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ABSTRACT

This thesis reportsthe voltammetric applications antundamental frequeney
dependent properties of carbbased electrode matesalA range of electrochemical
systems hsve been investigated, and new materials have been electrochemically
characterised, which will be of usette field of electrochemistry.

In Chapter 3 of this thesislifferent graphenes were utilised as electrode composite
materials, and theirlectrochemical behaviour was -denvoluted. It was found that
surfactantfree graphenes were useful for the detection of guanine in terms of a reduced
activation potential, which is thought to be derived from-gimdsorption mechanism. The
oxygen redution 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 choa$iog ca
materials as catalyst supports.

Screenprinted 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 uddar the detection of the medicine, while in the case
of creatinine, an indirect detection method was found to be effective as creasimog i
electrochemically activeln Chapter 5, the first graphene scrgeimted electrodes were
developed and characised. The result was two graphene scig@émted 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 fa screerprinted 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 screginted electrodes around +0.2 V due to this being thet pehere

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 cablased electrode
materials towards novel electrochemical systems, usingtirexi electrochemical and
frequencydependent techniques, as well as understand the fundamental fredaepeogent
properties of screeprinted electrodes. The objectives of these investigations are described in

greater detail below.

Objectives

1. Contribute to thescientific understanding of electrochemical impedance spectroscopy
and apply this into new electrochemical areas to allow the ability to readily derive
mechanistic information.

2. Critically examine solidiquid interfaces using existing electrochemical teghes,
with a particular focus upon screprinted electrodes.

3. Assess and evaluate the electron trangfesobd-liquid interfaces utilisig graphene
and related carbon allotropes and probe using electrochemical impedance
spectroscopy and voltammetrichamiques.

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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ng graphite modiéd BPPG (grey line). Scan rate: 50 m¥/ s
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35.

36.

37.

38.

Figure 3.4:Cyclic voltammetric responses arising from the electrochemical oxidation
of 0.1 mM adenine, with respect to changes in psing a 10 ng surfactafree
graphene modified BPPG electrode. Inset, analysis of observed peak potential as a
function of the solution pH which yields a linear response with a gradient
corresponding to ~66 mV. Scan rate: 50 m s

Figure 3.5:A: Cyclic voltammetric responses resulting from the electrochemical
oxidation of0.1 mM adenine in pH 7.2 PBS utilisin(blue line) bare BPPG; (red

line) BPPG modified with 5 ng surfactafnee graphene; (grey line) BPPG modified
with 10 ng surfactartree graphee; and (green line) BPPG modified with 20 ng
surfactantfree graphene. All scan rates are 50 mV s

B: Observed voltammetric peak current as a function of the increasing amount of
immobilised material far (green line) graphite modified BPPG and (red )line
graphene modified BPPG. The error bars quoted are the standard deviations
calculated {l = 5).

Figure 3.6:A: Cyclic voltammetric response resulting from the electrochemical
oxidation of 19 uM guanine in pH 7.2 PBS utilisifgare BPPG (green line); BPPG
modified with 5 ng surfactastee graphene (red line); and BPPG modified with 5 ng
graphite (blue line).

B: Observed voltammetric peak curreid) (@s a function of the increasing mass of
immobilised material far (green lire) graphite modified BPPG; and (red line)
graphene modified BPPG. The error bars quoted are the standard deviations
calculated {l = 5).

Figure 3.7: Chemical structure of SA.
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39.Figure 3.8: Cyclic voltammetric profiles typical of 1 mM SA in pH 7.4 PBS using a
bare EPPG electrode (blue line) and a BPPG electrode (green line). Scan rate: 50 mV
st

40.Figure 3.9:Cyclic voltammetric profiles typical of 1 mM SA in pH 7.4 PBS using a
20 ng pristine graphene covered EPPG (red line) and BPPG (purple line) electrode.
Thedotted lines represent the bare electrode responses. Scan rate: 30 mV s

41.Figure 3.10: The effect of graphene coverage, cast upon a BPPG electrode, on the
peak current of SA. The % RSD in each case was no more than 15%.

42.Figure 3.11: Scan rate study (1@00 mV s') of 1 mM SA in pH 7.4 PBS utilising a
50 ng graphene modified BPPG electrode.

43.Figure 3.12: log current/scan rate plot, plotted to ascertain diffusional orlyiar
voltammetric effects.

44.Figure 3.13SEM (A, B) and TEM (, D) images obtainetbr Q-Graphene. Obtained
with gratitude from the University of Alicante.

45.Figure 3.14:XPS spectra of the commercially availableG@aphene.A: Overall
spectraB: Cls andC: O1l1s regionsObtained with gratitude from the University of
Alicante.

46.Figure 3.15 Raman spectrum for -Graphene. Laser intensity: 1.25 mW@Whtained
with gratitude from the University of Alicante.

47.Figure 3.16CV response observed for potassium ferrocyanide (II). Scan rate: 50 mV
st. A: at an unmodified BPPG (green line) and a 20 rgr@hene modified BPPG
(red line) electrode; at an unmodified EPPG (blue line) and a 20-Ggafhene
modified EPPG (grey line) electrod®: utilising of increasing amounts of-Q

Graphene upon a BPPG eledte.
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48.

49.

50.

51.

Figure 3.17:CV response observed for hexaammiathenium (lIl) chloride. Scan
rate: 50 mV 3. A: at an unmodified BPPG (green line) and a 20 nGr@hene
modified BPPG (red line) electrode; and at an unmodified EPPG (blue line) and a 20
ng QGramhene modified EPPG (grey line) electrod®. BPPG electrode with
increasing amounts of-Graphene.

