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WLI

White Light Interferometry

XPS

X-Ray Photoelectron Spectroscopy
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Glossary of symbols

a

Activity

A

Electrode area

AC

alternating current

C

Capacitance

C

concentration

Cdl
D

Double layer capacitance
Diffusion coefficient

DC

direct current

E

potential

E'

reduction potential

E0

Formal potential

E1/2
Ei

half wave potential
square wave increment

Epa

anodic peak potential

Epc

cathodic peak potential

Esw

Square wave amplitude

eV

electron volts

F

Faradays Constant

f

frequency

i

current

if

Forward current sampling point

ip

peak current

ir

reverse current sampling point

j

flux

K

Kelvin

k

rate constant

k0
n

intrinsic rate constant
number of electrons

Pa

Pascals

R

resistance

R

Molar Gas Constant
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Rs

Solution resistance

Ru

Uncompensated resistance

s

seconds

t

time

T

Temperature

α

charge transfer coefficient

Γ

Surface coverage

δ

diffusion layer thickness

ΔEp

peak to peak separation

ΔEstep
Δi
ΔΨ

Potential step
differential current
dimensionless peak height parameter (SWV)

η

Overpotential

ν

scan rate
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Abstract
Boron doped diamond (BDD) has found numerous applications for electroanalysis in
recent years. It’s material properties set it apart from other electrode materials due to
its oft quoted wide solvent window and low background capacitances. However, the
electrochemical performance has been shown to be highly dependent on the quality of
the material, in particular it’s sp2 carbon content. For some applications, such as pH
sensing, it has been shown that the inclusion of sp2 carbon impurities is advantageous.
This can be achieved during diamond growth or by post-processing procedures, such
as laser micromachining, as has been used in this thesis. Herein methods for
electrochemically measuring surface sp2 carbon have been developed, and the
functional groups on the electrode surface used for pH sensing applications and the
underlying sp2 carbon component for dissolved oxygen sensing via the oxygen
reduction reaction. To develop a pH sensor that works in unbuffered solutions laser
micromachining, with control of the quinone surface coverage, was combined with
pulsed voltammetric techniques to avoid perturbing the interfacial environment and
control the local pH change. To further enhance pulsed voltammetric techniques, as
used throughout this thesis, the raw current-time data was captured and post processed
to extract information on the non-faradaic processes occurring, in addition to
optimising the faradaic response. This work together advances the understanding of
the effect of sp2 carbon in BDD electrodes and its use for electrochemical applications
that requires optimisation of the material properties and electrochemical methods.
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1 Chapter 1: Introduction
1.1 Overview
Diamond has long been recognised as much more than just a gemstone due to its range
of extraordinary chemical and physical properties. These include, but are not limited
to, a broad wavelength transparency (from far infrared to deep ultraviolet and then
again in the X-ray region); the hardest known material (~90 GPa); high thermal
conductivity (2600 W m−1 K−1) and extreme resistance to chemical corrosion.1,2 It is
through advancements in the artificial synthesis of diamond, particularly that of
chemical vapour deposition (CVD),3 that these favourable properties have been
technologically exploited for a range of applications from e.g. radiation detectors

4,5

and high-power optical windows and lenses6,7 to bionic eyes.8,9 Furthermore, by
controllably introducing impurities into diamond during chemical vapour deposition
(CVD) growth, the characteristics of the material can be tailored for specific
applications. For example, by incorporating boron into the lattice at concentrations in
excess of 2-3 × 1020 B atom cm-3, 10,11 the resulting boron doped diamond (BDD),
achieves metal-like conductivity; albeit with a reduced number of available charge
carriers compared to typical electrode metals such as Pt or Au. Incorporating boron
also produces a visible colour change due to dopant-created energy levels absorbing
visible light. Semi-conducting BDD exhibits a blue colour, whilst conducting BDD
appears black.12
The virtuous electrochemical properties of BDD are often claimed to be: the widest
solvent window (SW) of any electrode commonly in use (>> 3 V in 0.1 M KNO3,
using a ± 0.4 mA cm−2 threshold);13 low background currents; very low electrocatalytic
activity 14 and reduced fouling.15,16 However, the extent to which these characteristics
hold, depends very much on the material properties of the electrode itself, with the
most important for consideration being:14 (i) dopant concentration; has the material
achieved metal-like conductivity, (ii) sp2 content and (iii) surface termination.
Understanding the relationship between the material properties and the electrode
characteristics is essential in defining specifications for BDD growth; this is especially
important as with advances in growth and post processing technology these properties
can now be carefully controlled.
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The work in this thesis focuses on the effects of sp2 carbon content on the
electrochemical properties of BDD. sp2 carbon in BDD can be grown into the material
in the CVD process,17 or more recently has been shown to be controllably introducible
using laser micromachining.18,19 To assess the effects of sp2 carbon on BDD a method
for measuring the sp2 content electrochemically was developed, this method has been
applied throughout this thesis for assessing sp2 content.18 The knowledge gained in
measuring and controlling sp2 carbon content, and its surface functional groups, was
applied to create a BDD pH sensor that worked in unbuffered solutions.20 Finally study
of square wave voltammetry (SWV) used in the development of a BDD pH sensor
allowed for a novel way of measuring solution conductivity and electrode capacitance
which could be used to infer on other electrode processes, in parallel with other
analytical measurements using a high-quality BDD electrode.

1.2 Electrochemistry
Electrochemistry is an extremely powerful technique for understanding physical and
chemical processes involving the movement of charge at an interface. In particular
dynamic electrochemistry, i.e. driving the system away from equilibrium through the
application of a potential or current, has been applied to a diverse range of problems
from the calculation of fundamental kinetic properties of charge transfer reactions to
the development of electroanalytical sensors.
The reactions occurring at an electrode interface can be divided into two classes:
Faradaic, involving the transfer of electrons across the electrode interface, causing
reduction and oxidation of molecules in solution to occur; and Non-Faradaic, where
charge does not cross the interface but external currents may flow to compensate for
changes at the electrode (such as a change in potential, electrode area or solution
composition).21
1.2.1

Non-Faradaic processes

In the ideal case an electrode at which no charge transfer reactions can occur,
regardless of applied potential, is referred to as an ideal polarizable electrode (IPE).22
While such an electrode does not exist in reality, there are electrode materials, and
solutions, where electrodes perform as such over a wide potential range, common
examples being the mercury drop or a boron doped diamond (BDD) electrode in an
inert salt such as KCl. BDD has been shown to exhibit this property over potential
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ranges of up to 4 V in aqueous solutions.14 The use of other electrolytes such as ionic
liquids have also been shown to exhibit this property over wider ranges. 23 The range
over which an electrode exhibits these properties is often referred to as its solvent
window.22
In the case of the IPE, or an electrode which performs as such at the potentials applied,
as charge cannot cross the electrode-solution interface, the system is analogous to a
capacitor. Where the electrode surface is one plate, and the solution is the other, with
the rearrangement of ions forming the electrical double layer (Figure 1.1) acting to
compensate the charge on the electrode.

Figure 1.1: The electrical double layer.
The double layer consists of several regions to compensate the charge on the electrode.
Closest to the electrode is the compact, or Helmholtz layer, consisting of species
specifically adsorbed to the electrode surface, this can include solvent molecules and
ions. The center of the adsorbed species is referred to as the inner Helmholtz plane
(IHP). The outer Helmholtz place (OHP) is the distance of closest approach of solvated
ions to the electrode surface and is governed by long distance electrostatic interactions.
Beyond this distance is the diffuse layer which extends from the OHP into bulk
solution, in this region molecules are disordered and only subject to non-specific
interactions. There is an excess charge density across these regions which acts to
compensate the charge on the electrode. The thickness of the double layer depends on
the ionic strength of the solution, with a smaller double layer thickness in higher ionic
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strength solutions, as the excess charge on the electrode can be compensated in a
shorter distance.22
In the case of an IPE the cell can be represented by an equivalent circuit consisting of
a capacitor and resistor (Figure 1.2). The capacitor represents the electrochemical
double layer capacitance and the resistor represents the system resistance. Other
components to this circuit can be considered such as the capacitance of the reference
electrode. The system resistance can be subdivided into several series resistance, such
as the solution resistance and potentiostat wire resistance. In a well-designed
experiment the double layer capacitance and solution resistance can be considered to
dominate the response and as such the equivalent circuit in Figure 1.2 can be used.

Figure 1.2: Equivalent circuit for an IPE.
Upon the application of a potential step (the basis of a staircase cyclic voltammogram
and pulsed voltammetry techniques) the current-time (i-t) response of an IPE is an
exponential decay, as described by Equation 1.1:
𝑖=

∆𝐸𝑠𝑡𝑒𝑝 − 𝑡
𝑒 𝑅𝑢𝐶𝑑𝑙
𝑅𝑢

[1. 1]

Where i is the current, ΔEstep is the potential step, Ru is the uncompensated resistance,
t is the time and Cdl is the double layer capacitance. The magnitude and duration of
this current depends on the solution resistance (a key component of Ru) and Cdl, if Ru
is low and Cdl is small, the non-faradaic currents are small and short lived. In typical
voltammetric measurements the timescale and solution resistance are such that nonfaradaic processes do not have an effect on the currents seen, and as such the currents
can be assumed to be purely faradaic. This cannot always be considered to be the case
for all solution and electrode conditions however.
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1.2.2

Faradaic reactions

At its simplest a faradaic electrochemical reaction can be represented by Equation 1.2.
𝑂 + 𝑛𝑒 − ⇌ 𝑅

[1. 2]

Where O and R represent the oxidized and reduced form of an electroactive species
respectively. The position of the equilibrium is linked to the standard electrode
potential, E0, where all species are present at 298 K and unit activity. When not under
standard conditions the Nernst equation (Equation 1.3) can be used to calculate the
reduction potential.
𝐸′ = 𝐸0 −

𝑅𝑇
𝑎𝑅𝐻𝑆
)
𝑙𝑛 (
𝑛𝐹
𝑎𝐿𝐻𝑆

[1. 3]

Where E’ is the reduction potential, E0 is the formal potential, R is the gas constant, T
is the temperature in K, n is the number of electrons, F is the Faraday constant, and
arhs and alhs are the activities of the right (R) and left (O) sides of the reaction
respectively.
The rate of electrode reaction is determined by the flux (j) and is a convolution of a
number of factors including the mass transfer rate, electron transfer (ET) rate,
chemical reactions and reactions with the electrode such as adsorption and desorption
(Figure 1.3).

