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ABSTRACT 

 This thesis reports the voltammetric applications and fundamental frequency-

dependent properties of carbon-based electrode materials. A range of electrochemical 

systems hasve been investigated, and new materials have been electrochemically 

characterised, which will be of use to the field of electrochemistry.  

 In Chapter 3 of this thesis, different graphenes were utilised as electrode composite 

materials, and their electrochemical behaviour was de-convoluted. It was found that 

surfactant-free graphenes were useful for the detection of guanine in terms of a reduced 

activation potential, which is thought to be derived from a pi-pi adsorption mechanism. The 

oxygen reduction reaction was also focussed upon and it was found that the type of graphene 

utilised did not affect the electrochemical mechanism in the respective reactions, but the 

peroxide yields changed. This could have dramatic ramifications for users choosing carbon 

materials as catalyst supports. 

 Screen-printed electrodes were applied to novel systems including theophylline and 

creatinine, finding that their use as portable sensors was viable in two ways. For theophylline, 

a direct oxidation mechanism was useful for the detection of the medicine, while in the case 

of creatinine, an indirect detection method was found to be effective as creatinine is not 

electrochemically active. In Chapter 5, the first graphene screen-printed electrodes were 

developed and characterised. The result was two graphene screen-printed electrodes, with 

differing electrochemical properties, both of which could be used for different applications. 

 Finally, Chapter 6 focusses upon whether electrochemical impedance spectroscopy is 

useful for screen-printed electrodes and carbon modifications. The work in this thesis finds 

that a synergy could potentially be formed, and in particularly, has found that it would be 

wise to operate screen-printed electrodes around +0.2 V due to this being the point where 

there is no net charge at the electrode surface under standard conditions. 
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AIMS AND OBJECTIVES 

The primary focus of this thesis is to thoroughly investigate carbon-based electrode 

materials towards novel electrochemical systems, using existing electrochemical and 

frequency-dependent techniques, as well as understand the fundamental frequency-dependent 

properties of screen-printed electrodes. The objectives of these investigations are described in 

greater detail below. 

 

Objectives 

1. Contribute to the scientific understanding of electrochemical impedance spectroscopy 

and apply this into new electrochemical areas to allow the ability to readily derive 

mechanistic information. 

2. Critically examine solid-liquid interfaces using existing electrochemical techniques, 

with a particular focus upon screen-printed electrodes. 

3. Assess and evaluate the electron transfer at solid-liquid interfaces utilising graphene 

and related carbon allotropes and probe using electrochemical impedance 

spectroscopy and voltammetric techniques. 

4. Develop electroanalytical sensors based upon electrochemical impedance 

spectroscopy and voltammetric techniques, and derive new novel detection methods 

for a range of key/model analytes. 
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BPPG (grey line) electrode. Scan rate: 100 mV s-1. 

53. Figure 3.22: Scan rate study of the ORR utilising a 20 ng pristine graphene modified 

EPPG electrode. Scan rates: 10 mV s-1; 50 mV s-1; 100 mV s-1; 200 mV s-1; and 400 

mV s-1. 

54. Figure 3.23: The effect of EP due to the mass of pristine graphene immobilised upon 

the surface of an EPPG electrode for the ORR reaction. Scan rate: 100 mV s-1. 

55. Figure 3.24: Cyclic voltammetric profiles depicting the electrochemical reduction of 

oxygen in 0.1 M H2SO4 utilising 20 ng Q-Graphene modified EPPG (blue line) and 

BPPG (green line) electrodes. Scan rate: 100 mV s-1. 

56. Figure 3.25: Scan rate study of the ORR in 0.1 M H2SO4 utilising a 20 ng Q-Graphene 

modified EPPG electrode. 

57. Figure 3.26: Cyclic voltammetric profiles of the electrochemical reduction of oxygen 

in 0.1 M H2SO4 using GO modified (blue line) EPPG and (green line) BPPG 

electrodes. Scan rate: 100 mV s-1. 

58. Figure 3.27: Scan rate study of a GO modified EPPG electrode. Scan rates: 10 mV s-1; 

20 mV s-1; 50 mV s-1; 100 mV s-1; 200 mV s-1; and 400 mV s-1. 

59. Figure 3.28: Schematic representation of the scenario in which graphene is decorated 

with a catalyst for the ORR reaction. A heterogeneous surface will result where the 

primary electrochemical reaction converting oxygen to water is also accompanied by 

a secondary electrochemical reaction on the graphene per se which is converting 

oxygen to hydrogen peroxide. The exact electrochemical processes will depend upon 

the chosen catalyst and graphene (see text). 



19 | P a g e 

 

60. Figure 4.1: Graphical representation of peak current densities (blue) and peak 

potentials (red) for the series of electrodes utilised within this section. All experiments 

were conducted using 1 mM TP in 0.1 M PBS (pH 7.4). Scan rate: 100 mV s-1. 

61. Figure 4.2: Cyclic voltammetric profiles obtained for 1 mM TP using an ESPE 

working electrode under various conditions: pH 1.0 (green); pH 4.2 (red); and pH 7.4 

(black). Scan rate: 100 mV s-1. Inset: EP versus pH for the entire pH range utilised. 

62. Figure 4.3: Structure of TP and two possible reaction mechanisms. 

63. Figure 4.4: Electroanalytical cyclic voltammetric profiles of TP utilising an ESPE 

working electrode. The on-board carbon auxiliary and Ag/AgCl reference electrode is 

utilised in this instance. Scan rate: 100 mV s-1. 

64. Figure 4.5: The formation of the Janovsky complex in the Jaffe reaction.366 Picric acid 

and creatinine react together to form the deep orange coloured Janovsky complex. 

65. Figure 4.6: Voltammetric profiles typical of the electrochemical oxidation of 

creatinine in pH 9.4 BBS with 150 mM NaCl background electrolyte, utilising a gold 

electrode. Scan rate: 50 mV s-1. Inset: concentration versus IP
ox for the same 

experiment. 

66. Figure 4.7: Tautomer of creatinine existing in aqueous conditions. 

67. Figure 4.8: Proposed electrochemical mechanism for the direct oxidation of creatinine 

in pH 9.4 BBS at a gold electrode. 

68. Figure 4.9: A: Voltammetric profiles obtained at SPEs for the electrochemical 

reduction of: (grey line) blank NaOH buffer solution; (red line) 0.5 mM creatinine in 

pH 13 NaOH buffer solution; (blue line) 0.5 mM picrate in pH 13 NaOH buffer 

solution; and (green line) 0.5 mM creatinine reacted with 0.5 mM picrate for 5 

minutes. Scan rate: 50 mV s-1.  

      B: Graphical summary of the peak heights presented in Figure 4.9A. 
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69. Figure 4.10: Graphical representation of the effect of degassing solutions upon the 

observed peak reduction current of the picrate anion in both blank picrate solutions 

(5.00 mM) and creatinine-containing (5.66 mM) solutions. 

70. Figure 4.11: A: Comparison of electrode responses towards 5 mM picrate in pH 13 

NaOH buffer solution. Scan rate: 50 mV s-1. B: Graphical representation of the peak 

current densities. 

71. Figure 4.12: The effect of creatinine concentration upon the observed peak reduction 

current of picric acid at: (A) a gold electrode; and (B) an EPPG electrode. Each point 

is an average of three separate experiments, all with a standard deviation of no more 

than 4 µA for gold and 12 µA EPPG. Scan rate: 50 mV s-1. 

A: 0.0 ï 7.5 mM; N = 6; R2 = 0.989 and 9.0 ï 14.0 mM; N = 4; R2 = 0.988. 

B: 0.0 ï 6.0 mM; N = 7; R2 = 0.997 and 7.5 ï 11.5 mM; N = 7; R2 = 0.989. 

72. Figure 4.13: Calibration curve for the UV/Vis absorbance versus creatinine 

concentration (ɚmax = 500 nm). Each point is an average of three separate experiments, 

all with a standard deviation of no more than 0.032 au. 

