and Szabo:4°

e

1 1
Dt\ 2 Dt\ 2
1t = —4nFDCr, <O.7854 +0.4432 (—2> + 0.2146 exp(—0.3912 (—2) ))
T

The value of the diffusion coefficient for [Ru(NHz)g]>* is 8.7 x 1071 m? s71, in good
agreement with the literature value.*™#® Figure 7.4.2 shows experimental cyclic
voltammetry for the [Ru(NH;z)g]*" /[Ru(NH3)g]*t system. The value of the diffu-

sion coefficient for [Ru(NH;)g)*" is obtained by fitting the voltammetric current at
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steady-state using the numerical simulation.?> The value of the diffusion coefficient
for [Ru(NHsz)g]? is 8.6 x 107'% m? s71, in good agreement with the literature value. !
The steady-state value becomes smaller with increasing support ratio. In this re-
duction reaction, negative charge is generated at the electrode surface. Positive
ions must therefore migrate towards the surface in order to maintain overall elec-
troneutrality. Since [Ru(NHs)e]?T is positively charged, any factor that decreases the
contribution of this species to the maintenance of electroneutrality (e.g. increasing
the support ratio) will decrease the value of the limiting current. The variation in
limiting current can be simulated as shown in figures 7.4.3 and 7.4.4. However, since
the loss in potential driving force is negligible, the numerical simulations do not ac-
count for the observed variation in E as a function of the support ratio. The trend

in E}, instead, must be explained using the extended Debye-Hiickel theory: 4648

RT
E = Btgen — A9 — 237 logy ( “B) (7.4.2)

aa

From the simulations, it was found that A¢ ~ 0 V'

RT 8Cr
E=F¢a—23—1 —_— 7.4.3
f,real I3 0g10 ('YACA> ( )
RT
Ef,apparent = Ef,real - 23? 1Og10 (E) (744)
A

RT (0.51(23 — 23)VI
= ( A ) (7.4.5)

E apparent — E real — 23—
frapparent = hreal 1+0.32aV/1
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where I is the ionic strength, a = 3.3 x 107!° m is the radius of the electroactive
ions (assumed equal).® Excellent concordance between theory and experiment is
shown in figure 7.4.5. Figure 7.4.6 shows the chronoamperometry at a microdisc,
at full support, for the [IrClg)>~/[IrClg]>~ system. The value of the diffusion coef-
ficients for [IrClg]*~ and [IrClg]>~, obtained using the procedures described above
are 7.5 x 1071 m? s7! and 7.2 x 107° m? s7! respectively, in good agreement with
the literature values.*>*° Figure 7.4.7 shows experimental cyclic voltammetry for
the [IrClg)?~ /[IrClg)?~ system. The steady-state current becomes larger as the sup-
port ratio increases. In this reduction reaction, negative charge is generated at the
electrode surface. Negative ions therefore migrate away from the surface in order
to maintain electroneutrality. Since [IrClg)>~ is negatively charged, any factor that
decreases the contribution of this species to the maintenance of electroneutrality
(e.g. increasing the support ratio) will increase the value of limiting current. The
variation in limiting current can be simulated as shown in figures 7.4.8 and 7.4.9.
However, as above, the value of Er must be explained using the Debye-Hiickel the-
ory. The ionic radius is of 4 x 107 m.?' Poor concordance between theory and
experiment is illustrated in figure 7.4.10. The experimental ionic strength appears
too high to match the theory. This effect is likely to be caused by ion pairing, as

suggested in the literature. 5!
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Figure 7.4.9:

Comparison between experimental Figure 7.4.10: Comparison between ez-
and simulated limiting currents for perimental and theoretical formal poten-
[IrClg)>~ /[ IrClg)>~ tials for [IrClg)*~ /[IrClg]>~

7.5 Conclusion

Steady-state cyclic voltammetry at low support can be efficiently simulated for both
reversible and irreversible electrode kinetics. It is shown, by numerical and analytical
means, that the hemispherical approximation is reliable over a range of support

ratios and electrochemical rate constants.