Figure 1.3: General scheme for a reaction at an electrode surface.
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The flux at the electrode surface, in the absence of chemical and adsorption reactions,
has a kinetic and a mass transport component, in this case mass transport is considered
to be purely diffusional and the flux can be written as Equation 1.4:
−

1
1
1
=
+
𝑛𝐹𝑘𝑒𝑡 [𝑂]∞ 𝑛𝐹𝑘𝑑,𝑂 [𝑂]∞
𝑗
𝐾𝑖𝑛𝑒𝑡𝑖𝑐𝑠
𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

[1. 4]

Where ket is the electron transfer rate constant, kd,O is the diffusion rate constant for
the oxidised species and [O]∞ is the bulk concentration of the oxidised species.
This flux can be related to a current seen at a stationary planar electrode of area A
using Equation 1.5 as the flux is constant across the electrode surface.
𝑖 = 𝑛𝐴𝐹𝑗

[1.5]

The kinetic rate constant in Equation 1.4 is potential dependent, and described by
Equations 1.6 and 1.7 for the cathodic and anodic rate constants respectively.
Increasing overpotential (η= E-E0) causes an exponential increase in the rate.
𝛼𝑐 𝑛𝐹𝜂
𝑅𝑇

[1.6]

𝛼𝑎 𝑛𝐹𝜂
𝑅𝑇

[1.7]

𝑘𝑐 = 𝑘0 𝑒 −
𝑘𝑎 = 𝑘0 𝑒

Where ka is the anodic kinetic rate constants, ko is the standard rate constant and αc
and αa are the cathodic and anodic charge transfer coefficient, where αa is often
assumed to be 1-αc. The kinetic flux can be described by Equation 1.8:
𝑘 = 𝑘0 (𝑒

1−𝛼𝑐 𝑛𝐹𝜂
𝑅𝑇

− 𝑒−

𝛼𝑐 𝑛𝐹𝜂
𝑅𝑇 )

[1.8]

This is often known as the Butler-Volmer formulation of electrode kinetics.22 In the
case of a small overpotential, both the forward and backward rates must be considered,
however once the overpotential becomes large the rate of the forward reaction far
exceeds the back reaction and as such the back reaction can be considered to be
negligible. This is the theoretical basis of the Tafel equation (Equation 1.9) that was
first observed in 1905.22
𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔 𝑖
Where 𝑎 =
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𝛼𝑛𝐹

𝑙𝑜𝑔 𝑖0 [1.10] and 𝑏 =

[1.9]
−2.303𝑅𝑇
𝛼𝑛𝐹

[1.11]
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The diffusional flux in Equation 1.12 is determined by the diffusion rate constant kd,O,
related to the diffusion coefficient (D) and diffusion layer thickness (δ) by:
𝑘𝑑 =

𝐷
𝛿

[1.12]

If ket >> kd the flux is determined by the mass transport and the reaction is described
as reversible, if ket << kd the flux is determined by the reaction kinetics and the reaction
can be considered irreversible.
1.2.3

The three electrode cell

For electrochemical experiments on the macro scale, the three electrode cell is used,
consisting of a working electrode (WE), reference electrode (RE) and counter
electrode (CE). A potentiostatic circuit is used to control the potential at the WE
relative to the RE and measure the current flow between the WE and CE (Figure 1.4
1.4)

Figure 1.4: Potentiostatic circuit.
The potential is controlled between the WE and RE to be the input value (Signal) using
the electrometer circuit and control amplifier as a negative feedback loop. The input
potential can be held constant (chronoamperometry), swept linearly (cyclic and linear
sweep voltammetry) or stepped (staircase and pulsed voltammetry). The same
circuitry can also be used for AC techniques through the application of sine waves.
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The electrometer is a unity-gain differential amplifier that outputs the potential
difference between its two inputs (WE and RE), this potential is compared to the
desired potential using the control amplifier. The electrometer output is fed into the
negative terminal of the control amplifier to form a negative feedback loop, with the
output driving current through the counter electrode to hold the cell voltage at the
desired value. The current flowing through the cell is measured using the I/E converter,
which outputs the difference in potential on either side of a known resistance (Rm), the
magnitude of which depends on the expected currents flowing through the cell. Due
to Ohms law this potential can be used to measure the current flowing through the cell,
between the WE and CE.
1.2.4

Voltammetric techniques

Voltammetry is commonly used in analytical chemistry, where a potential waveform
is applied and the current flowing through the cell measured using a potentiostat. This
current represents a number of processes, both faradaic and non-faradaic depending
on the experiment conditions.
1.2.4.1 Cyclic and linear sweep voltammetry
Potential sweep voltammetry is one of the most common potential waveforms,
consisting of a potential continuously varying with time, scanning in one (linear sweep
voltammetry, LSV) or both (Cyclic voltammetry, CV) directions (Figure 1.5a). The
current response for a macroelectrode is plotted vs potential (Figure 1.5b).

Figure 1.5:(a) The potential sweep for a CV experiment and (b) the voltammogram
obtained.
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For a species in solution in the reduced form the scan starts at a potential well negative
of E0’ and is scanned positive, in this region only non-faradaic currents flow. As the
potential approaches E0’, the oxidation starts to occur and the faradaic current starts to
flow, depleting the species at the surface and causing an increase in flux and current.
As the potential approaches and passes E0’ the surface concentration approaches zero
and the flux is at its highest, causing a peak in the current. Beyond this point the current
decreases as depletion effects occur and the diffusion layer grows, causing a decrease
in the flux until the system reaches a steady state. In the case of a CV the direction of
the potential scan is then inverted and a reverse wave is seen, occurring due to the
reduction of the oxidised species located close to the electrode from the forward scan.
In the case of a diffusion controlled reversible system the peak currents (ip) can be
modelled using the Randles-Sevcik equation(Equation 1.13):22
𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶(

𝑛𝐹𝜈𝐷 0.5
)
𝑅𝑇

[1.13]

Where A is the electrode area, C is the concentration of the redox species, ν is the scan
rate and D is the diffusion coefficient. In the case of a reversible diffusion controlled
system the peak separation between the forward and reverse peaks, ΔEp is 59/n mV at
298 K.
1.2.4.2 Staircase CV
Digital potentiostats based on microprocessors mean that the application of analog
‘true linear’ sweep techniques have become less common, instead being replaced by
staircase CV. In this method the potential sweep is approximated with a series of small
(~1 mV) potential steps. This step causes a current decay that is a combination of
faradaic and non-faradaic currents as discussed in more detail in Sections 1.2.1-2. To
faithfully reproduce an analog linear sweep, the current at some point along the decay
must be sampled. On some potentiostats this sampling point can be altered, but often
the sampling position is set in the instrument by the manufacturer at a position that
closely simulates the result of a true linear measurement24 so analytical expressions
such as the Randles-Sevcik equation can be used. This equivalence is usually based
around a reversible species, and this sampling position may not be appropriate for
more complex multistep reactions.
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1.2.4.3 Pulse Voltammetry
Pulse voltammetry was made possible by the invention of the Kalousek commutator
that allowed rapid switching between two potentials, so that pulse sequences could be
applied.25,26 A varied range of pulse sequences can and have been conceived, the most
common being named normal pulse voltammetry, differential pulse voltammetry and
square wave voltammetry. The work in this thesis focuses on square wave
voltammetry, but similar approaches can be applied with other pulsed voltammetric
techniques.
Square wave voltammetry has its origins in Barker’s square wave polarography27
(polarography refers to experiments on a mercury drop), where the application of a
DC pulse in conjunction with a potential ramp could be used to increase sensitivity by
increasing faradaic currents by pulsing and allowing charging currents to decay by
sampling in the last portion of the scan. This allowed for good signals and fast
scanning, meaning the measurement could be carried out in a single mercury drop.27
The method was developed further by superimposing a square wave onto a staircase
voltammogram, as proposed by Ramaley and Krause28,29, and sometimes referred to
as Osteryoung SWV.30 This involves the application of a series of potential pulses,
formed from a staircase overlaid with a square wave pulse, with a forward and then
reverse pulse occurring on each tread of the staircase.31 The variables that can be
changed include the pulse amplitude frequency and staircase increment (see Figure
1.6).

Figure 1.6: SWV potential pulse sequence, where Esw is the amplitude, f is the
frequency, EI is the increment and If and Ir are the forward and reverse current
sampling points respectively.
Sam Cobb
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The raw data extracted is a series of current time (i-t) decays in the anodic and
cathodic directions with the length of the decay determined by the frequency. These it decays are a combination of faradaic and non-faradaic components. As the faradaic
components decay with t-1/2 and the non-faradaic with e-t, if the solution is sufficiently
conductive the non-faradaic component will decay before the faradaic, therefore if the
current is sampled at the end of the pulse the technique can discriminate the faradaic
from the charging current. The sample current from the reverse pulse is subtracted
from the forward current to give a net current (Equation 1.14), and is plotted against
potential to obtain a voltammogram.
∆𝑖 = 𝑖𝑓 − 𝑖𝑟

[1.14]

Due to the diffusion layer not being renewed, in the case of a faradaic reaction each
pulse cannot be treated in isolation, this makes the peak currents challenging to
describe with a simple equation as can be done for a potential sweep experiment, with
Equation 1.15 derived by Osteryoung:
𝑖𝑝 = 𝑛𝐹𝐴𝐷0.5 𝑓 0.5 𝐶∆𝛹

[1.15]

Where n is the number of electrons, F is the faraday constant (96485 C mol-1) A is the
electrode area, C is the concentration of the redox species, f is the square wave
frequency in Hz. Δψ is a dimensionless parameter, that relates the peak height in SWV
to that in normal pulse voltammetry and depends on n, ESW and EI. While this value
can be mathematically determined it is commonly tabulated.32 It is the complexity of
this equation that means the peak height in SWV is not often used to determine
physical properties of the system such as the diffusion coefficient.
While the analytical solution determined by Osteryoung for SWV samples at the
absolute end of the pulse, this is not always the case with real instruments, as to
improve on noise the current can be averaged over some last percentage of the pulse
(up to the last 50%).33,34 The different currents of this altered sampling can be
accounted for.35 This further complicates the use of analytical expressions to describe
the peak current in SWV.