Figure 3.18CV response observed for norepinephrine. Scan rate: 50 sit an
unmodified BPPG (green line) and a 20 ngG@aphene modified BPPG (rephe)
electrode; and at an unmodified EPPG (blue line) and a 20-@ga@hene modified
EPPG (grey line) electrod®: a BPPG electrode with increasing amounts ef Q
Graphene (dotted line is the bare BPPG ebelef). Inset:Ep versusthe mass of
immobilised QGraphene upon the BPPG surface.

Figure 3.19:CV response observed for NADH. Scan rate: 50 mV A: at an
unmodified BPPG (green line) and a 20 ngG@aphene modified BPPG (red line)
electrode; and at an unmodified EPPG (blue line) and a 20-@ga@hene modified
EPPG (grey line) electrod®: a BPPG electrode with increasing amounts ef Q
Graphene (théotted line is the unmodified BPPG). Insét:as a function of mass of
Q-Graphene.

Figure 3.20CV response observed fbrascorbic acid. Scan rate: 50 mV. é\: at an
unmodified BPPG (green line) and a 20 ngGgaphene modified BPPG (red line)
electroek; and at an unmodified EPPG (blue line) and a 20 1@&y&phene modified
EPPG (grey line) electrod®: a BPPG electrode with increasing amounts ef Q
Graphene, where the dotted line is the bare BPPG. IBset a function of mass of

Q-Graphene.
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52.Figure 321: TheORRIin 0.1M HSQ; at an EPPG electrode (blue line) and a BPPG

electrode (green line), and blank deoxygenated scans using an EPPG (red line) and

BPPG (grey line) electrode. Scan rate: 100 mV s

53.Figure 3.22: Scan rate study of the ORR utilisa20 ng pristine graphene modified
EPPG electrode. Scan rates: 10 my 50 mV s'; 100 mV s'; 200 mV s'; and 400
mV st

54.Figure 3.23: Te effect ofEp due tothe mass of pristine graphene immobilised upon
the surface of an EPPG electrode for the ORRti@acScan rate: 100 mVs

55.Figure 3.24: Cyclic voltammetric profiles depicting the electrochemical reduction of
oxygen in 0.1 M HSOy utilising 20 ng QGraphene modified EPPG (blue line) and
BPPG (green line) electrodes. Scan rate: 100 hV s

56.Figure3.25: Scan rate study of the ORR in 0.1 ¥BRy utilising a20 ng QGraphene
modified EPPG electrode.

57.Figure 3.26Cyclic voltammetric profiles of the electrochemical reduction of oxygen
in 0.1 M HBSQOs using GO modified (blue line) EPPG and (green lin®PB
electrodes. Scan rate: 100 mV. s

58. Figure 3.27Scan rate study of a GO modified EPPG electr8dan rates: 10 mVis

20 mV st 50 mV st 100 mV st 200 mV st and 400 mV <.

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 seondary electrochemical reaction on the grapheee sewhich is converting

oxygen tohydrogen peroxide. e exact electrochemical processes will depend upon

the chosen catalyst and graphene (see text).
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60.Figure 4.1: Graphical representation of peak curmemsities (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

61.Figure 4.2: Cyclic voltammetric profiles obtained for 1 mM T8&ing an ESPE
working electrode under various conditions: pH 1.0 (green); pH 4.2 (red); and pH 7.4
(black). Scan rate: 100 m\Asinset:Ep versuspH 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 ebhoard carbon auxiliary and Ag/AgCI reference electrode is
utilised in this instance. Scan rate: 100 mV s

64.Figure 4.5The formation of the Janovsky complex in the Jaffe reaéffticric 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 9.8BS with 150 mM NaCl background electrolyte, utilising a gold
electrode. Scan rate: 50 mV%.siInset: concentratiorversus Is®™* 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) GrBV 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 m\A.s

B: Graphical summary dhe peak heights prested in kgure 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 creatinireontaining (5.66 mM) solutions.

70.Figure4.11: A: Comparison of electrode responses towards 5 mM picrate in pH 13
NaOH buffer solution. Scan rate: 50 mV. 8: Graphical representation of the peak
current densities.

71.Figure 4.12.The effect of creatinine concentration upon the observed peakiiceduc
current of picric acid at:X) a gold electrode; an®) an EPPG electrode. Each point
is an average of three separate experiments, all with a standard deviation of no more
than 4 pA for gold and 12 pA EPPG. Scan rate: 50 MV s
A:0.01 7.5 mM;N=6;R>=0.989 and 9.0 14.0 mM;N = 4; R’ = 0.988.
B: 0.071 6.0 mM;N=7;R°=0.997 and 7.5 11.5 mM;N = 7; R> = 0.989.

72.Figure 4.13: Calibration curve for the UV/Vis absorbanceersus creatinine
C oncentmaxai00 romp Egchepoint 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 ipH 13 NaOH bufér solution at a graphitePE. Data
points are averaged over three separate scans. Scan rate: 30 mV s

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 geaurrents exhibited by a dreppated
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% dissolutiaih@ picric acid crystals into the 50 pL

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-desting a suspension of
the graphene of interest onto a supporting electrode surdacgh 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: ESPERSPE B); GSPE1 C); and
GSPE2D).

78.Figure 5.3: Raman spectra obtained for each of ®iesSutilised: ESPEA); BSPE
(B); GSPE1C); and GSPEZ2L).

79.Figure 5.4: Deconvoluted XPS spectra obtained for the GSPE1 for surface carbon
species (C18 A) and surface oxygen species (01B).

80.Figure 5.5: Deconvoluted XPS spectra obtained for the GSR#2surface carbon
species (C18 A) and surface oxygen species (01B).