The simulations and the Debye-Hiickel theory are used to analyze cyclic voltammetry
obtained for two aqueous redox couples: hexammineruthenium [Ru(NH;z)g]*" /[Ru(NH3)g]**
and hexachloroiridate [IrClg|*>~/[IrCls]>~. The data indicates the occurrence of ion

pairing in the latter but not in the former.
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Chapter 8

Cyclic voltammetry in room
temperature ionic liquids: the

comproportionation mechanism

Increasingly, ionic liquids are being used as electrochemical solvents. This chapter
explains this trend and presents recent research using these solvents in voltammetry.
This chapter complements the previous three because ionic liquids must necessarily
yield fully supported voltammetry. In particular, the same mechanistic problem
encountered in chapter 6 is solved in a different way. The work presented in this
chapter has been published in The Journal of Chemical and Engineering Data.! The
experimental work discussed here was preformed by Dr. Aoife M. O’Mahoney and

Edward O. Barnes.
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8.1 Introduction

Room temperature ionic liquids (RTILs) have led to substantial synthetic innova-
tions in both academic?* and industrial® contexts. Advantages such as of solvent

" recyclability and negligible volatility are seen over conven-

tunability,® greenness,
tional non-aqueous solvents. However, unlike reactions in the latter media, the
measurement of reaction parameters, both kinetic and thermodynamic, has lagged
and comparatively less data is available to guide the planning and interpretation of
chemistry in the RTIL environment.

Voltammetry, at least in principle, offers an experimentally simple yet accurate route
into the quantitative measurement of both kinetic and thermodynamic data. For

example, in the case of an arbitrary species, A, which can undergo oxidation to

species B and C:

A—e =B (B (8.1.1)

B-e =C (Efy.) (8.1.2)

if two separate voltammetric features are attributable to these processes then their

analysis can give information about the comproportionation reaction:®

A+C=2B (8.1.3)

where, specifically, the formal potentials £, /B and £ Jc will provide information
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about the equilibrium constant:

B]?
Kem = —— (8.1.4)
o JAJ[C
and AG® for reaction 8.1.3:
AG® = —RT In(Keqm) = —F( fB/C — E’A/B) (8.1.5)

The kinetics of reaction 8.1.3 may sometimes be discernible from the precise voltam-
metric waveshapes and their separation.”’ However, in the context of voltammetry
using large planar electrodes (‘macroelectrodes’), Savéant has shown, in a paper
long regarded as a classic,!? that if species A, B and C have identical diffusion coef-
ficients, Da, Dg and D¢, then the voltammetry is completely insensitive to the rate
of comproportionation. The same is true of voltammetry recorded under diffusional
modes other than linear.® Only if there is an appreciable disparity in the diffusion
coefficients can the kinetics of reaction 8.1.3 become apparent in the voltammetry.
Accordingly, voltammetry has been relatively little used in the context of measuring
comproportionation kinetics except in so far that it has been coupled to spectro-
scopic methods, such as ESR'® and UV /visible spectroscopy.!! At the heart of this
neglect is the fact that, in most aqueous and non-aqueous systems, species A, B and
C often have closely similar diffusion coefficients unless they are structurally very
dissimilar.

As electrochemical research using RTILs as solvents!? '8 has matured it has be-

come apparent that, unlike conventional solvents such as DMF, DMSO and ace-
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tonitrile, the difference in diffusion coefficients between structurally similar species
in a redox couple is not always insignificant. An extreme example, discovered by
Buzzeo, ! is that of the oxygen/superoxide (Oy/O5) couple in which the anion has
a diffusion coefficient ca 30 times smaller than the neutral parent in the RTIL n-
hexyltriethylammonium bis(trifluoromethanesulfonyl)imide ([Nga22][N(Tf)]). Work
by Evans!?® and by Hapiot?® have shown that even for aromatic molecules, such as
N,N,N’ N’-tetramethyl-para-phenylenediamine, the diffusion coefficients differ sig-
nificantly between the neutral parent and the corresponding radical cation and dica-
tion despite close structural similarity. Analyte ions of higher charge typically diffuse
less rapidly due to electrostatic interaction with the ions in the solvent. As a conse-
quence it can be anticipated that, in ionic liquids, voltammetric analysis can be used
as a means of obtaining information about the rate of comproportionation in solu-
tion. In this chapter we consider the oxidation of N,N-dimethyl-p-phenylenediamine,
DMPD (Figure 8.1.1(a)), in the ionic liquid 1-butyl-3-methylimidazolium tetrafluo-
roborate, [Cymim|[BFy] (Figure 8.1.1(b)), using a microdisc electrode. It is shown
that comparison between experimental and simulated data can be used to extract
both kinetic and thermodynamic data including information about comproportion-
ation. Also noted is the value of double potential step chronoamperometry in eluci-

dating the diffusion coefficients of DMPD and DMPD*.15

8.2 Theory

We consider an EE reaction at a microdisc electrode (Figure 8.2.1), as defined by eqs