1.3 Electrochemistry of Quinones
Quinones are a group of organic molecules characterised by having a fully conjugated
cyclic dione structure, such as benzoquinones (Figure 1.7), derived from aromatic
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compounds by the conversion of an even number of –CH= groups into –(C=O)- groups
with the necessary rearrangement of double bonds.36 Their structure and associated
electrochemical properties has made quinones one of the most studied organic redox
couples since the start of the 20th century.37 Their study is important as quinone
chemistry underpins a large number of biological processes such as mitochondrial
ATP synthesis38 and electron transfer39 as well as being their involvement in cancer
treatment.40 Anthraquinone is also used to generate hydrogen peroxide on the tonne
scale.41 Electrochemically, quinones have found a diverse range of applications,
including redox flow batteries42 and catalysis of the oxygen reduction reaction
(ORR)43, however the most prevalent application is their use for pH sensing.44

Figure 1.7: Example quinone species.
The electrochemistry of quinone groups is complex, with numerous pathways for the
reaction to progress by. These are often described by the scheme of squares, originally
proposed by Jacq (Figure 1.8),45 with the theoretical treatment of these reactions at
surfaces conducted by Laviron46.
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Figure 1.8: Quinone scheme of squares demonstrating the possible reaction
pathways, as proposed by Jacq
From this scheme it is apparent that quinones (Q, Figure 1.8) can undergo a 1 or 2
electron reduction reaction, which may be accompanied by up to 2 proton transfer (PT)
reactions. Where PT occurs these reactions can occur via a stepwise mechanism where
each PT or ET step occurs separately. Or via a concerted mechanism, where a PT and
ET step happen simultaneously. This is represented by the diagonal pathways on the
scheme.
1.3.1

Quinones in aprotic solutions

In the absence of protons, such as in non-aqueous solutions e.g. acetonitrile, quinone
groups undergo a 2e- reduction to form a quinone dianion (Q2-). This is often seen as
two, distinct, 1e- reduction waves, forming Q-. as an intermediate that is subsequently
reduced to the dianion. For the majority of quinones these reactions are reversible in
nature.47 The potentials of the two reaction steps are dependent on the nature of the
solvent and supporting electrolyte, due to differing stabilisation of the products,
intermediates and reactants. Upon the addition of weak proton donors and strong acids
to aprotic solutions the reduction of quinones becomes much more complex,48 with
the nature of the proton donor having an effect on the mechanism. In addition to the
scheme of squares, homogeneous ET (disproportionation reactions)49 have been
shown to occur under these conditions.50
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1.3.2

Quinones in buffered solutions

In buffered solutions quinones at acidic and neutral pHs undergo a 2e-/2H+ proton
coupled electron transfer (PCET) reduction to form a hydroquinone.51 A single wave
is usually seen for this process, as the second ET step is energetically more favourable
than the first and as such occurs simultaneously.47 The pKb of quinones (pKa of the
protonated Quinone, QH+) is generally very low (Benzoquinone= -7)46 and as such in
aqueous solutions the quinone can generally be considered to be in its neutral,
deprotonated, form at equilibrium. This simplifies the reaction routes available, as the
lower left hand side of the scheme can be discounted and ET must occur before the
first PT, as the quinone is above is pKb. The first pKa of the hydroquinone product is
generally between 7 and 10 51 and until the pH is higher than this, QH2 is the favoured
product. The reaction is generally proposed to proceed by an ECEC mechanism.52 Due
to the presence of protons in the rate determining step the 2e-/2H+ reduction is pH
dependent and E’ of the reaction shifts as described by the Nernst equation, in this
case at 59 mV per pH unit due to the equivalent number of protons and electrons
transferred.
Above pKa,1 of the hydroquinone, QH- becomes the favoured product and the reaction
proceeds from Q to QH+ via a 2e-/1H+ ECE process, giving a potential dependence of
29.5 mV per pH unit.51,53 When the hydroquinone passes its second pKa, another shift
in the mechanism is seen, and Q2- becomes the most thermodynamically favourable
product, with the mechanism proceeding by a 2e- proton independent route. Despite
initially appearing similar to the aprotic, non-aqueous case one wave only is still seen,
which can either be attributed to potential inversion, with the second ET step being
more favourable than the first or so close in potential that only one wave is
observed.54,55 This is often attributed to hydrogen bonding interactions between the
QH-. and water.56
1.3.3

Quinones in unbuffered solutions

The electrochemistry of quinones is generally studied in well buffered solutions, with
a limited number of studies in unbuffered solutions51,56,65,57–64. This is often stated to
be due to the complicated response under these conditions, where any changes in
mechanism are further convoluted with local pH changes, due to consumption of
protons.51,57 The assumption has been made that in unbuffered solutions the reaction
will still progress, at least in part, by a 2e-/2H+ PCET mechanism (Figure 1.9a).
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However, the peak shifts in response to the local pH change, which can be up to 5-6
pH units.65 For this reason as far back as 1940 Muller recommended such experiments
are conducted in well buffered solutions.57
In unbuffered solutions, when the proton concentration ([H+]) is close to the quinone
concentration ([Q]) two voltammetric waves are typically seen (Figure 1.9b), the first
of which is always attributed to the 2e-/2H+ PCET mechanism (Figure 1.9a).

Figure 1.9:(a, black) CV of 1 mM Benzohydroquinone in unbuffered water. (b,
red) CV after addition of 1 equiv of OH- to the cell. (c, blue) CV after addition of a
total of 2 equiv of OH- to the cell. 100 mV/s scan rate with a glassy carbon
working electrode. From Quan et al.56
The interpretation of the second wave (Figure 1.9c) however is more varied, with some
studies attributing this wave to the same 2e-/2H+ reaction as the first wave, however
with a different proton donor such as hydroquinone or water being responsible for its
significant shift on the potential axis.57–59,64 Alternatively the formation of ‘some
deprotonated form of the hydroquinone’51(Q- or Q2-) is proposed, due to the lack of
available protons. Some spectroscopic studies argue for the 1e- reduction to form the
radical anion, Q-..66,67 Others propose the formation of the quinone dianion by a 2ereduction, Q2-.61,62 Quan et al.56 extended this description to include the role of
hydrogen bonding, suggesting that Q undergoes a 2e- reduction to form the strongly
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hydrogen bonded Q2- dianion, which due to its basicity will exist in an equilibrium
mixture of Q2-, QH- and QH2, the exact ratio of which is dependent on the particular
hydroquinone pKa and concentration.56
1.3.4

Quinone groups on electrode surfaces

Quinone groups have frequently been attached to electrode surfaces for fundamental
studies and a number of applications, predominately pH sensing44 and ORR.43 It has
been shown that the electrochemical response of surface bound molecules can differ
significantly from their solution counterparts,68–70 in particular due to an increase in
the pKa62,71,72, from the change in the local environment. A variety of methods have
been used, including but not limited to: self-assembled monolayers (SAM), covalent
coupling chemistry, carbon paste electrodes and the use of quinone groups inherent in
a materials surface termination.44
The simplest form of surface modification with quinone groups is physical adsorption,
where quinones such as 9-10-phenanthraquinone73, quinhydrone74 and anthraquinone
disulphonate75 (for selected structures, see Figure 1.7) adsorb onto the surface during
an electrochemical polarisation. However the stability of this modification is fairly
low, with the quinone redox peaks decreasing with a first order dependence and a halflife of several hours when placed in pure supporting electrolyte solution, generally
attributed to the detachment of molecules from the electrode surface.73,75
SAMs are one of the most common ways to incorporate a variety of quinone molecules
onto electrode surfaces, through the use of a linker chain terminated by a thiol group
that can spontaneously interact with the electrode surface by chemisorption. (Figure
1.10).
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Figure 1.10: 2-(mercaptooctyl)hydroquinone with hexanethiol as a diluent to alter
Γ. Adapted from Larsen et al.76
Most studies have used SAMs on Au,60,76–82 although a limited number of studies
have used Hg62 as the base electrode material. The linker group has a significant effect
on the ET rates,77 as the shuttling of an electron from the electrode to the molecule can
be rate limiting. The length of the linker chain affects the rate of ET, as the molecule
is positioned further from the electrode surface. In the case of a non-conducting linker
ET occurs via tunnelling from the electrode to the molecule or vice versa and the rate
has an exponential dependence on distance.81–83 This weak electronic coupling
generally leads to rates of ET that are considerably slower than those in solution.62,77
However, conjugated linkers can increase the rate of ET compared to unconjugated
linkers, through increased tunnelling efficiency.77
The surface coverage (Γ) of quinone groups can also affect the electrochemical
response,76 with diluent molecules being used to change the Γ. This has been used to
access a range of Γ, from 5.6×10-10 mol cm-2(monolayer coverage) to 6×10-12 mol cm2

(sub-monolayer coverage).

76

However, control of the Γ within this range was

challenging, as the Γ does not trend linearly with diluent molecule concentration and
several different diluent molecules were required to allow good control of Γ across
this entire range.76 This effect is attributed to hydrogen bonding interactions between
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the quinone groups during monolayer formation, with different diluents screening this
to different degrees.
In general, lower Γ (<<monolayer) exhibits better responses with smaller peak
separations, full width half maximums and monolayer stabilities.76 This has tentatively
been attributed to electrostatic interactions between neighbouring groups at high Γ
resulting in changes in the peak height and width.84,85 While control of the Γ in SAMs
is highly desirable, it can be challenging, especially at low Γ and other techniques,
such as laser ablation, can offer better control. Another limitation of SAM is that this
chemisorption is ‘semi-covalent’ in nature86 and inherently weaker than a C-C
covalent bond, and as such the long term stability of these monolayers can be poor.76,87
Covalent coupling chemistries, such as ‘click’ chemistry that can be electrochemically
assisted offer increased stability for attaching redox molecules to electrode surfaces
when compared to SAMs, due to the stronger C-C or C-N bond.71,88 These reactions
are generally conducted using oxide surface sites on carbon electrode materials and
have been extensively reviewed,89 with the reduction of diazonium salts being the most
common.90 This approach has been used to attach anthraquinone to diamond
electrodes91 and carbon powders71,88,92,93 to give reversible voltammetric waves.
However, this methodology requires complex synthetic procedures, and multilayer
formation is common.
Carbon paste electrodes offer simpler electrode fabrication, as the redox species is
merely mixed into a solution of graphite powder and oil or epoxy and allowed to set.
A variety of quinone molecules, with different electrochemical properties have been
included in these matrices94,95 for pH sensing applications. However, the fabrication
of the electrode is fairly ill defined, depending on the mixture used and how it is
formed into an electrode.
Quinone groups also form part of the surface termination of sp2 carbon electrode
materials, such as edge plane pyrolytic graphite (EPPG)96 and glassy carbon (GC)97
and it has been shown that these groups can undergo a 2e-/2H+ reduction to give a
voltammetric wave that shifts at 59 mV pH-1, up to pH values of 13. As such they have
found application as a pH sensor, discussed in Section 1.5.2. However, as these groups
are intrinsic to the electrode material the nature of the quinone species is not known
and Γ is very difficult to control. To resolve the quinone wave on EPPG and GC the
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solution had to be degassed, due to ORR on these materials obscuring the signal.96,97
This is not practical for the measurement of pH in real world solutions. Recently laser
ablation has been used as a route to introduce sp2 carbon and therefore quinone groups
into a BDD electrode, allowing for spatial and density control, well below
monolayer.19 The fabrication of these electrodes is discussed in more detail in chapter
4. By incorporating the quinone groups onto the electrode surface, the pKa,1 of the
hydroquinone form has been shown to be increase by several pH units.98 In addition
to changes in the order of the solvent molecules and effects from the
hydrophobicity/philicity surface termination, it was shown that the electronic coupling
to the electrode surface was partly responsible for this increase in pKa, as when a linker
molecule was used the effect was less significant.98 Therefore, quinone groups on a
BDD electrode should possess a high pKa and operate via a 2e-/2H+ PCET mechanism
across a wide pH range.