73. Figure 4.14: The effect of creatinine concentration upon the observed peak currents 

exhibited by 5 mM picric acid in pH 13 NaOH buffer solution at a graphite SPE. Data 

points are averaged over three separate scans. Scan rate: 50 mV s-1. 

74. Figure 4.15: SPE with dry picric acid on the working electrode. The picric acid 

crystallizes when dry. 

75. Figure 4.16: Graphical representation of the peak currents exhibited by a drop-coated 

picric acid SPE at varying creatinine concentrations; the picric acid concentration is 

calculated as an effective concentration from the mass of picric acid applied to the 

electrode surface, assuming 100% dissolution of the picric acid crystals into the 50 µL 

creatinine sample covering the SPE, and was calculated to be 1.1 mM. 
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76. Figure 5.1: Typical coverage of graphene resulting from drop-casting a suspension of 

the graphene of interest onto a supporting electrode surface. Such an approach is 

extensively utilised within the academic literature in order to electrically wire 

graphene. 

77. Figure 5.2: SEM images of the various SPEs: ESPE (A); BSPE (B); GSPE1 (C); and 

GSPE2 (D). 

78. Figure 5.3: Raman spectra obtained for each of the SPEs utilised: ESPE (A); BSPE 

(B); GSPE1 (C); and GSPE2 (D). 

79. Figure 5.4: De-convoluted XPS spectra obtained for the GSPE1 for surface carbon 

species (C1s ï A) and surface oxygen species (O1s ï B). 

80. Figure 5.5: De-convoluted XPS spectra obtained for the GSPE2 for surface carbon 

species (C1s ï A) and surface oxygen species (O1s ï B). 

81. Figure 5.6: ATR spectra obtained for the as-received ówetô graphene inks utilised in 

the screen-printing process: GSPE1 (black); and GSPE2 (red). 

82. Figure 5.7: Background blank cyclic voltammograms obtained in pH 7.4 PBS (0.1 

M). All recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); GSPE1 

(green); and GSPE2 (blue; inset). 

83. Figure 5.8: Cyclic voltammograms obtained for 1 mM hexamine-ruthenium chloride 

in pH 7.4 PBS. All recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); 

GSPE1 (green); and GSPE2 (blue). 

84. Figure 5.9: Cyclic voltammograms obtained for 1 mM potassium ferrocyanide in pH 

7.4 PBS. All recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); GSPE1 

(green); and GSPE2 (blue). 
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85. Figure 5.10: Cyclic voltammograms obtained for 1 mM TMPD in pH 7.4 PBS. All 

recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); GSPE1 (green); and 

GSPE2 (blue). 

86. Figure 5.11: Cyclic voltammograms obtained for 1 mM NADH in pH 7.4 PBS. All 

recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); GSPE1 (green); and 

GSPE2 (inset; blue). 

87. Figure 5.12: Cyclic voltammograms obtained for 1 mM AA in pH 7.4 PBS. All 

recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); GSPE1 (green); and 

GSPE2 (inset; blue). 

88. Figure 5.13: Cyclic voltammograms obtained for 1 mM DA in pH 7.4 PBS. All 

recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); GSPE1 (green); and 

GSPE2 (blue). 

89. Figure 5.14: Cyclic voltammograms obtained for 1 mM UA in pH 7.4 PBS. All 

recorded at a scan rate of 100 mV s-1: ESPE (black); BSPE (red); GSPE1 (green); and 

GSPE2 (inset; blue). 

90. Figure 5.15: Cyclic voltammograms depicting the capacitive behaviour of ESPE 

(black), BSPE (red), GSPE1 (green), and GSPE2 (blue) in 1 M Na2SO4 at 100 mV s-1. 

91. Figure 5.16: Calibration plots depicting IP versus concentration towards the detection 

of AA in pH 7.4 PBS at 100 mV s-1 (vs. Ag/AgCl) utilising the various SPEs: ESPE 

(black squares); BSPE (red circles); GSPE1 (green triangles); and GSPE2 (blue 

inverted triangles). 

92. Figure 6.1: Bode plot, consisting of the (black) total impedance, and (purple) phase 

angle, for three ideal resistors: 10 kÝ (solid lines); 1 kÝ (dashed lines); and 0.1 kÝ 

(dotted lines). Parameters: +20 mV DC excitation potential; 10 mV AC amplitude; 10 

frequencies recorded per decade. 
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93. Figure 6.2: Bode plots for EPPG (blue), BPPG (green), and platinum (red) electrodes. 

Parameters: +20 mV DC excitation potential; 10 mV AC amplitude; 10 frequencies 

recorded per decade. A 20 mV DC excitation potential was used because a slight 

excitation is required for the experiment, but Faradaic exchanges needed to be 

avoided; such a small offset satisfies these needs. 

94. Figure 6.3: Bode plots for five SPEs: ESPE (blue); BSPE (green); SW-SPE (purple); 

GSPE (red); and LRI-SPE (grey). Parameters: +20 mV DC excitation potential; 10 

mV AC amplitude; 10 frequencies recorded per decade. 

95. Figure 6.4: Bode plot for 1 mM K3[IrCl 6] in pH 7.4 PBS with 0.1 M KCl electrolyte. 

Parameters: +20 mV DC excitation potential; 10 mV AC amplitude; 10 frequencies 

recorded per decade; LRI-SPE utilised. 

96. Figure 6.5: Bode plot for 1 mM K3[IrCl 6] in pH 7.4 PBS with 0.1 M KCl electrolyte. 

Parameters: +550 mV DC excitation potential; 10 mV AC amplitude; 10 frequencies 

recorded per decade. 

97. Figure 6.6: Nyquist plots for 1 mM K3[IrCl 6] in pH 7.4 PBS for the non-Fardaic 

(blue) and Faradaic (green) cases. Parameters: variable DC excitation potential; 10 

mV AC amplitude; 10 frequencies recorded per decade; +0.02 V DC potential (non-

Faradaic case); +0.52 V DC potential (Faradaic case); frequency range: 10000000 ï 

0.2 Hz. 

98. Figure 6.7: RC circuit used to model capacitance values from PZC experiments, 

utilising EIS.  

99. Figure 6.8: Quantum capacitance for single layer graphene. Reprinted from Reference 

466. 
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100. Figure 6.9: Capacitance versus applied potential plots for (top, green) ESPE and 

(bottom, blue) EPPG electrodes. Electrolyte: 0.1 M KCl. Frequency range: 100000 - 

1  Hz. Amplitude: 10 mV. 

101. Figure 6.10: Capacitance versus applied potential plots for (top, green) ESPE, and 

(bottom, blue) EPPG electrodes. Electrolyte: 0.1M NaCl. Frequency: 100000 - 1 Hz. 

Amplitude: 10 mV. 

102. Figure 6.11: CV profiles of 2 mM HQ in pH 7.4 PBS using three working electrodes: 

EPPG (blue); BPPG (green); and BDD (orange). 

103. Figure 6.12: Nyquist plots of 2 mM HQ in pH 7.4 PBS using three working 

electrodes: EPPG (blue); BPPG (green); and BDD (orange; inset). Frequency range: 

10000 ï 0.2 Hz.  

104. Figure 6.13: EIS spectra of 2 mM HQ in pH 7.4 PBS using several modified carbon 

electrodes: bare EPPG (blue); 20 ng pristine graphene (green); 20 ng GO (red); 20 ng 

Q-Graphene (grey); and 20 ng graphite (purple). 