81.Figure 5.6: ATR spectra obtained for therag c ei ved o6wet & graphen
the screesprinting process: GSPE1 (black); and GSPE2 (red).

82.Figure 5.7: Background blank cyclvoltammograms obtained in pH 7.4 PBS (0.1
M). All recorded at a scan rate of 100 mV: £SPE (black); BSPE (red); GSPE1
(green); and GSPE2 (blue; inset).

83.Figure 5.8: Cyclic voltammograms obtained for 1 mM hexaminieenium chloride
in pH 7.4 PBS. All ecorded at a scan rate of 100 m¥ 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 MVESPE (black); BSPE (red);SPE1

(green); and GSPEZ2 (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 m¥ ESPE (black); BSPE (red); GSPEL1 (green); and
GSPE2 (blue).

86.Figure 5.11: Cyclic voltammograms obtained for MMNADH in pH 7.4 PBS. All
recorded at a scan rate of 100 m¥ ESPE (black); BSPE (red); GSPEL1 (green); and
GSPEZ2 (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 mY ESPE(black); BSPE (red); GSPE1 (green); and
GSPEZ2 (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 m¥ ESPE (black); BSPE (red); GSPE1 (green); and
GSPE2 (blue).

89.Figure 5.14: Cyclic vaammograms obtained for 1 mM UA in pH 7.4 PBS. All
recorded at a scan rate of 100 m¥ ESPE (black); BSPE (red); GSPE1 (green); and

GSPEZ2 (inset; blue).

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

(black), BSPE (red), G®E1 (green), and GSPE2 (blue) in 1 McSi@, at 100 mV &.
91.Figure 5.5: Calibration plots depictintp versusconcentratiortowards the detection

of AA in pH 7.4 PBS at 100 mVs(vs Ag/AgCl) utilising the various SPEs: ESPE

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

inverted triangles).

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

angl e, for three ideal resistors: 10
(dotted lines). Parameters20 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 wsexl 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 (greem)SBR/(purple);
GSPE (red); and LRSPE (grey). Parameters20 mV DC excitation potential; 10
mV AC amplitude; 10 frequencies recorded per decade.

95.Figure 6.4: Bode plot for 1 mM KIrClg] in pH 7.4 PBS with 0.1 M KCI electrolyte.
Parameters+20 mV DC excitation potential; 10 mV AC amplityde0 frequencies
recorded per decapkeRI-SPE utilised.

96.Figure 6.5: Bode plot for 1 mM #rCle] in pH 7.4 PBS with 0.1 M KCI electrolyte.
Parameterst550 mV DC excitation potential; 10 mV AC amplitude; 10 frequencies
recorded per decade.

97.Figure 6.6:Nyquist plots for 1 mM K][IrCle] in pH 7.4 PBS for the neRardaic
(blue) and Faradaic (green) casBarameters: variable DC excitation potential; 10
mV AC amplitude; 10 frequencies recorded per decade; +0.02 V DC potential (non
Faradaic case); +0.52 V D@btential (Faradaic case); frequency range: 10000000
0.2 Hz.

98.Figure 6.7: RC circuit used to model capacitance values from PZC expetiments
utilising EIS.

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

466
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100.Figure 6.9: Capacitanceersusapplied potential plots for (top, green) ESPE and
(bottom, blue) EPPG electrodes. Electrolyte: . KCI. Frequency range: 100000
1 Hz. Amplitude: 10 mV.

101.Figure 6.10: Capacitanoceersusappliedpotential plots for (top, gen) ESPE, and
(bottom, blue) EPPG electrodes. Electrolyte: 0.1M NaCl. Frequency: 16000bia.
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:
100001 0.2 Hz.

104.Figure 6.13: EIS spectra of 2 mM HQ in pH 7.4 PBS using several modified carbon
electiodes: bare EPPG (blue); 20 ng pristine graphene (green); 20 ng GO (red); 20 ng
Q-Graphene (grey); and 20 ng graphite (purple).

105.Figure Al: Cyclic voltammograms of several electrodes in pH 7.4 PBS with 0.1 M
KCI electrolyte. The length of the bars undernettie abscissa represent the

potential windows.
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TERMS AND ABBREVIATIONS

AC

ATR

BDD

BPPG

BSPE

CoL

CNT

CVv

CVvD

DC

DPV

EIS

Bulk solution

Surface area

Alternating Current

Attenuated Total Reflectance

Boron-Doped Diamond

BasalPlane Pyrolytic Graphite

BasalplaneScreerPrinted Electrode

Concentration

Double layer capacitance

Carbon NanoTube

Cyclic Voltammetry

Chemical Vapour Deposition

Diffusion coefficient

Direct Current

Differential Pulse Voltammetry

Electrochemicalmpedance Spectroscopy
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EO

Ep

EMF

EPPG

ESPE

GC

GO

GSPE

HOPG

HPLC

LoD

Standard potential

Cell potential

Peak potential

ElectroMotive Force

EdgePlane Pyrolytic Graphite

Edgeplane Screetfrinted Electrode

Faraday constant

Glassy Carbon

Graphene Oxide

Graphene ScreeRrinted Electrode

Highly Ordered Pyrolytic Graphite

High Performance Liquid Chromatography

Infra-Red

Peak current

Flux

Boltzman constant

Electron transfer rate constant

Limit of Detection
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LRI-SPE

LSV

MWCNT

RSD

SCE

SEM

SPE

SWCNT

SW-SPE

SWv

TEM

Low Resistance Ink Scred?rinted Electrode

Linear Sweep Voltammetry

Multi-Walled Carbon NanoTube

Number of electrons transferred

Number of electrons transferred in the rdétermining step

Molar gas constant

Charge transferesistance

Solution resistance

Relative Standard Deviation

Saturated Calomel Electrode

Scanning Electron Microscopy

ScreenPrinted Electrode

SingleWalled Carbon NanoTube

SingleWalled carbon nanotube ScreBrintedElectrode

Square Wave Voltammetry

Time

Temperature

Transmission Electron Microscope
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UV/Vis

