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Symbol Meaning Units 

𝑎𝑗 Activity of species 𝑗 None 
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𝐶 Capacitance F 

𝐶𝑑𝑙  Double layer capacitance F 
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𝐶𝑗(𝑥=0) Surface concentration of species 𝑗 mol m-3 

𝐷𝑗  Diffusion coefficient of species 𝑗 m2 s-1 

𝐸 Potential V 

𝐸∘ Standard reduction potential V 

𝐸∘′ Formal reduction potential V 

𝐹 Faraday’s constant 96485 C mol-1 

𝑓 Frequency Hz 

𝐺‡ Gibbs energy of transition state kJ mol-1 

Δ𝐺 Change in Gibbs Free Energy kJ mol-1 

ℎ Distance between electrode and rotating drum m 

𝐼 Current A 

𝐽 Flux mol m-2 s-1 

𝑗 Current density A cm-2 

𝑘0 Standard heterogeneous rate constant cm s-1 

𝑘𝐵 Boltzmann constant J K-1 

𝑚 Mass kg 

𝑁𝐴 Avagadro’s number 6.023×1023 mol-1 

𝑛 Stoichiometric number of electrons transferred None 

𝑅 (i) Universal gas constant 8.314 J K-1 mol-1 

 (ii) Resistance Ω 

𝑟 (i) Radius of disc electrode m 
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 (ii) Radial component in cylindrical coordinates 

𝑅𝑒 Reynolds number None 

𝑇 Absolute temperature K 

𝑡 Time s 

𝑈0 Limiting velocity at rotating disk m s-1 

𝑉 Volume m3 

𝑣 Scan rate V s-1 

𝑣𝑗  Component velocity in j direction m s-1 

𝑤𝑒 Width of electrode m 

𝑋𝐶  Capacitive reactance Ω 

𝑥𝑒 Length of electrode m 

𝑌 Admittance S or Ω-1 

𝑦 Axial component in cylindrical coordinates 

𝑍 Impedance Ω 

 

Greek symbols 

 

𝛼 Transfer coefficient None 

𝛽 Tunnelling parameter Å-1 

γ Activity coefficient mol-1 m3 

𝛿 Diffusion layer thickness m 

ε Dielectric constant None 

ε0 Permittivity of free space C2 N-1 m-2 

𝜂 (i) overpotential V 

 (ii) Dynamic viscosity g m-1 s-1 

𝜃 Dimensionless voltage (=
𝑛𝐹(𝐸−𝐸∘) 

𝑅𝑇
) 

𝜇𝑏𝑜𝑛𝑑 Bond dipole moment Debye 

𝜈 Kinematic viscosity m2 s-1 (or Pa.s) 

𝜌 Density kg m-3 

𝛷 Electrode potential V 

𝜑 (i) Azimuthal angle in cylindrical coordinates degrees (or rad) 

 (ii) Phase angle degrees (or rad) 

𝜔 Angular frequency rad s-1 



9 

 

Chemical abbreviations 

 

AQS Anthraquinone sulfonic acid (sodium salt) monohydrate 

AROP Anionic ring-opening polymerisation 

BDD Boron doped diamond 

BuFc n-butyl ferrocene 

CA Chronoamperometry 

CE Counter electrode 

CROP Cationic ring-opening polymerisation 

CV Cyclic voltammetry 

Fc Ferrocene 

Fc(AcOH) Ferrocene acetic acid 

Fc(CH2CN) Ferrocene acetonitrile 

Fc(CH2NMe2) Dimethylaminomethyl ferrocene 
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Fc(COOH)2 1,1’-ferrocene dicarboxylic acid 

FESEM Field emission scanning electron microscopy 
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10 
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RE Reference electrode 

SCE Saturated calomel electrode 

SN1 Unimolecular nucleophilic substitution 

SN2 Bimolecular nucleophilic substitution 

SEM Scanning tunnelling microscopy 

WE Working electrode 

XPS X-ray photoelectron spectroscopy 

 

 



11 

 

Abstract 

 

It is becoming increasingly important to find “green” solvents for chemical and 

electrochemical purposes. Poly(ethylene glycol) has been identified as an 

environmentally benign, non-volatile, viscous solvent with interesting properties that 

could be beneficial in many applications. For example, poly(ethylene glycol) is known 

to be a strong absorber of carbon dioxide, which could lead to applications in carbon 

capture and utilisation technologies. The electrochemical properties of poly(ethylene 

glycol) are therefore of interest. 

 

Voltammetry in poly(ethylene glycol) was performed. Diffusion coefficients for both 

oxidised and reduced forms of several redox species were determined and verified using 

a combination of double potential step experiments, cyclic voltammetry and computer 

simulations using the commercial electrochemical software DigiElch™. The optimised 

diffusion coefficients were approximately two orders of magnitudes smaller compared 

with aqueous solution, which was attributed to the higher viscosity of the polymer 

solvent. 

 

The slow diffusion in viscous poly(ethylene glycol) gives low measured currents in 

voltammetry. To overcome the slow mass transport, a hydrodynamic technique based 

upon a laminar Couette flow in a microgap was developed. An increase in current of 

over two orders of magnitude was observed. A Levich-type equation was derived and 

was consistent with experimental data for the reduction of Fe(CN)6
3-

(aq) under Couette 

flow conditions. Studies in poly(ethylene glycol) could indicate complex interactions 

between the polymer solvent and the platinum electrode. A proposed mechanism 

involves the reversible adsorption of poly(ethylene glycol) to the platinum electrode 

above +0.4 V (vs. SCE). 

 

The grafting ability of poly(ethylene glycol) was investigated by anodic coupling to 

glassy carbon and boron-doped diamond surfaces. Modification of carbon substrates 

with poly(ethylene glycol) caused a suppression in the apparent rate of electron transfer 

for the Fe(CN)6
3-/4- redox couple. The apparent rate of electron transfer after 

poly(ethylene glycol) attachment correlated with grafting potential, time and polymer 
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chain length. It is proposed that the hydrophilic redox species cannot diffuse far into 

the poly(ethylene glycol) layer, which slows the apparent rate of electron transfer. 

However, the apparent rate of electron transfer for a more hydrophobic redox species, 

1,1’-ferrocene dimethanol (Fc(CH2OH)2, was not affected by grafting potential, time or 

chain length. The apparent selectivity of the PEG-modified electrode enabled the 

mediated oxidation of potassium ferrocyanide (K4Fe(CN)6) using a Fc(CH2OH)2 

mediator. This mediated oxidation approach enhanced the voltammetric response for 

micromolar concentrations of the mediator, which could have potential uses in sensing 

applications. 

 

The electrochemical grafting of a PEGylated castor oil, Kolliphor® EL, is also 

demonstrated. A similar suppression in the voltammetric response for the Fe(CN)6
3-/4- 

redox couple was observed and five ferrocene mediators were assessed in their ability 

to mediate electron transfer to Fe(CN)6
3-/4-. The electron shuttle ability for the five 

ferrocene mediators decreased in the order: dimethylaminomethyl ferrocene > n-butyl 

ferrocene > ferrocene dimethanol > ferrocene acetonitrile > ferrocene acetic acid. It is 

proposed that the electron shuttle ability is influenced by (i) the reversible potential for 

the mediator molecule, (ii) the heterogeneous electron transfer kinetics for the mediator 

molecule, (iii) electrostatic interactions, and (iv) mediator aggregation at the modified 

surface. 

 

Finally, a one-step electroless deposition method is developed, which utilises the 

reducing ability of poly(ethylene glycol). A platinum salt precursor solution is prepared 

in PEG200 and heated at 500 °C for 30 min in atmospheric conditions. PEG200 acts as 

both the solvent and as the reducing agent. The high temperature causes PEG200 to 

evaporate, which results in the formation of metallic Pt nano-fibrous deposits. The 

electrochemically active surface area and the electro-catalytic activity of the Pt nano-

fibrous deposits was determined. Only a slight increase in catalytic activity is observed 

for the nano-fibrous deposits compared with a bulk polycrystalline Pt disc. 
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Aims 

 

The aims of this thesis are: 

 To investigate the use of low molecular weight poly(ethylene glycol)s as 

inexpensive, non-volatile, environmentally benign solvents in electrochemical 

applications. Develop a methodology using voltammetric measurements coupled 

with computer simulations to determine the diffusion coefficients for a range of 

redox species in poly(ethylene glycol) under mixed diffusion (planar and hemi-

spherical) conditions. 

 

 To develop a novel hydrodynamic method suitable for electro-synthetic processes in 

highly viscous media. Derive theory to compliment the hydrodynamic process to 

enable the technique to be used as a quantitative tool. Verify theoretical models with 

experiment using low molecular weight poly(ethylene glycol) as the viscous solvent. 

 

 To develop an electrochemical attachment method for modifying the surface of 

carbon electrodes with poly(ethylene glycol) derivatives. Provide evidence for 

attachment and investigate the electrochemical properties of the poly(ethylene 

glycol) modified electrodes. For example, investigating changes in the rate of 

electron transfer for different redox species at poly(ethylene glycol) modified 

electrodes. 

 

 To use a mediated oxidation mechanism at poly(ethylene glycol) modified 

electrodes to enhance currents of redox species at low concentrations. This approach 

could be adapted for use in electrochemical sensing devices. 

 

 To develop a novel, one-step, electroless deposition of metal nanoparticles using 

poly(ethylene glycol) as both the solvent and reducing agent. The electrochemical 

surface area and catalytic activity of metal nanoparticles will be explored. 
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Chapter 1: Introduction to electrochemical solvents 

 

Chapter abstract 

 

The quest to discover and use environmentally benign solvents is becoming 

increasingly more important. This chapter gives an overview of the significant role that 

solvents have in chemical and electrochemical processes, and highlights the advantages 

and disadvantages of aqueous, organic and ionic liquid media in electrochemical 

processes. Poly(ethylene glycol) is a non-toxic, non-volatile, inexpensive polyether that 

has been identified as an environmentally benign solvent with potential uses in 

electrochemical applications. The physical properties of poly(ethylene glycol) are 

discussed and applications for increasing the solubility of therapeutics and its use as an 

additive in electroplating solutions are described. Previous literature using 

poly(ethylene glycol) based electrolytes in electrochemistry has been reviewed and the 

suitability of the polymer solvent for such purposes has been highlighted. 
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1. Introduction to electrochemical solvents 

 

Many organic solvents have detrimental effects on the environment and it is becoming 

increasingly important to use alternative, less damaging materials for chemical or 

electrochemical processes. Poly(ethylene glycol) (PEG) is well documented to be 

environmentally benign and to have a low toxicity.1,2 It is an inexpensive solvent made 

from the polymerisation of ethylene glycol or ethylene oxide and has many 

applications, for example as a suppressor in electroplating solutions,3 as a lubricant,4 

and was sprayed on the Mary Rose to prevent degradation of the wooden ship.5 The 

polyether has also been shown to exhibit anti-biofouling properties, increase the 

solubility of pharmaceuticals in the body, and is known to be a good absorber of carbon 

dioxide with uses in carbon capture and utilisation technologies.6-8 Despite the wide 

ranging applications for poly(ethylene glycol), the electrochemical properties of the 

material have received limited attention in the literature. However, the low toxicity of 

poly(ethylene glycol) implies that the polymer could have potential future uses in 

chemical and electrochemical technologies. This thesis seeks to explore the use of 

poly(ethylene glycol) as the solvent in electrochemical processes and develop a novel 

hydrodynamic method to enhance currents. An electrochemical attachment of 

poly(ethylene glycol) to carbon surfaces will also be investigated and the 

electrochemical properties of PEG-modified electrodes examined. Finally, 

poly(ethylene glycol) will be used as the solvent and reducing agent for the synthesis 

of platinum nanoparticles using a thermolysis method. 

 

 

1.1. Chemical solvents 

 

The success of any chemical reaction can be influenced by many experimental 

parameters, such as temperature, pressure, the use of a catalyst and the solvent. In liquid 

phase chemical reactions, the solvent provides the medium in which a reaction can 

occur. For a solvent to be useful for a particular chemical reaction, it must dissolve the 

starting materials, reagents and any reaction intermediates. Generally polar solvents 

will solubilise polar molecules and ionic species, whereas non-polar solvents will 

solubilise non-polar molecules. The dielectric constant (ε) reflects a solvent’s ability to 
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stabilise electrostatic charges in a solution and can be used as a measure of the polarity 

of the solvent. Solvents with a large dielectric constant are considered to be polar and 

those with a low dielectric constant are considered to be non-polar.7 The dielectric 

constant (or relative permittivity) is defined as the dimensionless ratio between the 

permittivity of the material (휀𝜇) and the permittivity of free space (휀0): 

 휀 = 
𝜇

0
 (1.1) 

The polarity of a solvent can also be measured using the molecular dipole moment (𝜇), 

which is the vector sum of the dipole moment for each bond in the molecule. A dipole 

moment for a bond (𝜇𝑏𝑜𝑛𝑑) is the product of the charge (𝑞) and the bond distance (𝑑): 

 𝜇𝑏𝑜𝑛𝑑 = 𝑞 × 𝑑 (1.2) 

Water (H2O) is a polar solvent with a large dielectric constant (휀 = 80 at 25 °C) and a 

molecular dipole moment of 1.85 D.9,10 The oxygen atom is more electronegative than 

hydrogen and attracts electron density in the O-H bonds. The oxygen atom therefore 

accumulates a partial negative charge (𝛿−) and each hydrogen a partial positive charge 

(𝛿+). The molecular dipole exists due to the bent shape of the water molecule (Figure 

1.1A). Ionic salts, such as potassium nitrate (KNO3), can fully dissociate in water to 

form K+ cations and NO3
- anions, which are surrounded by the solvent molecules. The 

surrounding water molecules orient themselves such that the O𝛿−
 atoms are facing the 

K+ cations and the H𝛿+
 atoms on water are facing the NO3

- anions (Figure 1.1B). If 

water molecules are considered as dipoles, the molecular dipole moments will point 

towards the K+ cations and away from the NO3
- anions. This arrangement helps to 

stabilise the electrostatic charges on the dissociated ionic species. The layer of solvent 

surrounding a dissolved species is known as a solvation shell. 
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Figure 1.1. (A) The structure of a water molecule showing the bond angle and dipole 

moment. (B) A schematic diagram of how water molecules might arrange themselves 

around dissociated KNO3 ions. 

 

A simple, one step liquid phase chemical reaction can be described as: 

 𝐴(𝑎𝑞) + 𝐵(𝑎𝑞) 𝐶 (1.3) 

The starting materials (𝐴 and 𝐵) are solubilised by the solvent and are free to move 

through the solution. When molecules 𝐴 and 𝐵 collide in the correct orientation and 

with enough energy to overcome the activation energy barrier a chemical reaction will 

take place and product 𝐶 will be formed. It is necessary for the solvent to solubilise the 

starting materials, which allows for collisions, and hence the reaction, to occur. 

However, the solvent can also affect the rate and mechanism of the reaction. For 

example, the unimolecular nucleophilic substitution (SN1) reaction of a tri-substituted 

alkyl, such as tert-butyl bromide, will occur at a faster rate in more polar solvents.11 

The SN1 mechanism proceeds through a charged carbocation intermediate, the 

formation of which is the rate determining step for the reaction. The transition state for 

the formation of the carbocation intermediate is stabilised to greater extents by more 

polar solvents. Consequently the activation energy for the rate determining step is lower 

in more polar solvents and the rate of the reaction is increased (Figure 1.2). 
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Figure 1.2. A reaction profile for the unimolecular nucleophilic substitution (SN1) of 

tert-butyl bromide. The formation of the carbocation intermediate is the rate 

determining step. The transition state and carbocation intermediate is stabilised by polar 

solvents (dashed line). 

 

 

1.2. Solvents in electrochemistry 

 

The importance of the solvent in chemical processes has already been highlighted and 

extends even further for electrochemical processes. Electrochemical processes typically 

involve the immersion of at least two electrodes into a solution and passing a current 

between them. The solution must therefore provide a conductive pathway between the 

electrodes in order to form a complete electrical circuit. The conductivity of the solution 

is usually achieved by dissolving an ionic salt, such as KNO3, in a polar solvent, such 

as water. As the potential difference between the electrodes is changed, oxidation and 

reduction processes can occur at the surface of the electrodes. At some stage the 

potential between the electrodes will be great enough to cause oxidation or reduction 

of the solvent. The potentials at which the solvent is oxidised and reduced defines the 

usable potential window for the solvent. For a redox process to be studied effectively 
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using voltammetry, it is important that the oxidation or reduction potential for the redox 

species falls within the usable potential window for the solvent. 

 

Since electrochemical reactions only take place at the electrode surface, the rate of the 

reaction, and therefore the current, is often limited by the flux of redox material to and 

away from the electrode. In a static electrolyte the flux of material to the electrode 

surface is usually determined by the rate of diffusion, where faster diffusion leads to 

higher currents. The Stokes-Einstein equation (equation 1.4) indicates that the diffusion 

coefficient of a species (𝐷) in a solvent is inversely proportional to the dynamic 

viscosity (𝜂) of the solvent.  

 𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑎
 (1.4) 

Here 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature (in K) and 𝑎 is the 

hydrodynamic radius. Consequently, solvents with a low viscosity are better suited as 

solvents for electrochemical applications. 

 

To maintain a constant and known concentration of redox analyte throughout the course 

of an electrochemical investigation is often important for analytical purposes. In some 

cases the concentration of analyte could change due to evaporation of the solvent. 

Solvents with a high vapour pressure should therefore be avoided. For this reason 

voltammetry under reduced pressure is not possible in aqueous media. However, 

aqueous electrolytes provide an important medium for many electrochemical processes. 

 

1.2.1. Aqueous electrolytes 

 

The low toxicity, high abundance and low cost of water makes it a good solvent for a 

wide range of electrochemical processes, such as for biosensors; wastewater treatment, 

analysis and purification, in corrosion studies, and as the solvent in lead acid batteries.12-

17 The number and diversity of processes performed and studied in aqueous electrolytes 

highlights the importance of water as a solvent. 

 

Pure water has a high resistivity (> 18 MΩ.cm), which makes voltammetry in pure 

water problematic, however, a supporting electrolyte may be dissolved to lower the 

resistance of the solution. The ionic conductivity through a solution is achieved by 
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charge separation of the dissolved species, which allows free migration of ions in an 

electric field to carry the charge. The supporting electrolyte is typically an 

electrochemically inert ionic species, such as potassium nitrate (KNO3), which carries 

the electric charge through the solution and is added in high concentrations (0.1 – 1 M) 

to ensure the solution resistance is reduced sufficiently for voltammetry. Furthermore, 

the supporting electrolyte also helps to prevent the movement of charged redox species 

under the influence of an electric field, which is known as mass transport by 

migration.18 The concentration of the supporting electrolyte is generally in large excess 

compared with the redox species under investigation. Consequently, if a negative 

charge is applied to an electrode, the cations from the more abundant supporting 

electrolyte will move towards the electrode by electrostatic interactions and form a 

double layer at the electrode surface. Equally, if a positive charge is applied to an 

electrode, the anions of the supporting electrolyte will move towards the electrode 

surface. The accumulation of ions at the electrode surface screens the electric field from 

penetrating into the bulk solution. As a result, the electric field in the bulk solution is 

minimal and charged species do not move via migration. Assuming mass transport by 

migration to be an insignificant process allows many electrochemical theories to be 

simplified. 

 

One of the major advantages of using an aqueous electrolyte is the availability of 

reference electrodes that have a well-defined and stable potential. A good reference 

electrode should have a low impedance such that a large change in current does not 

change the potential to a significant degree. An electrode that exhibits this behaviour is 

known as an ideal non-polarisable electrode. The silver/silver chloride (Ag/AgCl) 

electrode and KCl-saturated calomel (Hg/Hg2Cl2) electrode approach this ideal non-

polarisable behaviour at low currents and are therefore commonly used as reference 

electrodes in aqueous electrolytes. A KCl-saturated calomel electrode (SCE) is 

comprised of a column of mercury in contact with calomel (Hg2Cl2) immersed in a 

saturated KCl solution (Figure 1.3).19 The SCE electrode has a well-defined potential 

due to the fast equilibrium established at the liquid mercury | calomel | solution triple 

phase boundary. 

 2Hg + 2Cl-  Hg2Cl2 + 2 e- (1.5) 
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The reference electrode is usually separated from the working and counter electrodes 

by a porous glass frit or a Luggin capillary to avoid contamination between the 

electrolyte for the reference electrode and the bulk electrolyte.  

 

 

Figure 1.3. The structure of a KCl-saturated calomel reference electrode. 

 

The usable potential window for aqueous electrolytes depends on several factors 

including pH and electrode material. However, the reduction of water to form hydrogen 

(hydrogen evolution reaction) or the oxidation of water to form oxygen (oxygen 

evolution reaction) often determine this usable potential range for aqueous solutions. 

The hydrogen evolution reaction (HER) occurs at 0 V (vs. SHE) at a platinum working 

electrode immersed in 1 M HClO4(aq).
20 However, the driving force for hydrogen 

evolution is lower in more basic solutions, and the process occurs at more negative 

potentials. For example, the hydrogen evolution reaction occurs at -1.15 V (vs. SCE) in 

1 M NaOH.20 Furthermore, the potential required for the hydrogen evolution reaction 

is highly dependent upon the electrode material. For example, the overpotential for 

hydrogen evolution at a mercury electrode is larger than for a platinum electrode.21,22 

For this reason mercury is used in voltammetric analysis of water samples with trace 

metal impurities, although alternative less toxic electrode materials are being 

developed.23-25 Some electrochemical processes occur at similar potentials to the 

hydrogen evolution reaction (or oxygen evolution reaction). For example, the reduction 

of carbon dioxide has been widely studied on a range of different metal and alloy 

surfaces in potassium carbonate buffer and often occurs at similar potentials to the 

hydrogen evolution reaction.26 There are numerous reaction pathways for carbon 

dioxide reduction, which are dependent upon solvent, electrolyte concentration and pH. 
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However, the Faradaic efficiency for carbon dioxide reduction is often low due to the 

competing hydrogen evolution reaction. In these instances aprotic, polar organic 

solvents, such as dimethyl formamide (DMF), can be useful alternatives.27 

 

Water has many advantages as a solvent in electrochemistry but not all redox processes 

are suitable for study in aqueous media. For example, materials used in photovoltaic 

devices are often highly air and water sensitive. Water can often degrade the 

photoactive materials in the solar cell resulting in reduced cell efficiency and 

lifetime.28,29 It is therefore important to exclude water from these cells and the use of 

alternative solvents is necessary. Non-aqueous solvents may also be required to study 

organic redox species that are insoluble in aqueous solutions, such as anthraquinone. 

 

1.2.2. Organic solvents in electrochemistry 

 

Electrochemistry in polar organic solvents, such as acetonitrile (MeCN) and 

dimethylsulfoxide (DMSO), allows for some redox molecules that are insoluble in 

aqueous solution to be studied but also allows investigation of some redox species that 

exhibit electrochemistry outside of the usable solvent potential window for water. 30 

Electrochemistry in organic solvents has been widely developed and has applications 

in electro-organic synthesis, electro-polymerisation reactions,31 Li-ion battery 

technology32 and in dye-sensitised solar cells.33 

 

Similar to aqueous electrolytes, the conductivity of organic solvents must be provided 

by the intentional addition of supporting electrolyte, which carries the charge through 

the solution. However, due to the lower dielectric constant for most organic solvents, 

the conductivities observed in organic solvents generally do not match those observed 

in aqueous media. This results in electrochemical systems with a higher solution 

resistance, which are less ideal for voltammetry. Organic electrolytes are often based 

upon tetraalkylammonium salts, such as tetrabutylammonium hexafluorophosphate 

([NBu4]
+ [PF6]

-), which can provide sufficient conductivity (and solubility) in a range 

of polar organic solvents.34  

 

Reference electrodes used in aqueous voltammetry are often not suitable for use in non-

aqueous solvents, even if they are separated by a porous glass frit. The organic 
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electrolyte may diffuse into the aqueous reference electrolyte and affect the potential. 

Equally, the aqueous electrolyte surrounding the reference electrode may diffuse into 

the organic electrolyte and contaminate the solution. If water is immiscible with the 

organic electrolyte a liquid-liquid phase boundary would result, where a potential drop 

is observed across the phase boundary, which adds an uncompensated resistance to the 

system. Consequently, alternative pseudo-reference electrodes, such as a silver wire, 

are often used in non-aqueous media. However, the potential of a metal wire in solution 

can be affected by water content and proton concentration. Pseudo-reference electrodes 

are often calibrated by spiking the organic solution with ferrocene (Fc). The potential 

of the redox analyte of interest can then be recorded in reference to the one-electron 

Fc0/+ redox couple, which would be expected to have a fixed reversible potential. 

 

Although organic solvents allow the electrochemical investigation of a wide range of 

compounds, and methods have been developed to find stable reference electrodes, there 

are some drawbacks to using organic solvents. Many organic solvents have a high 

vapour pressure and high volatility, which makes devices containing these compounds 

inflammable and often restricts their useful lifetime. When considered with the often 

harmful effects of organic solvents to living organisms and the environment, 

alternatives should be found for electrochemical applications. 

 

1.2.3. Ionic liquids in electrochemistry 

 

Room temperature ionic liquids (RTILs) are a relatively modern class of compounds 

with interesting, unusual and potentially useful properties in many areas of chemistry. 

They are defined as “materials composed of cations and anions, that melt around 100 

ºC or below as an arbitrary temperature limit.”35 Literature sources often claim ionic 

liquids to be non-volatile,36 non-flammable,37 thermally stable38 and have good 

solvation properties for a range of polar and non-polar compounds.39 

 

The first ionic liquids were reported independently by Siegmund Gabriel in 1888 and 

by the Latvian chemist Paul Walden in 1914.40,41 Walden used ethylammonium nitrate, 

which has a melting point of 12 ºC, for conductivity measurements. 42 However, further 

work on room temperature ionic liquids was limited until the discovery of pyridinium- 

and imidazolium-based haloaluminate room temperature ionic melts. Chum et al. 
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reported the “first use of a room temperature, high Lewis acid molten salt system” for 

electrochemistry, which was based on a 2:1 mix of aluminium chloride : 

ethylpyridinium bromide and observed a solvent potential window of -0.2 V to +1.8 V 

(vs. Al reference electrode).43 However, the haloaluminate ionic liquids were highly 

moisture and oxygen sensitive and needed to be handled in glove box conditions to 

avoid oxidation of the aluminium halide. However, the development of non-

haloaluminate ionic liquids created a ‘new’ class of room temperature ionic liquids that 

showed improved air and water stability. The first of these were based on the 1-ethyl-

3-methylimidazolium (EMIm) cation with a range of inorganic anions, such as nitrate 

(NO3
-), tetrafluoroborate (BF4

-) and sulfate (SO4
-).44 Despite still being hygroscopic, 

these first non-haloauluminate ionic liquids could be dried in an oven at 80 °C.44 Over 

300 room temperature ionic liquids are now commercially available, and more could 

be designed based on an ever increasing library of suitable anions and cations (Figure 

1.4), each with individual and unique properties.45 Further developments have also seen 

the discovery of deep eutectic solvents (DES), which can be categorised as a sub-class 

of ionic liquids. Deep eutectic solvents are low melting point materials typically 

composed of quaternary ammonium salts and either metal salts or hydrogen bond 

donors.46  

 

Figure 1.4. The chemical structure of (A) imidazolium and (B) N,N-

dialkylpyrrolodinium cations, and (C) bis(trifluoromethylsulfonyl)amide, [NTf2]
- and 

(D) tetrafluoroborate anions, [BF4]
-, which are commonly used as constituents for room 

temperature ionic liquids. 
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By definition ionic liquids have a high charge density and all exhibit intrinsic 

conductivity due to the free movement of ions. Consequently the intentional addition 

of an ionic salt is not required for electrochemistry in ionic liquids. However, the 

conductivity of the ionic liquid is usually significantly lower compared with aqueous 

electrolytes and is dependent upon ion size, anionic charge delocalisation, viscosity and 

density.47-50 In general, cations based on the imidazolium structure tend to exhibit the 

highest conductivities (~10 mS cm-1), whereas quaternary ammonium salts are less 

conductive (~2 mS cm-1).42 The conductivity of the ionic liquids can be increased by 

adding molecular organic solvents, water and in some cases Li+ ions. 

 

Highly pure and dry room temperature ionic liquids can exhibit a broad usable 

electrochemical potential window. Suarez et al. reported a potential window for 

[BMIm][BF4] of up to 7 V where the negative and positive limits were determined by 

the reduction of the cation and the oxidation of the anion respectively.51 However, 

impurities will often lower the usable potential limits.52  Ionic liquids are often 

hygroscopic, but the addition of even 3 wt. % water can severely decrease the 

electrochemical solvent window, in some instances by more than 2 V.53 This can reduce 

the usefulness of the ionic liquid solvent. 

 

The viscosity of ionic liquids can be up to three orders of magnitude higher than for 

conventional molecular solvents.54 Consequently, the rate of mass transport within 

ionic liquids can be slow, which could impact the currents recorded in voltammetric 

experiments. In addition, extensive purging must be performed prior to electrochemical 

experimentation to remove all traces of oxygen from the system. Sufficient purging will 

take longer in more viscous solvents. 

 

Pure room temperature ionic liquids have many advantages, such as low-volatility, 

large usable potential window and intrinsic conductivity. However, the synthesis and 

purification of ionic liquids is often expensive and their hygroscopic nature can lead to 

water impurities, which can be detrimental to the desired properties. The very high 

viscosity can make handling ionic liquids troublesome and the environmental and 

health risks remain largely unknown.55,56 A less expensive and environmentally benign 

alternative to ionic liquids should be found as solvents in electrochemistry. 
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1.3. Poly(ethylene glycol) 

 

1.3.1. Chemical and physical properties of poly(ethylene glycol) 

 

Poly(ethylene glycol) is generally considered to be an inexpensive, environmentally 

benign, non-toxic, non-volatile, highly viscous polymer, which has many interesting 

properties including bio-fouling resistance when attached to surfaces.57-59 Poly(ethylene 

glycol) is also known to absorb carbon dioxide (CO2) well, which could suggest 

potential applications as a solvent for the electrochemical capture and conversion of 

carbon dioxide.7,60 These advantageous properties could make poly(ethylene glycol) 

suitable for use as a solvent in electrochemical investigations. The polymer already has 

many uses in a wide range of applications, for example as a material to control the 

viscosity of printer inks61, and as a spray to maintain the structure of wooden 

archaeological objects62. Poly(ethylene glycol) derivatives are also used as electrolyte 

materials in battery technology63, as a calibration compound for mass spectrometry64, 

as a plasticiser, and as a moiety added to pharmaceuticals to increase the bioavailability 

of drug molecules.65 

 

Poly(ethylene glycol), poly(ethylene oxide) and poly(oxyethylene) are synonymous 

names for the polyether molecule with a structure shown in Figure 1.5. However, the 

preferred name typically depends on the chain length of the polymer. If the average 

molecular weight of the polymer is less than ~100,000 g mol-1, poly(ethylene glycol) 

(PEG) is the preferred choice, however, if the average molecular weight is greater than 

~100,000 g mol-1 poly(ethylene oxide) (PEO) is usually favoured.66 Poly(oxyethylene) 

(POE) can be used to refer to any chain length. The average molecular weight 

frequently suffixes the abbreviated polymer name. For example, a poly(ethylene glycol) 

with an average molecular weight of 200 g mol-1 would be denoted as PEG200. 

 

 

Figure 1.5. The chemical structure of poly(ethylene glycol), where n denotes the degree 

of polymerisation. 𝑛 ≈ 4 for PEG with an average molecular weight of 200 g mol-1 

(PEG200). 
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The appearance of poly(ethylene glycol) depends largely on the chain length of the 

polymer. PEG is a clear, viscous liquid at room temperature when the average 

molecular weight is less than 600 g mol-1. However, at higher molecular weights the 

polymer exists as a white, waxy solid. The melting point of the polymer increases with 

chain length due to increasing van der Waals forces, and reaches a limiting value at 

67 °C.66 Hydrogen bonding can occur between the terminal hydroxyl groups and the 

ether oxygen atoms, in particular for low molecular weight PEGs due to the greater 

abundance of terminal hydroxyl groups. The polymer is completely miscible with water 

and dissolves in polar organic solvents such as methanol, ethanol, and acetonitrile. 

However, PEG is insoluble in non-polar organic solvents, such as diethyl ether and 

hexane.67 

 

In 1859, Lourenco and Wurtz independently synthesised poly(ethylene glycol) for the 

first time. Lourenco vigorously heated ethylene glycol with ethylene dibromide to give 

short chain polymers, whilst Wurtz reacted ethylene oxide (also known as oxirane) to 

give a white solid that melted at 56 °C. 68,69 The production of poly(ethylene glycol) 

was industrialised by the Union Carbide Corporation in 1958 using an alkaline metal 

carbonate in order to give higher average molecular weights. 67,68 

 

Poly(ethylene glycol) can be synthesised by the cationic70-73 or anionic74,75 

polymerisation of ethylene oxide. The polymerisation conditions have been studied to 

lower the polydispersity index of the product.76 One method involves the anionic ring 

opening polymerisation (AROP) of ethylene oxide. The polymerisation is described as 

“anionic” because the end group of the growing chain carries an anionic (negative) 

charge during chain propagation.77 The AROP of ethylene oxide typically proceeds 

through a three step mechanism: (i) an initiation step, (ii) a propagation step, and (iii) a 

termination step (Figure 1.6).75 An initiator molecule, often a strong base, such as a 

metal alkoxide, reacts with the ethylene oxide monomer via a bimolecular nucleophilic 

substitution (SN2) reaction to generate a reactive species with an anionic end group. 

This reactive species becomes the growing chain and can react with a second monomer 

species via another SN2-type reaction to increase the chain length by one monomer unit 

and regenerate the reactive site. The polymerisation is terminated by the addition of 

either alcohol or water.75  
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Figure 1.6. The three-step mechanism for anionic ring-opening polymerisation of 

ethylene oxide to form poly(ethylene glycol) initiated by a metal alkoxide. Figure taken 

from reference 75. 