105. Figure A1: Cyclic voltammograms of several electrodes in pH 7.4 PBS with 0.1 M 

KCl electrolyte. The length of the bars underneath the abscissa represent the 

potential windows. 
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TERMS AND ABBREVIATIONS 

  

*  Bulk solution 

A Surface area 

AC Alternating Current 

ATR Attenuated Total Reflectance 

BDD Boron-Doped Diamond 

BPPG Basal-Plane Pyrolytic Graphite 

BSPE Basal-plane Screen-Printed Electrode 

C Concentration 

CDL Double layer capacitance 

CNT Carbon NanoTube 

CV Cyclic Voltammetry 

CVD Chemical Vapour Deposition 

D Diffusion coefficient 

DC Direct Current 

DPV Differential Pulse Voltammetry 

EIS Electrochemical Impedance Spectroscopy 
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E0 Standard potential 

E Cell potential 

EP  Peak potential 

EMF ElectroMotive Force 

EPPG Edge-Plane Pyrolytic Graphite 

ESPE Edge-plane Screen-Printed Electrode 

F Faraday constant 

GC Glassy Carbon 

GO Graphene Oxide 

GSPE Graphene Screen-Printed Electrode 

HOPG Highly Ordered Pyrolytic Graphite 

HPLC High Performance Liquid Chromatography 

IR Infra-Red 

IP Peak current 

j Flux 

k Boltzman constant 

k0 Electron transfer rate constant 

LoD Limit of Detection 
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LRI-SPE Low Resistance Ink Screen-Printed Electrode 

LSV Linear Sweep Voltammetry 

MWCNT Multi -Walled Carbon NanoTube 

n Number of electrons transferred 

nô Number of electrons transferred in the rate-determining step 

R Molar gas constant 

RCT Charge transfer resistance 

RS Solution resistance 

RSD Relative Standard Deviation 

SCE Saturated Calomel Electrode 

SEM Scanning Electron Microscopy 

SPE Screen-Printed Electrode 

SWCNT Single-Walled Carbon NanoTube 

SW-SPE Single-Walled carbon nanotube Screen-Printed Electrode 

SWV Square Wave Voltammetry 

t Time 

T Temperature 

TEM Transmission Electron Microscope 
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UV/Vis  UltraViolet/Visible light spectrophotometry  

XPS X-Ray Photoelectron Spectroscopy 

XRD X-Ray Diffraction 

Z Impedance 

Zô Real complex plane impedance 

Zôô Imaginary complex plane impedance 

ZW Warburg impedance 

ɤ Frequency (angular) 

ɡ Scan rate 

 ʟ Interfacial potential 

Ŭ Kinetic parameter - anode 

ɓ Kinetic parameter - cathode 

Ҽ Phase angle 

ɖ Overpotential 

ɣ Nicholson parameter 
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CHAPTER 1 

ELECTROCHEMISTRY 

INTRODUCTION TO ELECTROCHEMISTRY 

Throughout this thesis, a number of physical and chemical parameters have to be 

taken into consideration, because the origin of electrochemical responses is not from any one 

particular process; rather the electrochemical responses obtained in each experiment is a 

summation of various phenomena encountered. Therefore in this Chapter, the fundamentals 

of electrochemistry are briefly explained in sufficient detail to satisfy the work conducted, 

starting with an introduction into electrochemistry, the theory of which is utilised throughout 

the entirety of this thesis. Many areas are covered, from setting up an electrochemical 

experiment, to interpretation of data, to factors which need consideration when selecting 

electrode materials. 

1.1 ELECTROCHEMISTRY 

The field of electrochemistry concerns the study of electron transfer reactions 

between an electrode and a reactant contained within solution.
1 Electron transfer reactions are 

vitally important, in both the technological and natural world. For instance, a standard voltaic 

cell requires an electron transfer reaction in order for the chemical energy stored within the 

cell to be converted into electrical energy for use outside of the cell.2 Conversely in nature, 

electron transfer reactions are required for important biological processes such as 

photosynthesis for the production of sugars from carbon dioxide and water in plants,3 and in 

respiratory processes (e.g. Krebôs cycle, electron transport chain4) taking place in plants, 

animals, and bacteria alike. All these processes have at least these two things in common: the 

passage of electrical current, and the production of electrical energy from chemical potential 

energy.5 In fact, all electrochemical (Faradaic) processes meet these two requirements, and a 
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vast array of techniques, phenomena, devices, and technologies revolve around these 

processes. It is the job of electrochemists to study such electron transfer reactions in order to 

understand, improve, and consolidate such reactions for applications within the technological 

world.  

Electrochemical reactions differ from chemical reactions insofar as electrons are 

transferred between a reactant and an electrode (at the electrode|solution interface), as 

opposed to chemical reactions where electrons are transferred between molecules and take 

place in a bulk solution (or at surfaces in a heterogeneous reaction, but no electrons are 

transferred between the surface and the molecule). Scientists have the capability to monitor 

such electrode|solution interactions by use of a (or a combination of) electrochemical 

technique(s), which are divided generally into two categories: potentiometric; and 

potentiostatic measurements. There are many similarities between these techniques, such as 

the requirement for two conducting electrodes in contact with an ionic electrolyte containing 

an electroactive target (collectively called an electrochemical cell). The conducting electrodes 

are a working electrode for electrochemical reactions to take place as well as a high-

impedance (zero-current) reference electrode, which is required for the monitoring of 

working electrode potential and/or current fluctuations. Without the reference electrode, the 

measurement of a potential drop at one interface is not feasible,1 thus the fixed-potential 

reference electrode is introduced; all electrochemical activity is then directly ascribable to the 

working electrode|solution interface. The differences between the two subsets of 

electrochemical methods are that potentiostatic techniques control the potential, whereas 

potentiometric methods measure the potential in an electrochemical system. 

Mentioned in the previous paragraph was the notion that two conductors separated by 

an electrolyte are termed an electrochemical cell, or simply just ñcellò for short. The cell is 

the key component in any electronic circuit without an external power supply. Cells which 
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power a device through spontaneous conversion of chemical energy into electrical energy at 

an electrode surface are termed as galvanic cells.5 Galvanic cells are obviously hugely 

important in modern day society as they power a host of different of electrical devices 

ranging from laptops and gaming devices through to mobile phones and electronic razors, 

through either a primary cell (non-rechargeable) or a secondary cell (rechargeable). Fuel cells 

are a further type of galvanic cell, which provide a much higher power density than a primary 

or secondary galvanic cell; such cells are hoped to power electric cars on a global scale one 

day.6-8  

Galvanic cells are of little importance to this work, however, as the majority of this 

thesis focusses upon electrolytic cells. Electrolytic cells are subjected to an external electric 

field, which catalyses electrochemical reactions from a source of target molecules in the cell. 

The external voltage must be higher than the open-circuit potential of the cell to be termed an 

electrolytic cell, otherwise it would be simply a galvanic cell with the open circuit potential 

as the cellôs potential output. Using electrolytic cells, one can perform desired 

electrochemical reactions at electrode surfaces (oxidation of ascorbic acid for example9), 

whilst controlling the potentials of the system by altering the properties of the 

electrode|solution interface. An example of an electrolytic cell is provided in Figure 1.1.  
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Figure 1.1: Left: typical three electrode cell setup consisting of (from left to right) a working 

electrode, a reference electrode, and an auxiliary electrode. Right: simple potentiostatic circuit, 

reprinted from Gamry.10 

1.2 FARADAIC PROCESSES 

Electrochemists, like everyone else, face many problems when interpreting data; one 

such problem is deducing the origin of an observed passage of current. This is important as 

two types of processes occur at electrodes, which contribute to the observed currents: 

Faradaic; and non-Faradaic processes. The latter phenomenon describes a process where a 

current (or transient current) is observed due to anything other than a charge transfer process, 

such as adsorption, desorption (or voltammetric stripping), solution composition changes, 

biorecognition events, diffusion through porous electrodes, or changes in electrode surface 

area. Clearly, the list is long and distinguished, so controls have to be set in place to minimise 

such non-Faradaic effects, or at the very least keep them under strict control. If such 

processes remain controlled, any observed changes in potential or current are attributed to the 

Faradaic, or charge transfer, processes occurring at the electrode|solution interface. 