8.1.1 and 8.1.2, where we additionally allow for comproportionation (eq 8.1.3). The
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a) b)
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T F/ \F
NHZ C4Hg
Figure 8.1.1:

a) Structure of N,N-dimethyl-p-phenylenediamine (DMPD)

b) Structure of the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([Cy
mim/[BFy])

Figure 8.2.1:
»  Clircular disc elec-
I trode inlaid on an
insulating support.

heterogeneous rate constants for the first two steps are £ /B and k% e respectively.

The homogeneous rate constant for comproportionation is keomp and for dispropor-

tionation is kqisp. The equilibrium constant for eq 8.1.3 is therefore Keqm = l‘;j—“p
isp

Specifically we consider the case of cyclic voltammetry.
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aCA 82CA 1 aCA 82CA 2
—_— = D - k is - kcom 821
ot A ( or? + r Or + 022 + KdispCB peACC ( )
aCB 82013 1 aCB 8203 2
W = DB ( 92 + ; or + 622 -2 (kdispCB — kcompCACc) (8.2.2)
800 8200 1 800 3200 2
= D¢ ( o2 -+ ; or + 92 + kdispCB — kcompCACC (823)

ot

where all symbols are defined in the glossary.

8.2.1 Cyclic voltammetry

In the cyclic voltammetry experiment, the applied potential, F, is swept from an

initial value, Ej, to a more oxidising value, E¢, and then back to the initial value. The

value of F is therefore calculated at any time on the forward sweep using eq 8.2.4

and on the reverse sweep using eq 8.2.5, where v is the voltage scan-rate and ¢ is

the time:

Eforward = Ei + vt

Ereverse = 2Ef + Ei — vt

(8.2.4)

(8.2.5)

When t > 0, 2z = 0 and r < r., the boundary conditions are the Butler-Volmer

conditions describing species A and C and conservation of mass for species B:
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F(E—E®, )
—Da (86%)0 = kOA/BCA,O exp (_O‘A/B R’FA/B )

F(E-E?, )
—kg/BCB,o exp ((1 — OéA/B)—RYfJA/B )

=D (52)y = —Da (%), — Do (%),

F(E-E®. )
—I—k‘%/cc(;70 exp ((1 — aB/C)R—;’B/C>

The remaining boundary conditions are:

t=0,all r,all z CA = Cy cg =0 cc=0
t>0,7>7re,2=0 ea = 0 &8 — dc =0
t>0,allr, z— oo Gea — %B — & =0
t>0,r— o0, all z %LTA:O %13:0 83%?:0
t>0,r=0,all 2 9ea = () B — () %o =0

8.2.2 Computational details

The problem is generalised by means of a transformation into non-dimensional form
using a conventional set of normalised parameters. The resulting set of normalised
diffusion equations were derived by Belding et al.® The problem is then discretised
using the Alternating Direct Implicit method?1#2(ADI) and solved numerically using
the iterative Newton-Raphson scheme.?? The discretised spatial mesh is analogous
to that reported by Gavaghan?*(Figure 8.2.2) and converged to within 0.1 %. Each
temporal increment is optimised during runtime such that convergence to within 0.01

% is obtained. All programs were written in C++ and compiled using a Borland
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A
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Figure 8.2.2:
Discretised grid
used in the simula-
tions (some points
have been removed
for clarity).

compiler. The simulations were run on a desktop PC with a processor speed of
~ 3 GHz. Approximately 20 min of CPU time were required to simulate a single

voltammogram.