XPS

XRD

UltraViolet/Visible light spectrophotometry

X-Ray Photoelectron Spectroscopy

X-Ray Diffraction

Impedance

Real complex planenpedance

Imaginary complex plane impedance

Warburg impedance

Frequency (angular)

Scan rate

Interfacial potential

Kinetic parameter anode

Kinetic parameter cathode

Phase angle

Overpotential

Nicholson parameter
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CHAPTER 1
ELECTROCHEMISTRY

INTRODUCTION TO ELECTROCHEMISTRY

Throughout this thesis, a humber 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 ewpisrimme
summation of various phenomeaacountered. Therefore in thih&pter, the fundamentals
of electrochemistry are briefly explained in sufficient detail to satisfy the work conducted,
starting with an introduction into electrochemistitye theory ofwhich 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.

1.1ELECTRCCHEMISTRY

The field of electrochemisy concerns the study oélectron transfer reactions
between an electrode and a reactamtained witin solution® 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 eleittal energy for use outside of the celtonversely in nature,
electron transfer reactions are required for important biological processes such as
photosynthesis fothe production of sugars from carbon dioxide and water in plaartd, in
respiratory proes ses (e. g. Krebodos c 9% takirg placesih plants,r o n
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® In fact, all electrochemical (Faradaic) processes meet these two requirements, and a
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vast array of techniques, phenomena, devi@®] 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 eactions 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 blk solution (orat 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) electraghemic
technique(s), which are divided generally intavo categories: potentiometricand
potentiostatic measurements. There are many similarities between these techniques, such as
the requirement for two conducting electrodes in contact with an ionic ejg¢etomintaining
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 (zerourrent) reference electrode, which is uegd 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 feadils, the fixeepotential
reference electrode is introduced; all electrochemical activity isdinectly ascribable to the
working electrode|solution interface. The differences between the two subsets of
electrochemical methgdare that potentiostatic techniquesntrol the potential, whereas
potentiometric methodseasureghe potential in aelectrochemical system.

Mentioned in the previous paragraph was the notion that two conductors separated by
an electrolyte are termed an el ectrochemical

the key component in any electronic circuit withamt external power supply. Cells which
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power a devicehrough spontaneous conversioihchemical energy into electrical energy at
an electrode surface are termed gadvanic cells® 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 devicesotigh to mobile phones and electronic razors
through either a primary cell (neechargeable) or a secondary cell (rechargeable). Fuel cells
are a further type of galvancell, which providea much higher power density than a primary
or secondary galvamcell; such cells are hoped to power electric cars on a global scale one
day®?8

Galvanic cells are of littlemmportance to this work, however, e majority of this
thesisfocusses uponelectrolyticcells. 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 apeit potential of the cell to be termed an
electrolytic cell, otherwisat would be simply a galvanic cell with the open circuit potential
as t he cel | pd Ugngtetectrolytia Icells ane tan perform desired
electrochemical reactions at electrode stefa(oxidation of ascorbic aciwr examplé),
whilst controlling the potentials of the system by altering the properties of the

electrode|solution interface. An example of an electrolytic cell is providedime 1.1.
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Figure 1.1: Left: typicalthree 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°

1.2 FARADAIC PROCESSES

Electrochemists, like everyone else, face many problems when interpreting data; one
such problem isleducing 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 neRarad&c processes. The latt@phenomenon describes a process where a
current (or transient current) is observed due to anything other tharrgednansfer process,
such as asbrption, desorption (or voltammetric stripping), solution composition changes,
biorecognition events, diffusion through porous electrodes, or changdscinode surface
area. Clearly, the list is long and distinguished, so controls have to be set in place to minimise
such norFaradaic effects, or at the very least keep them under strict control. If such
processes remain controlled, any observed changesténtial or current are attuted to the
Faradaic, or chargdransfer, 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 @ameduced at an electrode surfacedénotes the number of

electronsg, involved in the reaction):
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Ox+ne 2 Red. (1.2
It is this transfer of electrons which the field of electrochemistry is concerned with. This is
because the current respondtamed from interfacial chargeansfer is directly proportional
to the concentration of thedectroactive 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
patential provides energy for the Faradaic process to be thermodynamically favourable. The
thermodynamics of electrode systems are detailed, yet are simplified by the Nernst equation
(equationl.2), which describes the relationship between electrochemical potential and the
relative activity of chemical species, whé&és the potential of the process under scrutify,
is the standard cell potentidt,is the molar gas constant, 8.314 J iol?, T is the absolute
temperaturen is the number of electrons transferréds the Faraday constant, 96485.33 C

mol?, andais the relative activity of the chemical species present.

RT & aOx 0 2.303RT &a0x

E=E +—Ingg—— B ==+ lo 1.2
nF gaRedQ nF g a@ed (1.2

Normally, electrochemistry operates with relatively low analyte concentrations, thus
one can assume that the molecule activity is etpudéihe 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 surfaceThus, the Nernst equation assumes the following farmder standard
conditions)in most tetbooks, where @x] and [Red represents the concentration of the

relevant electroactive species!