Generically, a reversible charge transfer process is denoted as in equation 1.1, where a redox-

active species is oxidised and reduced at an electrode surface (n denotes the number of 

electrons, e, involved in the reaction): 
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 ReOx ne d+ ª . (1.1) 

It is this transfer of electrons which the field of electrochemistry is concerned with. This is 

because the current response obtained from interfacial charge transfer is directly proportional 

to the concentration of the electroactive species in the bulk solution. However, in electrolytic 

cells, these processes do not just spontaneously occur, as alluded to in the opening section. 

Rather, such a process must be instigated by an external electric field or potential. This 

potential provides energy for the Faradaic process to be thermodynamically favourable. The 

thermodynamics of electrode systems are detailed, yet are simplified by the Nernst equation 

(equation 1.2), which describes the relationship between electrochemical potential and the 

relative activity of chemical species, where E is the potential of the process under scrutiny, E0 

is the standard cell potential, R is the molar gas constant, 8.314 J K-1 mol-1, T is the absolute 

temperature, n is the number of electrons transferred, F is the Faraday constant, 96485.33 C 

mol-1, and a is the relative activity of the chemical species present. 
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Normally, electrochemistry operates with relatively low analyte concentrations, thus 

one can assume that the molecule activity is equal to the concentration (an approximation 

which can be made due to low intermolecular activity at low analyte concentrations), 

provided it is kept in mind that the concentration relates specifically to the concentration at 

the electrode surface.5 Thus, the Nernst equation assumes the following form (under standard 

conditions) in most textbooks, where [Ox] and [Red] represents the concentration of the 

relevant electroactive species:1, 11  
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 The theoretical potential deduced from the Nernst equation is the potential required 

for the system in question to undergo an electrochemical reaction, and hence instigate charge 

transfer reactions, creating a current, which can be measured by the working electrode. If this 

potential is negative, the reaction is thermodynamically favourable, and thus the species Ox 

in equation 1.1 will be reduced, losing n electrons in the process and forming the reduced 

species Red. The current produced from the reduction of species Ox to Red exists due to a 

change in oxidation state, and is termed a Faradaic current because it obeys Faradayôs law; 

that is, one mole of a reactant species will ideally produce n times 96485.33 Coulombs, under 

standard conditions. The electrochemical current measured at the working electrode surface, 

in a voltammetric experiment, is plotted as a function of the applied potential (termed a 

voltammogram), and represents graphically a complete current-potential plot where much 

information is available for user interpretation. It is noteworthy that all voltammograms adopt 

different curves dependent upon several phenomena which are Faradaic and non-Faradaic in 

nature; it is for the electrochemist to pontificate and de-convolute such data.  

 However, the vast majority of ósimpleô electrochemical measurements unfortunately 

can quickly turn into a headache for any electrochemist. Electrochemical responses can be 

indicative of a reactant, or a product, or a reactant reacted with a product, and so on. Simply 

put, there are a number of reaction routes in which the reactions may proceed. Independent of 

the reaction route, the measured current is related to the mass transport in the solution phase. 

Mass transport in solution is a determining factor in electrochemical measurements as it is 

responsible for transporting molecules to and from the surface of electrodes, and in some 

cases may limit the observable current which is a problem in cases,12 yet can be exploited in 

other cases.13 Not all systems are equal, as while some systems exhibit currents that are 

affected profoundly by mass transport effects, others do not. Thus, mass transport has to be 

considered when assessing the overall rate of reaction and ascribing the rate-determining step 



35 | P a g e 

 

as an effect of electron transfer or mass transport. Intuitively, a series of experiments must be 

completed in order to ascertain such data. Many permutations must be explored, such as 

electrode material, size, rate of potential sweeping, (and so on) to elucidate the exact origins 

of an electrochemical reaction. The potential range of the reaction must also be considered as 

it may have an effect upon the rate-determining step of an electrochemical reaction. Some 

reactions are mass-transport limited, meaning that the observed currents are limited by the 

rate at which the electroactive species is transferred to the surface of an electrode; these cases 

are thermodynamic in nature because the kinetics of electron transfer are not being 

compromised, and thus obey Nernstian relationships and are termed óreversibleô. 

 

1.3 MASS TRANSPORT AND FICKôS LAWS 

A good deal of emphasis was placed upon mass transport in the previous section 

because the transport of electroactive species to and from an electrode affects the overall rate 

of an electrochemical reaction. It should be stressed that the term ómass transportô is a general 

phrase for a collection of three phenomena: diffusion, convection, and migration. It is 

imperative for these three modes of mass transport not to be confused. Diffusion is the net 

movement of molecules due to a physical response to an imbalance of concentration; 

diffusion proceeds from a high to a low net concentration. Migration is the movement of 

charged species through an electric field. Convection is the physical movement of a liquid 

phase, which can be categorized into forced or natural convection. An example of forced 

convection would be stirring of a solution, whereas natural convection is a physical response 

to a moleculeôs surroundings; natural convection poses a limitation to some electrochemical 

techniques and will be discussed later. The three modes of mass transport are described in 

Figure 1.2.  
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Figure 1.2: Three modes of mass transport in solution: diffusion (top); migration (middle); 

convection (bottom). The grey section on the left hand side represents the electrode surface. 

 

But how does one ascertain which mode of mass transport is prevalent in a 

voltammetric experiment, for example? Obviously all three modes exist in unison; 

nevertheless it so happens that in the majority of cases, diffusion is the major contributor to 

mass transport effects. This is because under normal conditions, an electrochemist will 

introduce a large quantity of background electrolyte (such as KCl; concentrations in excess of 

0.1 M11) to nullify the effects of migration and limit the effects of potential drop to short, 

nano-scale distances from the electrode surface.11 Natural convection is considered a 

negligible mass transport effect too, provided the scan rate of an experiment is sufficiently 

high (100 mV s-1 for a voltammetric experiment would be more than suitable to negate 

effects of natural convection). This leaves diffusion as the major contributing mass transport 

factor, and is described mathematically by Fickôs laws, originally pioneered by Adolf Fick in 

1855.14 

Diffusion is a process which will always take place from a high to a low 

concentration, and thus molecules will diffuse down the concentration gradient, hence the 
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negative term in equation 1.4. Mathematically, at any point, x, there will be a diffusive flux, 

which is quantified by Fickôs first law: 

 
c

j D
x

µ
=-

µ
 (1.4) 

where j is the diffusive flux, D is the diffusion coefficient of the electroactive species, and c 

is the concentration of the electroactive species. From Fickôs first law we notice a new term, 

the diffusion coefficient, which is a fundamental concept in any system where diffusion 

occurs, including electrochemical theory. The diffusion coefficient of an electroactive species 

represents the distance in which the electroactive species will diffuse in two dimensions in a 

given time, t, as described in the following equation: 

 
2 2x Dt= , (1.5) 

or in three dimensions, the equation becomes: 

 
2 6x Dt= . (1.6) 

The Stokes-Einstein equation is used to describe the diffusion coefficient, and relates it to the 

temperature, the viscosity of the liquid (ɖ), and the hydrodynamic radius (R) of the diffusive 

species: 

 
6

kT
D

Rph
= , (1.7) 

where k is the Boltzmann constant. Such diffusion coefficients are normally only valid under 

the condition of excess background electrolyte, due to the negation of charge migration. 

Typically, a diffusion coefficient for a given electroactive species in solution will have a 

value of the order of 10-5 ï 10-6 cm2 s-1, though there are exceptions in the case of some ionic 
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liquids and organic solvents.11, 15 Diffusive flux is also related to Faradaic current density 

through equation 1.8: 

 I nFAj=  (1.8) 

where A is the surface area of the electrode. Thus, substituting diffusive flux from Fickôs first 

law into the above equation leaves: 

 
c

I nFAD
x

µ
=-

µ
, (1.9) 

which is a general expression for the current response with respect to concentration. At any 

given time and at a specified point, current is directly proportional to the concentration 

gradient of the electroactive species. However, Fickôs first law of diffusion doesnôt consider 

diffusion from one point to another, it only considers diffusion at some point near the 

electrode. This limits the use of Fickôs first law as diffusion is not usually steady-state; that is 

to say, diffusion is time-dependent. Therefore a second law accounts for diffusion from one 

point to another, assuming that the diffusion of the species towards a planar electrode is 

linear (i.e. in one direction, as in the case of macroelectrodes) in the region under scrutiny, 

and takes time and position into account. 