 

The reactivity of PEGs is largely determined by the functionality on the end group of 

the polymer chain and many mono- or di-substituted PEG molecules are commercially 

available. In its most simplistic form, the terminal functional groups are two hydroxyl 

(-OH) groups. These hydroxyl end groups are susceptible to oxidation and PEG can be 

considered as a mild reducing agent.78 The reducing ability of PEG increases with 

temperature, however, the PEG chains decompose above 250 °C.79 

 

1.3.2. Poly(ethylene glycol) as a suppressor in electroplating solutions 

 

Electroplating involves the electrochemical reduction of metal ions from solution to 

form metallic deposits on the electrode surface and is an important technique in many 

applications, such as the fabrication of nano-electronic devices and in corrosion 

resistance.80 In order to improve the uniformity of the deposited metal, organic additives 

are often incorporated in the plating bath. These can generally be classed as 

accelerators/brighteners, levellers and suppressors/inhibitors.81 Accelerators provide 

growth sites to allow the electrodeposition process to occur at a faster rate. They often 

diffuse easily to the bottom of crevices, which can help to fill trenches and flatten 
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concave regions of the substrate. Suppressors are species, usually poly(alkylene 

glycols), which inhibit the electrodeposition rate by binding to areas of high current 

density. They will accumulate at the top of trenches and prevent further deposition in 

this region until the trench has been filled (Figure 1.7).82 Levellers, such as the nitrogen 

rich Janus Green dye, also inhibit the rate of electrodeposition but in areas of high mass 

transport.83,84 The synergistic effect of accelerators, suppressors and levellers is 

important to fill trenches from the bottom without forming voids.84 

 

 

Figure 1.7. A schematic of a pit in electrodeposition. Accelerators diffuse to the bottom 

of the pit, whilst suppressors inhibit growth at the surface. This results in bottom-up 

deposition to fill the trench.82 

 

The electrodeposition of copper has important applications in the fabrication of 

electronic devices and the quality of the copper deposit is strongly influenced by the 

concentration and nature of the additives present in the plating solution.85 For the 

fabrication of electronic devices it is important for any trenches to be completely filled 

without voids to ensure high conductivity in the copper deposits, which often act as 

wires.81 The plating bath usually consists of sulfuric acid (H2SO4), copper sulfate 

(CuSO4), ~1 mM chloride ions (Cl-), an accelerator and a suppressor,81 which is often 

poly(ethylene glycol) with an average molecular weight of greater than 1000 g mol-1.83  

The effects of the plating bath composition on the electrodeposition has been studied 

extensively, in particular for the superconformal filling (or superfilling) of 

trenches.84,86-88 A mechanism as to how poly(alkylene glycols), in particular 

poly(ethylene glycol), inhibits copper deposition was proposed by Garrido and 

Pritzker.87 Their model developed from earlier work by Hebert89 where an adsorbed 

complex comprising of Cl-, PEG and Cu+ (herein referred to as ClCuPEG(ads)) is 

considered to be the active suppressor species. Surface-enhanced Raman spectroscopy 

(SERS) has provided evidence for the formation of the ClCuPEG(ads) species.90,91 The 
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formation of the ClCuPEG(ads) is thought to proceed via the following pathway in the 

presence of chloride ions: 

 Cu2+
(aq) + Cl- + e-   CuCl(ads) (1.6) 

 CuCl(ads) + PEG   ClCuPEG(ads) (1.7) 

Feng et al. suggest the adsorbed ClCuPEG complex binds to the copper substrate by a 

bridging chloride bond,90 however, others propose a model where poly(ethylene glycol) 

binds directly to the metal substrate.92 When the ClCuPEG complex is adsorbed, an 

active site is filled and the deposition of metallic copper is obstructed, which causes the 

rate of deposition to decrease. Copper deposition can only occur when the ClCuPEG 

complex has desorbed. Poly(ethylene glycol) is an effective inhibitor in electroplating 

systems because it can reversibly adsorb onto metallic surfaces. The reversible 

adsorption of PEG on platinum has also been reported, where the terminal hydroxyl 

groups are suspected to bind with the metallic surface.93 Chapter 4 discusses the 

adsorption of PEG on platinum in further detail. 

 

1.3.3. PEGs in medicinal applications 

 

Due to their low toxicity and resistance to bio-fouling, PEGs have found many 

applications in medicinal applications. They have been used to modify proteins94 and 

drug molecules to increase the solubility of therapeutics in vivo,95 and modify liposomes 

for drug delivery systems.96 There are many drug molecules modified with 

poly(ethylene glycol) that are commercially available, such as Pegasys®1 and 

Krystexxa®2, which are used to treat hepatitis C and chronic gout respectively.97-99 

 

Without any modification poly(ethylene glycol) induces a laxative effect when ingested 

and is poorly metabolised by the human body. For this reason PEGs have been 

administered to children prior to colonoscopies to clean and improve visualisation of 

the bowel.100 A PEG3500 treatment prior to colonoscopy was deemed significantly 

more “effective” when compared with another preparative method using a senna 

laxative.100 The use of PEG as a medicinal tool for children highlights the low toxicity 

of the compound. 

                                                 
1 Also known as PEG-interferon-α2a. 
2 Also known as PEG-Uricase or Pegloticase. 
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Protein and peptide drugs are useful therapeutic compounds, however, many are poorly 

soluble in water and can generate an immune response (immunogenic), which makes 

their use problematic. Abuchowski et al. tackled this issue in the 1970s by developing 

a process known as PEGylation. Poly(ethylene glycol) was used to modify the surface 

of two proteins – bovine serum albumin and bovine liver catalase. The immunogenicity 

and circulating life was improved, and the activity of the enzyme was maintained after 

PEGylation.101,102 PEG covalently binds to the polypeptide and shrouds the protein, 

which helps to camouflage the antigen in vivo and slow down an immune response.103 

The pharmacological properties of the PEGylated proteins are dependent upon the 

number and length of the PEG chains attached. Typically, proteins modified with a 

greater number of PEG chains have a longer circulatory half-life and are less prone to 

an immune response.103 

 

For PEGylation to be successful, the poly(ethylene glycol) chain must attach to a 

protein molecule at a suitable binding site. Due to the complex structure of proteins 

each polypeptide has a range of suitable binding sites, which often include the N-

terminus and the C-terminus of free amino acids. Typically the terminal hydroxyl 

groups on poly(ethylene glycol) need to be converted to more reactive functionality 

prior to covalent attachment to a protein molecule.104 A range of activated PEGs have 

been designed and synthesised to target the various surface functionalities of 

proteins.105 Lysine is the most abundant amino acid and has an amine containing side 

chain that can be targeted as a PEGylation binding site (Figure 1.8).106 Site specific 

protein PEGylation has also been reported in order to synthesise well-defined protein-

polymer conjugates.107 
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Figure 1.8. (A) The chemical structure of lysine. (B) An illustration showing the 

diverse functionality on proteins suitable for PEGylation (reprinted from reference 106) 

(C) A range of activated PEG molecules used for PEGylation of proteins (adapted from 

reference 105). 

 

A general mechanism for PEGylation involves a chemical activation of a PEG 

derivative, such as a mono-methoxylated-PEG, followed by the formation of a covalent 

bond with the therapeutic. The PEG activation step converts the unprotected terminal 

hydroxyl group into a more reactive species such as a carbonate, aldehyde or 

tresylate.105 The active group can then form a covalent linkage to the polypeptide chain.  
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Despite the wide range of synthetic routes developed for the chemical PEGylation of 

proteins, the prospect of using electrochemical techniques to modify surfaces with 

poly(ethylene glycol) has received little attention. PEG-modified surfaces could be 

important biofouling resistant materials and will be discussed in more detail in Chapters 

5 and 6. 

 

1.3.4. Poly(ethylene glycol) in electrochemistry 

 

High molecular weight poly(ethylene oxide) is commonly used as a gel or solid polymer 

electrolyte. The low lattice energy of poly(ethylene oxide) and its good ability to solvate 

alkali metal salts108 makes it a useful electrolyte material in solar cells109 and in battery 

technologies.110 A solid polymer electrolyte eliminates the risk of leakages in the cell, 

which can improve the safety and robustness of the device.111 

 

There are fewer reports of electrochemical investigations in low molecular weight 

polymer solvents. However, some fundamental studies at a metal | polymer electrolyte 

interface were performed by Dong and Zhou in the mid-1990s.112-120 They used both 

steady state and non-steady state methods to determine the diffusion coefficients (𝐷) 

and standard heterogeneous rate constants for electron transfer (𝑘𝑠) for several 

ferrocene derivatives in polyethylene glycols.116 They suggest the apparent diffusion 

coefficient (𝐷𝑎𝑝𝑝) is larger at higher ferrocene concentrations and if the supporting 

electrolyte cation has a larger radius.117 The ether oxygen atoms on the poly(ethylene 

glycol) chain are thought to coordinate to the cation of the supporting electrolyte. A 

larger cation has a lower surface charge density, which results in weaker coordination 

with the ether oxygen atoms. Weaker coordination allows for a larger degree of polymer 

chain mobility, which results in a lower viscosity and a higher apparent diffusion 

coefficient for the redox species.118 The same authors found that an electrolyte with a 

smaller anion radius led to a larger apparent diffusion coefficient in a polymer solvent 

electrolyte.119 A similar rationale was used to explain this finding: a smaller electrolyte 

anion has a higher surface charge density and can coordinate more strongly to the cation 

of the electrolyte. Consequently, the electrolyte cations binds more weakly to the 
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polymer chains, which increases the chain mobility leading to a lower viscosity and 

higher diffusion coefficient for the redox species.119 

 

The effect of temperature and chain length was also investigated.117,120 Higher 

molecular weight pol(ethylene glycols) were observed to have higher viscosities and 

exhibit lower diffusion coefficients. Increasing the temperature was found to increase 

the diffusion coefficients.116,120  However, a sharp increase in the diffusion coefficient 

was observed when a threshold temperature was reached (20-25 °C for PEG600).120 

This temperature coincided with the melt transition temperature (𝑇𝑚) for the polymer. 

It is expected that at temperatures greater than 𝑇𝑚 the polymer exists in an amorphous 

state. However, at temperatures lower than 𝑇𝑚 crystalline regions are expected to form, 

which act to impede the diffusion of species in the solution.120,121  

 

The high decomposition temperature of poly(ethylene glycol) allows for voltammetric 

studies to be performed across a wide temperature range. Ohno reports the reversible 

redox responses of PEG modified haem-proteins, such as haemoglobin and myoglobin, 

in a poly(ethylene glycol) solvent between -10 °C and 140 °C.122 The PEG-modified 

proteins were stable for over 10 h at 80 °C in PEG solutions, however, denatured within 

20 minutes at 60 °C in aqueous solution.123 The beneficial thermal stability provided by 

the polymer solvent was rationalised by a less vigorous molecular motion of the 

polymer chains compared with molecular solvents.122  

 

The diffusion of species in polymer solvent electrolytes is primarily dependent upon (i) 

the size of the diffusing species and (ii) the interactions between the species and the 

polymer chain.116 Poly(ethylene glycol) with an average molecular weight of 200 g mol-

1 (PEG200) exists as a liquid, amorphous polymer at room temperature (𝑇𝑚(𝑃𝐸𝐺200)  < 

20 °C) and the diffusion coefficient (𝐷) is considered to be related to the viscosity (𝜂) 

by the Stokes-Einstein relation (equation 1.4). PEG200 has a low viscosity compared 

to other members of the poly(ethylene glycol) family, has a large dipole moment and 

can solubilise a wide variety of substrates, which makes it a suitable solvent for 

voltammetric experiments.122 
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Low molecular weight poly(ethylene glycols) could be useful solvents for 

electrochemical processes due to their low toxicity, low cost and low volatility. 

However, the solvents have been shown to have a high viscosity, which is responsible 

for the low diffusion coefficients of redox species previously reported in the literature 

(10-8−10-7 cm2 s-1).116,124 This thesis explores methods using poly(ethylene glycol) as a 

solvent in electrochemical investigations. A computer simulation method is used to 

determine diffusion coefficients of species under a mixed diffusion regime (Chapter 3), 

and a new hydrodynamic method is developed to overcome slow diffusion in highly 

viscous media (Chapter 4). An electrochemical method is developed to modify carbon 

electrodes with poly(ethylene glycol) derivatives and the electrochemical properties of 

these PEG-modified electrodes is investigated (Chapters 5 and 6). Finally, a one-step 

method to synthesise metal nano-catalysts from a metal salt precursor solution is 

developed using poly(ethylene glycol) as both the solvent and reducing agent (Chapter 

7). 
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Chapter 2: Introduction to electrochemical techniques 

 

Chapter abstract 

 

This chapter explains some of the fundamental aspects underpinning electrochemical 

processes, such as thermodynamics of electrode processes, electrode kinetics and mass 

transport. Discussions on electrode kinetics are based upon the Butler-Volmer model 

where a mass transport corrected Butler-Volmer equation is developed for systems with 

controlled mass transport, such as hydrodynamic techniques. Practical methods, such 

as potential step voltammetry, cyclic voltammetry, voltammetry at microelectrodes, 

rotating disc voltammetry and electrochemical impedance spectroscopy are also 

introduced. The Levich equation for rotating disc voltammetry is derived from first 

principles. 
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2 Introduction to electrochemical techniques 

 

2.1 Introduction 

 

Electrochemistry is the study of oxidation and reduction reactions that are driven by an 

applied electrical potential to an electrode in solution. Static electricity was first 

discovered by Otto von Guericke in the 17th century, however, it was not until the 

development of the Volta pile in 1800 before electrical currents could be produced.1 

Extensive research was carried out during the 19th century by A. Volta, J. W. Ritter, M. 

Faraday, J. Daniell and W. Nernst, providing the founding principles and terminology 

used today in electrochemistry.1 The field has flourished in the last century with 

important developments in battery technology, biological sensors, supercapacitors, fuel 

cells, solar cells, corrosion studies and organic synthesis.2-6 Electrochemistry is usually 

performed in a three electrode arrangement (Figure 2.1) with the reaction of interest 

occurring at the working electrode (WE). The applied potential is controlled with 

respect to a low impedance reference electrode (RE), which has an invariable potential. 

No current passes between the WE and the RE, but instead is directed through the third 

electrode – the counter electrode (CE). In order for current to flow through the external 

circuit, there must be a reaction at the CE that is complementary to the reaction 

occurring at the WE. The area of the CE is typically over 100 times larger than the 

working electrode, which prevents the reaction at the WE being limited by the reaction 

at the CE. Therefore, the processes at the CE are generally not considered in most 

electrochemical studies. 

 

Figure 2.1. A schematic diagram showing a three-electrode arrangement in a typical 

electrochemical cell. 



45 

 

Electrochemical methods can either be performed potentiostatically, where the 

potential between the WE and RE is controlled whilst the current is measured, or 

galvanostatically, where the current is controlled whilst the potential is measured. Most 

electrochemical measurements use a potentiostatic approach. 

 

 

2.2 Electrode dynamics 

 

2.2.1 Thermodynamics of electrode processes 

 

An electrochemical reaction involves the transfer of one or more electrons between a 

redox active species and an electrode via an electron tunnelling process. For electron 

transfer to occur the redox analyte must be close to the electrode surface (< 20 Å) and 

there must be a favourable change in the Gibbs energy (Δ𝐺) associated with the process 

(Δ𝐺 < 0).7 A negative ΔG corresponds to the favourable movement of electrons from 

a high energy level to a lower energy level. The Fermi level of a metal is the most 

energetically filled energy level at 0 K. If the Fermi level of the electrode is higher in 

energy than the lowest unoccupied molecular orbital (LUMO) of the analyte, it is 

favourable for an electron to be transferred from the electrode to the analyte. This 

causes reduction of the analyte in solution (Figure 2.2). Conversely, an oxidation 

process will be favoured if the HOMO of the analyte is higher in energy than the Fermi 

level of the electrode, causing a flow of electrons from the analyte to the electrode. A 

flow of electrons is observed as a current. It should be noted that the direction of current 

flows in opposite directions for reduction and oxidation processes. By convention, 

oxidation and reduction processes have different signs.8 In this thesis a positive current 

corresponds to an oxidation process. 
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Figure 2.2. (A) The Fermi level of the electrode is higher than the LUMO of the 

analyte; therefore a reduction reaction is favoured. (B) The Fermi level of the electrode 

is lower in energy than the HOMO of the analyte, favouring an oxidation reaction. The 

transfer of electrons to or from the electrode generates a current and sets up a potential 

difference between the electrode and the solution (m – s). There is no net current flow 

at dynamic equilibrium. 

 

If a metal strip, such as platinum, is placed into a solution containing an equal 

concentration of Fe2+ and Fe3+ ions, the following dynamic equilibrium will be 

established at the electrode surface: 

Fe3+
(aq) + e-

(m) Fe2+
(aq) 

The equilibrium only occurs near the electrode surface because electrons from the metal 

are required to balance the reaction. If the equilibrium lies to the left hand side of the 

equation, electrons will have been transferred from Fe2+ in solution to the metal 

electrode and there will be a net negative charge on the electrode. Alternatively, if the 

equilibrium lies to the right, electrons will have transferred away from the metal 

electrode into the solution resulting in a net positive charge on the electrode with respect 

to the solution. In both instances a potential difference between the electrode and the 

solution (M – S) is set-up, which is known as the electrode potential. M is the potential 

of the electrode and S is the potential of the solution. These individual parameters are 

not measureable directly, and must always be measured with respect to a second 

potential.7 

 

At dynamic equilibrium, the forward and backward electrochemical reactions occur at 

the same rate and therefore there is no overall current flow. The open circuit potential 

(OCP) is the potential, relative to a reference electrode, where there is no overall net 

current flow. The cell potential (𝐸) measured when no current is flowing through a 

circuit is described by the Nernst equation (equation 2.1). 
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 𝐸 = 𝐸∘ +
𝑅𝑇

𝑛𝐹
ln (

𝑎𝑂𝑥

𝑎𝑅𝑒𝑑
) (2.1) 

Here 𝐸∘ is the standard reduction potential for the redox couple, R is the universal gas 

constant (8.314 J K-1 mol-1), T is the temperature, n is the number of electrons 

transferred, F is Faraday’s constant (96485 C mol-1), aox is the activity of oxidised 

species, and ared is the activity of reduced species. The activity of solids and pure liquids 

is defined as unity (𝑎𝑠𝑜𝑙𝑖𝑑 = 𝑎𝑙𝑖𝑞𝑢𝑖𝑑 = 1). The activity of a species, 𝑥, dissolved in 

solution is proportional to the concentration ([𝑥]) (equation 2.2), where the constant of 

proportionality (the activity coefficient, 𝛾) is dependent upon temperature, pressure and 

solvent interactions.7, 9 

 𝑎𝑥 = 𝛾𝑥[𝑥] (2.2) 

The Nernst equation can therefore be expressed in terms of concentration (equation 

2.3). 

 𝐸 = 𝐸∘′ +
𝑅𝑇

𝑛𝐹
ln (

[𝑂𝑥]𝑏𝑢𝑙𝑘

[𝑅𝑒𝑑]𝑏𝑢𝑙𝑘
)  (2.3) 

In this equation, [𝑂𝑥]𝑏𝑢𝑙𝑘 is the bulk concentration of oxidised species, [𝑅𝑒𝑑]𝑏𝑢𝑙𝑘 is 

the bulk concentration of reduced species, and 𝐸∘′ is the formal reduction potential, 

which can be expressed as:10 

 𝐸∘′ = 𝐸∘ +
𝑅𝑇

𝑛𝐹
ln (

𝛾𝑂𝑥

𝛾𝑅𝑒𝑑
) (2.4) 

If an electrode is immersed in a solution containing equimolar concentrations of 

reduced and oxidised forms of a redox couple, for example an equimolar solution of 

Fe(CN)6
3- and Fe(CN)6

4-, the logarithmic term from the Nernst equation (2.3) will equal 

zero. Consequently, at equilibrium the open circuit potential will therefore also 

correspond to the formal reduction potential for the redox system. 

 

When equilibrium has been established, no changes will be observed in the system 

unless an external force is applied to drive the equilibrium either to the right or the left. 

Applying a potential to the electrode (with respect to a reference) causes the Fermi level 

of the electrode to change and hence initiate electron transfer reactions. A positive 

potential lowers the Fermi level of the electrode, which favours oxidation of the redox 

analyte, whilst a negative potential raises the Fermi level of the electrode favouring 

reduction of the analyte (Figure 2.3). Applying an external potential therefore changes 

the ratio of [𝑂𝑥] and [𝑅𝑒𝑑] at the electrode surface as dictated by the Nernst equation. 
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The Nernst equation only indicates the thermodynamic viability of an electrochemical 

process but does not consider the kinetics of the reaction. 

 
Figure 2.3. Applying a potential to the electrode causes a shift in the Fermi level and 

hence shifts the position of the equilibrium causing either oxidation or reduction. E2 is 

a more negative potential than E1 and therefore the reduction of the analyte is more 

favourable. 

 

2.2.2 Kinetics of electrode processes 

 

A simplified mechanism for an electrochemical reaction can be described as a five step 

process, with any of the steps being rate determining (Figure 2.4): 

(i) Redox active analyte moves to the electrode by mass transport. 

(ii) Analyte adsorbs onto the electrode surface. 

(iii) Electron transfer. 

(iv) Product desorbs from the electrode surface. 

(v) Product moves away from the electrode by mass transport.  

 

Figure 2.4. A schematic diagram showing the general mechanism for an electro-

reduction process: (i) mass transport of reactant to the electrode, (ii) adsorption of 

reactant, (iii) electron transfer, (iv) desorption of product and (v) product moves away 

from electrode by mass transport.10 
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For a reduction (cathodic) reaction, electrons are transferred from the electrode to the 

reactant. A net movement of electrons through the circuit is observed as a measurable 

current. The magnitude of the cathodic current (Ic) is proportional to the number of 

electrons transferred per molecule (n), the area of the electrode (A), and the 

concentration of the analyte at the electrode surface ([𝑂𝑥]0) (equation 2.5). The 

constant of proportionality is the rate constant for electron transfer (𝑘𝑐). A similar 

expression can be obtained for an anodic reaction (equation 2.6). 

 𝐼𝑐 = −𝑛𝐹𝐴𝑘𝑐[Ox]0 (2.5) 

 𝐼𝑎 = 𝑛𝐹𝐴𝑘𝑎[Red]0 (2.6) 

Here 𝐼𝑎 is the anodic current, and F is Faraday’s constant – the charge of 1 mole of 

electrons. The negative sign for the cathodic current is the convention to indicate the 

direction of the current. The quantities 𝑘𝑎[Red]0 and 𝑘𝑐[Ox]0 correspond to the flux of 

material to the electrode surface (𝐽) and, similar to chemical rate laws, also correspond 

to the rate of the electrochemical reaction. Since the current is proportional to the flux, 

the current gives an indication of the rate of the electrochemical reaction. The measured 

net current (𝐼𝑡𝑜𝑡𝑎𝑙) is the sum of the anodic and cathodic currents. 

 𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑎 + 𝐼𝑐 (2.7) 

 𝐼𝑡𝑜𝑡𝑎𝑙 = 𝑛𝐹𝐴(𝑘𝑎[Red]0 − 𝑘𝑐[Ox]0) (2.8) 

A better understanding of the rate constants 𝑘𝑎 and 𝑘𝑐 can be gained based on kinetic 

models, such as the Butler-Volmer model. 

 

2.2.3 The Butler-Volmer model 

 

If the rate of electron transfer is the rate determining step, the Butler-Volmer model can 

be used to calculate the rate of electron transfer in the electrochemical reaction. 

Consider a generic heterogeneous electrochemical reaction involving the transfer of one 

electron occurring at a metal electrode: 

  (2.9) 

In this expression, 𝑘𝑐 and 𝑘𝑎 represent the electrochemical rate constants for the 

cathodic and anodic process respectively. Analogous to chemical reactions, an energy 

barrier must be overcome for an electrochemical process to take place. The peak of the 

barrier corresponds to a transition state (denoted using a superscript ‡) and the 
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magnitude of the reaction energy barrier (Δ𝐺‡) is related to the electrochemical rate 

constant by the Eyring equation: 

 𝑘 ∝ exp (
−Δ𝐺‡

𝑅𝑇
) (2.10) 

At dynamic equilibrium (or at the formal electrode potential, 𝐸∘′) the rates of the anodic 

and cathodic reaction are the same (𝑘𝑎 = 𝑘𝑐). Therefore the energy barrier at 

equilibrium for the anodic (Δ𝐺𝑎
∘‡

) and cathodic (Δ𝐺𝑐
∘‡

) process must also be equivalent. 

An energy profile diagram can be used to visualise the energy barriers associated with 

the electrochemical reaction (Figure 2.5A). 

 

 

Figure 2.5. Energy profile diagrams for (A) a system at equilibrium (or the formal 

reduction potential) and (B) for a system subject to a negative applied potential (𝐸). 

The applied potential causes the total Gibbs energy for “𝑂𝑥 + 𝑒−” to change by 𝐹(𝐸 −

𝐸∘′), which lowers the barrier for the cathodic reaction (Δ𝐺𝑐
‡
). The shaded rectangle 

represents the points of intersection, which is enlarged in (C).10 

 

From Figure 2.5A, the right hand parabola represents the total Gibbs energy for the 

reduced species (𝑅𝑒𝑑) and the left hand parabola represents the total Gibbs energy for 

the oxidised side of the reaction (𝑂𝑥 + 𝑒−) at the standard potential 𝐸∘. The point at 

which the curves intersect represents the transition state. The Gibbs energy of the 
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species in solution (𝑅𝑒𝑑 and 𝑂𝑥) depends upon the solution potential but is not directly 

affected by an applied potential to the electrode. However, the Gibbs energy of the 

electron resident on the metal electrode (𝑒−) varies with applied potential as described 

by equation 2.11. 

 Δ𝐺 = −𝑛𝐹Δ𝐸 = −𝑛𝐹(𝐸 − 𝐸∘) (2.11) 

In this expression 𝑛 is the stoichiometric number of electrons transferred, which is 1 in 

this example. (𝐸 − 𝐸∘) is known as the overpotential and is often given the symbol 𝜂. 

The total Gibbs free energy of the reactants (𝑂𝑥 + 𝑒−) can therefore be expressed as a 

function of the applied potential (𝐸) (equation 2.12). 

 𝐺𝑂𝑥 = 𝐺𝑂𝑥
∘ − 𝐹(𝐸 − 𝐸∘) (2.12) 

Figure 2.5B shows that the Gibbs energy of the transition state also changes with the 

applied potential. In most electrochemical systems the change in standard free energy 

due to an applied potential is small. Therefore the energy profiles at the points of 

intersection may be considered as straight lines at least in first approximation (Figure 

2.5C). The change in the standard free energy of the transition state (𝐺‡ − 𝐺∘‡) can be 

expressed as a fraction of the applied potential (equation 2.13). 

 𝐺‡ − 𝐺∘‡ = −(1 − 𝛼)𝐹(𝐸 − 𝐸∘) (2.13) 

In this expression 𝛼 is a dimensionless parameter known as the transfer coefficient, and 

has a value between 0 and 1. The value of 𝛼 corresponds to whether the transition state 

more closely resembles the reactants (𝑂𝑥 + 𝑒−) or the products (𝑅𝑒𝑑). If 𝛼 = 0, the 

transition state resembles the reactants, and if 𝛼 = 1 the transition state will resemble 

the products. Generally, for metallic species, 𝛼 ≈ 0.5 because the electron transfer 

takes place without structural reorganisation of the molecule. For example, Fe(CN)6
3- 

and Fe(CN)6
4- are both octahedral in shape. Using the expression for the Gibbs energy 

of the transition state (equation 2.13) and equations for the Gibbs free energies of 

reactants (equation 2.12) and products, it is possible to find expressions relating the 

applied potential to the cathodic and anodic energy barrier, Δ𝐺𝑐
‡
 and Δ𝐺𝑎

‡
 respectively. 

 Δ𝐺𝑐
‡ = Δ𝐺𝑐

∘‡ + 𝛼𝐹(𝐸 − 𝐸∘) (2.14) 

 Δ𝐺𝑎
‡ = Δ𝐺𝑎

∘‡ − (1 − 𝛼)𝐹(𝐸 − 𝐸∘) (2.15) 

The expressions for Δ𝐺𝑐
‡
 and Δ𝐺𝑎

‡
 can be substituted into the Eyring equation (equation 

2.10) to allow the cathodic (𝑘𝑐) and anodic (𝑘𝑎) rate constants to be determined. 
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 𝑘𝑐 = 𝐴𝑐 exp (
−Δ𝐺𝑐

∘‡

𝑅𝑇
) exp (

−𝛼𝐹(𝐸−𝐸∘)

𝑅𝑇
) (2.16) 

 𝑘𝑎 = 𝐴𝑎 exp (
−Δ𝐺𝑎

∘‡

𝑅𝑇
) exp (

(1−𝛼)𝐹(𝐸−𝐸∘)

𝑅𝑇
) (2.17) 

In these expressions, 𝐴𝑐 and 𝐴𝑎 are pre-exponential constants that relate to the 

frequency of collisions between species in solution and the electrode surface.11 The first 

exponential term is independent of the applied potential and is therefore also a constant 

for a particular reaction at a fixed temperature. The second exponential term is 

dependent upon the applied potential. In general, a more positive applied potential 

increases the rate of the anodic reaction, whilst decreasing the rate of the cathodic 

process. 

 

At equilibrium (𝐸 = 𝐸∘), the rate of the cathodic and anodic reactions are equal (𝑘𝑐 =

𝑘𝑎), which defines the standard heterogeneous rate constant for electron transfer (𝑘0). 

Equations 2.16 and 2.17 can therefore be combined and simplified to yield the potential 

independent expression 2.18. 

 𝑘0 = 𝐴𝑐 exp (
−Δ𝐺𝑐

∘‡

𝑅𝑇
) = 𝐴𝑎 exp (

−Δ𝐺𝑎
∘‡

𝑅𝑇
) (2.18) 

Appropriate substitution of equation 2.18 into equations 2.16 and 2.17 allows the 

cathodic and anodic rate constants (𝑘𝑐 and 𝑘𝑎 respectively) to be expressed with regards 

to the standard heterogeneous rate constant for electron transfer (𝑘0). 

 𝑘𝑐 = 𝑘0 exp (
−αF(E−E∘)

𝑅𝑇
) (2.19) 

 𝑘𝑎 = 𝑘0 exp (
(1−𝛼)𝐹(𝐸−𝐸∘)

𝑅𝑇
) (2.20) 

These expressions for the cathodic and anodic rate constants (equations 2.19 and 2.20) 

can be related to the current measured by substituting into equation 2.8, which yields a 

form of the Butler-Volmer equation for a single electron transfer process: 

𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐹𝐴𝑘0 ([𝑅𝑒𝑑]0 exp (
(1−𝛼)𝐹(𝐸−𝐸∘)

𝑅𝑇
) − [𝑂𝑥]0 exp (

−𝛼𝐹(𝐸−𝐸∘)

𝑅𝑇
)) (2.21) 

 

Since there is no net current at dynamic equilibrium (𝐸 = 𝐸∘), the cathodic and anodic 

processes must be occurring at the same rate. The current due to either the anodic or 

cathodic process at equilibrium is known as the exchange current, 𝐼0. 

 𝐼0 = 𝐹𝐴𝑘0[𝑅𝑒𝑑]0 exp (
(1−𝛼)𝐹(𝐸−𝐸∘)

𝑅𝑇
) (2.22) 
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 𝐼0 = −𝐹𝐴𝑘0[𝑂𝑥]0 exp (
−𝛼𝐹(𝐸−𝐸∘)

𝑅𝑇
) (2.23) 

At dynamic equilibrium, the concentration of species must be constant throughout the 

solution. That is to say, the surface concentration of species is equal to the bulk 

concentration, which can be described by the Nernst equation (2.24). 

 
𝐹(𝐸−𝐸∘)

𝑅𝑇
= ln (

[𝑂𝑥]𝑏𝑢𝑙𝑘

[𝑅𝑒𝑑]𝑏𝑢𝑙𝑘
) (2.24) 

Equation 2.24 can therefore be directly substituted into either equation 2.22 or 2.23 

when the system is at equilibrium and the exchange current simplifies to equation 2.25. 

 𝐼0 = 𝐹𝐴𝑘0[𝑅𝑒𝑑]𝑏𝑢𝑙𝑘
𝛼 [𝑂𝑥]𝑏𝑢𝑙𝑘

(1−𝛼)
 (2.25) 

If equation 2.25 is rearranged to make 𝑘0 the subject, it can be substituted into equations 

2.19 and 2.20. Simplification yields equations 2.26 and 2.27. 

 𝑘𝑐 =
𝐼0

𝐹𝐴[𝑂𝑥]𝑏𝑢𝑙𝑘
 (2.26) 

 𝑘𝑎 =
𝐼0

𝐹𝐴[𝑅𝑒𝑑]𝑏𝑢𝑙𝑘
 (2.27) 

Finally, equations 2.26 and 2.27 can be substituted back into equation 2.8 to yield a 

second form of the Butler-Volmer equation, which includes the exchange current (𝐼0): 

𝐼 = 𝐼0 (
[𝑅𝑒𝑑]0

[𝑅𝑒𝑑]𝑏𝑢𝑙𝑘
exp (

(1−𝛼)𝐹(𝐸−𝐸∘)

𝑅𝑇
) −

[𝑂𝑥]0

[𝑂𝑥]𝑏𝑢𝑙𝑘
exp (

−𝛼𝐹(𝐸−𝐸∘)

𝑅𝑇
)) (2.28) 

The Butler-Volmer equation (or current overpotential equation)10 is an important 

equation in order to determine the rate of electron transfer in electrochemical reactions. 

However, one should be reminded that it is only applicable if the rate of electron transfer 

is the rate determining step. In many electrochemical systems this is not the case and 

the rate of mass transport to the electrode surface will limit the rate of the reaction. 

 

2.2.4 Mass transport 

 

Mass transport is the movement of analyte towards and away from the active area of 

the electrode and has three forms – convection, migration and diffusion. Convection is 

the movement of a species through a solution due to density gradients or from 

mechanical stirring.10 For example, a rotating disc electrode (RDE) controls the flow of 

solution to the surface of the electrode using forced convection (see section 2.3.4). 

 

Migration is the movement of charged ions in an electric field.10 The charge at an 

electrode surface will vary as the potential is changed and will cause electrostatic 
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interactions with charged bodies in solution. Positive ions in solution move towards a 

negatively charged electrode, whilst being repelled by an electrode with a positive 

charge. The movement of ions via migration is difficult to model mathematically but 

the effects can be minimised by adding a high concentration of background electrolyte 

to the solution. 

 

Background electrolyte is a redox inactive salt dissolved in solution, for example 

potassium chloride (KCl), which increases the ionic conductivity of the solution. When 

a negative charge is applied to the electrode, the cations of the salt align at the electrode 

surface to form a layer that shields the electric field from the rest of the solution. 

Consequently, there is a potential drop across the double layer and migration effects are 

minimised. A higher concentration of background electrolyte leads to a more 

compressed double layer and more effective screening of the electric field. It is 

important to use a high enough concentration of electrolyte to cause a compact double 

layer, which allows the analyte to diffuse close enough to the electrode for electron 

transfer to take place before the analyte is affected by the electric field.7 

 

The third mechanism of mass transport is diffusion, which is the random movement of 

molecules through a solution, where a species moves from a region of high 

concentration to low concentration until the species is uniformly dispersed. Fick’s first 

law of diffusion (in one dimension) states that the flux (J) of a species, 𝐵, is proportional 

to the concentration gradient (
𝜕[𝐵]

𝜕𝑥
): 

 𝐽𝐵 = −𝐷𝐵 (
𝜕[𝐵]

𝜕𝑥
) (2.29) 

Here 𝐷𝐵 is the diffusion coefficient for the species B, which has a typical value of ≈10-

5 cm2s-1 in aqueous solutions. In many instances, reactions occurring at the electrode 

are limited by the rate of mass transport (or flux) of analyte to the electrode surface and 

the measured current can be expressed as: 

 𝐼 = 𝑛𝐹𝐴𝐽𝐵 (2.30) 

If the rate of the diffusion is the limiting process for mass transport, equation 2.30 can 

be expressed as: 

 𝐼 = −𝑛𝐹𝐴𝐷𝐵 (
𝜕[𝐵]

𝜕𝑥
) (2.31) 
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The derivative of J gives Fick’s second law of diffusion, which states that the rate of 

change of concentration is proportional to the change in the concentration gradient. 