8.2.3 Results and discussion

The experimental work presented in this section was conducted by Edward O. Barnes

and Dr. Aoife M. O’Mahony. The details are included in Appendix D on page 258.
Chronoamperometry

Double potential step chronoamperometric transients at the platinum electrode
(10 pum diameter) were achieved using a sample time of 0.01 s. A solution of approx-
imately 20 mM DMPD in [Cymim][BF,] was pretreated by holding the potential at
a point of zero current for 20 s, after which the potential was stepped to a position
after the oxidative peak for DMPD corresponding to transport controlled diffusion,

and the current measured for 5 s. The potential was then stepped to a position af-
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ter the reductive peak for DMPD™ corresponding to transport controlled diffusion,
and the current response measured for a further 5 s. In order to extract diffusion
coefficients and solubility data from these transients, the first potential step was
fitted using the nonlinear curve fitting function in the software package Origin 7.0
(Microcal Software Inc.) according to the following equations proposed by Shoup

and Szabo: %

1= —4nFDDMpDCDMPDTef(T) (826)

F(7) = 0.7854 + 0.44327% + 0.2146 exp(—0.39127"2) (8.2.7)
Dpappt

T = T (828)

where n is the number of electrons transferred, F'is the Faraday constant, Dpypp is
the diffusion coefficient, cpypp is the initial concentration of parent species, 7, is the
radius of the disc electrode, ¢ is the time and f(7) is a function describing the slope
of the transient. The equations used in this approximation are sufficient to give
Dpupp and epypp within an uncertainty of £0.6 %. The value of the parameter
Dpyvpp+ was elucidated by fitting the transient for the second potential step using
simulation software developed by Klymenko et al.'® The fitted transient is shown in
Figure 8.2.3 and the corresponding values of ¢pyvpp, Dpvpp and Dpypp+ recorded
in Table 8.1. It is important to note the value of cpypp = 19.5 mM obtained from
fitting the chronoamperometric transient to the Shoup and Szabo equation is in good

agreement with the value of cpypp ~ 20 mM used in the experiment. As noted in
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i/nA

| Figure 8.2.3:
3 R TS Chronoamperometric fit: —, experi-
ment; o, simulation.

other situations,'® despite structural similarity between DMPD and DMPD™, the
discrepancy in diffusion coefficients is not insignificant. It is important to note that
the potentials applied over the course of the double-step experiment are not suffi-
cient to bring about transfer of a second electron (DMPD' — e~ = DMPD?*). The
concentration of Dpypp2+ in solution is negligible and, consequently, comproportion-
ation cannot occur: Figure 8.2.3 is independent of the effects of comproportionation

regardless of the values of Dpypp, Dpypp+ and Dpyppe+ -

Parameter Experimental Value
XpmMPD/DMPD (0.54£0.1)
OJDMPD+/DMPD2+ (05 :i: 01)

CDMPD (19.5 £ 1.0) mM

E? (0.205 + 0.01 V vs Pt

f,DMPD/DMPD™

Efpupnt oappe | (0745 % 0.01) V vs Pt

0 —1
k]ODMPD/DMPD* > 0.01 cm s 1
KO yippe e | (0001 £ 0.002) cm s~
Dpuprp (20 + 01) x 1077 cm? s
DDMPD+ (11 + ].) X 10_7 Cm2 S_l
DDMPD2+ (7:‘: 01) X ]_078 Cm2 Sil
Keomp (250 4 150) dm® mol ' s7?
AG? —52.1 kJ mol ™

comp

Table 8.1:
Fitted data for DMPD in [Cy mim][BFy].
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Cyclic voltammetry

(a) (b)

i/nA

L L L L L L L R L s s L s L L
0.0 02 04 06 08 1.0 12 14 0.0 0.2 04 06 08 10 12 14
EvsPt/V EvsPt/V

(c)

Figure 8.2.4:

Voltammetric fits: —, experiment; o, simulation (keomp = 250 dm? mol™! s71).
(a) 1000 mV s~ !

(b) 100 mV s~!

(c) 10 mV s~ 1.

The kinetic and thermodynamic parameters of the two redox couples were eluci-
dated by means of cyclic voltammetry. The oxidation of DMPD was examined in
[Cymim]|[BFy]. Cyclic voltammetry for the oxidation of 20 mM DMPD was carried
out on a Pt microelectrode (diameter 10pum) at scan rates ranging from 10 mV s™! to
1 Vs~!. The voltammograms are typically scanned from 0 V to 1.5 V vs. a Pt quasi-
reference electrode. Two oxidation peaks were observed for scan rates 10 mV s—!
to 1 V s7!, shown in Figure 8.2.4 at potentials 0.4 V and 0.9 V. These correspond,
respectively, to the oxidation of DMPD to DMPD* and DMPD?*. Both electron

transfers are chemically reversible as indicated by the presence of two back peaks.