 

Figure 1.3: Fick's second law is considered in terms of a cross sectional cubic region of known area. 

The flux in, J(x), and out, J(x+ŭx), of the cubic region is considered as a function of the distance 

between two opposing faces of the cubic region, x. Reprinted from Reference 11. 
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Figure 1.3 depicts a scenario in which the diffusion of an electroactive species is considered 

in terms of position and time. There are two points in Figure 1.3 where the flux will have 

different values due to their relative distance from the concentrated bulk solution, which are 

separated by a distance, x. Fickôs second law, presented in equation 1.10, considers the rate of 

change of concentration with respect to the concentration of the bulk solution and the 

separation between these two points.  

 
2

2

c c
D

t x

µ µ
=

µ µ
 (1.10) 

Fickôs second law breaks down when the diffusion profile at the electrode becomes non-

linear; i.e. the electrode is spherical, or in the case of microelectrodes. The overall diffusive 

flux is described as a combination of these components, which forms the Nernst-Planck 

equation for a single dimension, given in equation 1.11, where Öc/Öx(x, t) is the concentration 

gradient (at distance x and time t), Öʟ(x, t)/Öx is the potential gradient, z and c(x, t) are the 

charge and concentration respectively of the electroactive species, and V(x, t) is the 

hydrodynamic velocity (in the x direction) in aqueous media. 

 
( , ) ( , ) ( , )

( , ) ( , ) ( , )
c x t zFDc x t x t

j x t D c x t V x t
x RT

fµ µ
=- - +

µ µ
 (1.11) 

In electrochemical experiments the physical processes occur at distances in the region 

of 10-20 Å from the electrode surface. It is in this region in which concentration profiles 

change (reactants tend to decrease in concentration while products increase), and thus 

movement of molecules down concentration gradients occurs mainly within this small region. 

This region is termed as the Nernst diffusion layer, depicted in Figure 1.4, for the case of a 

simple electron process. 
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Figure 1.4: Illustration of the Nernst diffusion layer. 

 

The Nernst diffusion layer model is used by electrochemists to deduce the mass transport 

coefficient, mT, by considering the flux in this region. If c* is considered to be the 

concentration of electroactive species in the bulk solution, then 

 
*c Dc

j D
x d

µ
= =
µ

, (1.12) 

where ŭ is the diffusion layer thickness. Combining equation 1.12 with equation 1.8 gives 

 
*Dc

I nFA
d

= , (1.13) 

and 

 T

D
m

d
= , (1.14) 

so equation 1.15, 
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 * TI nFAc m=
,
 (1.15) 

is a useful equation which links current to the mass transport coefficient, mT; an important 

mathematical connotation when considering electrode kinetics. 

 

1.4 ELECTRODE KINETICS 

In a situation where the mass transport is sufficiently high, the electrochemical 

reaction is said to be controlled by the rate of electron transfer between the electrode and the 

electroactive species. This too needs to be rigorously considered by the electrochemist. This 

is because the current-potential relationships expressed in a kinetically controlled experiment 

differ greatly from that of a diffusionally controlled experiment. In the simple reaction 

 Ref

b

k

k
Ox ne d+ «½ , (1.16) 

the rate of the forward reaction is given by 
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F
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RT
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ç ÷
, (1.17) 

while the rate of the backwards reaction is given by 

 0 0(1 )
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F
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RT

a- -å õ
= -æ ö

ç ÷
, (1.18) 

where E is the cell potential, kf and kb are the rates of the forward and backward reaction, 

respectively, E0
f and E0

b are the standard potentials of the forward and backward reactions, 

respectively, k0 is the overall electron transfer rate constant, Ŭ is the dimensionless transfer 

coefficient of the anodic process, R is the molar gas constant, and T is the temperature. In a 

potentiostatic experiment using a three electrode cell, and under the assumption that the 

diffusion coefficients for the reactants and the products are equal, one can express the 
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forward and backwards rate constants in terms of the applied electrode potentials (in a 

Nernstian manner) through use of the equation 1.17 and 1.18.  

A combination of mass transport coefficients and electron transfer rate constants can 

be mathematically expressed in terms of the overall flux in an electrochemical experiment. 

This overall expression is given in equation 1.19 (where jO and jR are the respective fluxes of 

the two hypothetical species, Ox and Red), however it is noteworthy that this equation is 

difficult to solve unless some extreme cases are met, as described below.  

 
,lim ,limf O b R

T f b

k j k j
j

m k k

-
=

+ +
 (1.19) 

In a case where the rate of the forward reaction is far greater than the product of the mass 

transport coefficient and the rate of the backwards reaction, 

 
f b Tk k m>> , (1.20) 

then the rate of the forward reaction is limited by the diffusive flux component, so it follows 

that 

 
,limOj j= ; (1.21) 

therefore: 

 ,lim

[ ]*
O

D Ox
j

d
= . (1.22) 

The limiting flux of species Ox will be observed in cases where a large oxidative 

overpotential is applied to the cell. The exact opposite is true for the case of 

 
b f Tk k m>> . (1.23) 

However in the case of  

 
T f bm k k>>

,
 (1.24) 
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the system is under the control of electrode kinetics, and the current is sensitive to the 

potential applied to the system. This leads to three types of voltammetric systems 

electrochemists typically encounter: 

¶ An electrochemically reversible system, which is one where the electron transfer 

constant is sufficiently high, so that the current response is limited by the mass 

transport (k0 >> mT). In such a case, two waves, an oxidation and a reduction wave, 

will be seen in a current-potential plot, which are collected around the formal 

potential of the redox couple. 

¶ An electrochemically irreversible system, which is one where the mass transport is 

sufficiently high so that the current response is limited only by the rate of electron 

transfer (mT >> k0). In such circumstances, little current flows around the formal 

potential for the redox couple, therefore large overpotentials must be applied at the 

anode and cathode to drive the electrochemical reaction. 

¶ An electrochemically quasi-reversible system represents the intermediate case (k0 ~ 

mT). 

 

1.5 VOLTAMMETRIC EXPERIMENTS 

Perhaps the most commonly used electrochemical procedures today are sweep-based 

experiments, such as Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV), or 

Square Wave Voltammetry (SWV). Any voltammetric experiment employs at least a three 

electrode electrolytic cell which is subjected to a known potential, which is ramped up or 

down as a function of time. An example of such a procedure is depicted graphically in Figure 

1.5; this is a typical example of a CV experiment in which the voltage ramp is reversed. The 

current is measured by the working electrode during said potential ramping, and is plotted as 
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a function of the applied potential at the same point in time. An example of such a plot, 

termed a voltammogram, is presented in Figure 1.6. An important parameter in any 

voltammetric experiment is the scan rate, which is the speed of the potential ramp (measured 

in V s-1). 

 

Figure 1.5: Cyclic voltammetry applied potential waveform, depicted as a function of time. 