 
𝜕[𝐵]

𝜕𝑡
= 𝐷𝐵 (

𝜕2[𝐵]

𝜕𝑥2
) (2.32) 

Solving Fick’s second law for one-dimensional (planar) diffusion leads to the Cottrell 

equation (equation 2.33), which can be used to determine diffusion coefficients from 

currents measured from potential step experiments at macroelectrodes. 

 |𝐼| =
𝑛𝐹𝐴[𝐵]𝑏𝑢𝑙𝑘√𝐷𝐵

√𝜋𝑡
 (2.33) 

In this equation n is the number of electrons transferred in the electrochemical reaction, 

F is Faraday’s constant, 𝐴 is the active surface area of the electrode, [𝐵]𝑏𝑢𝑙𝑘 is the 

concentration of B in the bulk solution and 𝑡 is time. A plot of current versus 
1

√𝑡
 gives a 

linear plot (known as a Cottrell plot), which can be used to determine the diffusion 

coefficient under planar diffusion conditions if the concentration is known. 

 

2.2.5 Mass transport corrected Butler-Volmer equation 

 

The Butler-Volmer equation derived in Section 2.2.3 can be modified to include effects 

from mass transport where the mass transport is constant, for example in hydrodynamic 

voltammetry where the flow of solution to the electrode is controlled.12 Consider a fully 

reversible, one-electron oxidation process under controlled mass transport where only 

the reduced species (𝑅𝑒𝑑) is initially present in bulk solution. 

 𝑅𝑒𝑑  𝑂𝑥 + 𝑒− 

At a fixed oxidising potential under hydrodynamic conditions, a steady state 

concentration gradient will be established where the concentration of starting material 

(𝑅𝑒𝑑) will be depleted to some extent at the electrode surface. If the diffusion 

coefficients (𝐷) for the reduced and oxidised species are assumed to be the same, an 

equal magnitude concentration gradient for the product (𝑂𝑥) will also arise (Figure 

2.6).7 Consequently, the flux of starting material moving towards the electrode must 

equal the flux of product moving away from the electrode. 
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Figure 2.6. Concentration profiles for the oxidation of 𝑅𝑒𝑑 → 𝑂𝑥 + 𝑒− under steady 

state conditions when no 𝑂𝑥 is initially present in the bulk solution. 𝛿 is the diffusion 

layer thickness. 

 

The current for the redox process is dependent upon the flux of material reaching the 

electrode and the electrode kinetics, and can be expressed as (cf. equation 2.30): 

 𝐼 = 𝑛𝐹𝐴𝐷𝐽𝑅𝑒𝑑 = −𝑛𝐹𝐴𝐷𝐽𝑂𝑥 (2.34) 

In this expression, 𝐽𝑅𝑒𝑑 and 𝐽𝑂𝑥 are the flux of the reduced and oxidised species 

respectively. If the concentration gradient across the diffusion layer is assumed to be 

linear the flux 𝐽𝑅𝑒𝑑 and 𝐽𝑂𝑥 can be calculated by solving Fick’s first law of diffusion to 

give equations 2.35 and 2.36 respectively. 

 𝐼 = 𝑛𝐹𝐴𝐷
[𝑅𝑒𝑑]𝑏𝑢𝑙𝑘−[𝑅𝑒𝑑]0

𝛿
  (2.35) 

 𝐼 = −𝑛𝐹𝐴𝐷
[𝑂𝑥]𝑏𝑢𝑙𝑘−[𝑂𝑥]0

𝛿
 (2.36) 

In these expressions, 𝛿 is the diffusion layer thickness, which is assumed to be equal 

for oxidised and reduced species, and [𝑂𝑥]𝑏𝑢𝑙𝑘 = 0. At high oxidising overpotentials a 

limiting current (𝐼𝑙𝑖𝑚) will be reached when the steady state diffusion layer has the 

steepest concentration gradient. This corresponds to when all reactant is consumed at 

the electrode surface ([𝑅𝑒𝑑]0 = 0). An expression for the limiting current can therefore 

be attained (equation 2.37). 

 𝐼𝑙𝑖𝑚 =
𝑛𝐹𝐴𝐷[𝑅𝑒𝑑]𝑏𝑢𝑙𝑘

𝛿
 (2.37) 

The Butler-Volmer equation (equation 2.21) can be used to model the current as a 

function of potential, however, the surface concentration of species ([𝑅𝑒𝑑]0 and [𝑂𝑥]0) 

is usually unknown. Equations 2.35 – 2.37 can be rearranged and substituted into 

equation 2.21 to eliminate [𝑅𝑒𝑑]0, [𝑂𝑥]0 and [𝑅𝑒𝑑]𝑏𝑢𝑙𝑘: 



57 

 

𝐼

𝑛𝐹𝐴𝑘0
=

𝐼𝑙𝑖𝑚𝛿

𝑛𝐹𝐴𝐷
exp[(1 − 𝛼)𝜃] −

𝐼𝛿

𝑛𝐹𝐴𝐷
{exp[(1 − 𝛼)𝜃] + exp(−𝛼𝜃)}         (2.38) 

In this equation 𝜃 =
𝑛𝐹(𝐸−𝐸∘′)

𝑅𝑇
. Further rearrangement and simplification leads to 

equation 2.39. 

𝐼

𝐼𝑙𝑖𝑚
=

𝛿
𝐷 exp[(1 − 𝛼)𝜃]

1
𝑘0

+
𝛿
𝐷

{exp[(1 − 𝛼)𝜃] + exp(−𝛼𝜃)}
                                    (2.39) 

If fast electrode kinetics are assumed (
1

𝑘0
≪

𝛿

𝐷
) equation 2.39 may be simplified further 

to yield equation 2.40. 

𝐼

𝐼𝑙𝑖𝑚 − 𝐼
= exp(𝜃) = exp (

𝑛𝐹(𝐸 − 𝐸∘)

𝑅𝑇
)                                            (2.40) 

The exponential term is a constant dependent upon the applied potential. Consequently 

a plot of log (
𝐼

𝐼𝑙𝑖𝑚−𝐼
) versus applied potential (𝐸) gives a linear plot with a slope of 

𝑛𝐹

𝑅𝑇
≈

1

59 mV
 for fully reversible redox systems with fast electron transfer kinetics. 

 

 

2.3 Electrochemical methods 

 

2.3.1 Potential step experiments 

 

Potential step or chronoamperometry experiments can be used to gather information 

concerning the rate of diffusion of a redox species in solution. In the simplest case, the 

initial potential, E1, is fixed at a value where no redox processes are occurring. The 

potential is then stepped to a second value, E2, where reactant is converted into product. 

The potential is held at E2 for a period of time whilst the current is measured (Figure 

2.7). E2 is usually chosen to be a potential where the rate of electron transfer is fast. 
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Figure 2.7. (A) A graph showing the change in potential with time for a potential step 

experiment and (B) a typical current response for a 1-electron process limited by planar 

diffusion. 

 

At E1 no redox processes are occurring, so the current remains at 0 A. As the potential 

is stepped to E2, all of the reactant near the electrode surface is converted into product 

generating a sharp increase in current. This leads to a large concentration gradient 

between the unreacted starting material in the bulk and the product near the electrode 

surface. As time progresses, the concentration gradient becomes shallower, which 

lowers the flux to the electrode and causes the current to decay accordingly. The current 

response is governed by Fick’s second law of diffusion. The Cottrell Equation (equation 

2.33) can be used to model the current response from potential step experiments, and 

can be linearised by plotting 
    



1

i2
 against t. The slope of the linear fit can be used to 

determine the diffusion coefficient of the species. 

 

2.3.2 Linear sweep and cyclic voltammetry 

 

Rather than potential step experiments, it is often useful to change the potential of the 

electrode gradually using a technique called linear sweep voltammetry (Figure 2.8). 

 

 



59 

 

 

Figure 2.8. (A) A curve showing the gradual change of potential with time for a linear 

sweep experiment and (B) a typical current response for a fully reversible system 

limited by planar diffusion. 

 

Analogous to potential step experiments, linear sweep experiments are designed to 

begin at a potential where no redox reactions are occurring, E1. The potential is then 

gradually changed to a potential, E2, which lies at a value where the redox reaction of 

interest is occurring with fast electron transfer. As the potential is changed, the ratio of 

oxidised species to reduced species changes as predicted by the Nernst equation 

(equation 2.3). This leads to an exponential increase in the current. However, this 

exponential increase does not continue indefinitely as all of the starting material near 

the electrode surface will be consumed. Assuming fast electron transfer, a situation will 

occur where the rate of influx of reactant material will not be sufficient to satisfy the 

Nernst equation concentration conditions. The voltammogram therefore reaches a peak, 

where the rate of diffusion begins to limit the rate of the reaction. Beyond the peak, the 

curve can be described by the Cottrell equation (equation 2.33). 

 

The peak current, 𝐼𝑝, is mathematically described using the Randles-Ševčík equation 

and corresponds to the point at which the reactant is fully depleted at the electrode 

surface. The equation shows that the peak current is proportional to the square root of 

the sweep rate (ν). 

 𝐼𝑝 = 0.4463𝑛𝐹𝐴𝑐 (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1

2
 (2.41) 

n is the number of electrons transferred, F is Faraday’s constant, A is the active surface 

area of the electrode, c is the concentration of reactant in the bulk solution, ν is the scan 

rate, D is the diffusion coefficient, R is the Universal gas constant and T is the 

temperature (in K). 
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The sweep rate, or scan rate, is the rate of change of potential. The potentials where 

electron transfer processes occur rapidly are therefore reached more quickly at faster 

scan rates. Consequently there is less time for the diffusion layer thickness to grow and 

the concentration gradient is steeper for the duration of the potential sweep. A steeper 

concentration gradient results in a higher flux of material to the electrode, which leads 

to higher peak current at faster scan rates. 

 

Cyclic voltammetry uses continuous forward and backward linear sweeps in order to 

provide information concerning both oxidised and reduced species in the solution. 

Figure 2.9 shows how the potential is varied with time for a cyclic voltammetry 

experiment. The shape of the forward (anodic) scan is identical to the LSV experiment 

described above; however, a hysteresis loop is observed on the return (cathodic) sweep. 

At the maximum potential (E2), there is a high concentration of oxidised species at the 

electrode surface. As the potential is lowered, the oxidised species is reduced, which 

generates a negative current. For a fully reversible system a peak will also be observed 

on the reverse scan. The Nernst equation predicts that the potential between the anodic 

and cathodic peaks (ΔEp) for a fully reversible, single electron redox process will be 57 

mV.11 

 

Figure 2.9. (A) A graph of potential against time for a cyclic voltammogram. The 

gradient of the graph is the scan rate (𝑣). (B) A typical cyclic voltammogram for a fully 

reversible redox system at a macroelectrode at (i) 100 mVs-1, (ii) 50 mVs-1, (iii) 25 

mVs-1 and (iv) 10 mVs-1. 
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2.3.3 Voltammetry at a microelectrode 

 

So far all electrochemical reactions have been considered on a macroelectrode, where 

planar diffusion to the electrode surface limits the rate of the reaction. However, if the 

electrode area is significantly reduced, for example to < 100 µm diameter disc, it is 

possible to start to crowd the active electrode surface and initiate hemi-spherical (or 

radial) diffusion (Figure 2.10). 

 

 
 

Figure 2.10. A schematic diagram showing the change from planar to hemi-spherical 

diffusion as the electrode area is reduced. 

 

Due to the small area of the electrode, very small currents are produced. Consequently, 

it can be possible to run electrochemical experiments using a two-electrode 

arrangement rather than the typical three-electrode set-up. The CE and RE are joined in 

a two-electrode arrangement. Usually no current passes through the RE as this can 

affect the potential of the RE. However, since the currents are usually very small at 

microelectrodes (< 10 nA), it is possible to connect the CE and RE without significantly 

shifting the potential of the RE. The small area of the electrode also greatly reduces the 

capacitance of the electrode when compared to a macroelectrode, and hence reduces 

the capacitative charging current during cyclic voltammetry. As a result it is possible to 

use higher scan rates for cyclic voltammetry. Furthermore, higher quality data, with less 

distortion in cyclic voltammograms, can be attained for systems with high solution 

resistance. If there is high solution resistance at a macroelectrode, the flux of current 

will not be uniformly dispersed across the electrode surface, causing distortions in 



62 

 

cyclic voltammograms. However, distortions in cyclic voltammograms due to 

resistance effects are minimised at microelectrodes.10 Again due to the very small 

working area of the electrode, a much steeper concentration gradient can be created 

leading to faster mass transport to the electrode surface of a microelectrode when 

compared to a macroelectrode at long timescales. Consequently, it is possible to gather 

kinetic information for fast rates of electron transfer, which is inaccessible when using 

a macroelectrode.11 The change in nature of diffusion to the electrode surface leads to 

a different solution to Fick’s second law (equation 2.32). In this instance the diffusion 

considered forms a hemi-spherical diffusion layer around the microelectrode and the 

current reaches a steady state value rather than tending to zero. Fick’s laws change form 

for hemi-spherical diffusion and diffusion at a circular disc, and when solved show that 

the current is dependent upon timescale (equations 2.42). At short timescales, the 

current can be modelled using the Cottrell equation; however, at long timescales, the 

current will reach a steady state rather than tending to zero. 

 









rtD
DcJ
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 (2.42) 
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lim  (2.43) 

 
r

nFADc
I

t
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Hemi-spherical: 𝐼𝑙𝑖𝑚 = 2𝑛𝐹𝑟𝐷𝑐 (2.45) 

Disc: 𝐼𝑙𝑖𝑚 = 4𝑛𝐹𝐷𝑟𝑐 (2.46) 

Here r is the radius of the electrode and c is the bulk concentration. 

 

The dependence of current on timescale causes a change in the shape of cyclic 

voltammograms. When a voltammogram is limited by spherical diffusion, the current 

reaches a limiting value as described by equation 2.46 rather than being described by 

the Cottrell equation. The cyclic voltammogram therefore does not have a peak, but 

reaches a steady state value. This has a knock-on effect of removing the hysteresis from 

the voltammogram (Figure 2.11). 
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Figure 2.11. A cyclic voltammogram for a fully reversible system at a microelectrode. 

The curve is sigmoidal in shape rather than having a well-defined peak. 

 

2.3.4 Hydrodynamic methods: Rotating Disc Electrode 

 

Hydrodynamic electrochemical methods encompass a range of electrochemical 

techniques where forced convection is used to control the mass transport of material to 

the electrode. Forced convection is usually achieved by either moving the working 

electrode, for example in the rotating disc electrode, or by controlling the flow of 

solution across a static electrode, for example in channel flow electrochemistry.13 The 

increased mass transport under hydrodynamic conditions causes an enhancement in the 

measured currents (often resulting in a limiting current being reached) and removes 

capacitive charging currents from cyclic voltammograms.7, 10 

 

The most commonly used and studied hydrodynamic method is the rotating disc 

electrode (RDE). The apparatus typically consists of a three-electrode arrangement 

where the working electrode (a disc electrode) is rotated about the vertical axis (y-axis) 

during the electrochemical measurement (Figure 2.12). 
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Figure 2.12. (A) A rotating disc electrode and (B) a representation of the electrode 

surface with cylindrical coordinates (𝑟, 𝜑, 𝑦). 

 

Experiments performed under hydrodynamic control are usually designed such that 

laminar flow (as opposed to turbulent flow) occurs across the electrode surface as this 

helps to simplify mathematical models. A dimensionless parameter known as the 

Reynolds number (𝑅𝑒) is often used to determine whether the flow is laminar or 

turbulent. The Reynolds number is dependent upon a characteristic velocity of the fluid 

(𝑣𝑐ℎ), the length of flow (𝐿) and the kinematic viscosity of the solution (𝜈)10: 

 𝑅𝑒 =
𝑣𝑐ℎ𝐿

𝜈
 (2.47) 

The flow is assumed to be laminar at low Reynolds numbers but if the Reynolds number 

exceeds a critical value (𝑅𝑒𝑐𝑟) the flow will become turbulent.10 

 

For a rotating disc electrode, with radius 𝑟, the Reynolds number is dependent upon the 

frequency of rotation (𝑓, in Hz) and can be expressed as: 

 𝑅𝑒 =
𝑓𝑟2

𝜈
 (2.48) 

The critical Reynolds number for a rotating disc electrode is ca. 2 × 103.7 The Reynolds 

number is proportional to the rotation frequency, where high rotation frequencies can 

cause the Reynolds number to exceed its critical value, which may result in turbulent 

flow or vortex formation. 
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Figure 2.13 (A) The 2-dimensional laminar flow pattern at a rotating disc with angular 

frequency 𝜔. Dashed arrows represent the flow of solution. (B) A vector representation 

of the flow velocities. A negative 𝑣𝑦 corresponds to flow towards the rotating disc. 

 

The 2-dimensional flow profile for a rotating disc is shown in Figure 2.13A. As the 

electrode rotates, solution very near to the electrode surface is expelled radially 

outwards from the axis of rotation (i.e. away from the centre of the disc) due to 

centrifugal forces. To replenish the expelled solution near the spinning surface, material 

from the bulk solution is dragged perpendicularly towards the electrode. This flow 

pattern results in superior mass transport to the electrode when compared with a static 

solution and leads to enhanced currents in voltammetric measurements. At a static 

macroelectrode under diffusion control, a potential step into a region where redox 

processes occur will result in the current to decay towards zero due to the change in 

concentration gradient over time and the thickening of the diffusion layer. However, an 

analogous potential step experiment at a rotating disc electrode will cause the current 

to decay towards a steady state value, which is independent of time. This implies a 

steady state concentration profile is set up at a rotating disc with a constant diffusion 

layer thickness. The constant diffusion layer thickness is also apparent in cyclic 

voltammetry at a rotating disc electrode. As the potential is gradually increased a 

limiting current (rather than a peak) is observed when redox processes occur. 

 

To quantitatively understand electrochemical processes at a rotating surface and the 

current responses observed, the general convective-diffusion equation (equation 2.49) 

must be solved. 

 
𝜕𝐶𝑗

𝜕𝑡
= 𝐷𝑗∇2𝐶𝑗 − 𝒗 ∙ 𝛁𝐶𝑗 (2.49) 
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The general convective-diffusion equation is comprised of Fick’s second law of 

diffusion in three dimensions (
𝜕𝐶𝑗

𝜕𝑡
= 𝐷𝑗∇2𝐶𝑗) with an additional convective term (−𝒗 ∙

𝛁𝐶𝑗) due to the rotation of the electrode. It is assumed that mass transport due to 

migration is negligible due to an addition of excess electrolyte to the solution and is 

therefore not considered. The del operator (𝛁) is used here to denote the concentration 

gradient in three-dimensions and ∇2 denotes the Laplace operator. In cylindrical 

coordinates these are expressed as follows10: 

 𝛁 =
𝜕

𝜕𝑟
𝝁𝟏 +

1

𝑟

𝜕

𝜕𝜑
𝝁𝟐 +

𝜕

𝜕𝑦
𝝁𝟑 (2.50) 

 ∇2=
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕

𝜕𝑟
) +

1

𝑟2

𝜕2

𝜕𝜑2
+

𝜕2

𝜕𝑦2
 (2.51) 

Here 𝝁𝟏, 𝝁𝟐 and 𝝁𝟑 are unit vectors in 𝑟, 𝜑 and 𝑦 respectively. 

 

The vector 𝒗 corresponds to the flow velocity in three dimensions at a given point. It is 

therefore important to understand the full velocity profile at a rotating disc in order to 

solve the general convective-diffusion equation (equation 2.49). The velocity profiles 

are often expressed in cylindrical coordinates due to the symmetry of a rotating circular 

disc. The three key parameters are: (i) the radial velocity (𝑣𝑟), which is the velocity 

away from the axis of rotation, (ii) the tangential (or angular) velocity (𝑣𝜑), which is 

the linear velocity at a tangent to a flow with a circular path, and (iii) the axial velocity 

(𝑣𝑦), which is the velocity normal to the surface of the rotating disc, where a negative 

𝑣𝑦 corresponds to a flow towards the spinning surface.14 The boundary conditions used 

to determine each velocity component are: 

(i) At the electrode surface (𝑦 = 0), 𝑣𝑟 = 0, 𝑣𝜑 = 𝜔𝑟, and  𝑣𝑦 = 0. 

(ii) Far from the electrode surface (𝑦 → ∞), 𝑣𝑟 = 0, 𝑣𝜑 = 0 and 𝑣𝑦 = −𝑈0. 

The first boundary condition suggests the flow of solution at the spinning surface is 

completely determined by the angular velocity of the rotating disc (𝜔𝑟). There is no 

radial or axial component to the velocity. The second boundary condition implies 

negligible radial or tangential velocity components as 𝑦 → ∞. Instead the solution flows 

perpendicularly towards the electrode surface at a limiting velocity −𝑈0. 
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The work of von Kármán and Cochran15 led to expressions indicating how the three 

velocity components (𝑣𝑟, 𝑣𝜑 and 𝑣𝑦) vary as a function of the dimensionless parameter 

ζ, where ζ is proportional to the distance normal to the surface of the spinning disc (𝑦): 

 ζ = (
𝜔

𝜈
)

1

2
𝑦 (2.52) 

The expression for each velocity component was found to take the form of an infinite 

series as a function of ζ15: 

𝑣𝑟 = 𝑟𝜔F(ζ) = 𝑟𝜔 (𝑎ζ −
ζ

2

2
−

𝑏ζ
3

3
−

𝑏2ζ
4

12
−

𝑎ζ
5

60
+ (

1

360
−

𝑎𝑏

90
) ζ

6 + (
𝑏

315
+

𝑎𝑏2

1260
) ζ

7 +

⋯ ) (2.53) 

 

𝑣𝜑 = 𝑟𝜔G(ζ) = 𝑟𝜔 (1 + 𝑏ζ +
𝑎ζ

3

3
−

(𝑎𝑏−1)ζ
4

12
−

𝑏ζ
5

15
− (

𝑎2

90
+

𝑏2

45
) ζ

6 + (
𝑎

315
−

𝑏3

315
−

𝑎2𝑏

252
) ζ

7 + ⋯ ) (2.54) 

 

𝑣𝑦 = (𝜔𝑣)
1

2H(ζ) = −(𝜔𝑣)
1

2 (𝑎ζ
2 −

ζ
3

3
−

𝑏ζ
4

6
−

𝑏2ζ
5

30
−

𝑎ζ
6

180
+ ⋯ ) (2.55) 

In these expressions 𝑎 and 𝑏 are coefficients with values 0.51023 and −0.6159 

respectively. 

 

The functions F(ζ), G(ζ) and H(ζ) are proportional to 𝑣𝑟, 𝑣𝜑 and 𝑣𝑦 respectively and are 

shown graphically in Figure 2.14. It is important to note that 𝑣𝑦 does not depend on the 

radial distance from the axis of rotation. This implies that at a particular distance from 

the disc (𝑦), the axial velocity (𝑣𝑦), and therefore the flux, will be uniform across the 

entire surface of the disc. When ζ < 3.6 there are significant contributions from all three 

velocity components to the net flow. However, when ζ > 3.6, both 𝑣𝑟 and 𝑣𝜑 have 

negligible contributions to the overall flow. The distance from the electrode at which 

𝑣𝑟 and 𝑣𝜑 become insignificant is known as the hydrodynamic (or Prandtl) boundary 

layer thickness, and is defined when ζ= 3.6.10 
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Figure 2.14. A graphical representation of how F(ζ), G(ζ) and H(ζ) vary as a function 

of ζ. It should be noted that ζ ∝ 𝑦 and therefore the x-axis reflects the perpendicular 

distance away from the surface of the rotating disc. 

 

 

Having determined the velocity profile in cylindrical coordinates these expressions can 

be substituted into the general convective-diffusion equation (equation 2.49) to give: 

 
𝜕𝐶𝑗

𝜕𝑡
= 𝐷𝑗 [

1

𝑟

𝜕𝐶𝑗

𝜕𝑟
+

𝜕2𝐶𝑗

𝜕𝑟2 +
1

𝑟2

𝜕2𝐶𝑗

𝜕𝜑2 +
𝜕2𝐶𝑗

𝜕𝑦2 ] − [𝑣𝑟
𝜕𝐶𝑗

𝜕𝑟
+

𝑣𝜑

𝑟

𝜕𝐶𝑗

𝜕𝜑
+ 𝑣𝑦

𝜕𝐶𝑗

𝜕𝑦
] (2.56) 

The velocity profile expressions (equations 2.53-2.55) are independent of time and 

therefore indicate that at a fixed 𝜔, a steady state velocity profile (and hence steady 

state concentration profile) is reached. Since the concentration profile is independent of 

time, 
𝜕𝐶𝑗

𝜕𝑡
= 0. Due to the rotational symmetry of a circular disc, the concentration must 

be independent of the azimuthal angle (𝜑). That is to say, at a fixed 𝑦 and 𝑟, the 

concentration is constant for all 𝜑, which implies 
𝜕𝐶𝑗

𝜕𝜑
=

𝜕2𝐶𝑗

𝜕𝜑2 = 0. At the surface of the 

electrode (𝑦 = 0) it is assumed all regions of the electrode have the same fast rate of 

electron transfer and therefore the concentration is uniform across the entire surface of 

the disc (
𝜕𝐶𝑗

𝜕𝑟
=

𝜕2𝐶𝑗

𝜕𝑟2 = 0). Since 𝑣𝑦 is also independent of 𝑟, there is a uniform influx of 

material towards the electrode across all parts of the disc. It can therefore be concluded 

that the concentration is independent of the radial distance 𝑟 at any fixed distance 𝑦 

from the electrode (
𝜕𝐶𝑗

𝜕𝑟
=

𝜕2𝐶𝑗

𝜕𝑟2
= 0 for all 𝑦). Equation 2.56 can therefore be simplified: 
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 𝑣𝑦
𝜕𝐶𝑗

𝜕𝑦
= 𝐷𝑗

𝜕2𝐶𝑗

𝜕𝑦2  (2.57) 

From equation 2.55, 𝑣𝑦 can be expressed as an infinite series in terms of 𝑦. However, 

as 𝑦 → 0 the first term in the infinite series is a good approximation for 𝑣𝑦 and the other 

terms can be ignored. 

 𝑣𝑦 = −(𝜔𝑣)
1

2 × 𝑎ζ
2
 (2.58) 

 𝑣𝑦 = −𝑎𝜔
3

2𝑣−
1

2𝑦2 (2.59) 

 −𝑎𝜔
3

2𝑣−
1

2𝑦2 𝜕𝐶𝑗

𝜕𝑦
= 𝐷𝑗

𝜕2𝐶𝑗

𝜕𝑦2  (2.60) 

 
−𝑎𝜔

3
2

𝐷𝑗𝑣
1
2

𝑦2 𝜕𝐶𝑗

𝜕𝑦
=

𝜕2𝐶𝑗

𝜕𝑦2
 (2.61) 

The second order differential equation (2.61) can be solved by integration by making 

the following substitutions: 

Let 𝐵 =
𝑎𝜔

3
2

𝐷𝑗𝑣
1
2

 (2.62) 

 𝑋 =
𝜕𝐶𝑗

𝜕𝑦
 (2.63) 

 𝑋𝑦=0 = (
𝜕𝐶𝑗

𝜕𝑦
)

y=0
 (2.64) 

and 
𝜕𝑋

𝜕𝑦
=

𝜕2𝐶𝑗

𝜕𝑦2  (2.65) 

 −𝐵𝑦2𝑋 =
𝜕𝑋

𝜕𝑦
 (2.66) 

 −𝐵 ∫ 𝑦2𝜕𝑦 = ∫
1

𝑋
𝜕𝑋

𝑋

𝑋𝑦=0

𝑦

0
 (2.67) 

 
−𝐵𝑦3

3
= ln (

𝑋

𝑋𝑦=0
) (2.68) 

 𝑋 = 𝑋𝑦=0 exp (
−𝐵𝑦3

3
) (2.69) 

Substitute back in for 𝑋 and 𝑋𝑦=0 to give: 

 
𝜕𝐶𝑗

𝜕𝑦
= (

𝜕𝐶𝑗

𝜕𝑦
)

y=0
exp (

−𝐵𝑦3

3
) (2.70) 

 ∫ 𝑑𝐶𝑗
𝐶𝑗,𝑏𝑢𝑙𝑘

𝐶𝑗,𝑦=0
= (

𝜕𝐶𝑗

𝜕𝑦
)

y=0
∫ exp (

−𝐵𝑦3

3
)

∞

0
𝑑𝑦 (2.71) 

If the applied potential is in the current limiting region, the species j will undergo fast 

electron transfer at the electrode surface. It can therefore be assumed 𝐶𝑗,𝑦=0 = 0. The 
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definite integral with limits between 0 and ∞ can be solved by making an appropriate 

substitution: 

Let 𝑧 =
𝐵𝑦3

3
 (2.72) 

Rearranging equation 2.72 gives: 

 𝑦2 = (
3𝑧

𝐵
)

2

3
 (2.73) 

Differentiating equation 2.72 and then substituting for 𝑦 using equation 2.73 gives: 

 
𝑑𝑧

𝑑𝑦
= 𝐵 (

3𝑧

𝐵
)

2

3
 (2.74) 

Equations 2.72 and 2.74 can then be used to substitute into equation 2.71, which yields: 

 ∫ 𝑑𝐶𝑗
𝐶𝑗,𝑏𝑢𝑙𝑘

0
= (

𝜕𝐶𝑗

𝜕𝑦
)

y=0
(32𝐵)−

1

3 ∫ 𝑧−
2

3 exp(−𝑧)
∞

0
𝑑𝑧 (2.75) 

Equation 2.75 can be solved using the gamma function: 

 Γ(𝑡) = ∫ 𝑥𝑡−1 exp(−𝑥) 𝑑𝑥
∞

0
 (2.76) 

 𝐶𝑗,𝑏𝑢𝑙𝑘 = (
𝜕𝐶𝑗

𝜕𝑦
)

y=0
(9𝐵)−

1

3Γ (
1

3
) (2.77) 

 Γ (
1

3
) = 2.67894 

 𝐶𝑗,𝑏𝑢𝑙𝑘 = 1.28790 (
𝜕𝐶𝑗

𝜕𝑦
)

y=0
𝐵−

1

3 (2.78) 

 𝐶𝑗,𝑏𝑢𝑙𝑘 = 1.28790 (
𝜕𝐶𝑗

𝜕𝑦
)

y=0
(

𝑎𝜔
3
2

𝐷𝑗𝑣
1
2

)

−
1

3

 (2.79) 

From the velocity profile expressions (equations 2.53-2.55), 𝑎 = 0.51023. 

Rearrangement and simplification of equation 2.79 to make the concentration gradient 

at the electrode surface the subject gives: 

 (
𝜕𝐶𝑗

𝜕𝑦
)

y=0
= 0.62045 × 𝐷

𝑗

−
1

3𝑣−
1

6𝜔
1

2𝐶𝑗,𝑏𝑢𝑙𝑘 (2.80) 

 

In this case where electrode kinetics are fast and the rate of mass transport is limiting 

the reaction, the limiting current observed is proportional to the flux of material 

reaching the electrode: 

 𝐼𝑙𝑖𝑚 = 𝑛𝐹𝐴𝐽𝑗 (2.81) 

Similar to equation 2.30, 𝐼 is the limiting current, 𝑛 is the number of electrons 

transferred, 𝐹 is Faraday’s constant, 𝐴 is the electrode area and 𝐽𝑗 is the flux of species 
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𝑗 to the electrode. Using Fick’s First Law of diffusion, equation 2.81 can also be 

expressed as: 

 𝐼𝑙𝑖𝑚 = 𝑛𝐹𝐴𝐷𝑗 (
𝜕𝐶𝑗

𝜕𝑦
)

y=0
 (2.82) 

Substituting equation 2.80 for (
𝜕𝐶𝑗

𝜕𝑦
)

y=0
yields the Levich equation for a rotating disc 

electrode (equation 2.83): 

 𝐼𝑙𝑖𝑚 = 0.62045 × 𝑛𝐹𝐴𝐷
𝑗

2

3𝑣−
1

6𝜔
1

2𝐶𝑗,𝑏𝑢𝑙𝑘 (2.83) 

Here 𝐴 is the electrode area (in m2), 𝐷𝑗  is the diffusion coefficient of species 𝑗 (in m2 s-1), 

𝑣 is the kinematic viscosity of the solution (in m2 s-1), 𝜔 is the angular frequency of the 

rotating electrode (in rad s-1) and 𝐶𝑗,𝑏𝑢𝑙𝑘 is the bulk concentration of species 𝑗 (in 

mol m-3). 

 

The Levich equation indicates that the limiting current is proportional to the square root 

of the angular frequency. A plot of 𝐼𝑙𝑖𝑚 against 𝜔
1

2 will give a linear graph where the 

slope can be used to determine the diffusion coefficient of the species. 

 

Consider a solution containing only the reduced form of a fully reversible redox species 

that can undergo a 1-electron oxidation. Cyclic voltammetry of this solution at a static 

macroelectrode will result in an oxidation and reduction peak on the forward (positive) 

and backward (negative) scans respectively (Figure 2.9B). In contrast, cyclic 

voltammetry of the same system at a rotating disc would not give redox peaks but rather 

a steady state limiting current at high overpotentials. As the potential is gradually 

increased from E1 to E2, the change in surface concentration of the redox species 

changes as predicted by the Nernst equation, with a corresponding exponential increase 

in the current. However, the laminar flow pattern at a rotating disc results in the product 

(oxidised species) to be forced away from the electrode and unreacted material (reduced 

species) to be dragged towards the electrode. Consequently a steady state concentration 

profile is set up very quickly with the uniform layer known as the hydrodynamic layer. 
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2.3.5 Electrochemical impedance spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) is a powerful technique used to study 

electrochemical systems in a steady state. The technique allows determination of the 

double layer capacitance, charge transfer resistance, uncompensated resistance, 

diffusion coefficients, and gives access to kinetic information.10, 16 Impedance (Z) is the 

resistance, in Ohms (Ω), to the flow of electrical current (I) in a system when an AC 

potential (E) is applied: 

 
  



Z 
E

I
 (2.84) 

An AC potential is generated by sinusoidal perturbations of the potential and can be 

expressed either mathematically (equation 2.85) or pictorially using phasor diagrams 

(Figure 2.15). 

 𝐸𝑡 = 𝐸0 sin 𝜔𝑡 (2.85) 

𝐸𝑡 is the potential at time t, 𝐸0 is the amplitude of the perturbation and 𝜔 is the angular 

frequency of the phasor (ω = 2πf). 

 

 

 

Figure 2.15. The sine wave is generated from a projection on the x-axis of the phase 

diagram and is representative of an AC potential.10 

 

 

If an AC potential is applied to a pure electrical component, for example an ideal 

resistor or capacitor, an alternating current will result. 

 𝐼𝑡 = 𝐼0 sin(𝜔𝑡 + 𝜑) (2.86) 

This AC current will have the same angular frequency as the AC potential but may have 

a different amplitude and phase. If visualised as a phasor, it can be seen that the phase 
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angle (𝜑) between 𝐸𝑡 and 𝐼𝑡 will be constant because the angular frequency for the input 

AC potential and the AC current response is the same (Figure 2.16). 

 

Figure 2.16. A phasor diagram showing 𝐸𝑡 (blue) and 𝐼𝑡 (red). 𝐸𝑡 and 𝐼𝑡 have the same 

frequency resulting in a constant phase angle (𝜑 = 30˚) at all times.10 

 

The impedance can therefore be expressed as: 

 
 

 






t

t

I

E

I

E
Z

o

o

t

t

sin

sin
 (2.87) 

On phasor diagrams, it is a generally accepted practice to draw the current on the 

abscissa (horizontal axis) and the potential on the ordinate (vertical) axis to allow easy 

measurement of the phase angle between the two vectors. It is also common convention 

to multiply any value on the ordinate axis by j, where     



j  1 . Therefore any vector 

that is phase shifted (𝜑 ≠ 0) will have an imaginary component to the impedance. 