The reliability of the fitting procedure was ensured by fitting the voltammograms
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over a wide range of scan-rates (2 orders of magnitude). The fitted voltammograms
are shown in Figure 8.2.4 and the corresponding data quoted in Table 8.1.

The onset of electrochemical reversibility occurs in RT1Ls at much lower values of the
electrochemical rate constant compared to other non-aqueous solvents. For example,
in a classic paper by Amatore,?% electrochemical rate constants as high as 4 cm s™*
could be distinguished voltammetrically in acetonitrile. The reason for this discrep-
ancy lies in the high viscosity of ionic liquid solvents (e.g. fijc,,im)BFy = 112 mPas
at 25°C?%") compared to other non-aqueous solvents (e.g. flacetonitrie = 34 mPas at
25°C28). Mass transport is more likely to be rate limiting in solvents of greater vis-
cosity. The rate constant for the first electron transfer (DMPD — e~ = DMPD™) is

electrochemically reversible on the voltammetric timescale (£ > 0.0lcms™)

DMPD/DMPD™
while the second (DMPD" — e~ = DMPD?") is quasi-reversible (k, pp+ /DMPDRH =
(0.001 £ 0.002) cm s71).

The comproportionation of DMPD and DMPD?** to form DMPD™ is thermodynam-
ically downhill. Using eq 8.1.5 and the data in Table 8.1, AG® = —52.1 kJ mol*.
However, from the Table 8.1, comproportionation is slow on the voltammetric timescale
(Kcomp = 250 dm® mol™' s7'). When DMPD is oxidised, the lone electron pair on
each nitrogen atom makes an increased contribution to the resonance within the
aromatic ring: the double bond character of each C-N bonds increases. The rear-
rangement energy for the electron transfer is substantial and leads to a small value
of the rate constant as predicted by Marcus theory. 2?3

In a recent paper® it was shown that, in the limit of electrochemical reversibility,

the presence of diffusionally controlled comproportionation can be discerned only
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at high scan-rates when the diffusion coefficients of the species (Dpwmpp, Dpyvpp+
and Dpypp2+) are significantly different such that Dpypp+/Dpupp > 1.5 and
Dpypp2+ /Domep > 1.5 or Dpypp+ /Dovmep < 0.75 and Dpyppz+ /Dpumep < 0.75.
It is important to note that this conclusion refers to a comparison between kcomp =
0 dm® mol™ s~! and diffusion control. For an arbitrary value of Ecomp the aforemen-
tioned conditions for the observation of comproportionation are neither necessary

nor sufficient. Figure 8.2.5 shows a comparison between the experimental voltam-

(a) (b)

i/nA U 1 i/nA

EvsPt/V EvsPt/V

(c)

- o
T

i/nA
08 D

LI S B B B N B e

0.0 02 04 06 08 10 12 14
EvsPt/V

Figure 8.2.5:

Voltammetric fits: —, experiment; o, simulation (keomp = 0 dm?® mol~! s71).

(a) 1000 mV s~!

(b) 100 mV s~!

(c) 10 mV s~}

mograms at a range of scan rates and the simulated transients corresponding to the
data in Table 8.1 with k¢omp = 0 dm?® mol™! s!. Tt is clear that, for the present sys-

tem, the occurrence of comproportionation can be identified voltammetrically and

the discrepancy between kcomp = 0 dm?® mol™ s and Ecomp = 250 dm?® mol™t s7!
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increases with decreasing scan-rate. At low scan-rates a steady-state voltammetric
response is obtained while at high scan-rates comproportionation is outrun on the
voltammetric timescale. Therefore, in each case, the presence of comproportiona-
tion cannot be discerned from the voltammetry. For DMPD in [C; mim]|[BF,], the
effect of comproportionation is not expected to be apparent in the limit of very low

scan-rates.

8.3 Conclusion

In this chapter, simulation studies have been used to show that comproportiona-
tion, in which DMPD reacts homogeneously with DMPD* (DMPD + DMPD?** =
2DMPD™), can be discerned for the 2 electron oxidation of DMPD in the ionic lig-
uid [C4 mim]|[BF,]. In addition, the kinetic and thermodynamic parameters of the
reaction were elucidated by means of double potential step chronoamperometry and

cyclic voltammetry.
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Chapter 9

Conclusions

Almost any attempt to study a process electrochemically must include two parts:
an electrode and a solvent. The work presented in this thesis has further extended
the applicability of both. The final conclusions of this thesis are summarised below.
In chapter 3, it was show that, in almost all cases, the voltammetric response from a
nanoparticle modified electrode is substantially different from that expected from a
macroelectrode. Discrepancies occur due to a combination of electrode kinetics and
mass transport. Using computer simulations, it is possible to deconvolute these fac-
tors and obtain useful experimental information regarding the nanoparticle specific
effects.