0.059 & Dx]

E=E°
n O O%Red]

(1.3)

33|Page



The theoretical potential deduced from the Nernst equation is the potential required
for the system in question to undergo an electrochemical reaction, and heigegeirtharg
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 §pecies
in equation 1.1 will be reduced, losimgelectrons m the process and forming the reduced
speciesRed The current produced from the reduction of spe€erdo Red exists due to a
change in oxidation state, and is termed a
that is, one mole of a reactant spsaowill ideally producen 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), ad represents graphically a complete curmotential 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 -&adtauaic in
nature; it is for the electrochemist to pontificate andaievolute such data.

However, t he vast majority of O&ésimpled e
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 reactiroutes in which the reactionsy proceed. Independent of
the reaction route, the measured current is related to the magsottan 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 whgh problem in casésyet can be exploited in

other case¥’ 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 ofiogaahd ascribing the ratdetermining step
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as an effect of electron transfer or mass transport. Intuitively, a series of experiments must be
completed in order to ascertain such diany permutations must be explored, such as
electrode material, sizeate 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 ratetermining step of an electrochemical reaction. Some
reactions are magsansport 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 electronfetrame not being

compromi sed, and thus obey Nernstian relatio

1.3 MASS TRANSPORTAND FI CKO6S L AWS

A good deal of emphasis was placed upon mass transport in the previous section
because the transport of electroactive Bt and from an electrode affects the overall rate
of an el ectrochemical reaction. 't should be
phrase for a collection of three phenomena: diffusion, convection, and migration. It is
imperative for hese three modes of mass transport not to be confDg@asion is the net
movement of molecules due to a physical response to an imbalance of concentration
diffusion proceed from a high to a low net concentratiodigration is the movement of
charged species through an electric fi€ldnvectionis 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 r@ttonvection is a physical response
to a moleculebds surroundings,; nat ur al conve
techniques and will be discussed later. The three modessd transport are described in

Figure 1.2.
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Figure 1.2: Three masbk 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 expriment, 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
introduwce a large quantity of background electrolyte (such as KCI; concentrations in excess of
0.1 MY to nullify the effects of migration and limit the effects of potential drop to short,
nanoscale distances from the electrode surfacdlatural convection is considered a
negligible mass transport effect too, provided the scan rate of an experiment is sufficiently
high (100 mV & for a voltammetric experiment would be more than suitable to negate
effects of natural convection). Thisdves diffusion as the major contributing mass transport
factor, and is described mathematically by
185514

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

concentration, and thus molecules wilffase down the concentration gradienbence the
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negative term in equation 1.Mathematically, at any poink, there will be a diffusive flux,

which is quantified by Fickds first | aw:
j= D& (1.4)
X

wherej is the diffusive flux,D is the diffusion coefficient of the electroactive species,and

is the concentration of the electroactive sy
the diffusion coefficient, which is a fundamental concept in any system where diffusion
occurs, including electrochemical theory. The diffusion coefficienhadlactroactive 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:

\/i<x_2> = J2Dt, (15)

or in three dimensions, the equation becomes:

\/i<x_2> = /6Dt . (16)

The StokesEinstein equation is used to describe the diffusion coefficient, and relates it to the
temperature, the viscosity of thquid (d), and the hydrodynamic radiuB)(of the diffusive

species:

D=—-— (17)

wherek 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 solutitinhave a

value of the order of 10i 10° cn? s, though there are exceptions in the case of some ionic
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liguids and organic solvent$.?® Diffusive flux is also related to Faradaic current density

through equation 1.8:

| =nFA] (1.8)
whereAi s t he surface area of the el ectrode. Th
law into the above equation leaves:
| = nFADES, (1.9)
X

which is a general expression for the current response with respect to concentration. At any
given time and at a specified point, currentdisectly proportional to the concentration
gradientof t he el ectroactive species. However, F
diffusion from one point to another, it only considers diffusion at some point near the

el ectrode. This Iimits the use adystaejtiakis s f i r
to say, diffusion is tim@&lependent. Therefore a second law accounts for diffusion from one

point to another, assuming that the diffusion of the species towaptEnar electrode is

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

and takes time and position into account.

Flux J(x) in

Flux out J(x+8x)

5\‘\

Figure 1.3: Fick's second law is considered in terms aioas sectionatubic region of known area.
The flux in, J(x), and out , J(x+uUx), of the cul

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 electroapip@es is considered

in terms of position antime. There are two points indtre 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, Fi c k 0 s resemnted im dqudtian W.10, cpnsiders the rate of
change of concentration with respect to the concentration of the bulk solution and the

separation between these two points.

He_p fe (1.10)
it K
Fi ckods second | aw breaks down when the diff

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 -Riemsk
equation for a single dimension, given in equation 1.11, whé€&, 1) is the cmcentration
gradient (at distance and timet), O (x, t)/O xs the potential gradieng, andc(x, t) are the
charge and concentration respectively of the electroactive speciesV(and) is the

hydrodynamic velocity (in thg direction) in agueous media

i )= DHEXY ZFDAX) ACXY iy (1.11)
HX RT M

In electrochemical experimentise physical processes occuidatances in the region
of 1020 A 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 gradieatsirs mainly within this small region.
This region is termed as the Nerffusion layer, depicted inigure 1.4, for the case of a

simple electron process.
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Figure 1.4: lllustration of the Nernst diffusion layer.
The Nernst diffusion layer model is used by electrochemists to deduce the mass transport

coefficient, mr, by considering the flux in this region. #* is considered to be the

concentration of electroactive species in the bulk solution, then

j=p¥ P (1.12)
o d

wherelis the diffusion layer thicknes€ombining equation 1.12 with equati 1.8 gives

*
| =nFA D; , (1.13)

and

(1.14)