Furthermore, if the phase shift is exactly 90˚ there will be no real component to the 

impedance. Hence the total impedance can be described as: 

 𝑍𝑡𝑜𝑡 = 𝑍(𝑅𝑒) + 𝑍(𝐼𝑚) (2.88) 

Euler’s formula (equation 2.89) can be used to express 𝐸𝑡 and 𝐼𝑡 in polar form, which 

can help to simplify the mathematics: 

 𝑧 = 𝑥 + 𝑗𝑦 = |𝑧|(cos 𝜙 + 𝑗 sin 𝜙) = |𝑧| exp(𝑗𝜙) (2.89) 

     



where | z | x2 y2  and j  1  

 𝐸𝑡 = 𝐸0 sin(𝜔𝑡) → 𝐸𝑡 = 𝐸0 exp(𝑗𝜔𝑡) (2.90) 

 𝐼𝑡 = 𝐼0 sin(𝜔𝑡 + 𝜑) → 𝐼𝑡 = 𝐼0 exp(𝑗𝜔𝑡 + 𝜑) (2.91) 

The impedance of an ideal resistor obeys Ohm’s Law and is therefore independent of 

perturbation frequency. Additionally, there is no phase shift between the applied 
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potential and the current response. Consequently, the impedance of a pure resistor is 

equivalent to the resistance of the component. 

  (2.92) 

If a capacitor is considered, the current across the component can be evaluated as 

follows: 

 𝐸𝑡 = 𝐸0 exp(𝑗𝜔𝑡) 

 𝑄(𝑡) = 𝐶𝐸𝑡 = 𝐶𝐸0 exp(𝑗𝜔𝑡) 

 
  



I 
dQ

dt
C

dE

dt
 

 𝐼 = 𝑗𝜔𝐶𝐸0 exp(𝑗𝜔𝑡) =
𝑗𝐸0

𝑋𝐶
exp(𝑗𝜔𝑡) 

 𝑍 =
𝐸

𝐼
=

𝑋𝐶𝐸0 exp(𝑗𝜔𝑡)

𝑗𝐸0 exp(𝑗𝜔𝑡)
= −𝑗𝑋𝐶  (2.93) 

Here 𝑋𝐶 =
1

𝜔𝐶
 (2.94) 

XC is known as the capacitive reactance, which represents the opposition of current with 

a change in voltage across a capacitor. XC is analogous to the resistance of a resistor 

and has the units of Ohms. The above analysis shows that the impedance of a pure 

capacitor is purely imaginary and has no real part at any frequency. This corresponds 

to a −90˚ phase shift of the voltage compared to the current.16 From equation 2.94 it is 

also revealed that the impedance of a capacitor is dependent upon the frequency of 

modulation. 

 

In the two examples examined there has been a linear relationship between current and 

potential. Unfortunately, the current response in electrochemical cells is usually non-

linear when the potential is varied. However, if the change in potential is small enough, 

typically < 10 mV, a pseudo-linear current response can be observed and the system 

can be treated using the methods discussed above. In electrochemical impedance 

spectroscopy, the frequency of a sinusoidal AC potential is varied and the current is 

measured. The impedance is calculated as a function of frequency and can be displayed 
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graphically using either a Nyquist plot (complex plane) or a Bode plot. A Nyquist plot 

shows the imaginary impedance (𝑍’’) against the real impedance (𝑍’). It is the 

convention to keep the scales on both horizontal and vertical axes the same to aid 

interpretation of the Nyquist plot. The frequency dependency of the system cannot be 

obtained from the Nyquist plot alone and is therefore often presented with a 

corresponding Bode plot. A Bode plot shows how the absolute impedance (|𝑍|) and the 

phase shift (𝜑) vary with frequency. The absolute impedance and the frequency are 

plotted using logarithmic scales (Figure 2.17). 

 

Figure 2.17. (A) A Nyquist plot and (B) a Bode plot for an RC circuit (C). R = 1 kΩ 

and C = 100 nF. 

 

In order to extract useful values from these graphical plots, an electrically equivalent 

circuit is constructed and non-linear fitting methods are employed to optimise the 

values of each component in the circuit. In general, there are four main components 

used in equivalent circuits: resistors, capacitors, inductors and memristors. Resistors 

and capacitors are often sufficient to describe most scenarios. It must be emphasised 

that each component in the equivalent circuit must have a real physical relationship 

with the electrochemical cell under investigation. In most cases there will be a solution 

resistance (represented by a resistor) in series with the double layer capacitance 

(represented by a capacitor) and possibly some additional complexity. For example, 
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electron transfer processes may become diffusion limited at low frequencies in a static 

solution. The semi-infinite diffusion layer is modelled by an open Warburg element. 

However, a closed Warburg element can be used if the diffusion layer has a finite 

thickness, for example in hydrodynamic systems. A commonly misused circuit element 

is the constant phase element (CPE), where the phase shift (𝜑) is independent of 

frequency. A pure resistor has 𝜑 = 0∘, a pure capacitor has 𝜑 = −90∘, and a constant 

phase element typically has a phase angle between the two. The use of CPEs should 

generally be avoided as they often do not have a physical meaning. However, they can 

be used to represent the non-ideal nature of a double layer capacitance for a non-

homogeneous electrode surface. Values for constant phase elements should be treated 

with caution. 
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Chapter 3: Methods for the determination of diffusion coefficients in 

poly(ethylene glycol) 

 

Chapter abstract 

 

Poly(ethylene glycol) has been identified as a non-toxic, non-volatile, inexpensive and 

environmentally benign solvent. In this study, poly(ethylene glycol) with an average 

molecular weight of 200 g mol-1 (PEG200) is used as the solvent in electrochemical 

processes. The low volatility of PEG200 is utilised and voltammetry is performed in 

vacuo in order to remove all gases and to control the humidity levels of the solution. 

Double potential step experiments are employed to determine the diffusion coefficients 

for oxidised and reduced forms of four redox species (anthraquinone-2-sulfonate, 

ferrocene, 1,1’-ferrocene dimethanol and 1,1’-ferrocene dicarboxylic acid) under mixed 

diffusion conditions at a 100 μm diameter platinum disc electrode. Diffusion 

coefficients were optimised using the data fitting tool on the commercial 

electrochemical simulation software package DigiElch™ Professional. Optimised 

values were verified by comparing experimental and simulated cyclic voltammograms 

and reasons for deviations are discussed. Diffusion coefficients were found to be ~1 −

2 × 10−7 cm2 s-1 for all the redox systems employed and the hydrodynamic radius for 

each species was approximated using the Stokes-Einstein relation. The low diffusion 

coefficients in PEG200 is attributed to the high viscosity of the polymer electrolyte. 
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3. Methods for the determination of diffusion coefficients in 

poly(ethylene glycol) 

 

 

3.1 Voltammetric methods to determine diffusion coefficients 

 

It is increasingly more important to find environmentally benign solvents for uses in 

chemical processes. Water is environmentally benign, however, it is not always 

practical to use aqueous solutions due to a narrow potential window, high volatility 

(especially at elevated temperatures) and an inability to solvate many organic species. 

Organic alternatives are generally more hazardous to the environment and require more 

careful disposal. Ionic liquids have some favourable properties for electrochemical 

purposes, such as a large solvent potential window, however, they are often 

hygroscopic, where water impurities severely decrease the usable potential limits of the 

solvent. Ionic liquids are also expensive to synthesise and their toxicological properties 

are still largely unknown. It is therefore of interest to investigate alternative solvents 

that are inexpensive and environmentally benign. Poly(ethylene glycol) (PEG) is 

commonly regarded as an environmentally ‘green’ solvent, due to its low toxicity and 

its suitability as a solvent for voltammetry will be investigated.1 

 

The determination of diffusion coefficients by electrochemical methods is commonly 

practised and a number of voltammetric techniques, such as cyclic voltammetry and 

potential step experiments, can be used.2-4 However, in some cases, the reported values 

for diffusion coefficients show significant variation. For example the diffusion 

coefficient for copper salts in aqueous solution has been reported in a range from 2.8 ×

10−6 cm2 s-1 to 12.6 × 10−6 cm2 s-1.5 

 

The Randles-Ševčík equation (equation 3.1) can be used to determine diffusion 

coefficients (𝐷) from cyclic voltammetry experiments for fully reversible redox 

processes in solution under a linear diffusion regime, with fast electron transfer kinetics, 

and if the concentration (𝑐) and the area (𝐴) of the electrode are known.6,7 

 𝐼𝑝 = 0.446𝑛𝐹𝐴𝑐 (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1

2
 (3.1) 
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Here 𝑛 is the number of electrons transferred, 𝐹 is Faraday’s constant, 𝑅 is the universal 

gas constant, 𝑇 is the temperature, 𝐼𝑝 is the peak current, and 𝑣 is the scan rate. A plot 

of 𝐼𝑝 versus √𝑣 gives a linear plot where the diffusion coefficient can be evaluated from 

the slope. However, inaccuracies can arise for systems with (i) slow electron transfer 

kinetics, (ii) high solution resistance, (iii) high capacitive charging current, (iv) a non-

linear diffusion regime, and (v) for systems where the number of electrons transferred 

is not known absolutely. 

 

Potential step methods at planar disc electrodes can also be used to determine diffusion 

coefficients. The experiment should begin at a potential where no electron transfer is 

occurring and be stepped to a potential where the electron transfer is fast enough to 

immediately deplete all starting material at the electrode surface. In this way, the current 

recorded at the electrode is limited by the rate of mass transport to the surface at all 

times. In a stagnant solution the current is usually limited by diffusion, although effects 

from convection could be observed at long time scales. The diffusion layer thickness 

(𝛿) increases with time (𝑡) as the potential is held and can be approximated by equation 

3.2. 

 𝛿 = √4𝐷𝑡 (3.2) 

As the diffusion layer thickness increases, a change from linear diffusion to radial 

diffusion may be observed. The dominant mode of diffusion can be determined by using 

the dimensionless parameter 𝜏, which is the square of the ratio of the diffusion layer 

thickness to the radius of the disc working electrode.8-10 

 𝜏 =
4𝐷𝑡

𝑟2
 (3.3) 

Here, 𝐷 is the diffusion coefficient, 𝑟 is the radius of the disc working electrode, and 𝑡 

is the time length of the potential step. If 𝜏 ≪ 1, the diffusion layer thickness is thin 

compared to the radius of the disc and the diffusion to the disc can be considered as 

linear (or planar). The current-time transient under linear diffusion is quantitatively 

described by the Cottrell equation (equation 3.4). 

 𝐼 =
𝑛𝐹𝐴𝑐√𝐷

√𝜋𝑡
 (3.4) 

A plot of 𝐼 against 𝑡−
1

2 is linear and the diffusion coefficient can be evaluated from the 

slope. 
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If 𝜏 ≫ 1, the diffusion layer thickness is much larger than the radius of the electrode 

and the diffusion can be considered to be radial, which leads to a steady-state current 

(𝐼𝑠𝑠) at long time scales (equation 3.5). 

 𝐼𝑠𝑠 = 4𝑛𝐹𝑐𝐷𝑟 (3.5) 

Radial diffusion, which leads to a steady-state current, is most typically observed at 

microelectrodes with a radius of less than ~100 μm. 

 

If 0.01 < 𝜏 < 50 the diffusion layer thickness is in the same order of magnitude to the 

radius of the disc and the current is limited by a combination of planar and radial 

diffusion.9 Neither the Cottrell equation nor the steady-state equation give an accurate 

model for the current response under a mixed diffusion regime. However, combination 

of these equations can lead to an approximate expression for the current (equation 3.6) 

 𝐼(𝑡) =
𝜋
1
2𝑛𝐹𝐷

1
2𝑐𝑟2

𝑡
1
2

+ 4𝑛𝐹𝐷𝑐𝑟 (3.6) 

Using the slope (𝑘) and intercept (𝑏) of a Cottrell plot (𝐼 vs. 𝑡−
1

2) can enable 

determination of the diffusion coefficient without knowing the concentration (equation 

3.7).11-13 

 𝐷 = 𝜋 (
𝑏𝑟

4𝑘
)
2

 (3.7) 

However, under mixed diffusion conditions this simplification can give up to 6.8 % 

error. For errors of less than 1 %, this simplified expression should only be used when 

𝜏 < 0.11 and 𝜏 > 15000. 

 

A more precise expression (equation 3.8) was derived by Shoup and Szabo to model 

the current at a disc electrode as a function of the dimensionless parameter 𝜏 after a 

potential step.8 

 𝐼(𝑡) = 4𝑛𝐹𝐷𝑐𝑟 [0.7854 + 0.8862𝜏−
1

2 + 0.2146exp(−0.7823𝜏−
1

2)] (3.8) 

The expression is accurate for all values of 𝜏 to within an error of less than 0.6 %.8,14 

When 𝜏 ≫ 1 or 𝜏 ≪ 1, the exponential term in equation 3.8 approximates to 1, leading 

to the approximate expression (equation 3.6). 

 

The methods discussed so far are suitable for determining the diffusion coefficient of a 

starting material, and often assume the electrogenerated species has the same (or 
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similar) diffusion coefficient. However, there are numerous reports of the oxidised and 

the reduced forms of the electroactive species exhibiting different diffusion 

coefficients.15-18 For example, the diffusion coefficient of electro-generated superoxide 

is reported to be at least one order of magnitude lower compared with oxygen in ionic-

liquids.19,20 Similar variances have been found for the [Ru(NH3)6]
2+/3+ redox couple, 

where a lower diffusion coefficient is reported for the oxidised form due to the increased 

ion-pairing between the triply charged species and the anion of the supporting 

electrolyte.15 The Compton group have used double potential step experiments, coupled 

with simulation, to determine diffusion coefficients for starting material and 

electrogenerated species.15,21,22 

 

It is important to find low-cost, environmentally friendly solvents for chemical 

processes. This chapter investigates the electrochemical properties of poly(ethylene 

glycol) with an average molecular weight of 200 g mol-1 (PEG200) as a solvent for 

electrochemical processes. Double potential step experiments under a mixed diffusion 

regime are performed at a microdisc electrode. A commercial software package 

(DigiElch™ Professional) is used for simulations to determine accurate diffusion 

coefficients for the oxidised and reduced forms of electroactive species. 

 

 

3.2 Experimental 

 

3.2.1 Chemical reagents 

 

Poly(ethylene glycol) (Sigma-Aldrich, average molecular weight = 200 g mol-1) was 

used as purchased. Lithium perchlorate (LiClO4, Sigma-Aldrich, ACS reagent, ≥ 95 %), 

ferrocene (Fc, Fluka, > 98 %), 1,1’-ferrocene dimethanol (Fc(CH2OH)2, Aldrich, 98 %), 

1,1’-ferrocenedicarboxylic acid (Fc(COOH)2, Aldrich, 96 %), and anthraquinone-2-

solufonic acid, sodium salt monohydrate (AQS, Aldrich, 97 %) were used as purchased 

without any further purification. 
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3.2.2 Instrumentation 

 

Electrochemical impedance spectroscopy (EIS) measurements were collected using a 

Solartron 1286 electrochemical interface and SI1250 frequency analyser. All other 

electrochemical measurements were taken using an Autolab PGSTAT12 potentiostat 

using a two-electrode set up. The vacuum was achieved using an Edwards High 

Vacuum Pump ES50, reducing the pressure to 0.8 mbar. Elchsoft’s DigiElch™ 

Professional (Version 4F) software was used as an electrochemical simulation and data-

fitting package in order to determine diffusion coefficients. 

 

3.2.3 Procedure for voltammetry in vacuo 

 

A sealed electrochemical cell was manufactured for voltammetry to be carried out in 

vacuo at room temperature (Figure 3.1) similar to a design proposed by Evans et al.23 

The cell consists of a cylindrical glass tube with a valve at each end of the tube. These 

valves can be connected to a gas supply or a vacuum pump as desired. Midway along 

the cylindrical tube there is a perpendicular protrusion where the working electrode is 

positioned. The working electrode is held in place by a silicone washer, which forms 

an air-tight seal when tightened by a screw cap. The disc working electrode is 

positioned vertically so that the active area of the disc is facing upwards. Silicone tubing 

is placed around the tip of the working electrode, which acts as a container for the 

electrolyte. Voltammetry was performed in a 40 μL droplet of solution on the surface 

of the electrode. The system was subjected to 3 h of vacuum prior to experimentation 

in order to remove unwanted gases, such as oxygen, and control the humidity levels of 

the system. A 100 μm diameter platinum disc was used as the working electrode with a 

silver wire counter/pseudo-reference electrode. A small diameter was used for 

experiments in PEG200 to reduce the uncompensated resistance in the voltammetry. 

Prior to experiments the working electrode was polished using alumina paste with 

particle diameter 0.3 μm in order to remove surface impurities and imperfections. 

Potentials are stated with respect to a silver wire pseudo-reference electrode. The 

counter and pseudo-reference electrode could be connected due to the very low currents 

measured (< 10 nA). 
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Figure 3.1. A schematic diagram of the electrochemical cell used for ‘vacuum 

voltammetry’. The solution was a 40 μL droplet of solvent on the surface of the working 

electrode. 

 

 

3.2.4 Procedure for electrochemical impedance spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) was used to determine the double layer 

capacitance (Cdl) for the 100 μm Pt disc working electrode, and the solution resistance 

(RΩ) for a PEG200 solution with 0.02 M lithium perchlorate (LiClO4) electrolyte. EIS 

was performed in vacuo, which removed unwanted gases and controlled the humidity 

levels in the solution. EIS was performed at 0 V (vs. Ag wire) with a potential amplitude 

of 50 mV. The frequency of modulation was decreased from 100 kHz to 10 Hz. 

Equivalent circuit fitting was used to determine Cdl and RΩ using the electrical circuit 

shown in Figure 3.2. 
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Figure 3.2. A Nyquist plot (A) and a Bode plot (B) for experimental results () and a 

simulated fit (solid line) for a 20 mM LiClO4 / PEG200 solution at a 100 μm diameter 

Pt disc. (C) The equivalent circuit used for data fitting analysis. 

 

The solution resistance (𝑅Ω) and double layer capacitance (𝐶𝑑𝑙) were found to be 2.4 

MΩ and 0.8 nF respectively and were used in subsequent electrochemical simulations. 

Cstray represents a stray capacitance with a very small magnitude (~9.9 pF) and is not 

considered further. 

 

3.2.5 Procedure for diffusion coefficient determination 

 

Voltammetry was performed in vacuo in order to determine the diffusion coefficients 

for a number of redox species. Vacuum conditions were used to remove unwanted 

gases, such as oxygen, from the PEG200 solution and to control the humidity levels. 

Overall this helped to reduce the background interferences in the voltammetry 

measurements and give a more reliable determination of the diffusion coefficient. A 40 

μL droplet of solution was placed on the surface of the working electrode and subjected 

to 3 h of vacuum prior to experimentation. Cyclic voltammetry was used to determine 

the reversible potential for the redox species with respect to the silver wire reference. 

A double potential step (chronoamperometry) experiment was performed to determine 
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the diffusion coefficients of both the reduced (𝐷𝑟𝑒𝑑) and oxidised (𝐷𝑜𝑥) form of the 

analyte. The potential was stepped from a value where no electron transfer occurs to a 

potential where the rate of electron transfer is expected to be fast. This ensures that the 

current is limited by diffusion rather than slow electrode transfer kinetics. The potential 

was held for 180 s and then returned to the original value for a further 180 s whilst the 

current was sampled every 0.5 s. Analysing values of 𝜏 (see equation 3.3) for a 180 s 

potential step at a 100 μm diameter Pt electrode with an estimated diffusion coefficient 

of 1 × 10−7 cm2 s-1 implies a mixed diffusion regime (𝜏 > 0.01) would be observed 

for > 99.6 % of the potential step experiment. 

 

To determine diffusion coefficients under a mixed diffusion regime the commercial 

DigiElch™ Professional (version 4F) software package was used. A DigiElch™ 

simulation of a potential step experiment using a 2-dimensional semi-infinite diffusion 

model was shown to agree with the conventional Shoup-Szabo method8 to within 

0.71 % deviation (Figure 3.3). The computer software was used in preference as it 

allowed the diffusion coefficient for both the oxidised (𝐷𝑜𝑥) and reduced (𝐷𝑟𝑒𝑑) forms 

of the redox species to be determined. 

 

 

Figure 3.3. A Cottrell plot comparing the Shoup-Szabo equation (solid line) with a 

simulated current transient using DigiElch () for a 180 s potential step. ks = 10000 

cm s-1, 𝑛 = 1, 𝐷𝑜𝑥 = 𝐷𝑟𝑒𝑑= 1×10-7 cm2 s-1, 𝑐 = 1 mmol dm-3, and 𝑟 = 50 μm. 

 

The diffusion coefficients were optimised using the data fitting tool on DigiElch™. The 

software uses an iterative approach to find the diffusion coefficients that minimise the 

standard deviation between the experimental data points and the simulated current 
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transient. The simulated current transient was based upon a 2-dimensional (2D) semi-

infinite diffusion model at 293.2 K with fast electron transfer (ks = 10 000 cm s-1) and 

𝛼 = 0.5. The solution resistance and double layer capacitance determined from EIS 

measurements were included in the computer simulation. 

 

The optimised diffusion coefficients (determined from potential step experiments) were 

then used as fixed parameters to simulate cyclic voltammograms using DigiElch™ 

software. The simulated cyclic voltammograms were compared with experimental 

results to verify the values of the optimised diffusion coefficients. The diffusion 

coefficients for anthraquinone-2-sulfonate (AQS), 1,1’-ferrocene dicarboxylic acid 

(Fc(COOH)2), and 1,1’-ferrocene dimethanol (Fc(CH2OH)2) were optimised using this 

method. 

 

 

3.3 Results and Discussion 

 

3.3.1 Effect of vacuum on voltammetry 

 

In order to understand the electrochemical responses of redox species in neat 

poly(ethylene glycol) with average Mw = 200 g mol-1 (PEG200), it is necessary to 

investigate the background processes that underlie all measurements. PEG200 is a 

hygroscopic liquid at room temperature and is deliquescent at high relative humidity.24 

Although water is an excellent solvent itself, it has been found to reduce the 

electrochemical window of non-aqueous solvents, such as ionic liquids.8 The low 

volatility of PEG200 was utilised and voltammetry was conducted under vacuum 

conditions in order to control the humidity levels of the PEG200 solution and minimise 

the effects of water on the voltammetric response. In addition, the application of 

vacuum also removed unwanted gases, such as oxygen, from the solution and hence 

helped to prevent the formation of reactive peroxide and/or superoxide species at 

negative potentials. 

 

Cyclic voltammetry was used to probe the electrochemical window of PEG200 

containing 20 mM LiClO4 as electrolyte, in both ambient conditions and after 3 h of 
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applied vacuum (Figure 3.4). In ambient conditions, the oxidation of PEG200 had an 

onset potential of ca. +0.4 V (vs. Ag) and the reduction of oxygen dominated the signal 

at potentials more negative than -0.25 V (vs. Ag). After 3 h vacuum, the background 

signals had been suppressed with the cathodic window of the polymer solvent extended 

to -1.0 V. These results suggest the complete removal of oxygen from the system under 

vacuum, which facilitates the studies of redox processes occurring at negative 

potentials. Deaerating the solution by nitrogen or argon gas purging was found to be 

ineffective at removing all traces of oxygen from the solution. The determination of 

diffusion coefficients was therefore carried out using voltammetry under vacuum 

conditions as this helped to reduce background interferences from the voltammograms. 

 

Figure 3.4. A cyclic voltammogram (scan rate 10 mV s-1) showing the solvent limit for 

a 20 mM LiClO4 / PEG200 solution at a 100 μm diameter Pt disc in ambient conditions 

and after 3 h of applied vacuum (inset). 

 

3.3.2 Diffusion coefficient analysis: anthraquinone-2-sulfonate 

 

The voltammetric response of anthraquinone-2-sulfonate (AQS) was investigated in 

PEG200 with 20 mM LiClO4 as electrolyte in vacuo. Two possible mechanisms for 

anthraquinone reduction are shown in Figure 3.5. In the absence of protons the 

reduction is often observed as two 1-electron reduction steps.25-28 However, in the 

presence of protons a single 2-electron, 2-proton reduction peak is usually observed.29,30 

The reduction of anthraquinones has been reported to mediate the reduction of oxygen 

to form peroxides.31,32 It is therefore important to remove all traces of oxygen from the 

system to determine an accurate diffusion coefficient. 
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Figure 3.5. Mechanisms for anthraquinone reduction. (A) as a single 2-electron 

reduction in the presence of protons, and (B) as two sequential 1-electron reductions (in 

the absence of protons) 

 

The cyclic voltammogram of AQS under ambient conditions in PEG200 at a 100 μm 

diameter Pt disc working electrode gave a complex steady-state response, which is 

likely to be due to the catalytic reduction of oxygen in the solution.31 However, a quasi-

reversible response was observed after 3 h of vacuum with a midpoint potential of 

−0.80 V and a peak separation of 88 mV. This signal was reproducible after 12 hours 

of applied vacuum, which suggests neither the polymer solvent nor the redox species 

are being lost from the system by evaporation. A second reduction process was not 

observed by scanning to more negative potentials, which suggests the quasi-reversible 

peak corresponds to a two-electron, two-proton process (Figure 3.6). A degree of 

asymmetry was observed between the reduction current and the oxidation current. At 

10 mV s-1 the peak reduction current was ~3.5 times larger in magnitude. An 

irreversible oxidation peak with an onset potential of −0.25 V (vs. Ag) was also 

apparent at faster scan rates.  

 

The cyclic voltammogram exhibits considerable complexity and a speculative 

mechanism to account for the redox processes is proposed. Consider the reduction of 

AQS to proceed via two sequential 1-proton, 1-electron transfer steps, where the second 

reduction process is more favourable than the first (i.e. the second reduction step has a 

more positive reduction potential). This causes the AQS redox signal to be observed as 

a single 2-electron, 2-proton reversible redox peak. The electro-generated final 

reduction product is anthrahydroquinone-2-sulfonate (AQSH2). The protons required 

for the reduction steps are provided by the terminal hydroxyl groups on the PEG200 
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chains. The oxidation of AQSH2 generates protons, which causes a localised increase 

in proton concentration near to the electrode surface in the unbuffered PEG solution. 

This favours the initiation of the hydrogen evolution reaction and generates a negative 

(cathodic) current. The peak in the cyclic voltammogram assigned to the oxidation of 

AQSH2 has a magnitude that is the net current for the oxidation of AQSH2 (positive 

current) and the reduction of protons (negative current). Consequently, the magnitude 

of the AQSH2 oxidation current is lower than expected, which results in a degree of 

asymmetry in the AQS redox signal. The hydrogen evolved may also have a secondary 

effect on the voltammetry and is thought to be responsible for the oxidation peak 

observed at -0.25 V (vs. Ag). If the reduction of protons to form hydrogen is considered 

to be reversible, the charge under the oxidation peak at -0.25 V (vs. Ag) should be 

equivalent to the charge that is ‘missing’ from the AQSH2 oxidation peak. 

Consequently, double potential step experiments were performed across a broad 

potential range (+0.2 V to -1.0 V and back to +0.2 V vs. Ag) to try to minimise the 

systematic errors caused by hydrogen evolution occurring as a background process. 

 

 
Figure 3.6. Voltammetry for 1 mM anthraquinone-2-sulfonate (AQS) in 20 mM LiClO4 

/ PEG200 solution at a 100 μm diameter Pt disc. (A) Cyclic voltammograms (CVs) in 

ambient conditions (dashed line) and after 3 h of applied vacuum (solid line). (B) CVs 

after 3 h of vacuum at (i) 20 mV s-1, (ii) 10 mV s-1, (iii) 5 mV s-1, and (iv) 2 mV s-1. (C) 

Current transient for a double potential step experiment (solid line) and simulation (♦). 

(D) Experimental CV (solid line) and simulation (♦) (scan rate 10 mV s-1). 𝐷𝑜𝑥 = 1.3 ×

10−7 cm2 s-1, 𝐷𝑟𝑒𝑑 = 0.9 × 10−7 cm2 s-1. 
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The diffusion coefficients were optimised from double potential step experiments using 

the data fitting tool on DigiElch™. The simulation considered the reduction of AQS as 

two sequential 1-electron reduction reactions, where the second reduction step had a 

more positive reduction potential. The redox processes were assumed to be diffusion 

limited at the potentials stepped to, and the rate of electron transfer (𝑘𝑠) was therefore 

assumed to be fast (𝑘𝑠 = 10000 cm s-1). Background processes, including the 

hydrogen evolution reaction, were not considered as part of the simulation. The 

simulation used an iterative approach to simultaneously vary the diffusion coefficients 

for both the oxidised (𝐷𝑜𝑥) and reduced (𝐷𝑟𝑒𝑑) form of AQS. The values which gave 

the lowest standard deviation between simulation and experiment were used as the 

optimised diffusion coefficients. The optimised values were: 𝐷𝑜𝑥 = 1.3 × 10−7 cm2 s-

1 and 𝐷𝑟𝑒𝑑 = 0.9 × 10−7 cm2 s-1. It should be noted that the optimised value of 𝐷𝑟𝑒𝑑 

could be affected by the coupled chemistry under the conditions employed. 

 

These values were verified by comparing experimental cyclic voltammograms with 

simulation. It was found that the peak currents from simulated cyclic voltammograms 

were larger than those observed by experiment. Despite the apparent overestimation, 

the values obtained in this study are similar to those previously reported for similar 

systems in viscous media, which indicates that this simplistic model gives a reasonable 

approximation to the diffusion coefficients.33 A more accurate determination of the 

diffusion coefficients could be achieved by using a more complex computer model that 

incorporates the underlying background processes. However, inaccuracies could arise 

as more unknown parameters are included in the model. 

 

3.3.3 Diffusion coefficient analysis: ferrocene 

 

Ferrocene (Fc) is a commonly used redox species that is known to undergo a fully 

reversible 1-electron oxidation to form a ferrocenium cation (Figure 3.7). The ferrocene 

redox couple has previously been studied in high molecular weight poly(ethylene 

glycols) and diffusion coefficients determined.34-36 However, the diffusion coefficient 

has not been determined in poly(ethylene glycol) with an average molecular weight of 

200 g mol-1. 
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Figure 3.7. Cyclic voltammogram of 1 mM ferrocene in 20 mM LiClO4 / PEG200 in 

ambient conditions (dashed line) and after 3 h of applied vacuum (solid line). 

 

In ambient conditions the cyclic voltammogram at a 100 μm Pt disc electrode gave a 

quasi-reversible response with a midpoint potential of +0.30 V (vs. Ag) and a peak 

separation of 90 mV. After 3 h of vacuum the midpoint potential had shifted +27 mV 

but the peak separation remained constant. The shift is due to unstable potential of the 

Ag wire pseudo-reference electrode.37 The peak separation for the Fc0/+ redox couple is 

expected to be ~60 mV due to the fast electron kinetics. The larger than expected peak 

separation observed in these experiments is due to an uncompensated voltage drop (𝐼𝑅 

drop) caused by the high solution resistance. The magnitude of the peak currents after 

3 h of applied vacuum were 65 % lower compared to in ambient conditions. This 

implies that ferrocene is volatile and a significant amount of material is removed from 

the solution in the timescale of the experiment whilst under reduced pressure. 

Consequently, the concentration of the redox species after 3 h of vacuum is unknown. 

DigiElch™ can be employed to simultaneously determine concentration and diffusion 

coefficient parameters. However, optimising multiple parameters simultaneously can 

lead to greater uncertainty and was avoided in this investigation. Subsequent 

experiments used ferrocene derivatives, such as 1,1’-ferrocene dimethanol and 1,1’-

ferrocene dicarboxylic acid, which have the possibility of forming hydrogen bonds with 

the poly(ethylene glycol) chains. This was expected to prevent evaporation of the redox 

species under vacuum conditions. 
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3.3.4 Diffusion coefficient analysis: 1,1’-ferrocene dimethanol 

 

1,1’-ferrocene dimethanol (Fc(CH2OH)2) is known to undergo a fully reversible 1-

electron redox process (equation 3.9). The alcohol groups have the potential to form 

hydrogen bonds with the poly(ethylene glycol) solvent, which should disfavour the 

evaporation of Fc(CH2OH)2 under vacuum conditions. 

  (3.9) 

A 100 μm diameter platinum disc working electrode was used to probe the voltammetry 

of 1 mM Fc(CH2OH)2 in PEG200 with 20 mM LiClO4 as supporting electrolyte. The 

cyclic voltammogram in ambient conditions (Figure 3.8A) had a reversible potential of 

+0.29 V (vs. Ag) and a peak separation of 86 mV. After 3 h of applied vacuum, the 

reversible potential had shifted to +0.31 V (vs. Ag) but the peak separation remained 

constant. The 20 mV shift in reversible potential after vacuum is likely to be due to the 

unstable nature of the Ag wire pseudo-reference electrode. The magnitude of the peak 

currents remained constant in ambient conditions and after 3 h of vacuum. This implies 

that the concentration of the solution remained unchanged and that Fc(CH2OH)2 is not 

evaporating to a significant extent (if at all) in the timescale of the experiment. The peak 

currents were found to remain constant after over 12 h of applied vacuum, which further 

supports the conclusion that Fc(CH2OH)2 was not evaporating under vacuum 

conditions. Since the voltammetry of Fc(CH2OH)2 remained the same in ambient 

conditions and after 3 h of applied vacuum, it was possible to proceed with the method 

outlined above to determine the diffusion coefficients under vacuum conditions. 
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Figure 3.8. Voltammetry of 1 mM Fc(CH2OH)2 in 20 mM LiClO4 / PEG200 at a 100 

μm diameter Pt disc. (A) Cyclic voltammograms (scan rate 10 mV s-1) in ambient 

conditions (dashed line) and after 3 h of applied vacuum (solid line). (B) 

Voltammograms at scan rates of (i) 20 mV s-1, (ii) 10 mV s-1, (iii) 5 mV s-1, and (iv) 2 

mV s-1. (C) Current transient for a double potential step experiment (solid line) and 

simulation (♦). Optimised values were 𝐷𝑟𝑒𝑑 = 1.4 × 10−7 cm2 s-1 and 𝐷𝑜𝑥 = 1.3 ×

10−7 cm2 s-1. (D) Experimental voltammograms in vacuo (solid line) and simulation 

(♦) assuming fast electron transfer (𝑘𝑠 = 10000 cm s-1) and (E) after optimising the 

rate of electron transfer (𝑘𝑠 = 7.9 × 10−4 cm s-1). 

 

A double potential step experiment (chronoamperometry) was used to extract the 

diffusion coefficient of Fc(CH2OH)2 and the electro-generated ferrocenium cation 

{[Fc(CH2OH)2]
+} in vacuo (Figure 3.8C). The cyclic voltammogram indicates that the 

oxidation of Fc(CH2OH)2 is diffusion controlled at +0.5 V (vs. Ag) and the reduction is 

diffusion controlled at 0 V (vs. Ag). The potential was therefore stepped from 0 V to 
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+0.5 V and back to 0 V (vs. Ag). DigiElch™, an electrochemical simulation software 

package, was used to simulate chronoamperometry (CA) experiments and the data 

fitting tool was used to optimise 𝐷𝑟𝑒𝑑 and 𝐷𝑜𝑥 simultaneously. Since the electrode 

processes are diffusion limited in the double potential step experiment, the rate of 

electron transfer (𝑘𝑠) was assumed to be fast (𝑘𝑠 = 10000 cm s-1). The values of 𝐷𝑟𝑒𝑑 

and 𝐷𝑜𝑥 were found to be 1.4 × 10−7 cm2 s-1 and 1.3 × 10−7 cm2 s-1 respectively. 