 

 Cyclic voltammetry is a very useful technique for electrochemists, and the shape of a 

voltammogram is often used as evidence for a particular reaction mechanism, or for proof of 

a typical electrochemical reaction. The magnitude of the current responses are useful for the 

electrochemist because they can be used to determine unknown concentrations of an analyte 

(electroanalysis), and can also give information regarding the mass transport, and qualitative 

parameters such as diffusion coefficients can be calculated. Furthermore, the shape of the 

wave can be used to show reaction mechanisms (E, EC, CE, ECE etc. where E = 

electrochemical and C = chemical), qualitative proof of adsorptive properties of a particular 

material, and even the surface morphology of an electrode; in particular where carbon-

oxygen species are concerned.16-18  

However, a voltammogram is not simply rationalised to the layman. Figure 1.6 details 

four regions of interest which are key to understanding why such a current-potential curve 
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adopts such a unique shape. The voltage ramping starts at t0, where the current is stable 

because no electrochemical process is taking place. However, as the potential is ramped 

towards the standard potential of the cell half reaction, the Faradaic processes start to 

activate, which happens in region A. Prior to this region, the concentration of reactants at the 

electrode surface is assumed to be equal to the bulk solution concentration and the 

concentration of products is assumed to be nil. Once the electrode process initiates in region 

A, the concentration of products increases at the electrode surface. The observed current 

increases because of electrons being transferred between the electrode and the reactants, until 

the concentration of reactants decreases sufficiently. In region B, the concentration of 

reactants in the diffusion layer has decreased below the concentration of the products, which 

causes the current response to deplete. The size and shape of the overall wave is dictated by 

the rate of the electron transfer, the scan rate, and the contribution of mass transport effects. 

In the region after the wave (as the ramping approaches t1/2) the background current observed 

is due to small Faradaic contributions and capacitative effects from the Helmholtz plane (see 

later). After t1/2, the bias is reversed and the opposite phenomenon is observed in the case of a 

reversible reaction. Before region C, the concentration of products is at a maximum and the 

concentration of reactants is assumed to be nil. During region C, the reverse reaction has been 

initiated and thus the concentration of reactants increases at the electrode surface until region 

D, where the current becomes limited due to the products becoming unavailable for the 

reaction; which is the reverse to region B. Prior to t1, the concentration of the reactants is 

again assumed to be equal to the bulk solution and the concentration of the products is 

assumed to be nil. The difference between the peak potentials (ȹEP) observed in region B and 

D give an indication of the reversibility of the redox couple (see Section 1.2); a separation of 

59 mV indicates electrochemical reversibility for a one electron process, assuming standard 

conditions. 
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Figure 1.6: Voltammogram typical of the outer-sphere redox probe hexaamine-ruthenium (III) 

chloride. The green zones illustrate changes in potential bias, and the red zones indicate changes in 

the current due to a combination of Faradaic and non-Faradaic processes. 

 

 There are also many variations of voltammetric experiments which are used for 

different purposes. Linear Sweep Voltammetry (LSV) uses the same ramp process as CV, 

apart from the potential is not reversed. This technique is used if one only wishes to observe 

one half reaction of the cell. SWV and DPV are used by electroanalytical chemists as they 

apply different voltage waveforms to the cell and carry the advantage of being able to detect 

target molecules at very small concentrations. Staircase voltammetry is used for users who 

prefer to limit the amount of capacitative charging. Finally, anodic stripping voltammetry is 

very common for trace metal analysis, and as the name suggests, the observed currents are 
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typical of a molecule being stripped from an electrode surface instead of a conventional 

Fardaic process. 

 

1.6 INTERPRETING VOLTAMMETRIC DATA 

Voltammetry, as discussed previously, offers much in the way of qualitative 

information for the user. However it is also a vital tool for quantitative analysis of a given 

system. Quantitative analysis of a voltammogram starts with the analysis of the peak height 

(current, I) and the peak position (potential, E) as depicted in Figure 1.7. 

 

Figure 1.7: Typical voltammogram for the outer-sphere redox probe hexamine-ruthenium (III) 

chloride with relevant analytical parameters labelled. 

 

 The peak current for a given reversible (defined previously) redox couple is given by 

the Randles-Ġevĺik equation, given in equation 1.25, where IP is the voltammetric peak 
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current, F is the Faraday constant, A is the electrode area (in cm2), D is the diffusion 

coefficient of the analyte (in cm2 s-1), ɡ is the scan rate (in V s-1), C is the concentration of the 

analyte (in mol cm-3), and n is the number of electrons transferred in the electrochemical 

process. 
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It follows that the current is proportional to the square root of the scan rate; the gradient of 

such a plot is useful for estimating electron transfer rate constants (see later). In a completely 

reversible process one would ideally observe a forward and reverse electrochemical process 

equal in magnitude, however this is rarely the case due to side reactions occurring. 

Furthermore, it is very rare that a current will return to zero once a Faradaic process is 

complete (due to double layer charging and side reactions). Thus, analysis of peak currents 

normally uses baseline correction. 

 The second parameter denoted in Figure 1.7 is the peak potentials, which are related 

to the standard electrode potential of the redox process. The peak potentials can be used to 

obtain the formal potential (E0) of the cell via the following equation: 

 
0
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P PE E
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+
= , (1.26) 

where A and C represent the anodic and cathodic peak potentials (EP). But the most common 

peak potential analysis an electrochemist will perform is the peak-to-peak separation (ȹEP), 

which is theoretically 59 mV for a one electron process, according to equation 1.2/1.3, 

assuming the concentration of the oxidation and reduction species are equal. The theoretical 

value of 59 mV (see equation 1.2/1.3) for a one electron process is rarely met, however. This 

can be due to a number of factors, including electrode homogeneity and óageô of the sample. 
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Additionally there are many scenarios where more than one redox couple is observed, hence 

more than one formal potential and more than one ȹEP. In such a case it can be tricky to 

analyse the voltammetry as one has to deduce whether there are two processes overlapping if 

the user is unlucky enough to be working with an analyte with two formal potentials 

sufficiently close to one another. And yet, even if there is actually only one process present, 

the user may observe increasing ȹEP as the scan rate of the experiment is increased as a result 

of the electron transfer contribution equalling the mass transport contribution to the observed 

voltammetry. The Randles-Ġevĺik relationship for a reversible case is still valid and is used 

habitually by electrochemists to analyse datasets. There is a point in which the predicted peak 

currents deviate from normality and as such a modified equation is utilised (see later). The 

Randles-Ġevĺik equation becomes extremely useful for the modern day electrochemist when 

combined with the Nicholson equation (equation 1.27) because the effective electron transfer 

rate constant of the electroactive species can be accurately estimated as a function of the ȹEP, 

provided the user has already deduced the diffusion coefficient (for example using the 

Cottrell equation with amperometry). The original paper by Nicholson relates the kinetic 

parameter, ɣ, to the ȹEP.
19 Originally, the user would calculate the ȹEP using CV, then 

deduce ɣ from a table kindly provided in the paper, or calculate the kinetic parameter from a 

working curve. However a more practical method to estimate the electron transfer rate 

constant was devised in 2004,20 which instead produces a linear correlation between the scan 

rate and the kinetic parameter, calculated via the relationship described in equation 1.28 

where X  = ȹEP in mV (when n = 1); the gradient of the graph is equal to k0. This makes the 

estimation of k0 very simple experimentally, as one only needs to perform a scan rate study to 

extract such useful information. 

 [ ]
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=  (1.27) 
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 ( )( )0.6288 0.021 / 1 0.017X Xy= - + -  (1.28) 

The revised Nicholson method is only applicable in the case of a quasi-reversible system as 

the ȹEP should not increase as a function of scan rate in a totally reversible reaction. 

Similarly, in the case where the mass transport contribution to the CV far exceeds the rate of 

the electron transfer, the irreversible case, the Nicholson equation cannot be used. This 

doesnôt mean that irreversible electrochemical systems are not useful, however. In fact some 

of the most intriguing electrochemical systems, such as uric acid, ascorbic acid, 

norepinephrine, and picric acid, are irreversible systems. 