SO equation 1.15,
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| =nFAc* m (1.15

is a useful equation which links current to the mass transport coeffimengn important

mathematical connotation when considermgctrode 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 toeats to be rigorously considered by the electrochemist. This
is because the currepotential relationships expressed in a kinetically controlled experiment

differ greatly from that of a diffusionally controlled experiment. Ingmeplereaction
Ox+ ne «%- Re d, (1.16)

the rate of the forward reaction is given by

K, enge— [E -B], (1.17)

while the rate of the backwards reaction is given by

k, = kexpgeﬂ[lz B, (1.18)

whereE is the cell potentialks and ks, are the rates of the forward and backward reagtio
respectively E% and E% are the standard potentials of the forward and backward reactions,
respectively k° is the overall electron transfer rate constéhis the dinensionless transfer
coefficientof the anodic proces® is the molar gas constant, afids the temperaturdn a
potentiostatic experiment using a three electrode aelfi under the assumption that the

diffusion coefficients for the reactantand the products are equal, oren expres 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 mathematidly expressed in terms of the overall flux in an electrochemical experiment.
This overall expression is given in equation 1.19 (wheendjr are the respective fluxes of
the two hypothetical specieOx and Red), however it is noteworthy that this equation is

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

ki . - P
j: fJO,Ilm kaRllm (119)

m ke 4

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,
ki > 3m, (1.20)

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

that
1= om: (1.2)
therefore:
. DIOx*
lojim = [d)q . (.22

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

overpotential is applied to the cell. The exact opposite is true for the case of
k, > >k m. (1.23
However in the case of

m > %k, (1.24)
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the system is under the control of electrode kinetics, and the current is sensitive to the
potential apped to the system. This lead® three types of voltammetric dgms
electrochemisttypically encounter:

1 An electrochenuaally reversible system, which is one where the electron transfer
constant is sufficientlyhigh, so that the current response is limited by the mass
transport K° >> my). In such a casewo waves, an oxidation and a reduction wave,
will be seen in a currerdotential plof which are collected around the formal
potential of the redox couple.

1 An electrochemicallyrreversible system, which is one where the mass transport is
sufficiently high so that the current response is limitedy by the rate of electron
transfer (nr >> k°. In such circumstances, little current flows around the formal
potential for the redox couple, therefore lamerpotentialsmust be applied at the
anode and cathie to drive the electrochemical reaction.

1 An electrochemicallyquasireversiblesystem represents the intermediate cé8e- (

mr).

1.5 VOLTAMMETRIC EXPERIMENTS

Perhaps the most commonly used electrochemical procedures today aréaseztp
experimentssuch as Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV), or
Square Wave Voltammetry (SWV). Any voltammetric experiment employsast athree
electrode electrolytic cell which is subjected to a known potential, which is ramped up or
down asa function of time. An example of such a praaedis depicted graphically indure
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 rampthgg 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 avoltammogram, is presented inigkre 1.6. An important parameter in any

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

inVs?).
A
§ ﬁs—w—v—ersedatt*
&
Z
2
g Gradient = scan rate
I
Time / s

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 evidefaea 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, eékCEvhere E =
electrochemial 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 concerrtééf

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 cpotnttial curve
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adopts such a unique shape. The voltage ramping staids vethere the current is stable
because no electrochemical process is taking place. However, as the potewatiapes!
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 solotooentration 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 transfeedeen 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 respers 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 approaghethe background current obsed

is due to small Faradaic contributions and capacitative effects from the Helmholtz plane (see
later). Aftertiz, the bias is reversed and the opposite phenomenon is observed in the case of a
reversible reaction. Before region C, the concentratioradyzts 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 becomamited due to the products becoming unavailable for the
reaction; which is the reverse to region B. Priottifathe concentration of the reactants is
again assumed to be equal to the bulk solution and the concentration of the products is
assumedtobenil The di fference beEobsemedinlegonBanak pot
D give an indication of the reverdiby of the redox couple (seeetion 1.2); a separation of

59 mV indicates electrochemical reversibility for a one electron process, assstanadgrd

conditions.
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Figure 1.6: Voltammogram typical of the outgshere redox probe hexaaminghenium (l11)
chloride. The green zones illustrate changes in potential bias, and the red zones indicate changes in

the current due to a combination lediradaic and nonFaradaic 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 teamnig used if onenly wishes to observe
one half reactionof 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 smalbncentrations. 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 amolecule being stripped from an electrode surface instead of a conventional

Fardaic process.

16 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 thieepgak

(current,l) and the peak position (potentig), as depicted ifrigure 1.7.

A

~0OX
ES

Current/ A

\ 4

Potential / V (vs. Ag/AgCl)

Figure 1.7: Typical voltammogram for the outgshere redox probe hexaminghenium (III)

chloride with relevant analytical parameters labelled.

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

the Randless e v lequétion, given in equation 1.25, whdeeis the voltammetric peak
47|Page



current, F is the Faraday constand is the electrode area (in énD is the diffusion
coefficient of he analyte (in cis?), gis the scan rate (in V3, Cis the concentration of the
analyte (in mol crd), andn is the number of electrons transferred in the electrochemical
process.