 

The optimised diffusion coefficients were subsequently used as fixed parameters to 

simulate cyclic voltammograms using DigiElch™. The simulation was compared with 

experimental results to verify the optimised values of the diffusion coefficients. If the 

rate of electron transfer (𝑘𝑠) was assumed to be fast (𝑘𝑠 = 10000 cm s-1), the 

simulation gave a higher peak current than found by experiment (Figure 3.8D). 

However, a lower, optimised value for the rate of electron transfer (𝑘𝑠 = 7.9 × 10−4 

cm s-1) gave an improved fit. This is consistent with literature values.36 Ferrocene 

derivatives are typically considered to undergo fast electron transfer at platinum 

electrodes.3,38,39 The slower electron transfer could be due to the arrangement of the 

polymer at the metal electrode | polymer solvent interface. It is speculatively proposed 

that PEG200 adsorbs on the platinum surface at positive potentials, which passivates 

the electrode to some extent and decreases the rate of electron transfer for the 

Fc(CH2OH)2
0/+ redox couple. This phenomenon will be discussed further in Chapter 4. 

The deviation between the simulated cyclic voltammograms and the experimental 

results > 0.4 V (vs. Ag) is due to a background PEG oxidation process, which becomes 

more significant at more positive potentials. 

 

 

 

 

 

 

 

 

 



97 

 

3.3.5 Diffusion coefficient analysis: 1,1’-ferrocene dicarboxylic acid 

 

1,1’-ferrocene dicarboxylic acid, Fc(COOH)2, undergoes a 1-electron oxidation and 

reduction process: 

 

  (3.10) 

 

The electron withdrawing dicarboxylic acid substituents cause the reduction potential 

to be more positive than for the ferrocene or 1,1’-ferrocene dimethanol systems 

previously discussed.36 The carboxylic acid substituents can form hydrogen bonds with 

the PEG200 solvent and Fc(COOH)2 is not removed from the solution under vacuum 

conditions. The cyclic voltammogram in ambient conditions (Figure 3.9A) has a 

significant contribution from an irreversible background PEG oxidation process, which 

has an onset potential of ~0.4 V (vs. Ag). The background process was suppressed to 

some extent after 3 h of vacuum but generates an increasing contribution to the current 

as the potential is increased. The redox process for Fc(COOH)2 has a reversible 

potential of ~0.43 V (vs. Ag). An oxidation peak could not be assigned with certainty, 

however, a peak separation of > 150 mV was observed, which is an indication of slow 

electron transfer across the Pt electrode | PEG200 interface. 
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Figure 3.9. Voltammetry of 1 mM Fc(COOH)2 in 20 mM LiClO4 / PEG200 at a 100 

μm diameter Pt disc. (A) Cyclic voltammograms (scan rate 10 mV s-1) in ambient 

conditions (dashed line) and after 3 h of applied vacuum (solid line). (B) 

Voltammograms at scan rates of (i) 20 mV s-1, (ii) 10 mV s-1, (iii) 5 mV s-1, and (iv) 2 

mV s-1. (C) Current transient for a double potential step experiment (solid line) and 

simulation (♦). Optimised values were 𝐷𝑟𝑒𝑑 = 1.6 × 10−7 cm2 s-1 and 𝐷𝑜𝑥 = 9.7 ×

10−7 cm2 s-1. (D) Experimental voltammograms in vacuo (solid line) and simulation 

(♦) assuming fast electron transfer (𝑘𝑠 = 10000 cm s-1) and (E) after optimising the 

rate of electron transfer (𝑘𝑠 = 1.2 × 10−4 cm s-1). 

 

A double potential step experiment was performed stepping from 0 V to +0.6 V and 

back to 0 V (vs. Ag). The Fc(COOH)2 oxidation process was considered to be limited 

by diffusion at +0.6 V (vs. Ag), and the rate of electron transfer in the simulation was 

therefore fixed at a high value (𝑘𝑠 = 10000 cm s-1). A good fit between simulation and 

experiment was observed in the chronoamperogram using optimised diffusion 
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coefficients of 𝐷𝑟𝑒𝑑 = 1.6 × 10−7 cm2 s-1 and 𝐷𝑜𝑥 = 9.7 × 10−7 cm2 s-1. These 𝐷 

values were used as fixed parameters to simulate cyclic voltammograms using 

DigiElch™. If the rate of electron transfer used in the simulation was fast (𝑘𝑠 = 10000 

cm s-1), the fit between simulation and experiment was poor (Figure 3.9D). Non-linear 

data fitting methods were employed to optimise the rate of electron transfer by 

minimising the standard deviation between simulated and experimental cyclic 

voltammograms. However, even after optimising the rate of electron transfer (𝑘𝑠 =

1.2 × 10−4 cm s-1), the simulation overestimated the oxidation peak height in the cyclic 

voltammogram (Figure 3.9E). 

 

Although the optimised diffusion coefficients were reproducible and led to a good fit 

for potential step experiments, it is suspected that a systematic bias is present in the 

Fc(COOH)2 optimisation, which is responsible for the poor agreement between 

simulated and experimental cyclic voltammograms. An irreversible background 

oxidation process – thought to be PEG200 oxidation – occurs with an onset potential of 

~+0.4 V (vs. Ag). This could add a significant current to the first step of the 

chronoamperogram, which was held at +0.6 V (vs. Ag) for Fc(COOH)2, and 

consequently lead to an overestimation of the diffusion coefficients. This highlights the 

importance of using at least two complementary methods when using non-linear fitting 

techniques to verify the accuracy of the convergence. The background process was not 

included in DigiElch™ simulations because the current from PEG200 oxidation could 

not be distinguished from the current generated by the oxidation of Fc(COOH)2. A more 

complex model would be needed to incorporate the background process but was not 

pursued in this study. 

 

The diffusion coefficients determined in this chapter are consistent to those reported for 

similar systems in polymeric media.15,36,40,41 The diffusion coefficient values are 

approximately two orders of magnitude lower than those reported in acetonitrile or 

aqueous solutions, which can be rationalised by the higher viscosity of the PEG200 

solvent. The Stokes-Einstein relation (equation 3.11) states that the diffusion coefficient 

(𝐷) is inversely proportional to the viscosity (𝜂). 

 𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑎
 (3.11) 
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In this equation 𝑘𝐵 is the Boltzmann constant (1.38 × 10−23 J K-1), 𝑇 is the absolute 

temperature (in K), and 𝑎 is the hydrodynamic radius of the species. The viscosity of 

PEG200 is reported to be 48 cP at 25 °C.42 The Stokes-Einstein relation could therefore 

be used to determine the hydrodynamic radius for the three redox species studied. The 

results are summarised in Table 3.1. 

 

Table 3.1. A table comparing experimentally determined hydrodynamic radii with 

those reported from literature sources. a Literature radii were calculated from literature 

diffusion coefficients using the Stokes-Einstein relation with a viscosity of 1.0 cP (at 

293 K) and slip limit of 6. b Diffusion coefficient reported in MeCN – hydrodynamic 

radius calculated using 𝜂 = 0.34 cP (at 293 K) and a slip limit of 4. 

 

 𝐷𝑟𝑒𝑑 / 𝐷𝑜𝑥 /  Literature 

Analyte ×10-7 cm2 s-1 ×10-7 cm2 s-1 𝑎𝑟𝑒𝑑 / Å 𝑎𝑜𝑥 / Å 𝑎a/ Å 

AQS 0.9 1.3 5.7 3.8 4.730 

Fc(CH2OH)2 1.4 1.3 3.4 3.6 3.443 

Fc(COOH)2 1.6 9.7 3.1 0.5 4.2b, 39 

 

 

3.4 Conclusions 

 

A fundamental study of the voltammetry in PEG200 has been performed with the 

addition of a suitable electrolyte. Voltammetry was performed in vacuo, which was 

shown to be an effective tool for deaerating non-volatile, viscous media and controlling 

the humidity levels. The high viscosity of the PEG200 solution results in low diffusion 

coefficients. Double potential step experiments were performed under a mixed 

diffusion regime and were analysed using a commercial electrochemical simulation 

software package. Diffusion coefficients for both oxidised and reduced forms of the 

electroactive species were determined using non-linear fitting methods. The simulated 

fit for double potential step experiments was good in all cases studied. The optimised 

values were verified using cyclic voltammetry, which sometimes resulted in a poor fit, 

although could be improved by optimisation of the rate of electron transfer. This 

highlights the importance of using at least two complementary methods when using 

non-linear fitting methods to ensure the simulation does not give a false convergence. 
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The diffusion coefficients for 1,1’-ferrocene dimethanol (Fc(CH2OH)2) and the 

equivalent electro-generated oxidised species were obtained. Values gave a good fit for 

both potential step and cyclic voltammetry experiments, which supports the reliability 

of the values obtained. 

 

Background processes – thought to be the oxidation of PEG200 – were observed to give 

a significant contribution to the current above +0.4 V (vs. Ag), which prevented the 

accurate determination of diffusion coefficients for 1,1’-ferrocene dicarboxylic acid 

(Fc(COOH)2). More complex computer models could be used to account for the 

occurrence of the background processes. However, this was not considered here. 

 

The high viscosity of PEG200 is responsible for low diffusion coefficients and slow 

mass transport to the electrode surface, which resulted in very low currents. 

Hydrodynamic methods can be employed to increase the rate of mass transport to the 

electrode. Chapter 4 discusses a hydrodynamic technique based on Couette flow in a 

microgap, which is suitable for highly viscous media. 
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Chapter 4: Hydrodynamic electrochemistry in poly(ethylene glycol) 

 

Chapter abstract 

Electrochemical processes in viscous media, such as poly(ethylene glycol), are often 

limited by the rate of mass transport to the electrode surface, which results in low 

current densities. This chapter describes a new hydrodynamic technique suitable for 

viscous solutions based on an inlaid electrode approaching a rotating wheel (or drum) 

causing Couette flow in a microgap. A Levich-type equation is derived for the new 

hydrodynamic technique, which suggests that the limiting current at high overpotentials 

is proportional to the cube root of the speed of the rotating wheel and to the reciprocal 

cube root of the distance across the microgap. However, the limiting current is 

independent of the solution viscosity. The derived Levich-type equation was found to 

be in good agreement with both COMSOL Multiphysics® simulation and experimental 

results for a model Fe(CN)6
3-/4- redox couple in aqueous solution. Having previously 

determined the diffusion coefficient for 1,1’-ferrocene dimethanol in poly(ethylene 

glycol) with an average molecular weight of 200 g mol-1 (PEG200) in Chapter 3, the 

same redox system was employed using the hydrodynamic microgap Couette flow 

technique for studies in viscous media. Currents are enhanced by two orders of 

magnitude under experimental conditions used, however, further current enhancement 

could be achieved by using faster rotation speeds and smaller gap sizes. 
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4 Hydrodynamic electrochemistry in poly(ethylene glycol) 

 

 

4.1 Introduction 

 

The fundamental voltammetric studies in Chapter 3 indicated that highly viscous 

polymer solutions result in slow mass transport to the electrode and low current 

densities. Hydrodynamic methods are important quantitative techniques in 

electrochemistry that use forced convection to increase the rate of mass transport to 

electrodes. This is typically accompanied by a significant enhancement in the current. 

For example, a high speed rotating disc electrode gave increased currents of over 1 

order of magnitude compared with a static solution.1 Many hydrodynamic methods 

have been developed for the quantitative study of electrode processes by controlling the 

flow of solution to the electrode. This is typically achieved by either moving the 

electrode, for example in rotating disc and rotating ring disc voltammetry2, or by forcing 

the flow of solution over a static electrode, for example in wall-jet3 and wall-tube4 

experiments, and in channel flow devices where one or more coupled electrodes may 

be under well-defined microfluidic conditions.5-8 Alternative methods using sono-

electrochemistry9 and microwave-enhanced electrochemistry10 have also been 

investigated as methods to enhance currents. A hanging meniscus rotating disc 

experiment is a variation of the rotating disc electrode, which enables hydrodynamic 

voltammetry to be performed in microlitre droplets.11,12 Similarly, a rocking disc 

alternative has been proposed enabling hydrodynamic measurements to be recorded at 

a conventional inlaid disc working electrode.13 

 

The hydrodynamic techniques mentioned above can be categorised into methods which 

generate an approximately uniform diffusion layer thickness, for example the rotating 

disc electrode, and methods with a non-uniform diffusion layer thickness, for example 

in channel flow electrodes.14 For static electrodes with a flow across the surface, the 

highest current density is always observed at the leading edge of the electrode with a 

diffusion layer that increases in thickness towards the trailing edge. Therefore the 

resulting current is not only dependent upon the area of the electrode but also the 
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electrode geometry. A Levich-type expression can be derived to account for the flow 

parameters at an electrode of particular geometry.15 

 

The rotating disc electrode (RDE) is often the favoured hydrodynamic technique 

because the flux of material to the electrode surface can be controlled with high 

precision by varying the rotation frequency.16 However, rotating disc experiments are 

not so well suited in highly viscous solutions due to (i) an increased contribution from 

edge effects, which causes a deviation from the Levich equation,17 and (ii) the very high 

rotation frequencies required to reach steady state.18 This chapter aims to develop a 

hydrodynamic technique based upon Couette flow in a microgap. Couette flow is the 

shear induced flow caused by the movement of a boundary plate parallel to a second, 

stationary boundary plate. This generates a linear velocity gradient orthogonal to the 

boundary plates that is dependent upon the relative velocity of the moving plate but 

independent of the solution viscosity. Therefore the hydrodynamic voltammetry under 

Couette flow conditions in a microgap should be a suitable technique for quantitative 

analytical studies in highly viscous media. The technique could also have applications 

in bulk electrolyses in highly viscous media. 

 

 

4.2 Experimental 

 

4.2.1 Chemical reagents 

 

Potassium ferricyanide(III) (K3Fe(CN)6, Aldrich, 99+ %) was employed as redox 

species in aqueous solutions containing 1 M potassium nitrate (KNO3, Sigma-Aldrich, 

≥ 99.0 %) as background electrolyte. 1,1’-Ferrocene-dimethanol (Fc(CH2OH)2, 

Aldrich, 98%) was used as a reversible redox species in liquid poly(ethylene glycol) 

(PEG200, Sigma-Aldrich, average molecular weight = 200 g mol-1) with 20 mM lithium 

perchlorate (LiClO4, Sigma-Aldrich, ACS reagent, ≥ 95%) as background electrolyte. 

Experiments were performed at 20 ± 2 °C. 
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4.2.2 Instrumentation 

 

All electrochemical measurements were recorded using an Autolab PGSTAT12 

potentiostat. For rotating drum experiments, a Physik Instrumente E-665 piezo-

positioner (500 m travel distance) was used to control the distance between the 

working electrode (250 m diameter platinum disc) and the rotating drum to the nearest 

0.1 μm. A three-electrode set up was employed with a Pt wire counter electrode and a 

KCl-saturated calomel electrode (SCE) reference. The rotation of the drum was 

controlled by an IKA®-WERKE EUROSTAR digital overhead stirrer, which allowed 

the frequency of rotation to be adjusted to the nearest revolution per minute (rpm). 

COMSOL-Multiphysics® modelling software was used to simulate voltammetry under 

hydrodynamic conditions. 

 

4.2.3 Procedure for hydrodynamic microgap voltammetry 

 

Hydrodynamic microgap voltammetry was performed using the apparatus shown in 

Figure 4.1. The system consisted of a motor with a digital readout of the rotation speed, 

which could be adjusted to the nearest revolution per minute (rpm). The motor is 

connected via an axle to a 50 mm diameter solid polyether-ether-ketone (PEEK) wheel, 

which is partially submerged in the solution. This wheel rotates, collecting a thin film 

of solution on the surface of the wheel. The working electrode (250 m diameter Pt) is 

positioned at a distance ℎ above the apex of the drum such that the active area of the 

electrode is at a tangent to the rotating wheel. The vertical position of the working 

electrode was controlled to the nearest 0.1 μm by a piezoelectric positioner with a 

maximum travel distance of 500 μm. The eccentricity in the drum rotation is estimated 

to be below 5 μm, which is less than 10 % of the smallest distance ℎ employed in this 

study and assumed insignificant at least in first approximation. Effects from drum 

roughness and curvature may also be considered as insignificant because the gap 

between the inlaid disc electrode and the drum (≤ 500 μm) is sufficiently smaller than 

both the electrode outer diameter (4 mm) and the diameter of the rotating wheel (50 

mm). The working electrode was polished using alumina paste (0.3 µm diameter), 

rinsed and dried using nitrogen prior to experimentation. A KCl-saturated calomel 

reference electrode (SCE) and Pt wire counter electrode were positioned in the bulk 
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solution. All electrochemical measurements were performed in an earthed Faraday cage 

to reduce background interferences. An increase in temperature was noted with longer 

periods of drum rotation, which is thought to arise from the dissipation of kinetic energy 

into heat. Therefore a 20 minute delay was employed to keep the temperature of the 

solution between 20 – 25 °C. 

 

 

 

 

Figure 4.1. CAD technical drawings (A and B) and a schematic diagram (C) of the 

rotating drum rig. The distance between the working electrode (WE) and the drum (ℎ) 

is controlled by a piezoelectric positioner. The frequency of rotation can also be varied. 
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4.2.4 Derivation of a Levich-type expression for hydrodynamic voltammetry 

under Couette flow 

 

Depending on the hydrodynamic conditions, the measured current approaches a 

pseudo-steady state value 𝐼𝑙𝑖𝑚. Two classical cases in the literature are those of the 

rotating disk electrode (RDE) (equation 4.1)19 and the rectangular flow channel 

electrode (FCE) (equation 4.2).20 

 𝐼𝑙𝑖𝑚,𝑅𝐷𝐸 = 1.554𝑛𝐹𝐴𝑐0𝐷
2

3𝑓
1

2𝜈−
1

6 (4.1) 

 𝐼𝑙𝑖𝑚,𝐹𝐶𝐸 = 0.925𝑛𝐹𝐴𝑐0𝐷
2

3 (
4𝑣𝑓

ℎ𝑐
2𝑑𝑐𝑥𝑒

)

1

3
 (4.2) 

In these expressions the mass transport limited current (Ilim) is expressed in terms of the 

number of electrons transferred per molecule diffusing to the electrode surface (𝑛), the 

Faraday constant (𝐹), the electrode area (𝐴), the bulk concentration of redox active 

species (𝑐0), the diffusion coefficient (𝐷), the electrode width and length (we and xe, 

respectively, inherent in 𝐴), the rotation frequency in Hz (𝑓), the solution viscosity (𝜈), 

the volume flow rate (𝑣𝑓), and the channel height and channel width (hc and dc 

respectively). In order to obtain a similar expression for the hydrodynamic microgap 

under Couette flow conditions21 simplified parameters need to be defined. The set-up 

for the rotating drum experiment is inherently three dimensional. However, one can 

simplify the model to two dimensions as follows. If the active electrode disc diameter 

(250 μm) and the gap between the electrode and the drum (ℎ) is sufficiently smaller 

than both the electrode outer diameter (4 mm) and the diameter of the drum (50 mm), 

the curvature effect of the drum can be ignored. Under these conditions, the Reynold’s 

number (Re) may be defined as: 

 𝑅𝑒 =
𝑈0ℎ

𝜈
 (4.3) 

In this expression, 𝑈0 is the drum speed (𝑈0 = 2𝜋 × drum radius × frequency < 10 m 

s-1) and 𝜈 is the kinematic viscosity (𝜈 ≈ 0.05 Pa s for PEG200 at 293 K). The 

Reynold’s number for distances ℎ used in this study (50 – 500 μm) is therefore 

calculated to be < 1000, which satisfies laminar flow requirements. 

 

Assuming the drum curvature to be negligible, the microgap can be considered as two 

parallel planar boundary plates, one of which is moved at a constant velocity relative to 

the other with fluid in between. The shear-induced flow generated by the moving 
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boundary plate has a linear velocity gradient perpendicular to the plates and is described 

as Couette flow (Figure 4.2). 

 

 

Figure 4.2. (A) 2D model simplification of the hydrodynamic microgap under Couette 

flow conditions. (B) Dividing the inlaid circular disc electrode into 𝑁 number 

rectangular strips of equal width (𝑤𝑒) and with each individual (ith) rectangle having 

length 𝑥𝑒,𝑖. The limiting current for the disc is the sum of the current for each individual 

rectangle. 

 

The derivation of a Levich-type expression for Couette flow under steady state 

conditions follows methods employed in previous studies.22 An electrochemical 

oxidation is considered to be occurring in a mass transport limited region, such that at 

the electrode surface (𝑦 = 0), all of the reduced species (𝑅) has been converted to 

product (𝑂): 

 𝑅  𝑂 + 𝑒− (4.4) 

To simplify the calculations, assume the electrode has a rectangular geometry with a 

width (𝑤𝑒) going into the page and a length (𝑥𝑒) going across the page so that the 

perpendicular distance from the electrode is down the page (y-axis) as shown in Figure 

4.2A, where 𝑦 = 0 at the electrode surface. Using these coordinates and considering 

the mass transport to be under steady state conditions, the mass transport equations can 

be expressed as: 

 𝑈𝑦
𝜕𝐶𝑖

𝜕𝑥
= 𝐷𝑖

𝜕2𝐶𝑖

𝜕𝑦2   (4.5) 

Here 𝑈𝑦 denotes the flow velocity at a distance 𝑦 from the electrode and 𝐶𝑖 denotes the 

concentration of oxidative (𝐶𝑂) and reductive (𝐶𝑅) species undergoing the 

electrochemical transformation. Assuming Couette flow conditions (ie. a linear velocity 
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gradient in the y-axis) the mass transport equations (4.6 and 4.7) and the boundary 

conditions (equations 4.8-4.10) can be expressed as: 

 
𝑈0𝑦

ℎ
 
𝜕𝐶𝑅

𝜕𝑥
= 𝐷𝑅

𝜕2𝐶𝑅

𝜕𝑦2  (4.6) 

 
𝑈0𝑦

ℎ
 
𝜕𝐶𝑂

𝜕𝑥
= 𝐷𝑂

𝜕2𝐶𝑂

𝜕𝑦2
 (4.7) 

 𝑦 → ∞: 𝐶𝑅 → 𝐶𝑅,𝑏𝑢𝑙𝑘, 𝐶𝑂 → 0 (4.8) 

 𝑦 = 0:  𝐷𝑅
𝜕𝐶𝑅

𝜕𝑦
+ 𝐷𝑂

𝜕𝐶𝑂

𝜕𝑦
= 0 (4.9) 

 𝑦 = 0: 
𝐶𝑅

𝐶𝑂
= exp (−

𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸0)) = exp(−𝜃) (4.10) 

In these expressions, (
𝑈0𝑦

ℎ
) is the flow velocity at a distance 𝑦 from the electrode, 𝐸0 is 

the equilibrium potential for the redox couple, 𝐸 is an externally applied voltage and 𝜃 

denotes the dimensionless voltage, where 𝜃 =
𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸0). Equation 4.8 is satisfied 

given that the gap ℎ is a few times larger than the diffusion layer thickness, 𝛿𝑑𝑖𝑓𝑓 =

(
𝐷ℎ𝑥𝑒

𝑈0
)

1

3
. The parameter 𝜂 is introduced to simplify the calculations and is defined by 

equation 4.11. The variable transformation of 𝜂 into equations 4.6 and 4.7 yields 

equations 4.12 and 4.13 respectively. 

 𝜂 = 𝑦 (
𝑈0

𝑥ℎ
)

1

3
 (4.11) 

 
1

3𝐷𝑅
𝜂2 𝜕𝐶𝑅

𝜕𝜂
+

𝜕2𝐶𝑅

𝜕𝜂2 = 0 (4.12) 

 
1

3𝐷𝑂
𝜂2 𝜕𝐶𝑂

𝜕𝜂
+

𝜕2𝐶𝑂

𝜕𝜂2
= 0 (4.13) 

Equations 4.12 and 4.13 can be solved by treating them as linear first order differential 

equations: 

 
𝑑𝐶𝑅

𝑑𝜂
= 𝑘 exp (−

𝜂3

9𝐶𝑅
) (4.14) 

 
𝑑𝐶𝑂

𝑑𝜂
= 𝑘 exp (−

𝜂3

9𝐶𝑅
) (4.15) 

In these expressions 𝑘 is an unresolved constant. Suitable integration using the 

boundary conditions defined in 4.8 leads to equations 4.16 and 4.17. 

 
𝐶𝑅−𝐶𝑅(𝑦=0)

𝐶𝑅,𝑏𝑢𝑙𝑘−𝐶𝑅(𝑦=0)
=

∫ exp(−
𝜂3

9𝐷𝑅
)𝑑𝜂

𝜂
0

∫ exp(−
𝜂3

9𝐷𝑅
)𝑑𝜂

∞
0

 (4.16) 

 
𝐶𝑂−𝐶𝑂(𝑦=0)

−𝐶𝑂(𝑦=0)
=

∫ exp(−
𝜂3

9𝐷𝑂
)𝑑𝜂

𝜂
0

∫ exp(−
𝜂3

9𝐷𝑂
)𝑑𝜂

∞
0

 (4.17) 
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In these expressions 𝐶𝑅(𝑦=0) and 𝐶𝑂(𝑦=0) correspond to the concentration of 𝑅 and 𝑂 at 

the electrode surface. The integral in the denominator can be solved by making an 

appropriate variable transformation, 𝑧, where the integral of the exponential function 

between 0 and infinity becomes the Gamma function. 

 𝑧 =
𝜂3

9𝐷𝑖
 (4.18) 

∫ exp (−
𝜂3

9𝐷𝑖
) 𝑑𝜂 = (

𝐷𝑖

3
)

1
3

∞

0

∫ 𝑧−
2
3 exp(−𝑧) 𝑑𝑧

∞

0

= (
𝐷𝑖

3
)

1
3

 Γ (
1

3
) = 1.857𝐷

𝑖

1
3  (4.19) 

In these expressions 𝐷𝑖 is equivalent to 𝐷𝑅 and 𝐷𝑂. A Taylor series expansion of the 

numerators in equations 4.16 and 4.17 gives a polynomial function (4.20) where each 

term can be integrated individually to yield equation 4.21. 

 ∫ exp (−
𝜂3

9𝐷𝑖
) 𝑑𝜂

𝜂

0
= ∫ [1 −

𝜂3

9𝐷𝑖
+

1

2!
(

𝜂3

9𝐷𝑖
)

2

−
1

3!
 (

𝜂3

9𝐷𝑖
)

3

+ ⋯ ] 𝑑𝜂
𝜂

0
 (4.20) 

 ∫ exp (−
𝜂3

9𝐷𝑖
) 𝑑𝜂

𝜂

0
= 𝜂 −

𝜂4

36𝐷𝑖
+

𝜂7

1134𝐷𝑖
2 −

𝜂10

43740𝐷𝑖
3 + ⋯ ≈ 𝜂 (4.21) 

If 𝜂 is sufficiently small, the first term in equation 4.21 provides a good approximation 

to the definite integral of the numerator in equations 4.16 and 4.17. The flux at the 

electrode surface is therefore calculated using equations 4.22 and 4.23. 

 𝐷𝑅 (
𝜕𝐶𝑅

𝜕𝑦
)

𝑦=0
= 0.5384𝐷𝑅

2

3 (
𝑈0

𝑥ℎ
)

1

3
(𝐶𝑅,𝑏𝑢𝑙𝑘 − 𝐶𝑅,𝑦=0) (4.22) 

 𝐷𝑂 (
𝜕𝐶𝑂

𝜕𝑦
)

𝑦=0
= 0.5384𝐷𝑂

2

3 (
𝑈0

𝑥ℎ
)

1

3
(−𝐶𝑂,𝑦=0) (4.23) 

Equations 4.22 and 4.23 can be substituted into equation 4.9 and simplified to give 

expressions for the surface concentrations, which can be subsequently substituted into 

equation 4.10 to give: 

 𝐶𝑅(𝑦=0) = 𝐶𝑅,𝑏𝑢𝑙𝑘 − (
𝐷𝑂

𝐷𝑅
)

2

3
𝐶𝑂(𝑦=0) =

𝐶𝑂(𝑦=0)

exp(𝜃)
 (4.24) 

 𝐶𝑂(𝑦=0) = (
𝐷𝑅

𝐷𝑂
)

2

3
(𝐶𝑅,𝑏𝑢𝑙𝑘 − 𝐶𝑅(𝑦=0)) = 𝐶𝑅(𝑦=0) exp(𝜃)  (4.25) 

Appropriate rearrangement and further substitution back into either equation 4.22 or 

4.23 yields an expression for the flux at the electrode surface that is independent of 

surface concentrations: 

 𝐷𝑅 (
𝜕𝐶𝑅

𝜕𝑦
)

𝑦=0
= 0.5384𝐷𝑅

2

3 (
𝑈0

𝑥ℎ
)

1

3
𝐶𝑅,𝑏𝑢𝑙𝑘

exp(𝜃)

exp(𝜃)+(
𝐷𝑅
𝐷𝑂

)

2
3

 (4.26) 
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The current at a given potential can be calculated by integrating across the length (𝑥𝑒) 

of the electrode surface, which leads to equation 4.28. 

 𝐼 = 𝑛𝐹𝑤𝑒 ∫ 𝐷𝑅 (
𝜕𝐶𝑅

𝜕𝑦
)

𝑦=0
𝑑𝑥

𝑥𝑒

0
 (4.27) 

 𝐼 = 0.8076𝑛𝐹𝑤𝑒𝐷𝑅

2

3 𝑈0

1

3𝑥𝑒

2

3ℎ−
1

3𝐶𝑅,𝑏𝑢𝑙𝑘
exp(𝜃)

exp(𝜃)+(
𝐷𝑅
𝐷𝑂

)

2
3

 (4.28) 

At very high oxidising potentials (i.e. large exp(𝜃)), the transport limiting current 

simplifies to equation 4.29, where the area of the rectangular electrode is 𝐴 = 𝑤𝑒 × 𝑥𝑒  

and the velocity of the wheel is 𝑈0 = 2𝜋𝑟𝑑𝑟𝑢𝑚𝑓, where 𝑟𝑑𝑟𝑢𝑚 is the radius of the 

rotating drum (25 mm) and 𝑓 is the frequency of rotation (in Hz). 

 𝐼𝑙𝑖𝑚,𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 = 0.8076𝑛𝐹𝐴𝐶𝑅,𝑏𝑢𝑙𝑘𝐷𝑅

2

3 (
𝑈0

ℎ𝑥𝑒
)

1

3
 (4.29) 

In this equation, 𝑛 is the number of electrons transferred, 𝐹 is Faraday’s constant, 

𝐶𝑅,𝑏𝑢𝑙𝑘 is the bulk concentration of starting material, and ℎ is the distance between the 

rotating drum and the electrode. This equation for rectangular electrodes is closely 

related to equation 4.2 for the channel flow case and it offers a general access to various 

other shapes of electrodes via a combination of thin rectangular strips. For example, the 

limiting current at an inlaid circular disc may be modelled by splitting the circular disc 

into 𝑁 number of thin rectangular slices, and summing the current for each individual 

(𝑖𝑡ℎ) slice (Figure 4.2B). 

 𝐼𝑙𝑖𝑚,𝑑𝑖𝑠𝑐 = 0.8076𝑛𝐹𝐶𝑅,𝑏𝑢𝑙𝑘𝐷𝑅

2

3 (
𝑈0

ℎ𝑥𝑒
)

1

3 ∑ 𝑤𝑒𝑥𝑒,𝑖
𝑖=𝑁
𝑖=0  (4.30) 

Equation 4.30 gives a good approximation for the limiting current at a circular disc if 

the number of slices (𝑁) is sufficiently high (> 500). When 𝑁 is high, the corresponding 

Levich-type equation (4.31) for an inlaid disc electrode (with radius 𝑟0) in the 

hydrodynamic microgap under Couette flow conditions can be determined. 

 𝐼𝑙𝑖𝑚,𝑑𝑖𝑠𝑐 = 0.6866𝑛𝐹𝐶𝑅,𝑏𝑢𝑙𝑘𝐴𝐷𝑅

2

3 (
𝑈0

ℎ𝑟0
)

1

3
 (4.31) 

Furthermore, comparison of equations 4.29 and 4.31 allows a “magic rectangle” case 

to be considered where the “magic rectangle” has an equal current density to that of a 

circular disc of equal area. This case arises when the rectangular electrode has an 

electrode width to electrode length ratio (𝑤𝑒: 𝑥𝑒) of 1.1863 and will result in steady-

state current responses identical to those for a circular disc of equal area. This 

simplification was used in COMSOL® simulations. 
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4.2.5  Comsol® Simulation 

 

COMSOL® is a multi-physics modelling software and is applied here to verify the 

Levich-type expression for hydrodynamic voltammetry under Couette flow conditions 

for a rectangular electrode (equation 4.29). The simplified 2-dimensional (2D) model 

in Figure 4.2 was coded in COMSOL® with open boundary conditions at open ends. 

At the moving boundary, constant sliding velocity 𝑈0 is applied. Similarly, a zero 

velocity condition was used for the stationary electrode casing. Meshing of the 

simulation domain is based on the finite element approach (FE) to solve partial 

differential equations (PDEs). Couette flow is simple and the usual unstructured 

triangular mesh is sufficient. Fine meshing is applied at the boundaries and a structured 

mesh is used to resolve the fluid boundary layers (Figure 4.3). 

 

Figure 4.3. Triangular mesh used for COMSOL® computation of Couette flow. (A) 

Overall mesh structure and (B) enlargement of the top and bottom edges. (C) Velocity 

profiles at ℎ = 500 μm and at various drum rotation rates. (D) Structured mesh used 

for mass transport calculations. Nodes are denser above the electrode surface (bottom) 

and sparser towards the moving bulk (top). (E) Concentration profile for the oxidised 

form of 1,1’-ferrocene dimethanol (Fc(CH2OH)2 at the trailing edge for ℎ = 500 μm 

and various drum rotation rates. 
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Figure 4.3C shows that the velocity profiles for a given ℎ and different rotating 

frequencies have indeed linear behaviour with respect to the dimension across the gap. 

The computation makes use of the Electrochemistry Module in COMSOL®, which is 

specifically developed for electrochemical analysis and related problems. 

Electrochemical phenomena can be described by the general Nernst-Planck-Poisson 

(NPP) equation: 

 
𝜕𝐶𝑖

𝜕𝑡
= ∇. (𝐷𝑖∇𝐶𝑖) − 𝑣. ∇𝐶𝑖 +

𝑛𝐹

𝑅𝑇
∇. (𝐷𝑖𝐶𝑖∇𝐸) (4.32) 

If sufficient supporting electrolyte is added to the solution, the migration flux (i.e. the 

third term) can be ignored, leaving only the diffusion (first) and convective (second) 

terms. Due to the fluid dynamics having a much shorter timescale compared to mass 

transport, the Couette flow field 𝑣 can be solved separately and then used as an input to 

solve equation 4.32. A generic quadrilateral mesh is generated and used for all the mass 

transport computation. To completely resolve the diffusion layer, a sufficiently small 

element size near the electrode surface is required. The diffusion layer can be estimated 

using equation 4.33. 