In chapter 4, diffusional chronoamperometry and cyclic voltammetry at a random
array of nanoparticles was simulated efficiently and rationalised in terms of four cat-
egories which define different extents of diffusion layer overlap. The cyclic voltam-
metry in the Category 3/4 region was been shown to be morphology dependent

for voltammetry that was not electrochemically reversible. The reduction Cr3* to
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Cr?* was carried out experimentally on an array of silver nanoparticles (80-120 nm
diameter). A clear relationship was shown to exist between the degree of surface
coverage () and the nature of the voltammetry. Increasing the coverage resulted
in an increase in the apparent reversibility of the process as well as an increased
current due to the greater surface area available for the reaction to take place. This
was due to the transition from convergent diffusion to linear diffusion with increas-
ing surface coverage. By increasing the nanoparticle density the electrode kinetics
tended towards those of a macro-disk electrode.

In chapter 5, the cyclic voltammetry of the E reduction, A%A + ne”™ = B?B, was
studied using numerical simulations. The effect of adding different concentrations of
supporting electrolyte was studied as a function of the scan rate, the diffusion coef-
ficient of species B, the diffusion coefficients of the ions in the supporting electrolyte
and the charges of the analyte ions. The minimum support ratio required observe
quantitative diffusion-only cyclic voltammetry was shown to vary as a function of
the scan rate, o, the diffusion coefficients of the supporting electrolyte, D}, and D%,
and the charge of the analyte ion, Z,. The diffusion coefficient of species B was
show to have no effect on the peak to peak separation close to the diffusion-only
limit (although it did change the peak position).

In chapter 6, cyclic voltammetry, with homogeneous kinetics, was simulated for con-
ditions of low support. In many cases, cyclic voltammetry is unable to determine the
presence or absence of diffusion-controlled comproportionation under conventional,
fully supported, conditions; in contrast, under weakly supporting conditions the dis-

tinction was shown to be unequivocal. It was shown experimentally that, in the case
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of anthraquinone in acetonitrile, comproportionation is diffusionally controlled.

In chapter 7, steady-state cyclic voltammetry at low support was efficiently sim-
ulated for both reversible and irreversible electrode kinetics. It was shown, by
numerical and analytical means, that the hemispherical approximation is reliable
over a range of support ratios and electrochemical rate constants. Simulations and
the Debye-Hiickel theory are used to analyze cyclic voltammetry obtained for two
aqueous redox couples: hexammineruthenium [Ru(NH3)g]** /[Ru(NH;z)g)*T and hex-
achloroiridate [IrClg]?~ /[IrClg]*~. The data indicated the occurrence of ion pairing
in the latter but not in the former.

In chapter 8, simulation studies were used to show that comproportionation, in which
the molecule N,N-dimethyl-p-phenylenediamine (DMPD) reacts homogeneously with
DMPD™ (DMPD + DMPD?* = 2DMPD™), can be discerned for the 2 electron ox-
idation of DMPD in the ionic liquid [C; mim]|[BF,]. In addition, the kinetic and
thermodynamic parameters of the reaction were elucidated by means of double po-

tential step chronoamperometry and cyclic voltammetry.



Appendix A

Numerical simulation of

nanoparticle arrays

A.1 Experimental

The experimental work was performed by Dr. Fallyn W. Campbell and Ms. Yige

Zhou.

A.1.1 Chemical and reagents

All chemicals and reagents were used as received without further purification. All
solutions were prepared with Millipore deionized water, with a resistivity no less
than 18.2 MQcm at 25 °C (Vivendi Water Systems, UK). All glassware was cleaned
with a 'piranha’ solution (4:1 HySO, and HyO,) prior to use. Silver nitrate salt (99%,
AgNO3) was supplied by BHD and trisodium citrate (99%, C¢HsNa3zO7) supplied by

Sigma-Aldrich. Chromium (IIT) chloride (99%, CrCl;-6H20) and sodium perchlorate
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(98-102%, NaClO4) were supplied by Sigma-Aldrich. Hydrochloric acid (37%, Fisher
Scientific) was added to 1 M NaClOy solutions to achieve a pH of 2.0.