1

AnFuD 7%

I, = 0.4463FAC :
P 8&? E (1.25

It follows that the current is proportional to the square root of the scan rate; the gradient of
such a plot is useful for estinmag 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, ti 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 denotedrigure 1.7 is the @ak potentials, which are related
to the standard electrode potential of the redox process. The peak potentials can be used to
obtain the formal potentiaEf) of the cellvia the following equation:

— EPA + EPC
2 ,

E° (1.26)

whereA andC represent the anodic and cathodic peak potentta)s But the most common

peak potential analysis alectrochemist will perform is the pettxp e a k s e pE)Yy at i on
which is theoretically 59 mV for a one electron process, according to equagdn3,

assuming the concentration of the oxidation and reduction species areTégutdeoretical

value of59 mV (see equatioh.2/1.3) for a one electron process is rarely met, however. This

can be due to a number of factors, i ncl udi nc¢
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Additionally there are many scenarios where more than one redox couple i&edbsence

more than one formal potential and moérén a n Ee. inesuclgpa 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 termal potentials
sufficiently close to one another. And yet, even if there is actually only one process present,
the user may observe increasmige as the scan rate of the experiment is increased as a result

of the electron transfer contribution equadl the mass transport contribution to the observed
voltammetry. The RandleSevi i k rel ationship for a rever si
habitually by electrochemists to analyse datasets. There is a point in which the predicted peak
currents deviee from normality and as such a modified equation is utilised (see [akeT).
RandlesGevi i k equation becomes extremely useful
combined with the Nicholson equation (equation 1.27) because the effective electri@n trans
rate constant of the electroactive species can be accurately estimated as a functiqgi%f the
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
parametery, to the gEp.X® Originally, the user would calculate thgEp using CV, then
deducey from a table kindly provided in the paper calculate the kinetic parameter from a
working curve. However a more practical method to estimate the electron transfer rate
constant was désed in 2004° which instead produces a linear correlation between the scan
rate and the kinetic parameter, calculatéa the relationship described in equation 1.28
whereX = Eggn mV (whenn = 1); the gradient of the graph is equakfo This makes the
estimation ok® very simple experimentally, as one only needs to perform a scan rate study to

extract such useful information.

y =K°[ /Dn B/ RT]'; (1.27)

49|Page



y =( 0.6288 ©.02X) ( 1 0.0IX) (1.28)

The revised Nicholson method is only applicable in the case of ampvassible system as
the gEp should not increase as a function of scan rate in a totally sibleerreaction.
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
doesndt mean that i rr evaenduséfdl, aoweverelrcfact soneeh e mi ¢
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 andasedar
the case of an irreversible system. A typical irreversible systehseel either two peaks
separatingput 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 1129eW is the
transfer coefficient and @ the number oélectrors involved up tdhe chargdransfer step);
such a potential increases as the applied scan rate increases. The-Bandldsi k equat i ¢
thus modified further to account for such phenomemal is expressed in equation 1.30

wheren is the overall number of electrons in the electrochemical reaction

e a 0 o Z
RT 2 K % danFu®
E,=FE° €.78 hee— O] 3
E QT e Beer 0 a
e ¢ =
1 11
|, = 2.9%10n &n '} ACD? 7 (1.30)

For a simple one electron process, the reversible, -genasisitbe, and irreversible
wave shapes adopt unique and distinguishable voltammetric profiles. These tlee®ftyp

profiles are depicted iniure 1.8. The voltammetric wave shape for a reversible system
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(blue line), shows a redox couple withgiEp of 59 mV;the quasreversible systenfgreen
line) shows an increased peak separation and a perturbation in the peak current. The

irreversible caséred line)exhibits a very larggEr and peak current perturbation.

Current / A

I | | | | I >

Potential / V (vs. SCE or Ag/AgCl)

Figure 1.8: Voltammograms for an eteochemically reversible (blu@ne), quasireversible green

line), and irreversike (redline) electron transfer process.

The peak current observed in electrochemical experiments is not only dependent upon
concentration, as in the Randiés v kequdtion. 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 proces3he dependence of current upon such an activation potential is

described in detail bthe ButlerVolmer equation, which is presented in equation 1.31:

o

|—A102@xp§a nF{E -Eeq} gexp g {E Eea} . (13))

wherel is the currentA is the electrode surface argais the current densityh and U are

the transfer coefficients of the respective anodic and cathodic processdéle number of
electrons transferred, is the Faraday constam,is the gas constant{Eeg) is the activation
potential of the electrochemical reactidie equation accounts for a scenario where both an
anodic and cathodic process are in operation (reversible and-rquessible) by the
introduction of the transfecoefficients. 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 ofvoltammetricdata analysisis the interpretatiorof 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 eleaicatalytic ability of electrode substrates, because it delivers a
guantitative measure of the amount of charge passed between the solution and electrode as a
function of the c¢haWa e same texdspqvdrpotential, geacted ast i a |
d.?2 Equaton 1.32is one of the many modern day expressions of the original Tafel equation

reported in 1905 by Julius Taf&l:

ank /

Ini =Ini, RT

(132

whereip is the exchange current densitiafel plots (In versusd) , such as the one depicted in

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

Reference4?

1.7 LIMITATIONS OF CYCLIC VOLTAMMETRY

It would be normal to question the applicability of RandlesGe vi i k equati o
electrochemical systems, considering the number of permutations involved. There are many
caseswhere the most reversible of systems appear to be-gpagisible at sufficiently high
scan rates. In most literature, users select scan rates betivd€®d mV s as these speeds
fall well within the limitations of CV.

The lower limitation of CV is atural 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 specidaa solution becomes faster than the rate of mass tranapdrt

becomes responsible for the overall current respdtféectively the current becomes limited
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by the natural convection in the cell and thus scan rates below I'mxegarely, 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 diffusioillgyty

the high electric field created by the high scan spiwsl; phenomenonttaactsmore 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 planeKigure 1.10). At normal scan ratékjs 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 ohrdiop compensation to obtain accurate results

due

Figure 1.10: Schematic diagram of the electrical double layer, denoting tballed Inner and Outer
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Helmholtz Plane (IHPOHP). Image courtesy of New Mexico State Univefsity.