1.4 Ion coupled electron transfer
Quinones are a common example of molecular systems that undergo PCET. The
response of these molecules in solution has been described in Sections 1.3.1-3, as has
the response when attached to a surface by a weak bond such as a SAM, Section 1.3.4.
SAM based quinone systems have poor electronic coupling between the electrode
surface and the appended group. It has been shown that ferrocene appended thiol
SAMs display ET kinetics that are in line with outer sphere ET kinetics, including
solvent reorganisation energies and electron tunnelling prefactors, suggesting there is
a tunnelling barrier to ET in these systems.99 However when a molecule is strongly
electronically coupled to the electrode surface, for instance by a conjugated aromatic
linkage as in Figure 1.11, it can be thought of more as an additional active site on a
metal electrode, rather than as an independent molecule capable of undergoing ET.100
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Figure 1.11: Synthesis of GCC-Phenazine (top) GCC-Ru (middle) and GCC-Rh
(bottom). Reproduced from Jackson et al.100
To demonstrate this Jackson et al. coupled a variety of different molecules to a
graphite surface via an aromatic pyrazine linkage and investigated their
electrochemistry.100 O-phenyldiamine was coupled to the electrode surface, (Figure
1.11, top) creating a phenazine like surface site with 2 nitrogen groups that can
undergo PCET. In aqueous buffered solutions a single wave was seen across the entire
pH range, shifting at 59 mV pH-1 as expected of a 2e-/2H+ PCET reaction. In
acetonitrile, in the absence of protons, no ET was witnessed. However, for the
phenazine molecule in solution under the same conditions a wave corresponding to a
reversible 1e- ET reaction, was observed. It was only be adding 0.2 M tosylic acid that
surface bound phenazine exhibited an electrochemical response, showing two distinct
waves for the two 1e-/1H+ waves reactions. The same was observed for phenazine in
solution in the presence of acid.
Similarly, when a ruthenium complex that can undergo a reversible 1e- reduction was
incorporated onto the surface (Figure 1.11, middle) no ET was seen in aqueous
solution, despite it readily undergoing ET when dissolved in solution. Finally, a
rhodium complex (Figure 1.11, bottom) that can be reduced via a 2e- process from
Rh3+ to Rh1+ with accompanying dissociation of a bound chloride, was bound to the
surface. In a similar manner to the phenazine in the absence of protons, no ET for the
rhodium complex was seen in the absence of chloride in acetonitrile, however a 1e-
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reversible ET was seen when surface bound in the presence of chloride. This wave
was also shown to be dependent on the nature of the halide as when iodide and bromide
were used as the anion, instead of chloride, the wave shifted by +40 and +60 mV
respectively.
As the rhodium complex appeared to undergo a 1e- reduction when surface bound, as
opposed to the expected 2e- reduction seen in solution, the surface bound redox wave
is distinct from the solution phase process. X-Ray Absorption Near-Edge
Spectroscopy was conducted, which can be used to analysed the oxidation state of the
metal. From this it was determined that at all points during the voltammetric scan (i.e.
when in its ‘reduced’ and ‘oxidised’ form) the Rh stays in the 3+ form and doesn’t
change its valency. This suggests the electron goes into the ligand, which in this case
is the carbon electrode.
These observations together suggest ET is possible for strongly electronically bound
species only in the presence of ion transfer. Due to this it can be inferred that the ion
coupled electron transfer mechanism must be concerted, with ion and electron transfer
happening simultaneously. From this the ET can be considered to be very different to
in solution (Figure 1.12, top), where the ET occurs when the Fermi level of the
electrode is increased above the reduction potential for the Rh species, leading to it
being reduced from RhIII to RhI, with the subsequent removal of a chloride. When the
Rh is strongly electronically coupled to the electrode surface (Figure 1.12, bottom) the
reduction potential is pinned to the electronic structure of the electrode and changes
as the potential on the electrode is varied. As such the reduction potential is never
reached. However when the potential reaches a point where the removal of a chloride
from the surface is energetically favourable (Figure 1.12, green), the reaction occurs,
and ET is witnessed to balance the charge. This work is analogous to the behaviour of
quinone surface sites, in combination with protons, incorporated into the BDD surface.
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Figure 1.12: Energy level diagrams demonstrating the different mechanisms of ET
in solution (top) and when strongly electronically coupled to the surface (bottom).
Reproduced from Jackson et al.100

1.5 pH sensing
Solution pH is one of the most commonly measured solution properties. The pH scale
was originally developed in 1909 by Danish chemist Søren Peder Lauritz Sørensen
working at the Carlsberg laboratory in Copenhagen.101 Sørensen defined pH as the
negative logarithm of proton activity (aH+, Equation 1.15)
𝑝𝐻 = − log(𝑎𝐻 + )
1.5.1

[1.15]

The glass pH sensor

The most prevalent method of pH sensing is the glass pH probe, due to its wide
dynamic range from pH 2-12, high sensitivity and acceptable response time.102 The
change in potential of a glass membrane when placed in solution of different pHs was
first noted by Max Cremer in 1906,103 even prior to the development of the pH scale.
This sensor has since been subject to over 100 years of development.
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The sensor is effectively a hydrogen ion selective electrode, comprised of two RE
(typically Ag|AgCl RE) one of which sits in a constant, internal solution and the other
in the solution of interest. The two RE are separated by a thin glass membrane (~0.1
mm thick) that consists of mainly amorphous silicon dioxide, with additional alkali
metal ions embedded within its matrix. The Si-O groups in the glass can be protonated,
with the degree of protonation dependent on the solution pH in which it resides.
Protonation of the membrane creates a potential difference between the two sides of
glass, dependent on their relative degree of protonation. As the internal solution is of
a known, constant, pH the membrane potential is dependent only on the solution pH
and changes in a manner that can be described by an adapted form of the Nernst
equation. (equation 1.16)
𝐸′ = 𝐸0 −

2.303 𝑅𝑇
𝑝𝐻
𝑛𝐹

[1.16]

Thus at T= 298 K a 59 mV pH-1 potential dependence is seen and the solution pH can
be determined from the potential. The glass pH electrode is however subject to several
issues. Firstly the glass is inherently fragile, limiting the environments in which it can
be applied as it is not suitable for high-pressure or high temperature environments or
in-situ measurements. It is also required to be stored hydrated and suffers from ‘alkali’
errors at high pH as similarly charged and sized ions such as Li , Na, K and Ca can
interact with the membrane and result in erroneous pH measurements.102,104
1.5.2

Solid state pH sensing technologies

Solid state pH sensors have gone some of the ways to address the fragility issues of
the glass pH electrode, and can also be stored dry. Ion sensitive Field Effect
Transistors (ISFETs) operate in the normal manner of a field effect transistor, with the
solution of interest acting as the gate and a pH sensitive material such as Si-O is used
in the channel.105 The pH of the solution changes the degree of protonation of the
oxide, resulting in a concomitant change in current flow through the transistor.
Therefore, the threshold voltage of the transistor is dependent on the solution pH. The
ISFET has its own issues however, often being prone to drift and can become blocked
when placed in real world solutions. Some corrosive solutions such as chlorine can
also permanently damage the devices.
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Proton sensitive metal oxide probes have also been developed that operate
potentiometrically, such as ruthenium oxide, manganese oxide and tin oxide.106
However these also suffer from redox interferences and drift issues. Due to its
biocompatibility107 and the fact it can be miniaturized108 iridium oxide has been used
extensively109, however it must also stay hydrated to provide stable potentials.110
1.5.3

Optical pH measurements

Non-electrochemical methods such as optical pH measurements have also been
developed, based on colorimetric reagents immobilized on a porous membrane and
using absorbance, fluorescence and reflectance as a read out of the pH of the
solution.111 These sensors are low cost, easy to miniaturise and can offer high
selectivity,112 however they only operate over a limited pH range of approximately 1.5
units either side of the pKa of the reagent.111
1.5.4

Quinone electrochemistry for pH sensing

Quinones have been used for pH sensing for almost as long as the glass electrode, with
Biilmann first reporting the pH sensitivity of quinones in 1921.113 This quinhydrone
electrode consisted of an equimolar mixture of quinone and hydroquinone which
forms a pH dependent redox couple, the potential of which can be measured against a
RE. This electrode gave poor results above pH 8 as the hydroquinone reaches its pKa.
In recent years quinones have been employed as voltammetric pH sensors,19,44,94,96,97
using the 2e-/2H+ reduction mechanism as discussed vide supra to give a sensitivity
of 59 mV pH-1. This offers advantages in terms of selectivity and measurement time
as the system stabilizes fast, however the measurement by its nature alters the local
pH environment, and as such has been shown to struggle in unbuffered systems.