 It follows that there should be a relationship between peak current and scan rate for 

the case of an irreversible system. A typical irreversible system will see either two peaks 

separating out very quickly because the rate of electron transfer is much slower than the mass 

transport contribution of the voltammetry. In such a case, a potential far in excess of the 

formal potential of the cell is required to drive the process (equation 1.29, where Ŭ is the 

transfer coefficient and nô is the number of electrons involved up to the charge transfer step); 

such a potential increases as the applied scan rate increases. The Randles-Ġevĺik equation is 

thus modified further to account for such phenomena, and is expressed in equation 1.30, 

where n is the overall number of electrons in the electrochemical reaction.21 
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 For a simple one electron process, the reversible, quasi-reversible, and irreversible 

wave shapes adopt unique and distinguishable voltammetric profiles. These three types of 

profiles are depicted in Figure 1.8. The voltammetric wave shape for a reversible system 



51 | P a g e 

 

(blue line), shows a redox couple with a ȹEP of 59 mV; the quasi-reversible system (green 

line) shows an increased peak separation and a perturbation in the peak current. The 

irreversible case (red line) exhibits a very large ȹEP and peak current perturbation. 

 

Figure 1.8: Voltammograms for an electrochemically reversible (blue line), quasi-reversible (green 

line), and irreversible (red line) electron transfer process. 

 

  

 The peak current observed in electrochemical experiments is not only dependent upon 

concentration, as in the Randles-Ġevĺik equation. The peak current is also dependent upon 

the equilibrium potential of the system, or the activation overpotential required to trigger an 
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electrochemical process. The dependence of current upon such an activation potential is 

described in detail by the Butler-Volmer equation, which is presented in equation 1.31: 
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where I is the current, A is the electrode surface area, j0 is the current density, Ŭa and Ŭc are 

the transfer coefficients of the respective anodic and cathodic processes, n is the number of 

electrons transferred, F is the Faraday constant, R is the gas constant, (E-Eeq) is the activation 

potential of the electrochemical reaction. The equation accounts for a scenario where both an 

anodic and cathodic process are in operation (reversible and quasi-reversible) by the 

introduction of the transfer coefficients. Equation 1.31 essentially states that the activation 

overpotential for a given process is an exponential function of the observed current, a 

phenomenon which can be exploited using Tafel analysis, for example. 

A further type of voltammetric data analysis is the interpretation of oxidation and 

reduction peaks using Tafel analysis. Tafel analysis can be performed when the user believes 

the system to be a pure charge transfer mechanism. Tafel analysis is generally useful for 

comparing the electrocatalytic ability of electrode substrates, because it delivers a 

quantitative measure of the amount of charge passed between the solution and electrode as a 

function of the change in applied potential, ȹV, or in some texts, overpotential, denoted as 

ɖ.22 Equation 1.32 is one of the many modern day expressions of the original Tafel equation 

reported in 1905 by Julius Tafel:23 

 0ln ln
nF

i i
RT

a h
= - , (1.32) 

where i0 is the exchange current density. Tafel plots (lni versus ɖ) , such as the one depicted in 

Figure 1.9, are particularly useful for corrosion analysis. 
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Figure 1.9: Typical Tafel plot for analysis of a pure charge transfer mechanism. Redrawn from 

Reference 24.4 

 

1.7 LIMITATIONS OF CYCLIC VOLTAMMETRY 

It would be normal to question the applicability of the Randles-Ġevĺik equations to 

electrochemical systems, considering the number of permutations involved. There are many 

cases where the most reversible of systems appear to be quasi-reversible at sufficiently high 

scan rates. In most literature, users select scan rates between 1 ï 1000 mV s-1 as these speeds 

fall well within the limitations of CV.  

The lower limitation of CV is natural convection. The total signal observed in a 

voltammogram according to Marcus theory is a combination of electron transfer and mass 

transport effects. However, at sufficiently slow scan speeds, the natural Brownian motion of 

the electroactive species in solution becomes faster than the rate of mass transport and 

becomes responsible for the overall current response. Effectively the current becomes limited 
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by the natural convection in the cell and thus scan rates below 1 mV s-1 are rarely, if ever, 

used. Conversely, the upper limitation of CV is the double layer charging effects upon the 

electrode surface. A sufficiently high scan rate induces a larger Nernst diffusion layer due to 

the high electric field created by the high scan speed; this  phenomenon attracts more charged 

species to the electrode surface. The charged species also attract oppositely charged species 

with them, hence upon an electrode surface resides a charged double layer, known as the 

Helmholtz plane (Figure 1.10). At normal scan rates, this can usually be ignored, unless one 

is looking at a particularly bulky or highly charged analyte. However it is a phenomenon 

which is unavoidable at high scan rates, so users wishing to conduct high scan rate 

experiments must look further towards ohmic drop compensation to obtain accurate results 

due to the double layer charging which essentially ómasksô voltammetric signals. 

 

Figure 1.10: Schematic diagram of the electrical double layer, denoting the so-called Inner and Outer 

Helmholtz Plane (IHP, OHP). Image courtesy of New Mexico State University.25 

 

 

 

 

 

 

 

1.8 AMPEROMETRIC EXPERIMENTS 
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Perhaps the second most common type of electrochemical experiments are 

amperometric experiments, and in particular chronoamperometry. In chronoamperometry, a 

fixed non-Fardaic potential is applied to an electrochemical cell for a known period of time, 

before jumping to a Faradaic potential and during this time the current is measured and 

plotted as a function of time. After the potential step, the Faradaic current observed decays in 

a non-linear fashion as described by the Cottrell equation (not quoted). The mass transport in 

the case of chronoamperometry is governed completely by diffusion and thus the current-time 

relationship observed is indicative of the change in concentration gradient at the electrode 

surface. Amperometry is useful for calculating diffusion coefficients and is also used 

electroanalytically, where currents are generated upon specific interactions with electrode 

composite materials. Amperometry is not used within this thesis so shall not be introduced in 

detail. 

 

1.9 POTENTIOMETRIC EXPERIMENTS 

Voltammetric and amperometric techniques are dynamic electrochemical techniques 

because an input variable is changed to stimulate a desired response. Potentiometric 

experiments differ in that they are stagnant, and very little changes within the solution under 

scrutiny. Potentiometric experiments use a two electrode system consisting of a working 

electrode and a reference electrode (often housed within the same unit); the overall potential 

of the experiment is the potential difference between the reference and the working 

electrodes. The observed potential difference is logarithmically related to the analyte 

concentration via equation 1.2. Hence, plotting the potential, or ElectroMotive Force (EMF), 

against the logarithm of the concentration should give a linear response with a slope close to 

59 mV. Potentiometric experiments are useful for detecting specific target analytes by using 
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polymer membrane technologies that cannot be used voltammetrically because of the 

insulating nature of the polymer. Many literature examples are presented where 

potentiometry is preferred to a dynamic technique; noteworthy contributions determine 

concentrations of many cations including cobalt,26 lead,27 and bismuth,28 hydrazine,29 and the 

widely used glass pH electrode.   

 

1.10 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY EXPERIMENTS 

 The frequency-dependent properties of electrodes can be studied using 

Electrochemical Impedance Spectroscopy (EIS). This technique is increasing in popularity 

because the user has the ability to ascertain even more phenomena than for the case of CV. In 

a typical EIS experiment, a small amplitude sinusoidal voltage is applied to cell over a range 

of frequencies, alongside a fixed DC excitation potential. The excitation results in changes in 

the environment at the electrode surface, manifesting as a change in output current. The 

magnitude and phase angle (relative to the AC voltage) of the current are measured by the 

potentiostat, and are transformed into an impedance contribution via Ohmôs law (equation 

1.33). Impedance is, however, a complex quantity, and can be very difficult for the user to 

interpret data without sufficient experience. The impedance and phase angle difference are 

plotted as a function of frequency (in the case of a Bode plot ï Figure 1.11A), or the real and 

imaginary impedances are plotted against one another (in the case of a Nyquist plot ï Figure 

1.11B). Nyquist plots are common in electroanalysis where users are investigating the effect 

of concentration upon the impedance of a system.  