1.8 AMPEROMETRIC EXPERMENTS
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Perhaps the second most common type of electrochemical experiments are
amperometric experiments, and in particular chronoamperometry. In chronoamperometry, a
fixed nonFardaic potential is applied to atectrochemical 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 nonlinear fashion s described by the Cottrell equation (not quoted). The mass transport in
the case of chronoamperometry is governed completely by diffusion and thus thetomeent
relationship observed is indicative of the change in concentration gradient at the electrod
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 shak matroduced in

detail.

19 POTENTIOMETRIC EXPERMENTS

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 sohdem u
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 referandethe working
electrodes. The observed potential difference is logarithmically related to the analyte
concentratiorvia equation 1.2. Hence, ftong the potential, or Electrodive Force (EMF),
against the logarithm of the concentration should giveeali 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 literee examples are presented where
potentiometry is preferred to a dynamic technique; noteworthy contributions determine
concentrations of many cations including coBalgad?’ and bismuttt® hydrazine?® and the

widely used glaspH electrode.

1.10ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY EXERIMENTS

The frequencydependent properties of electrodes can be studied using
Electrochemical Impedance Spectroscopy (EIS). This technique is increasing in popularity
because the user h&tability to ascertain even more phenomena than for the case of CV. In
a typical EIS experiment, a small amplitude sinusoidal voliageplied to ell over a range
of frequencies, alongside a fixed DC excitation potenfiaé excitation results in chges 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 contribido@h més | aw ( equa
1.33. Impedance is, however, a complex quantity, and cavebedifficult for the user to
interpret data without sufficient experience. The impedance and phase angle difference are
plotted as a function of frequenéwy the case of 8ode ploti Figure 1.11A), or the real and
imaginary impedances are plotted against one anothéngicase of a Nyquist plotFigure
1.11B). Nyquist plots are common in electroanalysis where users are investigating the effect

of concentration upon thmpedance of a system.

V =1R (133
The application of EIS is unfortunatelynited 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 tihe 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 frequelependent electronic processes
happemg (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 equivalenit ci
modelling. Therefore electrochemists normallprefer 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 abovs,&xiB8mely useful and

will be the focus of th final Chapter of this thesig\ more descriptive introductioof EIS is

providedin 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 egiivalent Randles circuit used to model the data for 1 mM®l ¢] 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 conegioins 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 analysassgdt analytes. For example, a potentiostatic
setup combined with electrodes is a srsahle piece of equipment which can be purchased
at an extremely low cost compared to a typical chromatography setup, for example.
Furthermore electrochemical methoasgeneral, are quick, reliable, and portable; the latter
of which is a common stumbliAglock 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 tran$er 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 eleaxbaais 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 generaterart response which is indicative of
the moleule in question. There are ma of examples of specific analyte detection within
the literature, all of which explore the electroanalytical capabilities of such electrodes.

According to any form of theRandlesGev i i k equati on, the pe
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 elec®apecies. That is to
say,underideal electrochemical conditions (no side reactions; purely homogeneous surface
etc) doubling the concentration of the target analyte should double the current. In practise
this Iisndét always observed (i oni cohnsicdrog,ngt h,
but normally at sfficiently low concentrations, this phenomenon is readily observed.
Electrochemists thus endeavour to test the limitations of the Ra@dies | i k r el at i on
optimisation of fundamental parameters such as the scanwiditethe 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 arynrexamples that are praiseworthy, the most

exciting in the opinion of the authoconcers using electrochemistry forensicalfy®! (for
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detection of poisons and drugs) and medicifalfipr detection of sugars and even diagnosis

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

1.12 POTENTIAL OF ZIRO 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 usualhywestigated in colloidal science, and is frequently
described in terms of pf#? 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 isoetepwortiis 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 @btenéasurements and
potentiometric titration4®* The same logic can also be applied to electrode surfaces, in a
slightly different way. The Potential of Zero Charge (PZC) is the poteayijalied 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 perdkent 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 safepemating conditions of a surface which may reduce the

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

113 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 shoul d
flow of current. The reference electrode is usually (but not limited tberes Saturated
Calomel Electrode (SCE) or an Ag/AgCI 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 almostyesterctrochemical experiment that
will ever be conducted by scientists. The characteristics of a working electrode differ
depending upon the requirements of that electrode. The working eleatwaiesneeds to be
highly inert to the solvent and backgroueléctrolyte; corrosive electrolytes such as HCI or
H>SQOy require chemically inert electrodes such as platinum (not gold #8OH). Less
abrasive aqueous conditions such as phosphate buffer can be easily operated using carbon
electrodes. However one mualso 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 sésrlin terms of

pros anctons.

1.14GOLD AND PLATINUM ELECTRODES

Two very common types of metal working electrode are gold atthpim electrodes,
pictured in kgure 1.12. They are wise choices in some circumstances because they are
generally chemically inert. Both electrodes aseful 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 b 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 electradé€se major advantage of metal electrodes is their
use inorganicmedia Many nonmetallic electrodesannot be useth organicmediadue 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 surfacebased science and is very sensitive to surface species (oxides, carboxgjc acid
ketones) and surface morphology; the latter of which can also contain electronically
anisotropic effects (see Section 1.180 in order to keep an electrode homogeneous in
nature, the user has to polish the electrode surface meticulously prior o tlse.case of
metal electrodesagglomeratedlumina slurry is the chemical of choif@ polishing using
consecutive slurries of decreasing particle sizes (ranging fromi1@O05 microns). The

electrodes are cleaned intensively with high resistiwéipoised water before use.

1.15CARBON 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
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