 𝛿𝑑𝑖𝑓𝑓 = (
𝐷.ℎ.𝑥𝑒

𝑈0
)

1

3
≈ (

10−11×10−4×10−4

10
)

1

3
≈ 10−7m (4.33) 

Thus the smallest element size should be in the order of 10−7 m. The mesh for the mass 

transport computation is structured as follows. Normal to the electrode surface, an 

exponential mesh with smallest element size of 10−7 m is employed. Furthermore, the 

element-size growth rate is set to be 1.2, so as to allow for adequate resolution of the 

diffusion layer. In the direction across the surface, a regular spacing is used. The 

spacing is chosen such that at least 250 points cover the electrode surface and thus 

ensure accurate convergence of the current values. The electrochemistry at the electrode 

is described by the classical Butler-Volmer equation. Oxidation of 1,1’-ferrocene 

dimethanol (Fc(CH2OH)2) is expected to have a symmetrical transition state, hence the 

charge transfer constant (𝛼) is set to 0.5 and the heterogeneous standard rate constant 

is set to 100 cm s-1 assuming reversible conditions. The Levich expression 4.29 is then 

verified using different combinations of gap ℎ and drum rotation rates 𝑓 (Table 4.1). 

The results show a good agreement (within 2 %) between the numerical and theoretical 

values for the limiting current. The key to accuracy in this simulation is in the meshing 

for the electrochemical process (Figure 4.3D) and the fact that a high current density is 
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expected at the leading edge of the electrode. Coarse meshing can lead to an 

underestimation of the total current. 

 

Table 4.1. Comparison between the COMSOL® simulated limiting current and the 

Levich-type equation 4.29. 

 

Gap ℎ / μm Rotation rate 𝑓 / rpm Rotation rate / s-1 𝐼𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑/ 𝐼𝐿𝑒𝑣𝑖𝑐ℎ 

50 50 0.833 1.019 

50 500 83.3 0.999 

500 50 0.833 1.020 

500 500 83.3 1.002 

 

To verify the extent of the diffusion layer thickness under the conditions employed here, 

the concentration profile of the oxidised form of 1,1’-ferrocene dimethanol 

(Fc(CH2OH)2) versus distance across the gap (at the trailing edge) has been plotted for 

different rotation rates (Figure 4.3E). 

 

 

4.3 Results and discussion 

 

4.3.1 Hydrodynamic microgap voltammetry: Fe(CN)6
3-/4- in aqueous electrolyte  

 

In order to verify the theory based on Couette flow, the hydrodynamic microgap system 

was tested with 5 mM potassium ferricyanide (K3Fe(CN)6) as the redox species in an 

aqueous solution with 1 M KNO3 as electrolyte (equation 4.34). 

 𝐹𝑒(𝐶𝑁)6
3− + 𝑒−  𝐹𝑒(𝐶𝑁)6

4− (4.34) 

The distance, ℎ, between the 250 μm diameter Pt disc working electrode and the rotating 

drum was initially fixed at 50 μm, whilst the rotation frequency was varied. Cyclic 

voltammetry measurements were taken using rotation frequencies between 50 and 400 

revolutions per minute (rpm). In Figure 4.4A it is shown that limiting currents increased 

by more than one order of magnitude compared to those recorded in a static solution. 

Figure 4.4B shows that the limiting reduction current is proportional to the cube root of 



118 

 

the rotation frequency of the rotating drum, which is consistent with equation 4.31. The 

dotted line shows the theoretical values for a literature diffusion coefficient of 𝐷 =

0.65 × 10−9 m2 s-1.23 

 

 

Figure 4.4. (A) Cyclic voltammograms (scan rate 10 mV s-1, 250 μm diameter platinum 

disc, 50 μm microgap) for reduction of 5 mM K3Fe(CN)6 in 1 M KNO3 in static solution 

(dotted) and with a rotation frequency of (i) 100, (ii) 200, (iii) 300, and (iv) 400 rpm. 

(B) Plot of the limiting current for experimental results versus cube root of the rotation 

frequency in Hz. The dotted line indicates calculated limiting currents based on 

equation 4.31 (with 𝐷 = 0.65 × 10−9 m2 s-1). (C) Cyclic voltammograms (scan rate 10 

mV s-1, 50 rpm) for reduction of 5 mM K3Fe(CN)6 in 1 M KNO3 with (i) 50, (ii) 100, 

(iii) 150, and (iv) 200 μm gap between the electrode and the rotating drum. (D) Plot of 

the limiting current at 100 rpm, 150 rpm, and 200 rpm versus the reciprocal cube root 

of the distance with dotted lines indicating calculated limiting currents based on 

equation 4.31. 

 

Next the effect of the size of the micrgap, ℎ, was investigated using the same 5 mM 

K3Fe(CN)6 redox system. Figure 4.4C shows that the voltammetric response became 

more “noisy” as the size of the microgap increased. This is indicative of a loss of 

laminar flow conditions at wider gap distances for the aqueous solution of relatively 

low viscosity. The plot in Figure 4.4D confirms a deviation from linearity at larger 

microgap distances for all three rotation rates. However, the overall agreement between 

theory and experiment are excellent and measurements in the more viscous 
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poly(ethylene glycol) with average molecular weight 200 g mol-1 (PEG200) are 

possible. 

 

 

4.3.2 Hydrodynamic microgap voltammetry: 1,1’-ferrocene dimethanol in 

poly(ethylene glycol) electrolyte 

 

Having determined the diffusion coefficient of 1,1’-ferrocene dimethanol 

(Fc(CH2OH)2) in PEG200 in Chapter 3, the same system was investigated under 

hydrodynamic Couette flow conditions using a 250 μm diameter platinum disc working 

electrode. The microgap was first fixed at 500 μm, whilst the rotation frequency of the 

drum was varied between 50 rpm and 500 rpm. Cyclic voltammograms for the oxidation 

of 1 mM 1,1’-ferrocene dimethanol under hydrodynamic Couette flow conditions show 

steady-state characteristics (Figure 4.5A) and a limiting current typically 50 times 

larger than those observed under static conditions. A comparison to COMSOL® 

simulations and to the limiting current predicted by equation 4.31 shows good 

agreement. There is some evidence for some irreversibility in the electron transfer. The 

possible reason for this is discussed in more detail below. 
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Figure 4.5. Cyclic voltammograms (scan rate 10 mV s-1) comparing experiment (red) 

and COMSOL® simulation (blue) for the oxidation of 1 mM 1,1’-ferrocene dimethanol 

in PEG200 with 20 mM LiClO4 at a 250 μm diameter Pt disc electrode under rotating 

drum conditions: (A) 500 μm gap, 50 rpm, (B) 500 μm gap, 500 rpm, and (C) 50 μm 

gap, 50 rpm. (D) Plot of limiting currents versus ℎ−
1

3 at 50 rpm. (E) Plot of limiting 

currents versus 𝑓
1

3 at a 500 μm gap. 

 

A plot of the limiting current as a function of the reciprocal cube root of microgap 

distance ℎ (Figure 4.5D) shows that a mismatch between theoretical and experimental 

limiting current is observed when going to small gaps (higher shear conditions). Data 

in Figure 4.5B and 4.5C also show that the apparent irreversibility in the electron 

transfer to 1,1’-ferrocene dimethanol is more obvious for smaller microgaps and for 

higher rotation frequency. The frequency dependency (Figure 4.5E) shows a relatively 

good agreement between experiment and theory, although all data points from 
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experiment are below those predicted by theory. Given the accurate determination of 

the diffusion coefficient this is unlikely to be the cause for the deviation. A log-plot 

analysis (Figure 4.6) can be used to help explain the deviation between experiment and 

theory for the oxidation of 1,1’-ferrocene dimethanol in PEG200. The simulation data 

shows a linear slope of 58 mV (=
𝑅𝑇

𝑛𝐹
× 2.303), which is consistent with fully reversible 

electron transfer. However, the log-plot for 1,1’-ferrocene dimethanol is split into two 

regions. Below +0.45 V (vs. SCE) a slope value of 80 mV is indicative of a transition 

to irreversible electron transfer. Above +0.45 V (vs. SCE) the slope changes to 176 mV, 

which cannot be reconciled with slow electron transfer. It is proposed that the 

underlying interaction between the PEG200 solvent and the platinum surface changes 

(Figure 4.6) to cause an additional impedance, which leads to a deviation from the 

expected theoretical limiting current. This is consistent with reports of the adsorption 

of poly(ethylene glycol) on platinum in acidic solutions.24 A similar transition in 

mechanism is present in all experimental datasets and therefore likely to be associated 

with the partitioning of the 1,1’-ferrocene dimethanol molecule into the surface 

PEG200 layer. This effect is most pronounced under high mass transport conditions, 

either for small microgap or for high rotation frequencies. 

 
Figure 4.6. (A) Log-plot for data in Figure 4.5B indicating a switch in mechanism at 

+0.45 V (vs. SCE). (B) Schematic drawings of the proposed chemical changes at the 

Pt-PEG200 interface. 
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4.4 Conclusions 

 

A hydrodynamic technique has been developed suitable for highly viscous media to 

increase the mass transport to the electrode, and hence increase the measured currents. 

The design is based upon a rotating drum and a piezo-controlled electrode position 

system, which generates a Couette flow regime at the electrode surface. A Levich-type 

expression was derived for a rectangular electrode, which was subsequently adapted for 

a disc electrode geometry, and provided a quantitative model for the hydrodynamic 

system. The Levich-type expression was found to be independent upon the viscosity of 

the solution and was consistent with COMSOL® simulations. Both theoretical 

approaches are fully consistent and verified with a Fe(CN)6
3-/4- redox system in aqueous 

electrolyte. 

 

The same hydrodynamic microgap system was used to investigate the oxidation of 1,1’-

ferrocene dimethanol in the more viscous PEG200. Significant current enhancements 

were observed in the viscous solvent compared to static conditions. The Levich-type 

equation and COMSOL® models were generally in agreement with experimental 

results. However, a deviation between simulation and experiment was observed above 

+0.45 V (vs. SCE), which becomes apparent from analysis of a log-plot. It is proposed 

that a change in conditions at the platinum-PEG200 electrolyte interface is responsible. 

Interactions between poly(ethylene glycol) derivatives and carbon electrode surfaces 

will be discussed in greater detail in Chapters 5 and 6. 

 

Hydrodynamic microgap voltammetry under Couette flow conditions could be a useful 

tool for enhancing currents in solutions, in particular for highly viscous media such as 

ionic liquids and other polymer solvents. The technique could have applications in bulk 

electrolysis (or organic electrosynthesis) reactions, where the turnover could be 

enhanced by improved mass transport. Analytical systems for probing reaction 

mechanisms could also be developed using a double band electrode, which would be 

analogous to voltammetry at a rotating ring disc electrode. The development of a 

hydrodynamic nanogap system could also be of interest, however, this would require 

improved precision in the rotation mechanism. 
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Chapter 5: Modification of carbon electrodes using poly(ethylene 

glycol) 

 

Chapter abstract 

“Amplified” electron transfer is observed purely based on electron transfer kinetic 

effects at modified carbon surfaces. This study describes a one-step, anodic 

electrochemical grafting method for the attachment of poly(ethylene glycol) directly to 

glassy carbon and boron doped diamond electrodes. Successful grafting was confirmed 

by XPS. The grafting conditions were optimised as a function of potential and time, and 

effects of chain length were investigated. Cyclic voltammetry and electrochemical 

impedance spectroscopy measurements indicate a severe decrease in the apparent rate 

of heterogeneous electron transfer for the Fe(CN)6
3-/4- redox couple at a PEG-modified 

carbon electrode. The tunnel distance coefficient (𝛽) was found to be 0.17 Å-1, which 

is suggestive of a diffuse PEG-water interface. The voltammetric response for the more 

hydrophobic 1,1’-ferrocene dimethanol redox species is not significantly affected at a 

PEG-modified carbon electrode. It is demonstrated that a low concentration of 1,1’-

ferrocene dimethanol can mediate the oxidation and reduction for Fe(CN)6
3-/4- at a PEG-

modified carbon electrode, which results in amplified currents for low mediator 

concentrations. The estimated apparent rate constants for the bimolecular reaction are: 

𝑘𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 = 6 × 105 mol-1 dm3 s-1 and 𝑘𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 1 × 105 mol-1 dm3 s-1. This type 

of seemingly selective electron transfer and subsequent “amplification” could have 

future applications in electroanalytical devices. 
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5 Modification of carbon electrodes using poly(ethylene glycol) 

 

5.1 Introduction 

 

Poly(ethylene glycol) derivatives have many applications from low-volatility 

additives,1, 2 in carbon dioxide capture3 and in cosmetic products.4, 5 They are also 

reported to exhibit good anti-biofouling properties, which could prevent non-specific 

protein adsorption6-8 and cell adhesion.9 It is therefore of interest to investigate methods 

to bind poly(ethylene glycol) derivatives to surfaces. 

 

The modification of surfaces has been widely studied and many methods have been 

developed to graft organic molecules to electrodes.10 Self-assembled monolayers 

(SAMs) of thiols are known to form spontaneously on gold, but the monolayers are 

thermally unstable, prone to oxidation in air, and desorb in some organic solvents, such 

as THF.11, 12 The reduction of diazonium salts on carbon electrodes can form stronger 

bonds and lead to stable surface modifications.13, 14 The attachment of alcohols directly 

to carbon surfaces has also been performed using chemical methods. Wen et al. used a 

multistep procedure taking several days to modify multi-walled carbon nanotubes 

(MWCNTs) with poly(ethylene glycol) with an average molecular weight of 4000 g 

mol-1. The MWCNTs were first treated in nitric acid, which added carboxylic acid 

functionality to the surface, followed by a functional group conversion to a reactive 

acid chloride. The acid chloride could then react directly with poly(ethylene glycol) 

chains. Haemoglobin, a redox active protein, was subsequently immobilised on the 

PEG-modified MWCNT surface.15 

 

An electrochemical grafting approach was introduced by Barbier and Pinson.16 They 

used anodic potentials to bind primary amines, such as ethylene diamine, to carbon fibre 

electrodes16. Similar electrochemical methods have been used to graft diazonium 

cations, arylacetates and alcohols to carbon surfaces.10, 14 Maeda et al. were the first to 

report the anodic electrochemical grafting of aliphatic primary alcohols to glassy carbon 

electrodes.17 They proposed a mechanism where the carbon electrode generates 

carbocations on the surface, which undergo nucleophilic attack from alcohols in 

solution to form ether linkages.17 The properties of the resulting films, such as 
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hydrophobicity, closely matched the starting alcohol.18 The films showed a suppression 

for the voltammetric response for the Fe(CN)6
3-/4- redox couple, which was attributed 

to the hydrophobic nature of the grafted films for 1-alkanols.19 The voltammetric signal 

could be restored by the addition of a suitable surfactant, such as trimethyldodecyl 

ammonium bromide.17 A similar suppression of the voltammetric signal for  

Fe(CN)6
3-/4- was observed when anodisation was performed in water, however, the 

signal was not restored with the addition of surfactant.19 It is thought that the carbon 

surface oxidised in aqueous solution is covered by anionic functional groups, such as 

carboxylates, which leads to an electrostatic repulsion towards the Fe(CN)6
3-/4- species 

and hence gives a depressed voltammetric response.19 Similar electrostatic repulsions 

are observed when diols are used as surface modifiers, where the grafting of 1,5-

pentanediol completely suppressed the voltammetric signal for ascorbic acid (anionic) 

but did not affect the voltammetric response for dopamine (neutral).20, 21 The authors 

propose that treatment in diols causes anodic oxidation of the terminal hydroxyl group 

to form a carboxylate.20 

 

The electrochemical anodisation of glassy carbon electrodes in oligo(ethylene glycol)s 

resulted in modified electrodes that were resistant to protein adsorption, whilst 

maintaining good electrochemical performance.22, 23 The electrodes were used in high 

performance liquid chromatography (HPLC) analysis for the detection of 

acetaminophen in urine samples without the need to remove proteins.24 The direct 

anodic modification could also lead to more elaborate surface functionality. For 

example, a tri(ethylene glycol)-modified glassy carbon electrode was subsequently 

reacted with the 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) radical.25 The 

TEMPO-modified surface maintained the catalytic properties of the TEMPO species 

towards the oxidation of allyl alcohol in the presence of base.25 

 

This study aims to follow the procedure developed by Maeda et al. to graft 

poly(ethylene glycol) to glassy carbon and boron-doped diamond surfaces. The 

modification is optimised as a function of grafting potential and the effects on the 

apparent rate of heterogeneous electron transfer for hydrophilic (Fe(CN)6
3-/4-) and 

hydrophobic (1,1’-ferrocene dimethanol) redox systems are investigated. The results 

imply a highly diffuse poly(ethylene glycol)-water boundary and a high degree of 

selectivity in the electron transfer process between redox species. A signal 
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‘amplification’ effect is observed for combined redox systems, where a trace amount 

of redox mediator shows a high current response due to bimolecular reaction with the 

second redox system in solution. 

 

 

5.2 Experimental 

 

5.2.1 Chemical reagents 

 

Poly(ethylene glycol)s with average molecular weight 200 g mol-1 (PEG200), 300 g 

mol-1 (PEG300) and 400 g mol-1 (PEG400) were obtained from Aldrich and used as the 

solvent for grafting solutions with lithium perchlorate (LiClO4, Sigma-Aldrich, 

≥95.0 %) as electrolyte. Potassium ferricyanide (K3Fe(CN)6, Sigma-Aldrich, 99 %), 

potassium ferrocyanide (K4Fe(CN)6, Fison Scientific, ≥95.0 %), and 1,1’-ferrocene 

dimethanol (Fc(CH2OH)2, Aldrich, 98 %) were used as redox probes for voltammetry 

with potassium nitrate (KNO3, Sigma-Aldrich, ≥99.0 %) as electrolyte. 

 

5.2.2 Instrumentation 

 

Electrochemical measurements were performed using an Autolab PGSTAT12 

potentiostat (Autolab, Utrecht, NL) with platinum wire counter electrode and KCl-

saturated calomel reference electrode (SCE) at room temperature (20 ±2 °C). Working 

electrodes were either a 3 mm diameter glassy carbon (BAS Analytical UK) or a 3 mm 

diameter bulk-boron-doped diamond (polished to a mirror finish, Diafilm™, Windsor 

Scientific, UK). The General Purpose Electrochemical Software (GPES) package 

(version 4.9005, Autolab, Utrecht, NL) was employed for data acquisition with a 

potential step parameter not higher than 1 mV. Electrochemical impedance 

spectroscopy (EIS) measurements were performed using a Solartron 1286 potentiostat 

and 1250 frequency response analyser over a frequency range of 10 kHz to 0.1 Hz with 

an amplitude of 10 mV. Field emission scanning electron microscopy (FESEM) images 

were taken using a Jeol 6301F FESEM microscope. 
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XPS experiments were conducted using a Thermo K Alpha (Thermo Scientific) 

spectrometer (operating at ≈ 10−8 − 10−9 Torr), a 180° double focussing 

hemispherical analyser running in constant analyser energy (CAE) mode with a 128-

channel detector. A mono-chromated Al Kα radiation source (1486.7 eV) was used. 

Peak fitting was conducted using XPS Peak Fit (version 4.1) software using Shirley 

background subtraction. Peaks were referenced to the adventitious carbon C1s peak 

(284.6 eV) and peak areas were normalised to the photoelectron cross-section of the 

F1s photoelectron signal using atomic sensitivity factors.26 

 

5.2.3 Procedure for anodising carbon electrodes 

 

The method developed by Maeda for grafting 1-alkanols to electrodes was adapted to 

attach poly(ethylene glycol) to carbon electrodes.19 The working electrode – either a 3 

mm diameter glassy carbon (GC) disc or a 3 mm diameter boron doped diamond (BDD) 

disc – was polished with wet alumina paste with particle diameter 0.3 μm followed by 

rinsing with de-ionised water (18.2 MΩ cm2). Cyclic voltammetry of a solution 

containing 5 mM K3Fe(CN)6 and 5 mM K4Fe(CN)6 in aqueous 0.1 M KNO3 was 

performed on the polished electrode in order to confirm that any effects from previous 

experiments had successfully been removed. The electrode was immersed in a neat 

poly(ethylene glycol) solution (containing 20 mM LiClO4 as electrolyte) and subjected 

to a fixed anodic potential for a fixed time. The applied attachment potential and the 

treatment time needed to be optimised. After the anodic treatment, the working 

electrode was rinsed with de-ionised water, to remove residual PEG from the electrode 

surface, and dried using nitrogen. The properties of the electrode after anodisation were 

investigated using cyclic voltammetry, electrochemical impedance spectroscopy (EIS) 

and X-ray photoelectron spectroscopy (XPS). The effects of anodisation could be 

removed by either mechanical polishing or by scanning the potential to +1.5 V (vs. 

SCE) in aqueous 0.1 M KNO3 solution. 
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5.3 Results and discussion 

 

5.3.1 Evidence for attachment of poly(ethylene glycol) on carbon electrodes: XPS 

analysis 

 

X-ray photoelectron spectroscopy (XPS) was used to probe the changes in surface 

composition after the anodic treatment of boron doped diamond (BDD) and glassy 

carbon (GC) samples in poly(ethylene glycol) with average molecular weights 200 g 

mol-1 and 400 g mol-1 (PEG200 and PEG400 respectively). The anodisation treatment 

followed the procedure outlined above with an anodisation potential of +1.2 V (vs. 

SCE) held for 20 min. 

 

Survey spectra of BDD (and GC) substrates show photoelectron signals from nearly 

contaminant free surfaces containing primarily C and O (Figure 5.1). The Al2s and 

Al2p peaks are likely to arise due to residues from the alumina powder used to polish 

the carbon surfaces. These peaks are attenuated after the anodic treatment in 

polyethylene glycol (PEG), which is consistent with the attachment of PEG over-layers 

to the initial BDD or GC substrate.  

 

 

Figure 5.1. Representative XPS survey spectra of (i) a bare boron doped diamond 

surface (BDD), (ii) a BDD surface after anodisation in PEG200 (BDD 200) and (iii) a 

BDD surface after anodisation in PEG400 (BDD 400). 

 



131 

 

The C1s photoelectron signal shows evidence of systematic changes in surface 

chemistry consistent with PEG attachment (Figure 5.2A). The C1s signal was fitted into 

five chemical environments as described by Ferro et al.: adventitious carbon (C-C, 

284.6 eV), hydrocarbon (C-H, ≈ 285.1 eV), ether (C-O, ≈ 286.1 eV), carbonyl (C=O, 

≈ 287.1 eV) and carboxyl (C=O(OH), ≈ 288.1 eV).27 Notably, as either BDD or GC is 

treated in PEG, the intensity of the ether component increases in proportion to the PEG 

chain length (cf. Figure 5.2 and Table 5.1) This result is consistent with the sequential 

addition of poly(ethylene glycol) moieties to the surface. 

 

 

Figure 5.2. Data for C1s (left) and O1s (right) XPS core level spectra of BDD, GC, and 

PEG-modified BDD and GC, with representative curve fits associated with unmodified 

BDD shown. 

 

The O1s photoelectron signal (Figure 5.2B) was curve fitted using the model 

established by Schlapak et al. as follows: hydroxyl (-OH, ≈ 531 eV), ether (C-O, ≈ 

532.2 eV), water (H2O, ≈ 533.3 eV).28 After treatment in PEG, the percentage of ether 

component in the O1s signal increases in proportion to chain length, whilst the 

percentage of hydroxyl (-OH) and H2O decreases. The increase in ether component is 

consistent with PEG attaching to the surface of the carbon electrode during anodisation. 

The XPS data suggests that poly(ethylene glycol) covalently binds to both glassy 

carbon and boron doped diamond surfaces upon anodisation. The anodisation potential 

can therefore be considered as an attachment potential. More quantitative coverage 

information is difficult to extract from these XPS data, but can be obtained in 

electrochemical experiments. 
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Table 5.1. Summary of XPS data for bare and modified samples in terms of ratios and 

composition. 

 

  % O1s signal % C1s signal 

Sample O1s/C1s OH C-O H2O C-C C-H C-O C=O C=O(OH) 

BDD 2.58 50 21 29 70 11 11 5 3 

BDD200 2.72 18 63 19 51 14 18 13 4 

BDD400 2.75 22 66 12 43 16 33 5 3 

GC 1.29 12 55 33 66 4 11 11 8 

GC200 2.61 9 70 21 46 6 26 10 12 

GC400 2.99 2 81 17 28 14 37 14 7 

 

 

5.3.2 Poly(ethylene glycol) modified carbon electrodes: effects on Fe(CN)6
3-/4- 

electron transfer 

 

The one electron Fe(CN)6
3-/4- redox couple is often used to detect surface modifications 

on carbon electrodes and was employed here to probe the changes in electrode 

behaviour after anodisation.29, 30 

 𝐹𝑒(𝐶𝑁)6
4−

(𝑎𝑞)
  𝐹𝑒(𝐶𝑁)6

3−
(𝑎𝑞) + 𝑒− (5.1) 

Figure 5.3 shows a typical cyclic voltammogram for the Fe(CN)6
3-/4- redox couple in 

aqueous 0.1 M KNO3 at a glassy carbon disc electrode. At 50 mV s-1 the voltammetric 

response appears quasi-reversible with a peak separation (Δ𝐸𝑝) of 140 mV and a 

reversible potential (𝐸0) of +0.19 V (vs. SCE). A plot of the peak current (𝐼𝑝) against 

the square root of the scan rate (√𝑣) followed by analysis using the Randles-Ševčík 

equation (equation 5.2) allows the diffusion coefficient for the ferrocyanide species to 

be determined as 𝐷𝑓𝑒𝑟𝑟𝑜𝑐𝑦𝑎𝑛𝑖𝑑𝑒 = 0.6 ×  10−5 cm2 s-1, which is consistent with 

literature values.31 

 𝐼𝑝 = 0.466𝑛𝐹𝐴𝑐√
𝑛𝐹𝑣𝐷

𝑅𝑇
 (5.2) 

In this expression n is the stoichiometric number of electrons transferred, F is Faraday’s 

constant, A is the electrode area, c is the bulk concentration of ferrocyanide, R is the 

universal gas constant (8.314 J K-1 mol-1) and T is the absolute temperature (in K). 
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After the anodic treatment of the electrode in PEG400 (with 20 mM LiClO4 electrolyte) 

the peak separation increased, which is indicative of a decrease in the rate of interfacial 

electron transfer. Increasing either the treatment time or the anodisation potential 

systematically increased the peak separation in the cyclic voltammograms (Figure 5.3). 

Figure 5.3B shows that the redox signal for the Fe(CN)6
3-/4- couple was completely 

suppressed in the 1 V potential window investigated after an anodic treatment of +1.6 

V for 20 minutes in PEG400. These effects were observed at both glassy carbon and 

boron doped diamond electrodes. It is proposed that the anodic treatment of the 

electrodes in a PEG solution causes oxidative coupling between the polymer and the 

carbon substrate to form a PEG layer on the surface of the electrode, which is consistent 

with reports by Maeda18. 

 

 

Figure 5.3. (A) Cyclic voltammograms (scan rate 50 mV s-1, second cycle shown) for 

a solution containing 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 and 0.1 M KNO3 at a 3 mm 

diameter glassy carbon working electrode before PEG400 attachment (i), after 10 min 

(ii), after 30 min (iii), and after 60 min (iv) at +1.2 V (vs. SCE). (B) As above, but with 

no PEG film (i) and a PEG400 film attached by anodic treatment for 20 min at (ii) +1.0 

V and (iii) +1.6 V (vs. SCE).  

 

The standard heterogeneous rate constant for electron transfer (𝑘0) is a parameter used 

to measure the rate of electron transfer across an electrode-solution interface. The value 

of 𝑘0 can be qualitatively observed using cyclic voltammetry but more quantitatively 

measured using electrochemical impedance spectroscopy (EIS). The effect of the 

anodic treatment in PEG400 on 𝑘0 was investigated at both glassy carbon (GC) and 

boron doped diamond (BDD) electrodes. EIS measurements were performed in an 

aqueous solution containing 5 mM Fe(CN)6
4-, 5 mM Fe(CN)6

3- and 0.1 M KNO3 at 

open circuit potential (OCP). Nyquist (not shown) and Bode plots show systematic 

changes as a function of anodisation potential (Figure 5.4). Equivalent circuit data 
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fitting based upon a simple Randles circuit (Figure 5.4) was used to determine the 

charge transfer resistance (𝑅𝑐𝑡), which could subsequently be used to calculate the 

apparent standard rate constant for heterogeneous electron transfer (𝑘0) for the 

Fe(CN)6
3-/4- redox couple using equation 5.3. 

 𝑘0 =
𝑅𝑇

𝑛2𝐹2𝐴𝑐𝑅𝑐𝑡
 (5.3) 

In this expression, 𝑅 is the universal gas constant (8.314 J K-1 mol-1), 𝑇 is the absolute 

temperature (in K), 𝑛 is the stoichiometric number of electrons transferred, 𝐹 is 

Faraday’s constant, 𝐴 is the geometric electrode area, and 𝑐 is the bulk concentration 

for the case that 𝑐 = 𝑐𝐹𝑒(𝐶𝑁)6
3− = 𝑐𝐹𝑒(𝐶𝑁)6

4−. 

 

 

Figure 5.4. (A, B) Bode impedance plots for an aqueous solution containing 5 mM 

K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 at a 3 mm diameter glassy carbon 

working electrode recorded at OCP (i) without anodic treatment, (ii) anodisation at +1.0 

V (vs. SCE) for 20 min, and (iii) anodisation at +1.6 V (vs. SCE) for 20 min. (C) Plot 

of the apparent standard rate constant for heterogeneous electron transfer as a function 

of anodisation potential for a glassy carbon (♦) and for a boron doped diamond (▲) 

electrode. Line provided to aid the eye. 

 

As the attachment potential increased (for a fixed treatment time), the charge transfer 

resistance (𝑅𝑐𝑡) for the Fe(CN)6
3-/4- redox couple also increased, which indicates a 

decrease in the apparent rate of electron transfer. The solution resistance (RΩ) was 

~114 Ω in all expeirments and the double layer capacitance (𝐶𝑑𝑙) was ~1.7 μF and 
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~2.4 μF on glassy carbon and boron doped diamond respectively. 𝑅Ω and 𝐶𝑑𝑙 were 

independent of PEG attachment potential and therefore insensitive to the coverage of 

PEG on the electrode. Poly(ethylene glycol)s and water are known to be highly 

miscible. It is proposed that the PEG layer formed from the anodic treatment is miscible 

with aqueous solution, which rationalises the insignificant change in double layer 

capacitance of the electrode after anodisation. Higher deposition potentials lead to 

faster rates of oxidative coupling, which appears to result in a more dense PEG film 

with improved surface coverage. For glassy carbon, an attachment potential of +1.4 V 

and +1.6 V (vs. SCE) gave highly passivating films, with 𝑅𝑐𝑡 values too low to be 

quantified accurately under these conditions. 

 

Field emission scanning electron microscopy (FESEM) was used to observe the 

passivating PEG film on a BDD electrode. The PEG film is very thin and cannot be 

seen directly by FESEM. Figure 5.5 shows the polycrystalline domains typically 

observed for a boron doped diamond surface. There are no significant morphology 

changes after the anodic treatment; however, due to the insulating nature of the PEG 

layer, modified regions of the electrode appear darker compared to untreated regions. 

This is most apparent in a low magnification image (Figure 5.5C) comparing a treated 

region with an untreated region of the electrode. 
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Figure 5.5. Scanning electron micrographs for (A) a bare boron doped diamond (BDD) 

electrode (10,000x), (B) a PEG400-modified BDD electrode (20 min at +1.6 V (vs. 

SCE) (10,000x), and (C) a low magnification (35x) image showing the interface 

between bare and PEG400-modified regions of a BDD electrode. The dashed line 

represents the interface between the modified and unmodified regions of the electrode. 

 

The minimum potential at which electrodes can be modified with a PEG layer is 

dependent upon the nature of the surface. A threshold potential of +1.0 V (vs. SCE) had 

to be overcome for PEG400 to attach to the boron doped diamond surface. In contrast, 

signs of PEG attachment were observed on a glassy carbon electrode at an anodisation 

potential of +0.6 V (vs. SCE), although a second threshold potential was also observed 

at +1.0 V (vs. SCE) for higher surface coverages. The presence of two threshold 

potentials for glassy carbon could reflect the non-uniform surface reactivity of the 

carbon substrate. This could be different reactivity shown between sp2 and sp3 type 

carbons or different reactivity shown by the graphite edges and planes. The doping level 

dependent rate of electron transfer at boron-doped diamond may also contribute to the 

difference in reactivity.32 At attachment potentials above +1.2 V (vs. SCE) for glassy 

carbon and +1.6 V (vs. SCE) for boron doped diamond (for a 20 min attachment), both 

PEG400-modified electrodes had similarly low 𝑘0 values (10-7 – 10-8 m s-1) for the 
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Fe(CN)6
3-/4- redox couple. For both glassy carbon and boron doped diamond, the 

modified electrodes were somewhat sensitive to redox cycling and detachment of the 

film was observed with continued potential cycling over a wide potential window in 

aqueous media. Beyond a potential of +1.2 (vs. SCE) in aqueous 0.1 M KNO3 a rapid 

degradation of the film was observed and the signal for the Fe(CN)6
3-/4- couple returned 

to its original quasi-reversible state. 

 

5.3.3 Poly(ethylene glycol) modified carbon electrodes: effect of chain length on 

electron transfer 

 

Having optimised the attachment parameters, the properties of the PEG-modified 

electrode can be tuned by altering the chain length of the polymer. Poly(ethylene glycol) 

with an average molecular weight of 600 g mol-1 is a waxy solid at room temperature, 

however, lower molecular weight PEGs are viscous liquids at room temperature. These 

liquid PEGs could be used directly to attach to electrode surfaces from neat solutions 

containing 20 mM LiClO4 using the anodic treatment outlined previously (see section 

5.2.3). In order to investigate the effect of PEG chain length, PEG films with average 

molecular weights 200, 300 and 400 g mol-1 were deposited onto a glassy carbon 

electrode. Electrochemical impedance spectroscopy (EIS) was used to determine the 

standard rate constant for heterogeneous electron transfer (𝑘0) for the Fe(CN)6
3-/4- redox 

couple (Figure 5.6). The solution resistance (𝑅Ω) and the double layer capacitance (𝐶𝑑𝑙) 

were independent of PEG chain length. The apparent rate constant for heterogeneous 

electron transfer sequentially decreased as the average molecular weight of the polymer 

increased. The higher molecular weight polymers, with longer chains, are likely to form 

a thicker passivating layer on the electrode surface, which causes an increase in the 

tunnelling distance for electron transfer. The apparent standard heterogeneous rate 

constant for electron transfer through a monolayer (𝑘0(𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟)) should follow a 

Gamov-type relationship and decay exponentially as the tunnelling distance increases 

(equation 5.4).33 
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 𝑘0(𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟) = 𝑘0(𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) exp(−𝛽𝑑) (5.4) 

In this expression 𝑘0(𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) is the rate of electron transfer without a monolayer 

present; 𝛽 is the tunnel distance coefficient, which is ~1 Å-1 for alkyl chains;34, 35 and 

𝑑 is the tunnel distance, which can be approximated for an alkyl chain (in Å) by 𝑑 =

5.6 + 1.3𝑥, where 𝑥 is the number of CH2 units in the alkyl chain. When PEG attaches 

to a glassy carbon electrode, it forms an insulating layer and can be considered in a 

similar way to an insulating alkyl chain layer. However, unlike alkyl chains, PEG is 

miscible with water and is unlikely to form a completely separate phase in aqueous 

solution. As the chain length of the polymer increases, the thickness of the insulating 

layer does so accordingly and the apparent rate of electron transfer is reduced. The 

gradient of a plot of ln(𝑘0(𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟)) against the tunnelling distance (𝑑) can be used 

to determine the tunnel distance coefficient (𝛽) (Figure 5.6). At large tunnelling 

distances (or high molecular weight PEGs) 𝛽 was found to be ~1 Å-1, which is in 

agreement with expected values for alkyl chains (𝛽 = 1 Å-1). However, at short 

tunnelling distances (or low molecular weight PEGs) 𝛽 was found to be ~0.17 Å-1, 

which is considerably lower than predicted. The lower than expected 𝛽 value implies 

that the Fe(CN)6
3-/4- species is able to penetrate some way into the PEG layer through 

the diffuse phase boundary and/or that the surface coverage of the PEG layer is 

incomplete. 
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Figure 5.6. (A, B) Bode impedance plots for a solution containing 5 mM K4Fe(CN)6, 

5 mM K3Fe(CN)6 and 0.1 M KNO3 at a 3 mm diameter glassy carbon working electrode 

recorded at OCP (i) with no PEG film, (ii) PEG200-GC, (iii) PEG300-GC, and (iv) 

PEG400-GC after anodic treatment at +1.2 V (vs. SCE) for 20 min. (C) Plot of ln(𝑘0) 

as a function of PEG average molecular weight. Also shown is the tunnelling distance 

(𝑑, in Å), which is approximated by 𝑑 = 5.6 + 3.9𝑛 (where 𝑛 is the number of (O-CH2-

CH2) units). (D) Schematic drawing of the interfacial electron transfer. The colour 

gradient of the PEG layer is indicating the diffuse phase boundary layer. 