1.6 Boron Doped Diamond
Diamond’s large bandgap of 5.5 eV makes it useful as an insulator (Figure 1.13a),
however at times conducting diamond is desired. Diamond can be doped in a similar
way to silicon, another group IV element, by introducing donors (group V elements)
such as nitrogen or phosphorous to create n-type semiconductivity, or by adding
acceptors (group III elements) such as boron to introduce p-type semiconductivity.114
N-type semiconductors such as nitrogen and phosphorous have not shown a great
degree of success due to their ionisation energies being too large. Nitrogen has an
activation energy of -1.7 eV, too large for a n-type dopant as no carriers will be
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thermally activated. Phosphorous has a smaller but still significant activation energy
of -0.55 eV115 and also suffers from the issue that its relatively large atomic size means
achieving high doping levels is challenging.
Boron readily incorporates into the diamond lattice, achieving dopant densities as high
as ~1022 atoms cm-3. Boron in diamond is a p-type dopant, creating an acceptor level
in the diamond band gap (Figure 1.13b) and has an activation energy of 0.37 eV, which
while still large compared to dopants in other semiconductors is small enough to be
usable, as approximately 1% of carriers are active at room temperature. With dopant
densities above ~1020 atoms cm-3 the material can become ‘metallic’ as the dopants
are close enough together for their wavefunctions to overlap (Figure 1.13c).10 This
leads to hopping conduction and pinning the Fermi level in the dopant states. When
doping levels increase beyond this point screening decreases the acceptor activation
energy and the intrinsic bandgap will shrink (Figure 1.13d). Superconductivity at 4 K
has been demonstrated in these extremely highly doped diamonds.116

Figure 1.13:(a) In undoped diamond the Fermi level (EF) lies between the valence
band (VB) and conduction band (CB). (b) In lightly boron doped diamond the
carrier concentration depends on the ionization energy of the dopant and the
temperature. (c) When heavily doped (~1020 atoms cm-3) the dopant wavefunctions
overlap leading to delocalisation and metallic behaviour with EF inside the dopant
state. (d) In extremely heavily BDD, screening of impurities lowers the acceptor
activation energy and the intrinsic bandgap will reduce. Adapted from Blase et al.117
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1.6.1

Growth of BDD

The growth of diamond was first reported by General Electric in 1955 using a high
pressure high temperature (HPHT) method.118 In HPHT, a carbon source, usually
graphite, is combined with a metal catalyst and heated to temperatures ≥1800 K under
pressures of 3-5 GPa. The diamonds produced by this method are typically small (<10
mm) single crystals, heavily doped with nitrogen from the atmosphere. While heavily
(>1020) B-doped diamond has been produced by this method, the compensation of
charge carriers by nitrogen limits conductivity.119 HPHT has produced a limited
number of BDD samples with metallic conductivity,116 however their small size and
complex synthesis has to date limited their application.
In contrast, CVD, has proven to be the more versatile technique for BDD growth. The
technique deposits BDD, under plasma conditions, from a carbon containing gas
mixture, such as methane, in the presence of hydrogen and a boron based gas e.g.
diborane, onto a suitable growth substrate, seeded with diamond nanoparticles. Plasma
temperatures around 2500 K, substrate temperatures of 1200 K and pressures of 25
mbar are typical, with plasmas generated using either microwaves or a hot filament.
Hydrogen is a necessity as the plasma-generated hydrogen radicals not only suppress
the growth of thermodynamically stable sp and sp2 carbon, but also preferentially etch
these species.120 Through manipulating the gas mixture and reactor conditions, fine
control over the material properties can be achieved. For example, an increased
hydrogen concentration reduces sp2 incorporation, but also slows growth rates; the use
of a microwave plasma over hot filament generally enables hotter temperatures,
leading to higher phase purity material and faster growth rates.121
Typical growth substrates, which can withstand the growth conditions, are niobium,
tungsten, and silicon.14 While most material is grown on a flat surface, the technique
is amenable to almost any geometry substrate, allowing the creation of designer
electrode geometries such as BDD microwires.122 The transfer of BDD to flexible
substrates such as polyimide and parylene C has also been reported,9,123 enabling
flexible electrode production. With the use of a diamond nanoparticle seed,
polycrystalline BDD results. Using a single crystal diamond substrate124 and no
seeding layer, single crystal BDD can be produced.

Sam Cobb

Diamond Science and Technology CDT

26
PhD Thesis

The material growth conditions also influence the resulting material morphology. The
vast majority of BDD electrodes in use are polycrystalline, due to the relative ease at
which they can be produced, over a range of length scales.14,121 The polycrystalline
material grain size and surface roughness varies with growth time. In particular,
longer growth times give rise to thicker substrates with larger grains and rougher
growth surfaces, the latter attributed to the protruding crystallites.14 Nanocrystalline
BDD is typically sub-micron thickness, contains grains of sub-micron sized
dimensions and has a surface roughness on the ~ nm scale. In contrast microcrystalline
BDD is thicker, has an increased surface roughness and contains grains on the micron
and larger scale. In general, nanocrystalline material tends to contains more sp2 carbon
due to the trapping of non-diamond impurities in grain boundaries.125
Thin film BDD is used still attached to the growth substrate, as the BDD is not robust
enough to be removed. As BDD gets thicker (>10’s of µm) it can be removed from
the growth substrate to create freestanding material. However, the cost of growing
freestanding BDD is higher than its thin film counterpart due to longer growth times.
To significantly reduce surface roughness, the surface of freestanding BDD can be
mechanically polished. However, poor polishing can cause sub-surface damage,
creating defect sites that can trap charge carriers.14 Polishing must therefore be
carefully controlled in order to not adversely impact on the electrochemical properties
of the BDD.13 The difference in the types of BDD morphologies that can be produced
is illustrated in Figure 1.14.126
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Figure 1.14:(a) Schematic of BDD grains grown on a substrate. Thick as-grown
microcrystalline BDD (red, b) has a rough surface finish with different crystal
faces exposed. This material can be polished (green, c) to give a smooth (sub-nm)
surface roughness and be removed from the growth substrate. If short growth
times are used, the material is nanocrystalline (blue,d) and cannot be removed
from the growth substrate. SEM images adapted with permission from J. Phys.
Chem. C, 2008,112,1232–1244.127 Figure reproduced from Annu. Rev. Anal.
Chem, 11:463-84.126
1.6.2

Electrochemical properties of BDD

Use of highly doped “black” BDD for electrochemical sensor applications is
increasing in popularity due to the advantageous properties of BDD compared to other
electrode materials including: a wide solvent window; resistance to chemical and
mechanical wear; low background currents and low electrochemical fouling.128–132
For this reason BDD has found many applications in electrochemistry.131,133–139
BDD has been shown to have a dopant dependence on the heterogeneous ET rates of
outer sphere redox couples.13 Note an outer sphere redox reaction only requires
proximity of the analyte to the electrode surface for interactions to occur.22 When
doped to semiconducting levels the material exhibits lower capacitances and larger
solvent windows, however due to the p-type nature of the doping the smaller number
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of charge carriers at negative potentials results in sluggish electron transfer kinetics
for redox couples in the bandgap (such as Ru(NH3)63+/2+). Even on metallically doped
material the doping level affects the ET kinetics, due to the low local density of states
in the material.140 The density of states was measured to be on the order of 1020 cm-3
eV-1 in comparison to metals that are on the order of 1023 cm-3 eV-1.141 It is this low
density of states that is responsible for some of BDDs unique electrochemical
properties.
A pure sp3 surface shows very little catalytic activity towards inner-sphere ET
processes; i.e. where the analyte (or intermediate) must adsorb to the electrode surface
in order for a redox event to occur.22 For most inner sphere redox couples, ET is
strongly retarded on BDD and occurs either significantly shifted compared to E0 or
doesn’t occur at all within the solvent window e.g. as for the ORR on sp2 free-BDD in
aqueous solution.142. This is attributed to the lack of catalytically active sites on the
surface for inner sphere electron transfer. This hinders water electrolysis due to a lack
of binding sites to mediate electron transfer, and also pushes ORR to very negative
potentials (very close to the reduction of water). This leads to the material’s wide
solvent window. The low density of states and lack of available catalytic surface sites
lead to the observed rates of electron transfer and the chemical stability of the sp3
diamond surface. Both are also responsible for the low capacitance values seen on
BDD.

1.7 Surface termination of BDD
The electrochemistry of diamond is extremely dependant on the surface termination
of the material, as it is at this interface that reactions occur. As such the nature of that
surface is of the utmost importance. The bulk doping properties of diamond have a
minimal effect on the diamond surface, as such studies on undoped material can
provide useful information on the BDD surface. However, the conductive nature of
the material opens up surface treatments that are not possible on undoped material.
1.7.1

Hydrogen termination

The as grown surface of CVD diamond has a hydrogen termination,143 this is due to
the large amounts of hydrogen present in the feed gases for diamond growth. However
in air, the surface is slowly oxidised, leading to a degradation in the properties of the
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surface, the same is also thought to be true if an oxidative potential is applied to the
surface.
Hydrogen terminated surfaces exhibit a property known as negative electron
affinity,144–146 where the conduction band is located above the vacuum level. This
property is of great interest as it has a large number of applications in thermionic
emitters,145,147,148 electrochemistry149 and high power applications. This property of
the surface can be measured using ultraviolet photoelectron spectroscopy. These
surfaces also exhibit a surface conductivity in atmosphere through surface transfer
doping.150–152 The large surface dipole from the C-H bonds perpendicular to the
surface leads to an electrostatic potential step, raising the energy levels at the surface
and placing them at a mildly acidic chemical potential. This acidic chemical potential
leads to the production of HCO3- and H3O+ from atmospheric H2O and CO2, which are
physisorbed onto the surface.151,152 The presence of these ions on the electrode surface
gives rise to surface conductivity.
A hydrogen terminated surface can be generated by a number of methods including a
hydrogen plasma,153–157 cathodic treatment in acid137,158–160 or high temperature
annealing in the presence of hydrogen.161,162 Hydrogen plasma treatment is generally
considered to provide the best hydrogen terminated surface, with cathodic treatments
being used widely due to the ease of application. However, there is debate as to the
quality of the surface following these treatments in particular with respect to how
closely it replicates the as grown hydrogen terminated surface from CVD.
Common cathodic treatments for hydrogen termination use ~-3 V vs Ag/AgCl in 0.5
M H2SO4137,158,159 and are thought only to be successful due to an enhanced
electrochemical response after treatment for particular analytes,159 as would be
expected of a hydrogen terminated surface. However, there is no direct comparison of
these surfaces to plasma hydrogen terminated surfaces using techniques such as X-ray
Photoelectron Spectroscopy (XPS). Hoffman et al. demonstrated that a harsher anodic
treatment using -35 V vs Ag/AgCl could produce a hydrogen terminated surface that
was similar to a hydrogen plasma treated surface, as demonstrated by XPS and contact
angle measurements.160
Annealing at >800 oC in the presence of hydrogen can also be used to hydrogen
terminate the diamond surface (Figure 1.15).161 This has been shown to be a thermal
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process with the removal of oxygen containing species forming part of the mechanism.
There is some evidence that the mechanism progresses via hydroxyl groups as
appropriate peaks were observed in the FTIR spectra of the sample when annealed at
lower temperatures161

Figure 1.15: Hydrogen termination from oxygen terminated diamond
It was also found that the C-H bonds present on the diamond surface were all sp3
hybridised as opposed to sp2 hybridised, suggesting the anneal had not graphitised the
surface and just hydrogenated it.162 The surface was found to have a comparatively
larger symmetric than anti-symmetric stretch in photoacoustic spectroscopy, which
suggests a highly orientated surface as would be expected.162 A randomly orientated
material would have equal sized symmetric and anti-symmetric stretches.
1.7.2