Colloidal silver nanoparticles (AgNPs) of 80-120 nm diameter were synthesised by a
seed-mediated citrate reduction of AgNOj3. This method was adapted from syntheses
by Pyatenko!? and has been outlined in detail in our previous publications.®® These
AgNPs were subsequently used to modify a basal plane pyrolytic graphite (BPPG,
Le Carbone Ltd., Sussex, UK) electrode by drying a volume of the suspension on
the electrode surface. The loading could be increased or decreased with volume of

colloidal suspension.

A.1.2 Instrumentation

The electrochemical cell used was a standard 3-electrode set-up using saturated
calomel (SCE) reference electrode and a carbon rod as the counter electrode. The
working electrode was a silver macro-disk (0.5 mm diameter) or a AgNP-modified
BPPG electrode (5 mm diameter). All electrochemical measurements were per-
formed using an Eco Chemie PGSTAT20 potentiostat connected to a desktop com-

puter.

A.1.3 Experiments

These electrodes (Ag,,, .../ AgNP-BPPG) were then applied to the reduction of Cr3*.
Experiments were performed for Cr** (10 mM) in NaClO, (1 M, pH of 2) electrolyte
solutions. AgNP-BPPG electrodes with surface coverage ranging from 0 percent to

20 percent, were employed. The potential was scanned negatively from 0 to -0.9 V
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(vs. SCE) at 50 mV s~!. In the case of the AgNP-BPPG electrodes, silver loading
was then quantified by stripping from the surface in NaClO4 (0.1 M), by scanning

positively from 0.1 to 1.0 V (vs. SCE).®
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Appendix B

Diffusion-migration voltammetry:
extra kinetic and mechanistic

insights

B.1 Chemicals and equipment

All experimental work was conducted by Dr. Juan G. Limon-Peterson.

All solutions were made with acetonitrile solvent (MeCN, HPLC grade, Fisher Sci-
entific). Anthraquinone (>97%, Strem Chemicals) was used as the electroactive
species, with tetra-n-butylammonium perchlorate (TBAP, >99%,Fluka) as support-
ing electrolyte. A three electrode cell was used: a 25 micron radius platinum disk
or a 25 micron radius mercury hemispherical electrode was used as a working elec-
trode. The latter was prepared by electrodepositing mercury on a platinum disk,

and the size was controlled by passing the necessary amount of current to form a
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hemisphere, using the procedure stated in Bard et al.! and Limon-Petersen et al.?
The size of the electrode minimised the effect of ohmic drop in the solution. The
geometry of the electrode ensured that the potential and concentration profiles were
of the same geometry at all times. A silver wire was used as a reference electrode
to avoid leaking of ionic impurities in the solution.

Note that voltammograms were recorded using a PG-STAT12 potentiostat (Auto-
lab, Netherlands) without the ‘ohmic drop correction’ used or theorised in some
early studies of weak support,3* so as to permit a clear comparison of theory and
experiment.

All solutions were thoroughly degassed with Ny before each experiment, and an inert

atmosphere was maintained during the experiments.



Bibliography

[1] Mauzeroll, J.; Hueske, E. A.; Bard, A. J. Anal. Chem. 2003, 75, 3880-3889.

[2] Limon-Petersen, J. G.; Rees, N. V.; Streeter, I.; Molina, A.; Compton, R. G. J.
Electroanal. Chem. 2008, 623, 165—169.

[3] Bond, A. M.; Feldberg, S. W. J. Phys. Chem. B 1998, 102, 9966-9974.

[4] Bond, A. M.; Coomber, D. C.; Feldberg, S. W.; Oldham, K. B.; Vu, T. Anal.
Chem. 2001, 73, 352-359.

254



Appendix C

Diffusion-migration voltammetry:

the microdisc electrode

C.1 Experimental methods

The experiments in this section were condicted by Dr. Eduardo Laborda.