 

5.3.4 Poly(ethylene glycol) modified carbon electrodes: effect on 1,1’-ferrocene 

dimethanol electron transfer 

 

Although PEG is completely miscible with water, a thin, dense film of PEG attached to 

an electrode could be considered as a separate surface phase with a diffuse phase 

boundary to the bulk solution. Species which are insoluble in PEG will not be able to 

penetrate far into the PEG film, whereas compounds that solubilise in PEG should pass 

through the diffuse boundary layer unhindered. Voltammetry using the more 

hydrophobic 1,1’-ferrocene dimethanol (Fc(CH2OH)2) redox system demonstrates this 

phenomenon.  
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The voltammetry for 0.5 mM Fc(CH2OH)2 was investigated at a glassy carbon electrode 

prior to and after surface modification with PEG (Figure 5.7). Prior to modification, the 

cyclic voltammogram had a reversible potential (E0) at +0.23 V (vs. SCE) and a peak 

separation (Δ𝐸𝑝) of 85 mV. These highly reversible characteristics did not change after 

modification with different weight PEGs. Randles- Ševčík analysis (using equation 5.2) 

allowed a diffusion coefficient in aqueous 0.1 M KNO3 of 𝐷1,1′−𝑓𝑒𝑟𝑟𝑜𝑐𝑒𝑛𝑒 𝑑𝑖𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 =

0.6 × 10−9 m2 s-1 to be determined, which is consistent with previous reports.36 This 

voltammetric behaviour was observed on both glassy carbon and boron doped diamond 

electrodes. 

 

Figure 5.7. Cyclic voltammogram (scan rate 50 mV s-1, second cycle) for the oxidation 

of 0.5 mM Fc(CH2OH)2 in 0.1 M KNO3 with different PEG length surface 

modifications on glassy carbon. 

 

After PEG attachment, the rate of electron transfer appears to remain fast for the 

Fc(CH2OH)2
0/+ redox system and was found to be independent upon attachment time, 

attachment potential and length of the attached PEG chain. It is proposed that the rate 

of electron transfer does not change for Fc(CH2OH)2
0/+ at a PEG modified glassy carbon 

(or boron doped diamond) electrode because the redox system can diffuse more deeply 

into the PEG layer when compared with the more hydrophilic Fe(CN)6
3-/4- species. 

Consequently there is less effect on the electron tunnelling distance. 
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The apparent selectivity between Fe(CN)6
3-/4- and Fc(CH2OH)2

0/+ redox couples at PEG 

modified carbon electrodes could have implications and applications in electrochemical 

sensing, for example when exploited for suppressing unwanted background current 

responses or when “amplifying” the signal for low concentration mediators. The 

mediated oxidation of potassium ferrocyanide (K4Fe(CN)6) using a Fc(CH2OH)2 

mediator was investigated further. 

 

5.3.5 Poly(ethylene glycol) modified carbon electrodes: mediated processes 

 

It has been shown that a PEG modified carbon electrode (either glassy carbon or boron 

doped diamond) suppresses the electron transfer for the Fe(CN)6
3-/4- redox couple. 

However, the rate of electron transfer for the Fc(CH2OH)2
0/+ redox couple is not 

significantly altered. At unmodified carbon electrodes the oxidation of K4Fe(CN)6 and 

Fc(CH2OH)2 have similar electron transfer kinetics and have reversible potentials of 

+0.19 V and +0.23 V (vs. SCE) respectively. The marginally more positive reversible 

potential of Fc(CH2OH)2 implies that it is thermodynamically feasible for Fc(CH2OH)2 

to mediate the oxidation of ferrocyanide(II). Fc(CH2OH)2 has previously been 

employed as a redox mediator in protein electrochemistry.37 Fc(CH2OH)2 is employed 

here to mediate the oxidation of potassium ferrocyanide (K4Fe(CN)6) at a PEG400 

modified glassy carbon electrode (PEG400-GC). 

 

PEG400-GC electrodes were prepared using an attachment potential of +1.6 V (vs. 

SCE) for 20 minutes. Cyclic voltammetry was performed with these electrodes in 

solutions containing different amounts of K4Fe(CN)6 and Fc(CH2OH)2. Initially a fixed 

10 mM concentration of K4Fe(CN)6 was used as the concentration of Fc(CH2OH)2 was 

increased from 0 to 50 μM (Figure 5.8A) The mediated electron transfer can be 

observed for concentrations as low as 5 μM Fc(CH2OH)2, which had a gradually 

increasing, kinetically limited current (Figure 5.8A(ii) and 5.8A(iii)). This suggests that 

at low concentrations of Fc(CH2OH)2 mediator, the rate of the mediated step is limiting 

the current. The gradually increasing nature of the kinetically limited current with 

applied potential suggests either (i) the rate is in part limited by slow (non-Butler-

Volmer) Fc(CH2OH)2 oxidation at the electrode surface or (ii), perhaps less likely, the 

positive applied potential can affect the bimolecular electron transfer, for example by 

allowing Fe(CN)6
4- to penetrate further into the PEG layer. At concentrations greater 
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than 50 μM Fc(CH2OH)2, a peak-shaped current response was observed as mass 

transport started to limit the current. 

 

 

Figure 5.8. (A) Cyclic voltammograms (scan rate 50 mV s-1, second cycle) at a 

PEG400-GC electrode (attachment at +1.6 V (vs. SCE) for 20 min) for aqueous 

solutions containing fixed 10 mM K4Fe(CN)6 and 0.1 M KNO3 concentration with (i) 

0 μM, (ii) 5 μM, (iii) 10 μM, (iv) 20 μM, (v) 50 μM of Fc(CH2OH)2. (B) As above, but 

with a fixed 100 μM Fc(CH2OH)2 concentration and with (i) 0 mM, (ii) 1 mM, (iii) 2 

mM, (iv) 5 mM and (v) 10 mM of K4Fe(CN)6. (C) Linear plot of peak current against 

K4Fe(CN)6 concentration. (D) Schematic diagram of the mediated electron transfer 

process. 

 

 

For a solution containing 10 mM K4Fe(CN)6 and low Fc(CH2OH)2 concentrations, the 

current is kinetically limited implying that the electrochemical step is the slowest step. 

In the same 10 mM K4Fe(CN)6 solution but at high Fc(CH2OH)2 concentrations, the 

current is limited by diffusion, which suggests depletion of the K4Fe(CN)6 

concentration from the electrode. For a concentration of 10 μM Fc(CH2OH)2 and 10 

mM K4Fe(CN)6, the response can be considered as a transition between these two 

limiting cases. The limiting current (𝐼𝑙𝑖𝑚) for this transition case is 13 μA, which 

corresponds to a diffusion layer thickness (𝛿𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛) of: 

 𝛿𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 =
𝐹𝐴𝐷𝑐

𝐼𝑙𝑖𝑚  
≈ 310 nm (5.5) 
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This was determined using a diffusion coefficient of 𝐷 = 0.6 × 10−9 m2 s-1.36 Since 

this is the transition case between a kinetically limited and diffusion limited process, 

𝛿𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 is approximately equal to the reaction layer thickness (𝛿𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛). The 

homogeneous bimolecular rate constant for oxidation of K4Fe(CN)6 (𝑘𝑓𝑜𝑟𝑤𝑎𝑟𝑑) can 

therefore be approximated using equation 5.6. 

 𝛿𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 ≈ 𝛿𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = √
𝐷

𝑘𝑓𝑜𝑟𝑤𝑎𝑟𝑑[Fe(CN)6
4−]

 (5.6) 

The bimolecular rate constant for the oxidation of K4Fe(CN)6 (forward reaction) was 

estimated as 6 × 105 mol-1 dm3 s-1. Forward and backward rate constants are linked by 

equation 5.7, which enables the backward rate constant (𝑘𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑) to be estimated as 

𝑘𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 ≈ 1 × 105 mol-1 dm3 s-1. 

 Δ𝐺 = −𝑛𝐹Δ𝐸0 = −𝑅𝑇 ln
𝑘𝑓𝑜𝑟𝑤𝑎𝑟𝑑

𝑘𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑
 (5.7) 

For a fixed concentration of Fc(CH2OH)2 in the solution, the voltammetric current 

response increases with K4Fe(CN)6 concentration (Figure 5.8) The oxidation peak 

current shows an approximately linear increase with K4Fe(CN)6 concentration, which 

is consistent with a bimolecular mediation mechanism. It is interesting to note that the 

redox mediation mechanism operates for both oxidation and reduction reactions due to 

the small difference in reversible potential for the two redox systems. The negative 

currents observed in Figure 5.8A and 5.8B are indicative of the reduction of K3Fe(CN)6 

back to K4Fe(CN)6. The mediator effect of Fc(CH2OH)2 is versatile and could have 

potential future applications in electrochemical sensors at PEG-modified electrodes. 

 

Digital simulation (using DigiElch Professional, Version 4.F) allowed the values of all 

kinetic and thermodynamic parameters (𝐸0, 𝐷, 𝑘𝑓𝑜𝑟𝑤𝑎𝑟𝑑 and 𝑘𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑) to be verified. 

All experiments investigating the mediated oxidation of K4Fe(CN)6 were compared 

with digital simulations (Figure 5.9). 
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Figure 5.9. (A) Digital simulation of cyclic voltammograms (scan rate 50 mV s-1, 

second cycle) for fixed 10 mM K4Fe(CN)6 in 0.1 M KNO3 concentration with (i) 0 μM, 

(ii) 5 μM, (iii), 10 μM, (iv) 20 μM, (v) 50 μM of Fc(CH2OH)2. (B) As above, but with 

a fixed 100 μM Fc(CH2OH)2 concentration and with (i) 0 mM, (ii) 1 mM, (iii) 2 mM, 

(iv) 5 mM and (v) 10 mM of K4Fe(CN)6. Parameters for digital simulation were as 

given in the text and included an additional uncompensated resistance as described by 

Table 5.2. (C) Schematic drawing indication the stabilising role of nitrate anions in the 

PEG film. 

 

The relatively good match of experiment and theory verifies the parameters derived 

above, but also reveals a further effect. The simulated fit is improved by introducing an 

uncompensated resistance (𝑅𝑢) that is inversely proportional to the mediator 

concentration (Table 5.2). This suggests a higher concentration of mediator reduces the 

uncompensated resistance in the voltammogram, which could be explained by the 

formation of a [Fc(CH2OH)2]
+[NO3]

- complex in the PEG layer at oxidising potentials. 

The gradually increasing limiting current as a function of potential could also indicate 

that the uncompensated resistance is potential dependent, which also could suggest the 

formation of a [Fc(CH2OH)2]
+[NO3]

- complex in the PEG layer (Figure 5.9C). 
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Table 5.2. A table showing the uncompensated resistance required in digital 

simulations at each Fc(CH2OH)2 concentration. 

 

[Fc(CH2OH)2] / μM 𝑅𝑢 / kΩ 

5 40 

10 20 

20 10 

50 4 

100 2 

 

 

5.4 Conclusions 

 

Poly(ethylene glycol) of average molecular weight 200, 300 and 400 g mol-1 was 

electrochemically grafted to glassy carbon and boron-doped diamond electrode surfaces 

at anodic potentials. The thickness and coverage of the grafted poly(ethylene glycol) 

films was dependent upon grafting potential, time and poly(ethylene glycol) chain 

length. Voltammetry at PEG-modified carbon surfaces indicates that the heterogeneous 

rate of electron transfer for hydrophilic redox systems, such as Fe(CN)6
3-/4-, is impeded 

compared to an untreated electrode. In contrast, the electron transfer for 1,1’-ferrocene 

dimethanol, a more hydrophobic species, was not significantly affected by the PEG-

modification. 

 

A combination of the two redox species in solution resulted in a mediated 

electrochemical response whereby the hydrophobic ferrocene derivative mediates the 

oxidation of the hydrophilic ferrocyanide(II) species. Further studies on the mediation 

mechanism could be beneficial. The apparent selectivity of the modified carbon 

electrodes allows for trace amounts of hydrophobic redox material to be detected if a 

suitable hydrophilic redox mediator is present in high concentrations in the bulk. This 

could lead to electroanalytical applications, in particular for the detection of trace 

hydrophobic drug molecules. The limit of detection for this mediated process is given 

by the rate of the bimolecular electron transfer, which depends on the reversible 

potentials for hydrophobic analyte mediator and hydrophilic amplifier redox systems. 



146 

 

Further studies using a range of ferrocene mediator derivatives at modified carbon 

electrodes will be discussed in chapter 6. 
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Chapter 6: Interfacial electron shuttling processes across Kolliphor® 

EL modified glassy carbon electrodes 

 

Chapter abstract 

 

A PEGylated castor oil, Kolliphor® EL (formerly known as Cremophor EL), is used to 

demonstrate the attachment of complex molecules to glassy carbon surfaces using an 

anodic grafting method. The attachment was confirmed by XPS. Cyclic voltammetry 

and electrochemical impedance spectroscopy indicates that the rate of heterogeneous 

electron transfer for Fe(CN)6
3-/4- is suppressed at the modified electrode due to the 

hydrophilic redox species being unable to cross a hydrophobic Kolliphor® EL layer. 

However, hydrophobic ferrocene derivatives used in low concentrations (< 50 μM) can 

be employed as electron shuttle molecules to mediate the electron transfer to Fe(CN)6
3-

/4-. The electron shuttle ability for five ferrocene derivatives was assessed and found to 

decrease in the order: dimethylaminomethyl ferrocene > n-butyl ferrocene > ferrocene 

dimethanol > ferrocene acetonitrile > ferrocene acetic acid. The electron shuttle ability 

is proposed to be influenced by (i) the reversible potential for mediator molecule, (ii) 

heterogeneous electron transfer kinetics for the mediator molecule, (iii) electrostatic 

interactions, and (iv) an ability to bind or aggregate at the electrode surface. 
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6 Interfacial electron shuttling processes across Kolliphor® EL 

modified glassy carbon electrodes 

 

 

6.1 Introduction 

 

Surface modified electrodes have uses in electroanalytical applications, electrochromic 

devices and can allow selectivity between redox species.1-4 Chemical surface 

modification methods can often be lengthy, multi-step processes where the modifier 

molecule may require specific functionality, and hence a complex synthesis prior to 

grafting. Electrochemical grafting methods can allow the attachment of a variety of 

functional groups, such as diazonium salts, amines and alcohols, in a single 

electrochemical step.5 The surface coverage and thickness of resulting films can be 

controlled by optimising the grafting potential and attachment time. The previous 

chapter described an electrochemical attachment method adapted from Maeda et al.6 to 

graft poly(ethylene glycol) to glassy carbon and boron-doped diamond electrodes. This 

chapter aims to demonstrate the attachment of a more complex molecule, Kolliphor® 

EL (formerly known as Cremophor EL), to glassy carbon surfaces. 

 

Kolliphor® EL (CAS number 61791-12-6, MW ≈2486 g mol-1) is a PEGylated castor 

oil (Figure 6.1) synthesised from the reaction of castor oil with ethylene oxide in the 

molar ratio 1:35.7 Kolliphor® EL is a viscous non-ionic surfactant at room temperature 

and is able to solubilise a range of hydrophobic species, including hydrophobic drug 

molecules. It is consequently used as an excipient in the formulation for a range of 

drugs, such as Paclitaxel (anti-cancer), diazepam (sedative) and propofol (anaesthetic), 

to increase the bioavailability of the therapeutics in vivo and allow oral administration.8  
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Figure 6.1. (A) Molecular structure of the main component in Kolliphor® EL and (B) 

3-dimensional rendering (GaussView 5.0) showing the approximate diameter of 3-5 nm. 

(C) Schematic drawing of a Kolliphor® EL monolayer with a hydrophobic region 

resulting from the triglyceride. 

 

The terminal hydroxyl groups of the poly(ethylene glycol) chains in Kolliphor® EL are 

susceptible to oxidation and are likely to bind to carbon surfaces.6 After grafting, a 

hydrophobic layer could be established (Figure 6.1C), which could facilitate the 

transport of hydrophobic species across the Kolliphor® EL layer, whilst excluding 

hydrophilic species. In this study Kolliphor® EL is anodically attached to glassy carbon 

surfaces where it acts as a barrier to electron transfer for hydrophilic species. However, 

hydrophobic ferrocene derivatives can penetrate or bind to the Kolliphor® EL layer, 

which can enhance the interfacial electron transfer.  

 

A low limit of detection and high sensitivity are desired for electroanalytical devices. 

The analytical response of electrochemical sensors can be enhanced by using redox 

cycling methods, such as generator-collector electrode devices9, or by incorporating 

enzyme10 or nanoparticle11 catalysts into the device. This study aims to covalently 

attach Kolliphor® EL to a glassy carbon surface using an anodic grafting method.12,13 

The heterogeneous rate of electron transfer for the oxidation of ferrocyanide(II) is 

severely suppressed at a Kolliphor® EL modified electrode. However, the 

voltammetric response can be partially or fully restored in the presence of a 

hydrophobic ferrocene derivative, which acts as an electron shuttle molecule across the 

Kolliphor® EL layer (Figure 6.2). 
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Figure 6.2. Schematic drawing of the amplification mechanism for the low 

concentration ferrocene (Fc) redox process in the presence of the suppressed 

Fe(CN)6
3- /4- electron transfer. 

 

 

Very low concentrations of ferrocene derivatives can therefore be detected as relatively 

large currents. A range of ferrocene derivatives are assessed in their “shuttle ability” to 

restore the voltammetric response to ferrocyanide(II) oxidation. A quantitative study 

reveals the parameters that govern the electron shuttle process. Future applications are 

envisaged in the enhancement of other electron transfer processes, for example in 

analytical drug or explosives detection. 

 

 

6.2 Experimental 

 

6.2.1 Chemical reagents 

 

Kolliphor® EL (CAS number 61791-12-6, MW ca. 2450 g mol-1; previously known as 

Cremophor EL, Aldrich) is a PEGylated castor oil derivative (Figure 6.1). Lithium 

perchlorate (LiClO4, Sigma-Aldrich, ≥ 95 %, ACS reagent) was used as background 

electrolyte in neat Kolliphor® EL solutions. 1,1’-ferrocene dimethanol (Fc(CH2OH)2, 

Aldrich, 98 %), ferrocene acetic acid (FcAcOH, Aldrich, 98 %), ferrocene acetonitrile 

(FcMeCN, Aldrich), n-butyl ferrocene (BuFc, Alfa Aesar, 98 %, oil), N,N’-

dimethylaminomethyl ferrocene (MeFcNMe2, TCI Europe, oil), potassium 

ferrocyanide(II) (K4Fe(CN)6, Fisons, 98 %) and potassium ferricyanide(III) 

(K3Fe(CN)6, Aldrich, 99+ %) were used as redox species in aqueous solutions 
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containing 0.1 M potassium nitrate (KNO3, Sigma-Aldrich, ≥ 99.0 %) as background 

electrolyte. 

 

6.2.2 Instrumentation 

 

All electrochemical measurements were performed using an Ivium Compactstat 104 

Model B08084 (Ivium Technologies NL). A step potential of 1 mV was used in cyclic 

voltammetry experiments. Electrochemical impedance spectroscopy (EIS) was 

performed at open circuit potential (OCP = 0.19 V (vs. SCE)) with an amplitude of 10 

mV in a solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 

electrolyte. The frequency was varied from 10 kHz to 0.01 Hz. Equivalent circuit data 

fitting was carried out using ZView software. 

 

X-ray photoelectron spectroscopy (XPS) experiments were performed using a Thermo 

K Alpha (Thermo Scientific) spectrometer (operating at ≈ 10−8 − 10−9 Torr), a 180 ° 

double focusing hemispherical analyser running in constant analyser energy (CAE) 

mode with a 128-channel detector. A monochromated Al K𝛼 radiation source (1486.7 

eV) was used. Peak fitting was performed with XPS Peak Fit (version 4.1) software 

using Shirley background subtraction. Peaks were referenced to the adventitious carbon 

C1s peak (284.6 eV) and peak areas were normalised to the photoelectron cross-section 

of the F1s photoelectron signal using atomic sensitivity factors.14,15 

 

6.2.3 Procedure for attachment of Kolliphor® EL 

 

Kolliphor® EL is a viscous liquid and can be employed directly as a solvent in 

electrochemical experiments after addition of a suitable electrolyte. In this investigation 

a solution of 20 mM LiClO4 in Kolliphor® EL was employed for the electrode 

modification process. The anodisation process previously described in Chapter 5 (+1.6 

V (vs. SCE) for 20 min) was employed to attach the PEGylated castor oil to a 3 mm 

diameter glassy carbon disc electrode. The electrode was then rinsed with water (with 

resistivity not less than 18.2 MΩ cm2) to remove any residual Kolliphor® EL from the 

electrode and dried using nitrogen. The surface modification was confirmed by XPS 

and the electron transfer processes across the Kolliphor® EL interface were 

investigated using cyclic voltammetry and electrochemical impedance spectroscopy. 
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6.2.4 Evidence for attachment of Kolliphor® EL: XPS analysis 

 

The surface modification was confirmed by XPS using two independently prepared 

samples (K1 and K2) (Figure 6.3). Survey spectra show photoelectron signals from 

contaminant free surfaces containing C and O (Figure 6.3A). The C1s photoelectron 

signals show evidence for a PEG-like interface. The C1s spectra could be fitted into 

four chemical environments: adventitious carbon and hydrocarbon (284.6 eV), ether 

(C-O, ≈ 286.1 eV), carbonyl (C=O, ≈ 287.1 eV) and carboxyl (C=O(OH), ≈ 288.1 

eV).16 The O1s photoelectron signal in Figure 6.3C was curve fitted using the model 

established by Schlapak et al.17 as follows: hydroxyl (-OH, ≈ 531 eV), ether (C-O, ≈ 

532.2 eV), water (H2O, ≈ 533.5 eV). 

 

Figure 6.3. (A) Representative survey XPS spectra of Kolliphor® EL modification of 

glassy carbon. XPS core level spectra of modified substrate (B) C1s and (C) O1s. 

Representative curve fits are shown for C1s and O1s and for two independently 

investigated samples (dotted lines K1, bottom, and K2, above; Table 6.1). 
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The spectra shown in Figure 6.3 are consistent with PEG-like surface chemistry, with 

a contribution from C-O from repeated poly(ethylene glycol) units dominating the 

observe photoelectron signal. The presence of hydroxyl and water O1s signals suggests 

that trace water is present within the interface, which is to be expected as water binds 

strongly to PEG. XPS data are summarised in Table 6.1. Variation between samples K1 

and K2 suggests some position dependence and/or sample to sample variability. Key 

changes in comparison to the bare glassy carbon surface are (i) an increase in O1s/C1s 

ratio mainly due to C-O, (ii) and increase in C1s for C-O, and (iii) an increase in O1s 

for C-O. 

 

Table 6.1. XPS ratios and surface composition for two independently investigated 

samples with Kolliphor® EL (K1 and K2) and a bare glassy carbon substrate (GC). 

Peak integration methods based on literature models for C1s16 and O1s17 were 

employed. 

 

  C1s composition / % O1s composition / % 

Sample O1s/C1s C-C C-O C=O C=O(OH) OH H2O C-O 

K1 2.94 39.1 50.2 6.4 4.3 1.3 12.6 86.1 

K2 3.12 54.7 33.8 4.8 6.7 5.3 12.8 81.9 

GC 1.29 66.0 11.0 11.0 8.0 12.0 33.0 55.0 

 

 

6.3 Results and discussion 

 

6.3.1 Effects on heterogeneous electron transfer due to Kolliphor® EL grafting 

 

The ferrocyanide (Fe(CN)6
3-/4-) redox system is commonly used to probe the effects of 

surface modification of electrode surfaces on voltammetry.18 The system was employed 

here to investigate the effects of attaching Kolliphor® EL to glassy carbon electrodes 

on the rate of electron transfer. The cyclic voltammetry of a polished 3 mm glassy 

carbon electrode showed a quasi-reversible response with a reversible potential (E0) of 

+0.19 and a peak separation (ΔEp) of 120 mV (Figure 6.4A). 

 𝐹𝑒(𝐶𝑁)6
3− + 𝑒−  𝐹𝑒(𝐶𝑁)6

4− (6.1) 

Kolliphor® EL is a non-ionic surfactant used as an excipient in drug formulations in 

order to increase the solubility of hydrophobic therapeutics in the body.7 An anodic 
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treatment of +1.6 V for 20 minutes in Kolliphor® EL at a glassy carbon electrode 

caused the non-ionic surfactant to graft to the electrode surface. The voltammetry for 

the Fe(CN)6
3-/4- redox couple was sensitive to the Kolliphor® EL modified carbon 

surface and completely suppressed the redox signal across a 1 V potential window 

(Figure 6.4A). Kolliphor® EL has an approximate diameter of 1-2 nm (Figure 6.1) and 

is assumed to form a monolayer on the carbon surface, which appears to be sufficient 

to severely reduce the rate of heterogeneous electron transfer. The effect can be 

reversed by mechanical polishing. 

 

 

Figure 6.4. (A) Cyclic voltammogram (scan rate 50 mV s-1) and (B) a Bode plot of an 

aqueous solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 at 

a 3 mm diameter glassy carbon disc electrode (i) before and (ii) after modification with 

Kolliphor® EL. 

 

Electrochemical impedance analysis was used to explore the effect in the time domain 

and reveal kinetic information concerning the rate of electron transfer. Impedance data 

at an unmodified 3 mm glassy carbon electrode can be modelled satisfactorily using a 

Randles circuit, which consists of the solution resistance (𝑅Ω), the charge transfer 

resistance (𝑅𝑐𝑡), the double layer capacitance (𝐶𝑑𝑙) and an “Open” Warburg element 

(𝑊𝑂) (Figure 6.4B). The “Open” Warburg element is used to describe the semi-infinite 

diffusion of redox species to the electrode surface and is characterised by a 45 ° linear 

region to the Nyquist plot at low frequencies. Equivalent circuit data fitting was 

performed using ZPlot Software, which gave: 𝑅Ω = 154 Ω, 𝑅𝑐𝑡 = 266 Ω, 𝐶𝑑𝑙 = 1.8 

μF, 𝑊𝑝 = 0.5, 𝑊𝑇 = 107, and 𝑊𝑅 = 6310 Ω. 

 

The electrochemical impedance response at a Kolliphor® EL modified electrode was 

predominantly associated with capacitive charging currents. The values for solution 
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resistance and double layer capacitance were not significantly affected by the anodic 

modification. However, the Randles circuit was not a suitable model for the modified 

electrode and a good fit was not possible, in particular at low frequencies. It is thought 

that additional complexity in the system is apparent at low frequencies. This could arise 

due to remaining porosity in the Kolliphor® EL film, which could also be associated 

with some slow electron transfer occurring in the low frequency region (< 1 Hz). The 

Kolliphor® EL modification process strongly suppressed the electron transfer for the 

Fe(CN)6
3-/4- redox couple and trace concentrations of guest molecules (or mediators) 

may now be added to explore the effect of possible electron shuttling mechanisms. 

 

6.3.2 Ferrocene mediators at Kolliphor® EL modified glassy carbon electrodes 

 

Kolliphor® EL modified glassy carbon electrodes severely suppress the rate of the 

electron transfer for the hydrophilic Fe(CN)6
3-/4- redox couple. In contrast, a range of 

hydrophobic ferrocene derivatives are seemingly insensitive towards the Kolliphor® 

EL film and no significant changes are observed in the rate of electron transfer. This is 

consistent with the less hydrated ferrocene derivatives being able to penetrate into the 

hydrophobic Kolliphor® EL region more easily than the more hydrophilic Fe(CN)6
3-/4- 

species. Ferrocene derivatives with a more positive reversible potential (E0) compared 

with ferrocyanide can be used as “electron shuttle molecules” or redox mediators. The 

ability of five ferrocene derivatives (ferrocene dimethanol, ferrocene acetonitrile, 

ferrocene acetic acid, dimethylaminomethyl ferrocene and butyl ferrocene) to act as 

electron shuttle molecules is investigated. 

 

1,1’-ferrocene dimethanol (Fc(CH2OH)2) is a partially water soluble species that 

undergoes a one-electron oxidation. It is used here in low concentrations (0, 5, 10 and 

50 μM) to lower the electron transfer impedance between the electrode and Fe(CN)6
4- 

species, which is present in high concentrations in the bulk. The voltammetric response 

without Fc(CH2OH)2 shows negligible oxidation current. However, a peak current of 

35 μA was obtained at 50 μM concentrations, which is nearing the diffusion limited 

current for Fe(CN)6
4- oxidation at an unmodified electrode (Figure 6.5). The underlying 

signal for Fc(CH2OH)2 remains insignificant in this experiment, and the voltammetric 

response is due to a mediated electron transfer process. A systematic change in the low 

frequency region (< 10 Hz) of electrochemical impedance measurements is consistent 
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with a flow of Faradaic current arising from a mediated electron transfer process (Figure 

6.5B). The analysis of electrochemical impedance data will be discussed in more detail 

later. 

 

 

Figure 6.5. (A) Cyclic voltammogram (scan rate 50 mV s-1) and (B) a Bode plot of a 

solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 with (i) 0 

μM, (ii) 5 μM, (iii) 10 μM and (iv) 50 μM 1,1’-ferrocene dimethanol (structure shown 

in (C)). (D) Nyquist plot of the same system with 1 μM (△) and 10 μM () 1,1’-

ferrocene dimethanol. The solid line is a simulated model using the equivalent circuit 

shown. 

 

 

Similar effects on the voltammetry are observed when using ferrocene-acetonitrile 

(Fc(MeCN)) as the electron shuttle molecule (Figure 6.6). However, the magnitudes of 

the peak oxidation currents are lower compared with ferrocene dimethanol (discussed 

above) and less cathodic current is observed on the reverse scan.  
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Figure 6.6. (A) Cyclic voltammogram (scan rate 50 mV s-1) and (B) a Bode plot of a 

solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 with (i) 0 

μM, (ii) 5 μM, (iii) 10 μM and (iv) 50 μM ferrocene acetonitrile (structure shown in 

(C)). (D) Nyquist plot of the same system with 1 μM (△) and 10 μM () ferrocene 

acetonitrile. The solid line is a simulated model using the equivalent circuit shown. 

 

 

The voltammetric data for five ferrocene derivatives at a Kolliphor® EL modified 

glassy carbon electrode in the presence of 5 mM K4Fe(CN)6 is summarised in Table 

6.2. The reversible potential for the Fe(CN)6
3-/4- redox couple is +0.19 V (vs. SCE) (E0), 

which is more negative compared with all five of the ferrocene derivatives used as 

electron shuttles in this investigation. If the reversible potential for the ferrocene 

mediator is more positive, it is thermodynamically more favourable for the ferrocene 

derivative to mediate the oxidation of the ferrocyanide(II) species (and less favourable 

to mediate the reduction of the ferricyanide(III) species). A more favourable mediated 

oxidation process should be accompanied by larger anodic currents. However, the 

magnitude of the anodic currents may also be affected by the rate of heterogeneous 

electron transfer for the ferrocene derivative at the Kolliphor® EL modified glassy 

carbon electrode. The rate of heterogeneous electron transfer can be approximated by 

using the peak separation of a 50 μM ferrocene derivative solution (without Fe(CN)6
4-) 

at a Kolliphor® EL modified glassy carbon electrode. A wider peak separation is 
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indicative of slower heterogeneous electron transfer kinetics, which could limit the 

electron shuttle rate and lower anodic currents in the mediated oxidation process. 

Therefore the lower anodic peak currents for ferrocene acetonitrile compared to 

ferrocene dimethanol is likely to be due to a combination of slower heterogeneous 

electron transfer kinetics and the mediated oxidation being less thermodynamically 

favourable. 

 

Table 6.2. Summary of data from voltammetry for solutions containing 50 μM 

ferrocene derivative in 0.1 M KNO3 (scan rate 50 mV s-1) at a Kolliphor® EL modified 

glassy carbon electrode. Note that signals, in particular for ferrocene acetonitrile, 

dimethylaminomethyl ferrocene and n-butyl ferrocene, are complicated by interactions 

with the electrode surface. 

 E0
a / V 

vs. SCE 

ΔEp
a / 

V 

Ferrocene-dimethanol 0.28 0.11 

Ferrocene-acetonitrile 0.21 0.22 

Ferrocene acetic acid 0.20 0.22 

Dimethylamino-methyl ferrocene 0.27 0.10 

n-butyl ferrocene 0.22 0.04 

 

Based on the data from Table 6.2, ferrocene acetonitrile and ferrocene acetic acid 

should have similar electron shuttle abilities towards the mediated oxidation of 

K4Fe(CN)6. However, although ferrocene acetic acid shows signs of mediating the 

oxidation of K4Fe(CN)6, the anodic currents are considerably lower in cyclic 

voltammetry (Figure 6.7). The seemingly poor electron shuttle ability can be attributed 

to the mediator species existing as a negatively charged ferrocene acetate at neutral pH. 

The electrostatic repulsion between the anionic mediator and the Fe(CN)6
4- complex 

slows the rate of the bimolecular electron transfer reaction. Electrochemical impedance 

spectroscopy at the equilibrium potential indicates that a higher ferrocene acetic acid 

concentration leads to lower impedance at frequencies less than 10 Hz. 
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Figure 6.7. (A) Cyclic voltammogram (scan rate 50 mV s-1) and (B) a Bode plot of a 

solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 with (i) 0 

μM, (ii) 5 μM, (iii) 10 μM and (iv) 50 μM ferrocene acetic acid (structure shown in 

(C)). (D) Nyquist plot of the same system with 1 μM (△) and 10 μM () ferrocene 

acetic acid. The solid line is a simulated model using the equivalent circuit shown. 

 

Dimethylaminomethyl ferrocene is an oil at room temperature and exists as a cationic 

species in aqueous solution at pH 7. The cyclic voltammetry of 5 mM K4Fe(CN)6 with 

up to 50 μM dimethylaminomethyl ferrocene is consistent with redox mediator activity 

(Figure 6.8). As the concentration of the ferrocene redox mediator increases, the peak 

current shifts to a more negative potential. A sharp anodic peak is observed at 50 μM 

dimethylaminomethyl ferrocene concentrations, with a peak current similar to that 

found for a 5 mM K4(CN)6 solution at an unmodified glassy carbon electrode. This 

implies the dimethylaminomethyl ferrocene derivative is an effective electron shuttle 

molecule. Table 6.2 suggests that the electron shuttle ability for dimethylaminomethyl 

ferrocene should be similar to 1,1’-ferrocene dimethanol, however, the former 

ferrocene derivative causes larger anodic currents and therefore appears to be a more 

effective mediator. The unusually sharp peak and larger anodic currents may be 

attributed to the cationic dimethylaminomethyl ferrocene species having favourable 

electrostatic interactions with the ferrocyanide species and the electrode surface. At 
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high concentrations, the oil may aggregate at the electrode surface, which could be 

partially responsible for the sharp anodic peak. 