Oxygen termination of diamond

Oxygen termination of diamond is comparatively easier compared to hydrogen
termination with a large number of treatments available to generate oxygen terminated
surfaces including: oxygen plasma treatments,163–166 high temperature annealing in
oxygen,167 boiling in acid,168,169 alumina polishing,13 photochemical oxidation143 and
anodic polarization.132,163–165 Oxygen termination produces a range of different oxygen
containing functional groups163,165,166,168,170–175 including but not limited to: hydroxyl
(C-OH),163,176 ether (C-O-C),163–165,170,173,175 carbonyl (>C=O)153,161,163–165,175 and
carboxylic acid (COOH).168,174 Polycrystalline samples containing a range of groups
as expected of a sample that consists of a mixture of crystal faces.163,164
Single crystal diamond (100) surfaces have been shown to predominantly have C-OC and C=O terminations, the ratio of which depends on the treatment used. Oxygen
plasma treatment has been shown to give largely ether terminated surfaces with only
a very small C=O component,163,165 whereas anodic polarization has been shown to
give a higher proportion of reactive >C=O groups although C-O-C groups still
dominate. This is important as certain functional groups can be desirable for postfunctionalization, for example Notsu et al. reported the use of surface C=O groups to
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attach dinitrophenylhydrazine to the diamond surface.164 It must also be taken into
account that some C=O groups on the plasma treated surface may not have been
reactive and not detected, due to disorder introduced by the etching effects of the
plasma.
Anodic polymerisation was shown to give a higher proportion of C-OH groups on
polycrystalline samples compared to plasma and UV photochemical treatments.163 In
addition, when anodic polarization in acid was carried out COOH groups174 were seen
in the XPS. Boiling in acid has also been shown to introduce a comparatively high
proportion of COOH groups (9.2 and 4.7 %) on the (100) and (111) surfaces
respectively.168 C-OH groups have been shown to be the most common on (111)
surfaces.176 On annealing a 2×1 reconstruction occurs, leading to a much higher
proportion of C=O groups observed in XPS.

1.8 Measuring defect and dopant density in BDD
1.8.1

Raman spectroscopy of heavily boron doped diamond

Raman spectroscopy is a powerful technique for probing diamond, due to its relatively
large raman scattering cross section and the ability to relate peaks directly to defects
in the lattice. The zero phonon line of pure diamond is located at 1332 cm-1, however
there are a large number of circumstances under which this can shift.177 These shifts
can be related to physical properties in the diamond such as stress, strain and doping
density. Generally only the Brillouin zone centre line is observed (1332 cm-1) in the
first order raman spectrum of diamond. The raman active phonon in diamond
corresponds to the two interpenetrating cubic sub-lattices of diamond vibrating against
each other.177
In heavily doped diamond the 1332 cm-1 shifts to lower wavenumbers and decreases
in intensity. The shift of this peak can be used to determine doping density, however
this peak also shifts due to stress in the diamond and as such can be difficult to
deconvolute to give an accurate doping density.178 Heavily BDD also possesses a peak
in the region 450-550 cm-1 that appears when boron is introduced into the diamond
lattice. It has been shown to be possible to fit this peak with a Gaussian and Lorentzian
component,179 where the position (xl) of the Lorentzian component has been shown to
have a direct empirical relationship with the boron concentration (Equation 1.17).
[𝐵] 𝑐𝑚−3 = 8.44 × 1030 𝑒 −0.048𝑥𝑙
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1.8.2

Electrochemical assessment of BDD dopant density

Electrochemical assessment is particularly useful. If the material contains sufficient
available charge carriers to show metal-like characteristics, electrochemical
reversibility (diffusion-limited), with a fast ET outer sphere redox couple,14 will be
seen. Ru(NH3)63+/2+ is particularly useful as the redox couple as its E0 lies just within
the bandgap of semi-conducting BDD.13 As semi-conducting BDD has insufficient
charge carriers available to maintain electrochemical reversibility, the resulting CV
for Ru(NH3)63+/2+ shows increased peak to peak separations, >> 59 mV (at 25 oC),
compared to the reversible case.128. Note, it is important to carry out this assessment
with an oxygen (O-) terminated surface.
Spatially mapping boron dopant density is also important as with polycrystalline
material or defected single crystal electrodes, the different crystallographic
orientations take up boron differently; the (111) orientation incorporates
approximately 10× more than the (100) orientation. Scanning electrochemical
microscopy has been elegantly used to map boron concentration variations
qualitatively128 by correlating the grain dependent (or defect dependent) boron dopant
concentration to the ET kinetic rate constant for OS redox couples.140,180.

1.9 sp2 carbon in BDD
sp2 presence at the surface of a BDD electrode can enhance the electrocatalytic activity
of the electrode.181 An ORR signal is now clearly observable. sp2 presence also causes
an increase in background currents (capacitance) and decreasing SW, due to water
hydrolysis being facilitated more favourably at the catalytic sp2 sites.13,182
Interestingly, for a long time the presence of sp2 in the sp3-BDD was long considered
problematic.183 However, it is not until more recently that work has explored the
positive impact sp2 content may have on specific electroanalytical applications14,142,181
that require a more catalytically active surface.
1.9.1

Measuring the sp2 content of BDD

Traditionally in the diamond community, Raman spectroscopy is used to assess
sp2 content in BDD, often by comparing the ratio of the sp3 (1332 cm-1) peak to the G
(1580 cm-1) peak.184 This method is however qualitative,185 works best when
comparing electrodes of the same dopant density and samples only a small area with
one measurement (~µm2 – tens of µm2 depending on magnification) which is
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especially problematic when the sp2 content is spatially heterogeneous,14 The biggest
problem however, is that the Raman laser penetrates up to several microns186 into the
surface and is therefore not surface sensitive to sp2; information on surface sp2 content
is essential to the electrochemist. To this end X-ray photoelectron spectroscopy has
been explored, but the method is relatively expensive, time-consuming and requires
trained operators. It can also be difficult to resolve the sp2 and sp3 signatures, and peak
deconvolution is required, leading to variations in peak assignments throughout the
literature.187–189
1.9.2

Sp2 carbon in BDD to intentionally increase the electrocatalytic activity

The pursuit of high quality BDD electrodes has driven the synthesis of minimal sp2
content films for electroanalytical applications for low limit of detection
measurements. However, the lack of catalytic activity means the material is not
suitable for all applications, and therefore there has been considerable interest in
finding methods to increase the catalytic activity of BDD, whilst maintaining as many
of the favorable properties of material as possible. Common approaches to this
problem have been electrodeposition or ion implantation of nanoparticles (NPs)190,191
and more recently intentional sp2 incorporation.19,181
For electrodes which require the deliberate inclusion of sp2 content into the surface,
growth conditions can be controlled192, to qualitatively vary sp2 content. Growth,
however, does not enable sufficient spatial control over sp2 content,193 which is often
required to fully optimise the electrode performance properties and maintain
reproducibility. Very recent work has shown, ~ micron resolution control over sp2
surface content using a 3D positionable laser to locally graphitise regions of the
surface. 18,19
Further improvements in resolution, using this methodology, can be made through the
use of adaptive optics to reduce spot size in combination with ultrashort laser pulses,
to facilitate 3D writing of structures on and within the diamond.194 In this way
graphitic sub-micron diameter wires,194 have been formed, which run all the way
through insulating diamond; although these latter structures have not yet been
investigated electrochemically. In alternative work, a deep beam ion lithography
approach has been employed, which uses a focused 1.2 MeV helium ion beam, to
create highly damaged sub-superficial structures that after subsequent annealing form
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graphitic structures within the diamond. The structures emerge at the surface of the
diamond and in this way, a graphitic MEA (sixteen electrodes in single crystal
diamond) could be fabricated for proposed neurotransmitter detection experiments.195
An application where the introduction of sp2 carbon into BDD has been utilised is
neural stimulation, as a large potential window and capacitance are required to pass
large amounts of charge for stimulation. BDD has not traditionally been associated
with neural stimulation, due to its inherently low capacitance, however, by engineering
the diamond properties accordingly the material can be used for this application. Very
heavily doped BDD ([B]= 5.5 × 1021 cm-3)

has been shown to exhibit high

capacitance,196 due most likely to the large amount of boron leading to the creation of
sp2 carbon defect sites, naturally raising the capacitance. The deliberate inclusion of
large amounts of sp2 carbon into nanocrystalline diamond films, through the inclusion
of nitrogen in the growth mixture, has led to conductive materials with extremely high
capacitances. This material has been used in the fabrication of MEAs for retinal
stimulation implants,8 incorporating 256 independently controlled electrodes, as has
exceedingly high surface area BDD197. As a proof of concept diamond has also been
deposited onto flexible polyimide based 3D retinal implants198.

1.10 Processing of diamond wafers
There are two main methods to process diamond into structures for devices: (i) laser
micromachining and (ii) etching. This thesis will focus on the former.
Laser machining of materials is most often employed in conjunction with metals and
ceramics199 by an ablation mechanism with localised heating leading to material
removal. Lasers used for machining are either continuous wave systems, which benefit
from high average power for fast machining or pulsed laser systems which generally
have lower average powers but high peak powers allowing for the machining of thicker
and more challenging materials.200–202 Laser micromachining offers significant
advantages for the machining of diamond due to its direct write, single step processing
procedures that can machine structures to depths of millimetres.203
Insulating diamond is transparent in the visible region with an absorption threshold of
225 nm, therefore it is commonly proposed that diamond is machined by wavelengths
longer than the absorption threshold using the ‘graphitic piston’ model,204 where the
diamond is graphitised due to the first laser pulses and then runaway absorption by the
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graphite leads to ablation. The process is then repeated. Laser micromachining thus
has drawbacks in terms of the quality of the surfaces remaining, as a mixed sp3/sp2
surface is created with modified local properties from thermal damage.205,206
Interestingly, fs laser machining on metals has been shown to produce cleaner holes
with less recast due to a smaller heat affected zone, as the absorption occurs on a
shorter timescale meaning electron-lattice coupling can be neglected.207 Femtosecond
laser micromachining has been used on diamond for machining.208–213 Note, most
work that has been conducted using laser micromachining on diamond has been using
transparent insulating diamond.210,212,214–219 This has very different absorption
properties to “black” BDD, thus doping with boron is likely to affect how the material
machines (ablates).
For many applications the BDD needs to be machined into the correct electrode
geometry 129,131,227,228,139,220–226 for example, for the production of macroelectrodes,220–
222

microelectrode arrays,131,220,222–227 tubular flow devices,228 microelectromechanical

devices,229–231 microfluidics139,213 and periodic bulb and tube structures.129 To date,
there has been very little research into the impact of possible surface modifications
made by the laser on the electrochemical properties and there is very little literature
discussing the mechanism of laser machining on boron doped diamond.