 V IR=  (1.33) 

The application of EIS is unfortunately limited at the present time, for many reasons. One 

reason is because common potentiostats are unable to reliably scan at frequencies below 0.1 
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Hz and above 1 MHz. Another reason is that EIS is generally misunderstood by the field of 

electroanalysis due to the complex nature of the topic. A third reason is that many users have 

to use equivalent circuit models to improve data resolution and to allow the researcher to 

gather an understanding of the very specific frequency-dependent electronic processes 

happening (charge transfer, capacitance, inductance, diffusion, solution resistance); however 

one can input any combination of these impedance elements and make a good impedance fit 

without actually thinking about the processes taking place prior to equivalent circuit 

modelling. Therefore electrochemists normally prefer to tackle a system which has the 

minimum number of contributing factors possible, i.e. little adsorption and polymerisation of 

the reactants to the electrode surface. Regardless of the above, EIS is extremely useful and 

will be the focus of the final Chapter of this thesis. A more descriptive introduction of EIS is 

provided in Chapter 2. 
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Figure 1.11: Two types of data presentation for EIS: Bode plot (A); and Nyquist plot (B). Inset in B is 

the equivalent Randles circuit used to model the data for 1 mM K3[IrCl 6] in pH 7.4 PBS using a 

BPPG electrode. 

1.11 ELECTROANALYSIS 

Electroanalysis is the analytical branch of electrochemistry which concerns using 

electrochemical techniques to elucidate concentrations of specific target analytes within a 

given medium. Just like any other technique such as chromatography or UV/Vis 

photospectrometry, electrochemical methods, within their limitations, carry respective 

advantages and disadvantages for the analysis of target analytes. For example, a potentiostatic 

setup combined with electrodes is a small-scale piece of equipment which can be purchased 

at an extremely low cost compared to a typical chromatography setup, for example. 

Furthermore electrochemical methods, in general, are quick, reliable, and portable; the latter 

of which is a common stumbling-block for many technologies which are too large to be used 

in the field. Hence, probably the biggest selling point for electrochemical methods is the 
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ability to transfer the lab to the field, which in theory would reduce analysis time, prevent 

sample contamination, and from a more commercial point of view, be cheaper than existing 

methods. 

 The drawback to using electrochemical methods as analytical techniques is that 

without specific tailoring of an electrode surface, the methods are generally far from specific. 

Take for example the case of dopamine, ascorbic acid, and uric acid; three very common 

analytes studied by electrochemists. These analytes on carbon electrodes exhibit peak 

oxidation potentials within a very small range, yet in a biological sample such as interstitial 

fluid, urine, or blood, one may require to study only one of these molecules. Therefore an 

electrode must be designed to specifically generate a current response which is indicative of 

the molecule in question. There are reams of examples of specific analyte detection within 

the literature, all of which explore the electroanalytical capabilities of such electrodes. 

 According to any form of the Randles-Ġevĺik equation, the peak current should 

increase linearly as a function of the square root of the scan rate. The peak current should also 

increase linearly as a function of the bulk concentration of the electroactive species. That is to 

say, under ideal electrochemical conditions (no side reactions; purely homogeneous surface 

etc.) doubling the concentration of the target analyte should double the current. In practise 

this isnôt always observed (ionic strength, electrode passivation, polymerisation, ohmic drop), 

but normally at sufficiently low concentrations, this phenomenon is readily observed. 

Electrochemists thus endeavour to test the limitations of the Randles-Ġevĺik relationship by 

optimisation of fundamental parameters such as the scan rate, with the view to produce 

working calibration curves which are useful to detect unknown concentrations of target 

analytes. The implications of transferring this sort of technology into the field is potentially 

huge, given the scale of economics. There are many examples that are praiseworthy, the most 

exciting, in the opinion of the author, concerns using electrochemistry forensically30, 31 (for 
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detection of poisons and drugs) and medicinally32 (for detection of sugars and even diagnosis 

of ailments). There will be a particular focus upon electroanalysis within this thesis. 

 

1.12 POTENTIAL OF ZERO CHARGE 

 In physical chemistry, a fundamental concept exists, called the point of zero charge. 

The point of zero charge describes the point at which the electrical charge upon a surface 

equals zero. This concept is usually investigated in colloidal science, and is frequently 

described in terms of pH.463 In terms of pH, the point of zero charge would be the pH at 

which the surface of a colloidal particle would exhibit zero charge. This would normally 

cover a pH range and is described as the isoelectronic point. The isoelectronic point is a 

useful piece of qualitative information which chemical engineers would consider when 

selecting and/or tailoring a surface which is to come into contact with a solution of a set pH. 

Methods to deduce the point of zero charge include zeta potential measurements and 

potentiometric titrations.464 The same logic can also be applied to electrode surfaces, in a 

slightly different way. The Potential of Zero Charge (PZC) is the potential applied across an 

electrode in which the net charge in the ion cloud surrounding the electrode is zero. 

Therefore, instead of a chemical factor balancing the charge between the surface and the 

solution, an applied potential provides the balance. This is dependent upon the type of 

electrode surface and the electrolyte (or more specifically, the mass/charge ratio of the anions 

and cations in the electrolyte). The PZC is a useful measurement for electrochemists because 

it gives an indication as to the safest operating conditions of a surface which may reduce the 

chance of ions reacting with the electrode and prevent fouling and passivation. 

 

1.13 ELECTRODE MATERIALS 
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As introduced previously, a typical three electrode system consists of a working, an 

auxiliary, and a reference electrode. The auxiliary electrode tends to be made from an inert 

metal, such as nickel or platinum and should be as large as possible so that it doesnôt limit the 

flow of current. The reference electrode is usually (but not limited to) either a Saturated 

Calomel Electrode (SCE) or an Ag/AgCl electrode because the formal potential of these two 

systems is extremely watertight and differs negligibly under different environments. The 

working electrode is the electrode of interest in almost every electrochemical experiment that 

will ever be conducted by scientists. The characteristics of a working electrode differ 

depending upon the requirements of that electrode. The working electrode always needs to be 

highly inert to the solvent and background electrolyte; corrosive electrolytes such as HCl or 

H2SO4 require chemically inert electrodes such as platinum (not gold for H2SO4!). Less 

abrasive aqueous conditions such as phosphate buffer can be easily operated using carbon 

electrodes. However one must also consider the activation potential of the electroactive 

species when selecting an electrode and must strike a balance between chemical reactivity 

and electrochemical activity. A selection of working electrodes will be discussed in terms of 

pros and cons. 

 

1.14 GOLD AND PLATINUM ELECTRODES 

Two very common types of metal working electrode are gold and platinum electrodes, 

pictured in Figure 1.12. They are wise choices in some circumstances because they are 

generally chemically inert. Both electrodes are useful over a wide analytical range where they 

exhibit very fast electron transfer rate kinetics, particularly in the cathodic region. 

Unfortunately, the hydrogen evolution reaction proceeds at low potentials in the anodic 

region for both platinum and gold, so their use is limited in aqueous conditions particularly. 
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Surface oxides can also form upon the surface of metal electrodes; this may have to be taken 

into account in the case of old electrodes. The major advantage of metal electrodes is their 

use in organic media. Many non-metallic electrodes cannot be used in organic media due to 

electrode passivation and even dissolution, yet this is not the case with gold or platinum.  

 

Figure 1.12: Gold (left) and platinum (right) working electrodes. 

 

 A metal electrode must be properly prepared before use. A key thing to note in all 

electrochemical methods is the surface homogeneity issue. Electrochemistry is fundamentally 

a surface-based science and is very sensitive to surface species (oxides, carboxylic acids, 

ketones) and surface morphology; the latter of which can also contain electronically 

anisotropic effects (see Section 1.18). So in order to keep an electrode homogeneous in 

nature, the user has to polish the electrode surface meticulously prior to use. In the case of 

metal electrodes, agglomerated alumina slurry is the chemical of choice for polishing, using 

consecutive slurries of decreasing particle sizes (ranging from 1.00 ï 0.05 microns). The 

electrodes are cleaned intensively with high resistivity deionised water before use. 

 

1.15 CARBON ELECTRODES 

The choice of electrode material is not limited to metallic electrodes. Many non-

metallic materials can be used as working electrodes, including many forms of carbon, which 






































































































































































































































































































































































































































































































































