C.1.1 Chemical reagents

Potassium chloride (KCl, Sigma-Aldrich, 99.0-100.5%), hexaammineruthenium(I1I)
chloride ([Ru(NHjs)g]Cls, Aldrich, 98%), potassium hexachloroiridate(IV) (KqIrClg,
Aldrich, 99.99%), acetonitrile (MeCN, Fischer Scientific, dried and distilled, 99%),
ferrocene (Fe(CsHj)q, Aldrich, 98%) and tetra-n-butylammonium perchlorate (TBAP,
Fluka, Puriss electrochemical grade, 99%) were all used as received without further

purification.
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C.1.2 Instrumentation and solutions

A computer-controlled p-Autolab potentiostat Type II (Eco-Chemie, Netherlands)
was employed to undertake the experiments. A three-electrode set-up was employed,
with homemade platinum microelectrode as the working electrode,! a platinum mesh
as the counter electrode and a Saturated Calomel Electrode (SCE, Radiometer,
Denmark) as the reference electrode. Before each experiment, the working electrode
was polished by using 1.0, 0.3 and 0.05 pgm alumina-water slurry on soft lapping
pads (Buehler, Illinois) and subsequently sonicated in deionised water.

The calibration of the size of the working electrodes was performed electrochemically
from the steady state limiting current of the reduction of a 2.0 mM solution of
ferrocene in acetonitrile containing 0.1 M TBAP, adopting a value of the diffusion
coefficient of ferrocene in MeCN of D = 2.43 x 107° ecm?s~! at 298 K.?

For the cyclic voltammetry and chronoamperometry experiments, 2.0 mM [Ru(NHjz)g|Cl3
or K,IrClg solutions in ultrapure water with resistivity > 18.2 MQ cm™! (20 °C) were
prepared, at different concentrations of the supporting electrolyte, KCIl. Solutions
were outgassed with Ny before experiments and a positive pressure of Ny was main-
tained throughout.

All measurements were carried out at 25 °C by thermal control of the electrochemical

cell through the use of an air heater-controller system fabricated in-house.
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Appendix D

Cyclic voltammetry in room
temperature ionic liquids: the

comproportionation mechanism

D.1 Experimental methods

The experiments in this section were condicted by Dr. Aoife M. O’Mahoney and

Edward O. Barnes.

D.1.1 Chemical reagents

1-butyl-3-methylimidazolium tetrafluoroborate ([Cymim][BF,]) was kindly donated
by Merck KGaA. N,N-dimethyl-1,4-phenylenediamine (DMPD, Aldrich, >97%), fer-
rocene (Aldrich, 98%), tetrabutylammonium perchlorate (TBAP, Fluka, Puriss elec-

trochemical grade, >99.99%) and acetonitrile (Fischer Scientific, dried and distilled,
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>99.99%) were used as received without further purification.

D.1.2 Instrumental

Electrochemical experiments were performed using a computer controlled u-Autolab
potentiostat (Eco-Chemie, Netherlands). A conventional two-electrode system was
used, typically with a platinum electrode (10 pm diameter) as the working elec-
trode, and a 0.3 mm diameter platinum wire as a quasi-reference electrode. The
platinum microdisc working electrode was polished on soft lapping pads (Kemet
Ltd., U.K.) using alumina powder (Buehler, IL) of size (5.0, 1.0 and 0.3) um. The
electrode diameter was calibrated electrochemically by analyzing the steady-state
voltammetry of a 2 mM solution of ferrocene in acetonitrile containing 0.1 M TBAP,
with a diffusion coefficient for ferrocene of 2.3 x 1075 cm? s7! at 293 K.! The elec-
trodes were housed in a glass cell “T-cell” designed for investigating microsamples
of ionic liquids under a controlled atmosphere?(Figure A.1). RTILs are sensitive
to water,?? the presence of water can alter the viscosity of the ionic liquid and re-
duce the electrochemical window, therefore the samples are purged under vacuum
before voltammetry is carried out. In addition, this procedure removes electroactive
oxygen from solution.* The working electrode was modified with a section of dis-
posable micropipette tip to create a small cavity above the disc into which a drop
(20 pL) of ionic liquid was placed. DMPD was directly dissolved in [Cymim]|[BF,]
at concentration 20 mM. Prior to voltammetric scanning, the RTIL solution was
purged under vacuum (Edwards High Vacuum Pump, Model ES 50) for ca. 90 min,

which served to remove trace atmospheric moisture naturally present in the RTIL.
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Figure A.1:

Cross section of the T-cell used to perform chronoamperometry.

All experiments were performed inside a fume cupboard, in a thermostatted box
(previously described by Evans et al.)® which also functioned as a Faraday cage.

The temperature was maintained at (298+1.0) K.
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