1.11 Electrode Geometry
With any electrode material, the ease at which the geometry and scale of the electrode
can be manipulated the wider the range of possible applications. Most research based
applications use macro-scale thin film electrodes where the electrode is created by e.g.
isolating the required electrode geometry using a clamp cell232 or Kapton tape.18,193
Thicker, freestanding material, which has been removed from the growth wafer, offers
the option of being laser micromachined into a cylinder and then sealed in glass233,
Teflon or epoxy234 to create a co-planar disc electrode. For some applications, in
particular where high quality and robust commercial electrodes are desired inferior
sealing insulators are not sufficient, and electrically insulating diamond has been
employed instead.131,227
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1.12 Aims and Objectives
Advances in the synthesis of BDD coupled with innovations in post-growth processing
and structuring has been driven by electrochemical applications that make use of the
key properties of BDD. This has impacted significantly in many areas, for example,
in the biological field for example with the production of multi array implantable
electrodes; in the sensing area with deliberate incorporation of controllable catalytic
sp2 sites into the electrode surface and for energy storage, high surface area
supercapacitors. Given the intrinsic link between the surface properties of the BDD
and the ET capabilities of the material, improvements in BDD material
characterization methodology are required which directly benefit the electrochemist,
and in Chapter 3 the development of an electrochemical methodology to provide
information on sp2 surface content in BDD electrodes is discussed.
The local graphitization of a pristine sp3 BDD electrode with a pattern of graphitic
spots (50 m in diameter) using laser micromachining, was previously introduced19 as
a means of producing a very stable, voltammetric pH sensor, which survives even after
placement in boiling acid solutions. The sp2 regions of the BDD surface contain pH
responsive quinone groups which shift position in a Nernstian fashion with pH in
buffered solutions.19 Importantly these groups respond only to protons and in this way,
the electrode shows proton selectivity even in complex media. Chapter 4 looks to gain
a deeper understanding of the PCET process for surface integrated quinone groups on
sp2-BDD and how Γ (controllable using the laser micromachinery) impacts the
performance of the pH electrode under the significantly more challenging unbuffered
solution conditions. Both cyclic and square wave voltammetric techniques are
explored and their impact on the measurement discussed. This is with the aim of
producing an electrode which functions in a Nernstian fashion for pH detection across
the pH range 4-10. In Chapter 5 this work is further developed by exploring the
potential of sp2-BDD electrodes to catalytically detect dissolved oxygen, via ORR,
and in one scan provide simultaneous oxygen and pH sensing capabilities.
Finally in Chapter 6 the use of square wave voltammetry to provide additional
electrochemical information is explored particularly in the non-faradaic window of the
voltammogram, where we show additional analytical signatures such as the electrode
capacitance, uncompensated resistance and solution conductivity can be extracted
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from the measurement (Chapter 6) through the capture of the entire current-time
response.
The electrochemical possibilities revealed through the use of BDD electrodes is an
area which continues to grow and truly highlights BDD as an electrode material that
can be specifically tailored for the application of interest.
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2 Chapter 2: Experimental
This chapter contains experimental information that forms standard techniques and
procedures that apply throughout the entire thesis. Further experimental information
is provided within each chapter.

2.1 Materials and Chemicals
2.1.1

Chemicals

All aqueous solutions were prepared using Milli-Q water, resistivity 18.2 MΩ cm at
25 oC (Millipore). Chemicals were used as provided unless stated otherwise and were
measured using a four figure balance (Mettler-Toledo). A list of chemicals can be
found in Table 2.1. Bulk solution pH values were measured using a commercial pH
probe (Mettler-Toledo seven easy (Chapters 3 and 7) and Hach HQ411d (Chapters 46))
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Chemical

Supplier

Extra information

Potassium Nitrate (KNO3)

Fisher Scientific

>99.0%

Potassium Chloride (KCl)

Sigma Aldrich

>99%

Potassium Sulphate (K2SO4)

VWR

>99.0%

Potassium Hydroxide (KOH)

Alfa Aesar

>99.98%

metals

basis
Sulphuric Acid (H2SO4)

Sigma Aldrich

98%

Sodium Chloride (NaCl)

Alfa Aesar

>99.0%

Boric Acid (H3BO3)

Sigma Aldrich

>99.97%

Alumina Micropolish

Buehler

0.05 µm

Hexaamineruthenium(III)Chloride

Strem Chemicals Ltd.

>97%

Sigma Aldrich

>99.5%

(Ru(NH3)6.Cl3)
Citric Acid (C6H8O7)

Tertiary Sodium Phosphate (Na3PO4) Sigma Aldrich

>95%

Tetrabutylammonium

Sigma Aldrich

>99.0%

Acetonitrile (MeCN)

Fisher scientific

>99.0%

4Å Molecular sieves

Sigma Aldrich

p-toluenesulfonic acid (p-TsOH)

Sigma Aldrich

Silver epoxy

CircuitWorks

5 min fast setting Araldite

RS Components

hexafluorophosphate (TBAHFP)

>99.0%

Table 2.1: List of chemicals used in this thesis and their suppliers

2.1.2

Boron doped diamond samples

In Chapters 3-6 high quality negligible sp2 content freestanding microcrystalline BDD
wafers (Electroanalytical Grade, Element Six Ltd., UK) was used as the base material
for laser micro-machined electrodes. This material was grown by MWCVD (Section
1.6.1) with a boron dopant density of ~3 × 1020 cm-3. The material was ~350 µm thick
and polished to ~nm roughness on the growth face and lapped to µm roughness on the
nucleation face. In Chapter 3 other grades of BDD from Element Six Ltd., UK and
ultrananocrystalline thin film BDD on silicon from Advanced Diamond Technologies

Sam Cobb

Diamond Science and Technology CDT

62
PhD Thesis

Inc., Illinois, USA, were also used (see Section 3.3.1). All material was metallically
doped and as such suitable for electrochemical studies.

2.2 Laser micromachining
Due to the extreme properties of diamond, fabrication of usable electrode geometries
from diamond wafers is challenging, with laser micro-machining being one of the few
suitable methods for electrode preparation. In this thesis two Oxford Lasers Ltd. laser
micro-machining systems have been used: A-532 (Chapter 3, Figure 2.1a) and E-355ATHI-O (Chapter 4-6, Figure 2.1b).

Figure 2.1:(a) Oxford Lasers A-532 Laser Micro-machining System (b) Oxford
Lasers E-355-ATHI-O Laser Micro-machining System
The A-532 system has a frequency doubled (532 nm) Nd:YAG 20 ns pulsed laser
head, with a maximum power of ~3 W and a nominal spot size of 10 µm. The E-355ATHI-O system has a frequency tripled (355 nm) Nd:YAG 34 ns pulsed laser head
with a maximum power of ~8 W and nominal spot size of 6 µm. Both systems can be
operated using G-Code, a common computer numerical control programming
language, that can be written using computer aided design software or manually to
define the geometry of the feature to be machined.
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2.2.1

Sample cutting

For ease of sample handling the six inch polished BDD wafers from Element Six Ltd.
were diced into useful sample sizes (on the order of mm). For glass sealed electrodes
1 mm diameter BDD cylinders were cut from the wafer using a laser micro-machiner
(A-532 in Chapter 3 and E-355H-ATHI-O in Chapters 4-6). For efficient cutting high
pulse fluences and pulse densities (1200 J cm-2 and 3 × 107 cm-2 respectively) were
used.
2.2.2

Milling

For the machining of structures that go part way through the diamond wafer, and the
controlled introduction of sp2 into the surface of BDD electrodes (glass sealed and
Kapton masked, for use in chapters 3-6), laser micro-machining was again used (A532 in Chapter 3 and E-355H-ATHI-O in Chapters 4-6). However the laser fluences
and pulse densities used were lower than in Section 2.2.1 (14-980 J cm-2 and 1-2 × 106
cm-2). This allowed for the production of spatial control of regions of sp2 containing
BDD with an electrode geometry defined by the machining code.

Figure 2.2: Laser Micro-machining of spatially controlled sp2 containing features
into a BDD electrode
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2.3 Acid cleaning
After laser micromachining all BDD samples were acid cleaned to remove loosely
bound sp2. This involved heating the sample at ~200°C for 30 min in concentrated
H2SO4 (98%) saturated with KNO3 before the heat was turned on.1 Samples were then
thoroughly rinsed with ultrapure water. This process also was necessary to produce a
consistent O-terminated surface.

2.4 Applying an ohmic contact to BDD
For all electrochemical experiments BDD was ohmically contacted. Ti (10 nm) / Au
(400 nm) was sputtered (Moorfields MiniLab 060 platform sputter/evaporator) onto
the back of the BDD samples and annealed at 400°C for 5 h, to allow the titanium to
react with the BDD to form titanium carbide, creating a reliable ohmic contact.

2.5 Electrode manufacture
In this thesis, three forms of BDD electrode were used: (1) Glass sealed (see Section
2.5.1, used in Chapter’s 4 and 5); (2) Kapton masked (see section 2.5.2, used in
Chapter 3) and (3) all-diamond (as described previously,2 Chapter 6). Different
electrode geometries have different advantage and disadvantages. The glass sealed
electrodes are robust and can be used in conventional electrochemical cells, however
they have the disadvantage of a time-consuming fabrication process. Kapton tape
electrodes allowed for fast ‘droplet’ experiments to be conducted on larger BDD
surfaces, however it is very challenging to use degassed solutions and the seal can be
prone to leaking. All diamond electrodes were extremely robust and had excellent
electrochemical properties, although the fabrication route was complex, resulting in a
limited supply of electrodes. Therefore experimental machining of the surface was not
feasible with such a reduced number.
2.5.1

Glass sealed electrode manufacture

Ohmically contacted (Section 2.4) 1 mm BDD cylinders were sealed in glass
capillaries (o.d. 2 mm; i.d. 1.16 mm; Harvard Apparatus Ltd., Kent, UK) and the top
surface exposed by polishing away the glass with carbide grit paper disks and alumina
(0.05 µm) paste (Buehler, Germany).3 Any laser milling to controllably introduce sp2
carbon into the polished growth surface (see Section 2.2.2) and subsequent acid
cleaning (section 2.3) was conducted at this point in the procedure. A copper wire was
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used to contact the back face of the BDD cylinder in the capillary using silver epoxy
to form a conductive and permanent bond. The top of the capillary was then sealed
using Araldite to prevent solution access to the inside of the capillary.
2.5.2

Kapton tape electrodes.