 

 

Figure 6.8. (A) Cyclic voltammogram (scan rate 50 mV s-1) and (B) a Bode plot of a 

solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 with (i) 0 

μM, (ii) 5 μM, (iii) 10 μM and (iv) 50 μM dimethylaminomethyl ferrocene (structure 

shown in (C)). (D) Nyquist plot of the same system with 1 μM (△) and 10 μM () 

dimethylaminomethyl ferrocene. The solid line is a simulated model using the 

equivalent circuit shown. 

 

The fifth ferrocene derivative to be examined as a redox mediator was n-butyl ferrocene. 

Similar to dimethylaminomethyl ferrocene, it exists as an oil at room temperature. Due 

to its hydrophobic nature it is only partially soluble in aqueous solution. A 50 μM 

nominal concentration caused a mediated response with a sharp peak current of 57 μA 

at +0.26 V (vs. SCE), which is likely to be due to aggregation of the lipophilic mediator 

at the Kolliphor® EL modified glassy carbon electrode surface (Figure 6.9). 
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Figure 6.9. (A) Cyclic voltammogram (scan rate 50 mV s-1) andn (B) a Bode plot of a 

solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 and 0.1 M KNO3 with (i) 0 

μM, (ii) 5 μM, (iii) 10 μM and (iv) 50 μM n-butyl ferrocene (structure shown in (C)). 

(D) Nyquist plot of the same system with 1 μM (△) and 10 μM () n-butyl ferrocene. 

The solid line is a simulated model using the equivalent circuit shown. 

 

Five ferrocene derivatives have been employed to investigate their ability electron 

shuttle molecules or redox mediators towards the oxidation of potassium ferrocyanide 

(K4Fe(CN)6) at Kolliphor® EL modified glassy carbon electrodes. All five ferrocene 

derivatives have a reversible potential more positive than for potassium ferrocyanide, 

and all exhibited some electron shuttle ability. The mediator ability was improved for 

ferrocene derivatives with (i) a more positive reversible potential, (ii) a faster rate of 

heterogeneous electron transfer for the ferrocene derivative at the Kolliphor® EL 

modified glassy carbon electrode, (iii) an ability to aggregate or bind to the Kolliphor® 

EL layer, and (iv) favourable electrostatics between the mediator and Fe(CN)6
3-/4- 

couple. 
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6.3.3 Mechanism of ferrocene mediators at Kolliphor® EL modified electrode 

 

Electrochemical impedance spectroscopy (EIS) was used to help extract mechanistic 

information concerning the mediated oxidation of potassium ferrocyanide (K4Fe(CN)6) 

at a Kolliphor® EL modified glassy carbon electrode. The equivalent circuit used for 

data fitting is shown in Figure 6.10. 𝑅Ω is the solution resistance and 𝑅𝑐𝑡 is the charge 

transfer resistance. A constant phase element (CPE) was used to account for non-ideal 

capacitive behaviour at the Kolliphor® EL modified surface, which arises due to 

heterogeneity and porosity in the Kolliphor® EL layer. A short (or closed) Warburg 

(𝑊𝑠) is a circuit element used to describe a diffusion limited process with a finite 

diffusion layer thickness. The presence of K4Fe(CN)6 in the bulk solution donates 

electrons to the electro-generated ferrocenium species, which limits the diffusion layer 

thickness. If the K4Fe(CN)6 concentration is not significantly depleted, for example at 

low ferrocene mediator concentrations, the use of a short Warburg element is an 

acceptable description of the mechanism. 

 

Figure 6.10. Equivalent circuit employed for data fitting analysis to represent 

electrochemical impedance measurements at a Kolliphor® EL modified glassy carbon 

electrode. 
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Table 6.3. Summary of data from electrochemical impedance spectroscopy 

measurements taken at equilibrium potential from solutions containing 5 mM 

K4Fe(CN)6, 5 mM K3Fe(CN)6 in 0.1 M KNO3 and with ferrocene derivative at stated 

concentration. Parameters obtained using equivalent circuit in Figure 6.10 with 

𝑊𝑃  = 0.5 and 𝛿𝑎𝑝𝑝 = (𝑊𝑇 × 𝐷)1/2  with 𝐷 = 0.6 × 10−9  m2 s-1 as an approximate 

value19 used for all ferrocene derivatives. A short Warburg element was selected to 

reflect the electron transfer to Fe(CN)6
3-/4-. 

 [Fc] 

/ μM 

RΩ 

/ Ω 

Rct 

/ Ω 

WR 

/ kΩ 

WT 

/ s 

CPET 

/ μF 

CPEP δapp / 

μm 

Ferrocene-

dimethanol 

1 127 9177 524 38.9 2.84 0.796 153 

10 134 5073 268 5.16 2.78 0.798 56 

Ferrocene-

acetonitrile 

1 137 2958 690 82.5 2.39 0.816 222 

10 150 5332 635 67.3 2.30 0.835 201 

Ferrocene acetic 

acid 

1 123 7815 1720 393 2.32 0.843 486 

10 132 6063 89 11.8 2.58 0.832 84 

Dimethylamino-

methyl ferrocene 

1 135 6180 123 2.82 4.01 0.795 41 

10 138 3092 335 19.0 2.69 0.838 107 

n-butyl ferrocene 1 130 6557 139 8.14 1.82 0.789 70 

10 127 1117 127 222 3.94 0.743 365 

 

The data is Table 6.3 summarises the results from quantitative data fitting using the 

equivalent circuit shown in Figure 6.10. Data fitting was performed using ZView 

Software. The solution resistance (𝑅Ω) did not change to a significant degree throughout 

all experiments. Similarly, the apparent capacitance (𝐶𝑃𝐸𝑇) for the Kolliphor® EL 

modified electrode remains reasonably constant for all ferrocene derivatives and is 

similar to the double layer capacitance for an unmodified 3 mm glassy carbon electrode. 

There is not a clear trend in the change in charge transfer resistance (𝑅𝑐𝑡) as a function 

of mediator concentration nor a correlation between 𝑅𝑐𝑡  and the structure of the 

ferrocene derivative. The 𝑊𝑇 parameter for the short Warburg element is linked to the 

apparent diffusion layer thickness (𝛿𝑎𝑝𝑝) of the ferrocene derivative by equation 6.2. 

 𝛿𝑎𝑝𝑝 = (𝑊𝑇 × 𝐷)
1

2 (6.2) 

The diffusion coefficient ( 𝐷 ) was approximated to be 0.6 × 10−9  m2 s-1 for all 

ferrocene derivatives and allowed an approximate diffusion layer thickness to be 

determined.19 The values of 𝛿𝑎𝑝𝑝 ranged from 41 μm to 486 μm, which is considerably 

larger than the expected thickness of the Kolliphor® EL grafted layer (< 10 nm). It is 
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therefore concluded that the bimolecular reaction between ferrocene mediator and 

Fe(CN)6
3-/4- is likely to occur well within the solution phase (Figure 6.2). The large 

values of the apparent diffusion layer thickness (𝛿𝑎𝑝𝑝) could suggest that other physical 

processes, such a slow bimolecular electron transfer or additional heterogeneous 

electron transfer, may be hidden within the data. As the concentration of 

dimethylaminomethyl ferrocene and n-butyl ferrocene increases, the apparent diffusion 

layer thickness also increases, which can be attributed to a greater depletion of the 

Fe(CN)6
4- concentration from the electrode surface. However, ferrocene dimethanol, 

ferrocene acetonitrile and ferrocene acetic acid show a decrease in 𝛿𝑎𝑝𝑝  as the 

concentration of ferrocene derivative is increased, which is also suggestive of the 

occurrence of underlying physical processes that have not been accounted for. These 

trends are also observed in the corresponding data for 5 μM and 50 μM ferrocene 

derivative (data not shown). 

 

The apparent diffusion layer thickness can be used to gauge the efficiency of the 

electron shuttling process, where a short diffusion layer thickness corresponds to 

efficient mediated oxidation (assuming no depletion of the Fe(CN)6
4- concentration, 

which is reasonable at low ferrocene derivative concentration). The electron shuttling 

ability for the five ferrocene derivatives at 1 μM concentration was 

dimethylaminomethyl ferrocene > n-butyl ferrocene > ferrocene dimethanol > 

ferrocene acetonitrile > ferrocene acetic acid. The most effective redox mediator was 

found to be dimethylaminomethyl ferrocene, which exhibited the smallest apparent 

diffusion layer thickness of 𝛿𝑎𝑝𝑝 = 41 μm at 1 μM concentration. It is likely that 

dimethylaminomethyl ferrocene can bind or accumulate in the Kolliphor® EL layer 

and favourable electrostatic interactions can facilitate the electron shuttle process. 

 

 

6.4 Conclusions 

 

This chapter describes an anodic grafting method to attach Kolliphor® EL to glassy 

carbon electrode surfaces and demonstrates that complex PEGylated systems can be 

attached to carbon substrates. The voltammetry of Fe(CN)6
3-/4- was entirely suppressed 

at a Kolliphor® EL modified glassy carbon electrode, however, anodic currents could 
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be restored by addition of suitable hydrophobic ferrocene mediators. Kolliphor® EL is 

used to increase the solubility of hydrophobic drug molecules and allows hydrophobic 

species to diffuse across the membrane, whilst excluding hydrophilic species. 

Ferrocene derivatives have been shown to carry electrons across the Kolliphor® EL 

interface and the electron shuttle ability for five ferrocene derivatives has been assessed 

for the mediated oxidation of Fe(CN)6
4-. 

 

The cyclic voltammetry of the mediated process appears to show an irreversible 

oxidation process. The reversible potentials for all five ferrocene derivatives is more 

positive than for Fe(CN)6
3-/4- and the mediated oxidation process is therefore faster than 

the reduction process, which leads to the observed irreversibility in the cyclic 

voltammogram. The electron shuttle efficiency was improved for ferrocene derivatives 

with a more positive reversible potential, exhibiting faster heterogeneous electron 

transfer across the Kolliphor® EL film, an ability to aggregate in the Kolliphor® EL 

film due to hydrophobicity, and favourable electrostatic interactions. 

Dimethylaminomethyl ferrocene was found to be the most effective mediator and could 

be detected at very low concentrations (< 1 μM) in the future. 

 

The Kolliphor® EL modified glassy carbon electrodes could be used to test a wider 

range of different hydrophobic electron shuttle molecules with an aim of 

electroanalytical detection of low concentration hydrophobic redox active molecules, 

such as drugs. A wider range of hydrophobic redox mediators could be tested with an 

aim to lower the limit of detection of the mediator species. 
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Chapter 7: One-step electroless growth of nano-fibrous platinum 

catalyst from “paint-on” PtCl6
2- solution in poly(ethylene glycol) 

 

Chapter abstract 

 

A one-step electroless deposition of nano-fibrous platinum electro-catalysts is 

developed, which utilises the mild reducing nature of poly(ethylene glycol) (PEG). An 

inorganic platinum precursor (K2PtCl6) is dissolved in PEG and applied to a tin-doped 

indium oxide (ITO) glass substrate. The deposition process is conducted by a rapid 

heating to 500 °C in air. Upon heating, PEG acts as the reducing agent to form nano-

fibrous platinum, but also evaporates from the system. After 30 min of treatment, all 

organic species had been removed to leave an electrochemically active platinum 

deposit. The deposit exhibited platinum oxidation and hydrogen adsorption peaks 

characteristic of a polycrystalline platinum surface. A slight increase in catalytic 

activity (per electrochemically active surface area) is observed towards methanol 

oxidation compared to a conventional 2 mm polycrystalline platinum macro-disc 

electrode. 
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7 One-step electroless growth of nano-fibrous platinum catalyst 

from “paint-on” PtCl6
2- solution in poly(ethylene glycol) 

 

 

7.1 Introduction 

 

Platinum is known for its high catalytic activity towards many substrates, such as in the 

oxygen reduction reaction, hydrogen evolution reaction and towards methanol 

oxidation. Consequently platinum has found many applications as an electrode material 

in fuel cells,1 solar cells,2 and in water electrolysis systems.3 Catalysts are often 

expensive materials, and it is important to develop systems where the catalytic activity 

(and surface area) is high, whilst keeping the amount of catalyst used to a minimum. 

Nanoparticles are considered to be useful catalytic materials since they have a high 

active surface area whilst keeping the bulk (inactive) area to a minimum. 

 

Single crystal experiments have shown that each facet of a platinum crystal can have 

varying degrees of catalytic activity. For example, Silva et al. report that a Pt(100) 

surface is most active towards the electro-oxidation of D-mannitol.4 However, Herrero 

et al. report that the highest current for methanol electro-oxidation is observed on a 

Pt(110) surface. The corrugated Pt(110) surface has many highly reactive sites, 

however, interactions between the platinum surface and the electrolyte anions also play 

a role in the oxidation current observed.5 It is therefore very important to be able to 

control the shape and size of platinum deposits to maximise the catalytic activity. 

 

The growth of platinum nanoparticles has been widely studied and methods to control 

the shape of nanoparticles have been reviewed.6-8 Ye et al. use a pulse electrodeposition 

method to show how the shape of platinum nano-crystals can be influenced by 

additives. A high molecular weight poly(ethylene glycol), PEG10000, was found to 

cause the growth of “clump-like crystal aggregations”.9 The formation of platinum 

nano-flowers has been reported on carbon substrates10 and on tin-doped indium oxide 

(ITO) glass11 from sulphuric acid solutions. Thin metal layers can also be formed using 

the Pechini method (also known as the polymeric precursor method).12 This process 
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involves the calcination of a metal salt precursor dissolved in ethylene glycol in the 

presence of citric acid, and has been used to form platinum electro-catalysts.13 

 

Carbon is commonly used as a substrate for platinum electrocatalysts, in particular as a 

cathode in fuel cells where platinum is catalytic towards the oxygen reduction reaction 

(ORR).14-16 However, alternative materials, such as ITO glass, are being investigated 

as a more stable scaffold material.17,18 Pt deposits on ITO glass have also been used as 

an effective counter electrode in dye-sensitized solar cell applications.11 Literature 

reports suggest that alloying tin into platinum improves the activity of the catalyst 

towards methanol oxidation.19,20 However, only a limited increase in the catalytic 

activity of platinum on ITO has been observed compared with bulk polycrystalline 

platinum.21 

 

The polyol process is a method where an inorganic metal precursor solution is dissolved 

in a polyol solution and heated under reflux above 85 °C. The polyol, often ethylene 

glycol, acts as a reducing agent to form metal colloids, which are stabilised in solution 

by the polyol and can be later filtered for use in catalysis.14 The high dielectric constant 

for polyols allows good solubility for a number of inorganic precursors, which makes 

the technique suitable for the synthesis of a wide range of metal nanoparticles, including 

platinum.22 Furthermore, optimising the reaction conditions and the use of additives in 

the reaction mix can give good control over the size and shape of the colloids,23-26 which 

are two important properties that can affect the catalytic activity of the particles.7 

 

The synthetic route for the formation of nano-catalysts should be kept as simple as 

possible and avoid complex purification steps that add cost to the process. One-step 

processes, which do not require the use of inert atmospheres, are therefore desirable. 

The non-toxic, non-volatile and reducing properties of poly(ethylene glycol) are utilised 

in this chapter to develop a one-step method for the electroless deposition of nano-

fibrous platinum catalysts, which are formed directly by the atmospheric thermolysis 

of a PtCl6
2- precursor. The electrochemically active surface area of Pt nano-fibrous 

deposits is determined and the catalytic activity of the platinum deposits towards 

methanol electro-oxidation is investigated. 
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7.2 Experimental 

 

7.2.1 Chemical reagents 

 

Poly-(ethylene-glycol) (Sigma-Aldrich, average molecular weight = 200 g mol-1) was 

used as the solvent for nanoparticle preparation. Potassium hexachloroplatinate(IV) 

(K2PtCl6, Sigma-Aldrich, 99.99 % metal basis) was used as the precursor for Pt deposits 

with an indium-tin-oxide (ITO) glass substrate (Image Optics, Basildon, 15 Ohm per 

square). Sulphuric acid (H2SO4, BDH, 98 %) and methanol (MeOH, Fisher Scientific, 

HPLC Grade), were used as analytes to investigate the structure and catalytic activity 

of the Pt deposits, respectively. 

 

7.2.2 Instrumentation 

 

Heating was performed using a TSH12 furnace (Elite Thermal Systems Ltd.). Field 

emission scanning electron microscopy (FESEM) images were taken using a JEOL 

FESEM6301F microscope. All electrochemical measurements were performed using 

an Autolab PGSTAT12 potentiostat (Autolab, Utrecht, NL) and using a three-electrode 

configuration with a platinum wire counter electrode and KCl-saturated calomel 

reference electrode (SCE) at room temperature (20 ± 2 °C). The GPES software 

package (version 4.9005, Autolab, Utrecht, NL) was employed for data acquisition with 

a potential step of 1 mV. 

 

7.2.3 Procedure for nanoparticle fabrication 

 

A solution of either 5 mM, 10 mM, or 20 mM potassium hexachloroplatinate(IV) 

(K2PtCl6) was prepared by stirring in PEG200 at room temperature. Sonication and 

heating were avoided. A 20 μL volume of the resulting solution was placed on the ITO 

glass substrate and distributed over an area of ca. 1 cm2. The sample temperature was 

ramped (10 °C per minute) from room temperature to 500 °C and then maintained for 

30 minutes. The samples were gradually cooled to room temperature and rinsed with 

deionised water (resistivity 18.2 MΩ cm) to remove any remaining soluble inorganics. 

The structure of the platinum deposits was observed using FESEM imaging, and 
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energy-dispersive X-ray (EDX) analysis was used for elemental analysis. The 

crystallinity and the electrochemically active surface area (ESA) of the Pt deposits were 

determined using cyclic voltammetry in aqueous 0.5 M H2SO4 solution.  

 

 

7.3 Results and discussion 

 

7.3.1 Electroless formation of nano-fibrous platinum from PEG solution 

 

The thermolysis of K2PtCl6 solutions in PEG200 yielded platinum deposits on ITO-

coated glass substrates. Figure 7.1A and 7.1B show FESEM images for the nanofibrous 

platinum (appearing as micron-sized aggregates of smaller nano-scale fibres) formed 

from 10 mM PtCl6
2- solution. EDX analysis (not shown) of the deposit confirmed that 

the fibrous deposit was composed of Pt metal without any significant traces of K or Cl 

residues from the precursor. 

 

 

 

Figure 7.1. FESEM images of Pt deposits from thermolysis of 10 mM K2PtCl6 / 

PEG200 solution at (A) 5,000× and (B) 20,000× magnification. (C) Schematic drawing 

of the thermolysis process. 
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The surface coverage appeared to increase with PtCl6
2- concentration with the 

characteristic nanofibrous appearance remaining. PEG is a mild reducing agent, which 

reduces the Pt(IV) in a multi-step process to Pt metal with an increasing rate as the 

temperature is elevated. The high temperatures also cause the polymer solvent to 

evaporate (boiling point ~250 oC27) and hence prevent further reactions from occurring. 

A schematic drawing summarising this complex multi-step mechanism is shown in 

Figure 7.1C. 

 

7.3.2 Voltammetric characterisation of nano-fibrous platinum in H2SO4 

 

The platinum deposits on ITO were investigated by cyclic voltammetry in aqueous 

0.5 M H2SO4 in order to determine the electrochemically active surface area of the 

electrodes (Figure 7.2A). The two peaks at -0.09 V and -0.17 V (vs. SCE) correspond 

to weak and strong H adsorption (Hads) on the Pt surface consistent with poly-crystalline 

bulk platinum (Figure 7.2B). Repeated cycling up to +1.3 V (vs. SCE) helped to clean 

and activate the Pt surface, which caused the Hads peaks to become more clearly 

resolved. The hydrogen evolution reaction (HER) occurs at potentials more negative 

than -0.21 V (vs. SCE). 
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Figure 7.2. (A) Cyclic voltammograms (scan 5, scan rate 5 mV s-1) for the platinum 

deposit (formed from 20 mM K2PtCl6) immersed in 0.5 M H2SO4. (B) As above but for 

a conventional 2 mm diameter Pt disc electrode.  

 

The oxidation of the platinum surface and back reduction to platinum metal is centred 

at approximately +0.7 V (vs. SCE). A further anodic process occurs at +1.2 V (vs. SCE), 

which is indicative of the electrolyte oxidation. A peak response at +0.3 V (vs. SCE) 

(indicated by *) is observed in addition to the conventional platinum processes and is 

attributed to an interaction with the underlying ITO substrate. The same peak response 

has been reported by Liu et al..28 The peak at +0.3 V (vs. SCE) is only observed after 

the potential has been swept into the hydrogen evolution region and therefore could be 

linked to the ITO substrate being reduced. 

 

The electrochemically active surface area (ESA) of the Pt deposits can be calculated 

using H-adsorption peaks,29 carbon monoxide oxidation30, or (with less precision) the 

PtOx/PtOH desorption 31 region of the cyclic voltammogram. In the H-adsorption region 
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of the cyclic voltammogram it can be assumed that hydrogen achieves a full monolayer 

coverage by forming 1:1 linkages with every electrochemically active site on platinum. 

The amount of hydrogen adsorbed is therefore proportional to the electrochemically 

active surface area of the electrode and can be calculated by using the charge under the 

H-adsorption peaks. A similar methodology can be followed when using the PtOx/PtOH 

desorption peak, however, this is less reliable since oxygen can form multiple oxide 

layers. The charge under both the PtOx/PtOH desorption peak (QO) and the charge in 

the Hads region (QH) were calculated. However, only the more reliable QH value was 

used to calculate the ESA (see deviations in QO/QH in Table 7.1). The charge density 

used was 210 μC cm-2 7 and data are summarised in Table 7.1. 

 

 

Table 7.1. Summary of the electrochemical data (obtained in 0.5 M H2SO4 or in 0.5 M 

H2SO4 /0.5 M MeOH) and electrochemically active surface area (ESA, from Hads region 

assuming 210 C cm-2 7) and methanol oxidation catalysis data (see text) for 

nanofibrous Pt deposits on ITO with different catalyst loadings compared to a 

conventional 2 mm diameter Pt disc electrode. 

 

 QH: Charge 

under 

Hadsorption 

region / mC 

QO: Charge under 

(PtOx/PtOH)desorption 

peak / mC 

QO/QH ESA / 

cm2 

Current density Jp 

for MeOH 

oxidation / μA cm-2 

2 mm 

diameter 

Pt disc 

0.05 0.15 2.93 0.24 50.9 

Sample 1 

(5 mM 

PtCl6
2-) 

1.02 1.79 1.75 4.87 96.5 

Sample 2 

(10 mM 

PtCl6
2-) 

1.23 2.31 1.88 5.86 79.7 

Sample 3 

(20 mM 

PtCl6
2-) 

2.14 3.64 1.70 10.2 106 

 

 

 

The roughness factor is a dimensionless parameter often used to describe the surface 

roughness of a material and is calculated using equation 7.1. 

 Roughness factor =
Electrochemically active surface area

Geometric surface area
 (7.1) 
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The estimate of electrochemically active surface area suggests a roughness factor of ~8 

for a 2 mm diameter platinum disc electrode. A substantially higher roughness factor 

was found for all nano-fibrous samples. A positive correlation between PtCl6
2- 

concentration and ESA was found, which, given the similar feature size for nano-

fibrous deposits, suggests that the amount of platinum on the ITO surface increases with 

precursor concentration. Interestingly, the 𝑄𝑂/𝑄𝐻 ratio seems to be lower for the nano-

fibrous deposits, which could be linked to curvature or disorder effects,32 or perhaps 

more likely to substrate effects such as slower growth of the oxide film on ITO. 

 

7.3.3 Voltammetric characterisation of nano-fibrous platinum in the catalytic 

oxidation of methanol 

 

The catalytic electro-oxidation of MeOH on a Pt electrode has been studied extensively 

on polycrystalline and single crystal platinum due to its importance in advancing the 

technology for direct methanol fuel cells (DMFCs).33,34 The catalytic activity of the 

nano-fibrous Pt structures towards methanol was investigated using a 0.5 M MeOH 

solution in 0.5 M H2SO4 electrolyte. The voltammetry showed a characteristic oxidation 

peak current at +0.6 V (vs. SCE) on the positive scan. This oxidation peak was 

independent of scan rate (with appropriate background subtraction), which is indicative 

of a kinetically controlled (catalytic) process rather than one limited by diffusion 

(Figure 7.3A). A MeOH oxidation peak was also observed when scanning in the 

negative direction with an onset potential that coincides with the potential of the 

PtOx/PtOH desorption region. The removal of oxides from the Pt surface leaves behind 

a clean and highly catalytic Pt region, which rapidly converts MeOH into products. The 

peak current of both MeOH oxidation peaks (from positive and negative-going scans) 

increases with MeOH concentration (Figure 7.3B), but plateaus at concentrations 

greater than 1 M MeOH. 
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Figure 7.3. (A) Cyclic voltammograms (scan rates: 5, 10, 20, 50 mV s-1) for the 

oxidation of 0.5 M MeOH in 0.5 M H2SO4 using sample 3 as the working electrode. 

(B) Plot of the methanol oxidation peak current versus methanol concentration. 

 

A comparison of the peak current density for the MeOH oxidation process (for the 

positive scan) at a constant MeOH concentration can be used as a measure of the 

catalytic activity of the Pt nano-fibrous structure. The peak current density (𝑗𝑝) is the 

quotient of the peak current (𝐼𝑝) and the electrochemically active surface area (ESA) 

(equation 7.2). 

 𝑗𝑝 =
𝐼𝑝

𝐸𝑆𝐴
 (7.2) 

Figure 7.4 shows cyclic voltammograms in the presence of 0.5 M methanol for nano-

fibrous Pt electrodes deposited from different concentration PtCl6
2- precursor solutions. 

The peak current density was calculated for each electrode and compared with a 

polished 2 mm diameter Pt disc. It was observed that a positive potential window up to 

+1.3 V (vs.SCE) was required to maintain a good electrocatalytic response. 



180 

 

 

Figure 7.4. Cyclic voltammograms (scan rate 5 mV s-1) for platinum electrodes 

immersed in 0.5 M H2SO4 without (solid line) and with (dashed line) 0.5 M MeOH for 

(A) the deposit formed from 5 mM PtCl6
2-, (B) the deposit formed from 10 mM PtCl6

2-, 

(C) the deposit formed from 20 mM PtCl6
2-, and (D) a commercial 2 mm diameter 

platinum disc electrode. (E) Bar graph showing the peak current density (from positive 

scan) for the electro-oxidation of MeOH for the four types of electrodes (estimated error 

ca. ± 30 %). 

 

The catalytic methanol oxidation appears most pronounced for the nano-fibrous 

platinum from the 20 mM precursor solution. The sharp peak-like current observed 

during the negative-going potential sweep is probably caused by a combination of the 

substrate resistance delaying the onset of the methanol oxidation and the formation of 

a highly active platinum surface after PtOx/PtOH desorption.35,36 The bar graph in 

Figure 7.4E shows a comparison of all four types of electrode (including a commercial 

2 mm diameter polished Pt disc for comparison). Errors are estimated at ± 30 % and 
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only a minor increase in catalytic activity (or current density) was observed for nano-

fibrous platinum. This is consistent with literature reports for nano-platinum on ITO 

21,28. The long term stability of the nano-fibrous platinum on ITO is limited. Performing 

100 potential cycles in 0.5 H2SO4 with 0.5 M methanol, a clear decrease in the catalytic 

current was observed with sizeable areas of the platinum deposits detaching form the 

ITO surface. To increase the usefulness of these electrodes, the long term stability and 

uniformity of the platinum nano-fibrous deposits should be improved. 

 

 

7.4 Conclusions 

 

A one-step method for the synthesis of nano-fibrous platinum deposits from a PEG200 

precursor solution in atmospheric conditions at 500 °C has been demonstrated. Upon 

heating the poly(ethylene glycol) solvent reduces the Pt(IV) species to metallic 

platinum, whilst simultaneously evaporating to leave a metallic platinum deposit on the 

substrate. The deposits form a network of nano-fibrous polycrystalline platinum 

structures on the surface with a high surface area. The electrocatalytic reactivity of the 

Pt deposits towards methanol oxidation was determined. Only a slight increase in 

catalytic activity was observed when compared to bulk polycrystalline platinum. Many 

parameters could affect the quality and activity of the platinum deposits and the 

procedure could be optimised further. For example, the ramping rate, maximum heating 

temperature, maximum heating time, cooling rate, and precursor solution composition 

could all influence the nature of the metal deposits. This method could also be of interest 

for the formation of mixed-metal catalysts. These nano-fibrous catalysts are most suited 

toward direct methanol fuel cell or electrochemical sensing applications. However, the 

long term stability and uniformity of the films must be improved to be useful electrode 

materials. 
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Chapter 8: Conclusions and future work 

 

Solvents play a critical role in the success of a reaction and it is becoming increasingly 

more important to find environmentally benign solvents for many chemical and 

electrochemical processes. Poly(ethylene glycol) has been identified as a non-toxic, 

inexpensive, non-volatile and environmentally benign material. The electrochemical 

properties and potential uses of the solvent have been investigated. 

 

Voltammetry under vacuum conditions has been demonstrated as a method to remove 

unwanted gases and to control the humidity of non-volatile liquids. Double potential 

step experiments were coupled with computer simulations to determine the diffusion 

coefficients of anthraquinone-2-sulfonate, 1,1’-ferrocene dicarboxylic acid and 1,1’-

ferrocene dimethanol under mixed diffusion conditions in poly(ethylene glycol) with 

an average molecular weight of 200 g mol-1 (PEG200). Cyclic voltammetry simulations 

using the optimised diffusion coefficients showed an overestimation of the peak 

currents for 1,1’-ferrocene dicarboxylic acid and for anthraquinone-2-sulfonate due to 

the presence of underlying background processes. However, the diffusion coefficients 

determined for 1,1’-ferrocene dimethanol (𝐷𝑜𝑥 = 1.3 × 10−7 cm2 s-1 and 𝐷𝑟𝑒𝑑 = 1.4 ×

10−7 cm2 s-1) gave a good fit between simulation and experiment for both potential step 

and cyclic voltammetry. The values were therefore deemed reliable. The low diffusion 

coefficient values and the corresponding low currents were attributed to the high 

viscosity of the PEG200 solution. 

 

In order to enhance currents in viscous electrolyte media, a new hydrodynamic 

technique was developed. The technique was based upon an inlaid disc electrode 

approaching a rotating drum so that laminar Couette flow conditions were established 

in the microgap between the electrode and the rotating wheel. A Levich-type equation, 

that is geometry dependent, was derived for the hydrodynamic system under Couette 

flow conditions in a microgap. The Levich-type equation indicated that the limiting 

current was proportional to the cube root of the rotation speed, but independent upon 

the viscosity of the solution. Experiments confirmed the validity of the Levich-type 

equation and the technique successfully caused an increase of two orders of magnitude 

in the limiting current. Further current enhancements could be achieved by using faster 
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rotation speeds and developing a similar system with nano-sized distances between 

electrode and rotating drum. However, improvements to further minimise drum 

irregularities must be made before nano-size gaps could give reliable data. The 

hydrodynamic method under Couette flow conditions successfully enhanced currents 

at an electrode surface in PEG200 and would be suitable for a range of other viscous 

solvents. This technique could also be used for electrosynthetic applications using 

highly viscous solvents. 

 

An electrochemical anodic grafting method was developed for the attachment of 

poly(ethylene glycol) to glassy carbon and boron doped diamond electrodes. XPS data 

analysis was consistent with poly(ethylene glycol) modified surfaces. Furthermore, the 

grafting of a more complex, PEGylated species, namely Kolliphor® EL, was also 

demonstrated on glassy carbon surfaces. The simple electrochemical attachment of 

poly(ethylene glycols) could enable facile surface modifications with other complex 

molecules, such as PEGylated redox active proteins, which could lead to interesting 

surface properties. 

 

The grafting of PEG derivatives to carbon surfaces caused a severe decrease in the rate 

of heterogeneous electron transfer for the Fe(CN)6
3-/4- redox couple, which was 

demonstrated by cyclic voltammetry and electrochemical impedance spectroscopy. It 

is proposed that the hydrophilic Fe(CN)6
3-/4- couple cannot penetrate far into the PEG 

layer, which causes an apparent decrease in the heterogeneous rate of electron transfer. 

However, the rate of heterogeneous electron transfer for more hydrophobic species is 

unimpeded by the presence of the PEG layer. It was found that low concentrations (< 

50 μM) of ferrocene derivatives can act as electron shuttle molecules and mediate the 

oxidation (and to a lesser extent the reduction) of the Fe(CN)6
3-/4- redox couple. The 

mediated response causes an amplification in current that would typically be expected. 

Consequently, very low concentrations (< 1 μM) of mediator could be detected, which 

could have future applications in electroanalytical sensing devices, in particular bio-

medical devices. PEG is known to exhibit anti-fouling properties and it would be of 

interest if these PEG-modified electrodes were resistant to protein adsorption, however, 

this has not been explored in the current study. Further improvements on the stability 

of the PEG films must also be made for these modified electrodes to give reliable 

electroanalytical readings. 
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A one-step electroless deposition was developed whereby poly(ethylene glycol) was 

used as the solvent and reducing agent for the formation of nano-fibrous platinum 

deposits from a platinum(IV) salt precursor solution. The catalytic activity of the 

resulting platinum deposits towards the electro-oxidation of methanol was assessed. 

Only slight increases in electro-catalytic activity were observed when compared to a 

polished, polycrystalline platinum disc electrode. The electroless deposition technique 

could be adapted to synthesise a wide range of metallic deposits, including perhaps 

alloys. Further optimisation of the thermolysis technique could help control the shape 

and uniformity of the deposits on the chosen substrate. 

 

In summary, a range of electrochemical methods have been developed for the study of 

redox processes in viscous polymer solvents, in particular poly(ethylene glycol). The 

often low volatility of polymer solvents enables processes to be performed in vacuo, 

which allows the atmosphere and humidity levels to be controlled. These properties 

could be of particular interest in carbon capture technologies, where the highly 

absorbing nature of poly(ethylene glycol) towards carbon dioxide could be utilised. 

Volatile products from the electro-reduction of carbon dioxide could be extracted under 

reduced pressure. Such viscous solvents suffer from slow mass transport effects, which 

can make voltammetry troublesome. However, hydrodynamic methods can be used to 

overcome this limitation. An anodic grafting method was also developed for the surface 

modification of poly(ethylene glycol), which could have uses in electroanalytical 

applications. However, further improvements on the film stability must be made in 

order for reliable sensing devices to be manufactured. Finally, a one-step electroless 

deposition method was developed for the formation of nano-fibrous metallic deposits. 

The technique could be adapted for a wide range of metal (or mixed metal) deposits for 

catalytic applications. 

 

Many methods are available to study and exploit the advantageous properties of 

polymer solvents for electrochemical processes. In particular, poly(ethylene glycol) is 

a low cost, non-toxic, environmentally benign solvent that has been shown to be a 

suitable solvent in electrochemical systems. 