Samples cut from a BDD wafer (Section 2.1.2) with laser micromachined features in
the surface (Section 2.2.2) were mounted to a Ti/Au sputtered slide using an ohmic
contact on the back face of the BDD sample (Section 2.4) after acid cleaning (Section
2.3). The area of interest was masked using a kapton mask with a laser cut 1 mm
diameter hole to define the electrode area.

Figure 2.3 Electrochemical set up for Kapton tape masked electrode experiments
from Ayres et al.4

2.6 Electrochemical set up
All electrochemical experiments were conducted with a 3-electrode set up, with
working electrodes of different forms (Section 2.5). For Chapters 3 and 5-6 a saturated
calomel reference electrode was used (Hg|Hg2Cl2, E0= + 0.244.4 V vs SHE) in aqueous
solution and in chapter 4 a silver/silver chloride (Ag|AgCl, E0= + 0.210 V vs SHE) in
aqueous solution and silver/silver nitrate (Ag|Ag+, 10mM AgNO3, E0= 0.545 V vs
SHE) in acetonitrile (MeCN)

2.7 Electrochemical Characterisation of BDD Electrodes
All BDD electrodes in this thesis were characterised before use by following a
standard electrochemical characterisation procedure. Briefly, this consisted of a
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measurement of the solvent window in 0.1 M KNO3 at 0.1 V s-1, the double layer
capacitance from a CV at 0 V vs SCE, and the response of a redox mediator. The exact
procedure is described in previously published work.5,6

2.8 Micro-Raman Spectroscopy
Raman spectroscopy is based upon the inelastic scattering of monochromated light by
a sample. When a laser beam is used to illuminate a sample, some proportion (sample
dependent) is reflected and of that portion a small component (ca. 1 in 10 million
photons) interacts with a phonon in the material, leading to a characteristic shift in the
energy of the reflected photon. These shifts are used to provide information on the
sample. In chapter 3 micro-raman spectroscopy is used to assess the sp2 content of
BDD material. All micro-raman spectroscopy was performed using a Renishaw inVia
Raman Microscope with an excitation wavelength of 532 nm and 10 mW power. The
laser spot size was approximately 3 µm.

2.9 White-Light Interferometry
White Light Interferometry (WLI), is an optical method for investigating surface
topography. WLI can image areas of up to 500 µm2 with a maximum height resolution
of 1 nm. In this measurement technique the white light from a source is collimated and
then split in two, with half reflected from a reference mirror and half from the sample.
The beams are then recombined and the constructive and destructive interference
fringes from the difference in path length is used to infer the surface topography across
the entire imaged area. The time taken to collect an image is on the order of seconds,
compared to AFM that would take hours to image a comparable area. This larger area
and faster measurement time is at the expense of X-Y resolution, which is limited by
the CCD detector of the interferometer and is dependent on the magnification. WLI
can be operated in two modes phase shifted interferometry (PSI) and vertical scanning
interferometry (VSI). PSI operates by moving the reference mirror using a
piezoelectric positioner to alter the relative path lengths and allows for high Z
resolution imaging (ca. 1 nm) over short distances (ca. 1 µm). VSI mode operates by
using a stepper motor to change the distance to the sample while holding the reference
path constant and can resolve large distances (10s of mm) with reduced Z resolution
(ca. 10 nm). All WLI in this thesis was performed with a Bruker Contour GT.
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3 Chapter 3: Quinone electrochemistry for the
comparative assessment of sp2 surface content of
boron doped diamond electrodes.
3.1 Overview
The electrochemically active surface groups on an sp2 carbon material controllably
introduced by laser micromachining or as grown into a boron doped diamond (BDD)
electrode are characterised and the surface coverage of electroactive quinone groups
used to inform on the sp2 surface content of electrodes. Laser micromachining of an
electrode surface is used to systematically increase the amount of sp2 carbon present
by increasing the area machined. A linear relationship between quinone surface
coverage and surface area machined is determined (r2 = 0.9999) for use of
characterising the amount of sp2 carbon introduced. This electrochemical material
characterisation technique is compared to raman spectroscopy, the most commonly
used approach. Quinone surface coverage measurements can also be used for
comparative assessment of as-grown electrodes containing different amounts of
surface sp2 carbon.
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3.2

Introduction

Polycrystalline boron doped diamond (BDD) has emerged as a popular material for
the electrochemist in recent years1,2 due to its intriguing electroanalytical properties
compared to other more conventional electrode materials including: extended solvent
window (SW), low background currents, high chemical inertness and mechanical
robustness, as well as increased resistance to fouling. For this reason, BDD electrodes
have found use in a wide range of applications, such as electroanalysis,3 biosensing,4
wastewater processing5 and spectroelectrochemistry.6 Many of these properties arise
from the sp3 bonded carbon structure. However, achieving a pure sp3 material during
diamond synthesis especially in combination with high boron dopant levels, is
challenging and almost impossible for nano and smaller sized grain material.7,8
Increasing sp2 content has its disadvantages e.g. increased background current,
reduced solvent window, increased susceptibility to corrosion etc., but can also be
advantageous

9

e.g. enhanced electrocatalytic properties,10 provision of pH active

functional groups.11 Thus for each electrochemical application the sp2 surface content
of BDD needs to be carefully considered, characterised, and controlled, if possible.
Raman spectroscopy is widely used to assess sp2 content in BDD electrodes,12 often
by comparing the ratio of the 1332 cm-1 (sp3) peak to the G (sp2) peak.13 This method
is however qualitative,14 works best when comparing electrodes of the same dopant
density and samples only a small area with one measurement (~µm2 – tens of µm2
depending on magnification) which is especially problematic when sp2 content is
spatially heterogeneous.15 Raman can also penetrate up to several microns16 into the
surface. The latter is especially non-ideal for the electrochemist, who cares only about
sp2 surface content. It is therefore imperative that surface sensitive characterisation
methods are employed when assessing BDD material quality for electrochemical
applications. To this end photoelectron spectroscopy has been explored,17 but the
method is relatively expensive, time-consuming and requires trained operators. It is
also difficult to resolve the sp2 and sp3 signatures18 and peak deconvolution is required,
leading to variations in peak assignments throughout the literature.19,20
In contrast electrochemistry represents a low cost, rapid characterisation technique
providing information about charge transfer processes occurring at the electrodesolution interface. The presence of sp2 carbon at the electrode surface has been shown
previously to modify the solvent window (SW) and capacitance (C) of BDD
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electrodes2,21 and result in surface bound quinone groups, which show a pH dependent
redox signature, when suitably activated.11 However, to date, no attempt has been
made to correlate these observations with sp2 surface content. In this chapter the use
of the quinone redox signature to provide information on BDD sp2 surface coverage
is demonstrated by systematically increasing the sp2 content using laser ablation
(micromachining) techniques. Direct comparisons with SW and C are also made.
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3.3 Experimental
3.3.1

Materials

All solutions were prepared from Milli-Q water (Millipore Corp.), resistivity 18.2 MΩ
cm at 25 °C. Four different BDD electrodes, numbered 1-4, were grown under
different chemical vapour deposition (CVD) conditions, in order to deliberate vary the
sp2 content of the electrodes. Electrodes 1-3 were all grown using microwave-CVD
(Element Six, Harwell, UK). They contained ca. 3 × 1020 boron atoms cm-3, and were
grown thick enough (in the range 250 – 500 µm) so that they could be removed from
the growth substrate and polished to ~ nm roughness. Due to the thickness of the
material, large grain sizes result, µm’s to tens of µm’s. Electrode 1 was used as the
baseline material for all laser machining studies and was expected to contain minimal
sp2 carbon (Diafilm EA grade material).21 Electrode 4 was also grown using
microwave CVD (Advanced Diamond Technologies Inc., Illinois, USA) but this time
in ultrananocrystalline (UNC), thin film form (2 µm), with a boron dopant
concentration of 1.6 × 1021 boron atoms cm-3).21 The surface was left as-grown
(surface roughness 9.3 ± 0.4 nm) and the electrode was left attached to its niobium
growth substrate.
C and SW measurements were run in 0.1 M potassium nitrate (KNO3, Fisher
Scientific) solution. For quinone surface coverage (Γ) measurements, a pH 2 Carmody
buffer was prepared,22 using boric acid (99.97%, Sigma Aldrich), citric acid (≥99.5%,
Sigma Aldrich) and tertiary sodium phosphate (≥95%, Sigma Aldrich), and the final
solution pH measured using a pH meter (SevenEasy, Mettler Toledo).
3.3.2

Electrode preparation

Electrode 1 was laser machined using a 532 nm Nd:YAG nanosecond laser
micromachiner (A-532 system, Oxford Lasers Ltd). Laser micromachining is known
to result in sp2 formation on the surface.23 To systematically increase sp2 content, six
squares (n = 3 for each i.e. 18 squares in total) of increasing size (length dimension
200 µm increasing to 700 µm) were machined into 18 individual electrodes of uniform
geometric diameter, as shown in Figure 3.1. Identical laser parameters were employed
(1000 Hz / 0.195 W with a machining speed of 0.3 mm s-1) optimised to maximise sp2
production.24 Once machined, the electrodes were acid treated in boiling concentrated
H2SO4 (98%) saturated with KNO3 to oxygen-terminate the surface and remove any
loosely contacted sp2 introduced during machining.11 Electrodes 2 and 3 were also
Sam Cobb

Diamond Science and Technology CDT

72
PhD Thesis

subject to acid cleaning prior to use. A less aggressive acid clean was used for
Electrode 4 to avoid damaging the thin film material. To provide a reliable ohmic
contact, Ti (10 nm) / Au (300 nm) was sputtered (MiniLab 060 Platform, Moorfield
Nanotechnology Ltd.) onto the back face of Electrodes 1-3 and top face of Electrode
4, and annealed at 400 °C for 5 h.21
For comparative electrode measurements (vide infra), all electrodes were acid treated
in the same way prior to experiment. This involved running cyclic voltammetry (CV)
experiments in 0.1 M H2SO4 at 0.1 V s-1, from 0 V to -2 V and then 2 V, before
returning to 0 V for 20 cycles.
3.3.3

Electrochemical setup

All electrochemical measurements were performed using a platinum counter and a
saturated calomel reference electrode (SCE). The BDD electrodes were mounted onto
a Ti/Au sputtered glass slide, using silver epoxy (RS Components Ltd.). In order to
restrict the electrode area, Kapton tape (RS Components Ltd.) was laser machined to
create 1 mm diameter holes and positioned on the electrodes accordingly (Figure 3.1).
All potentials are quoted versus SCE, with all experiments conducted at room
temperature (25±2°C). SW values are calculated using a current density threshold of
±0.4 mA cm-2.21 Analysis of the quinone CV data was carried out after baseline
correction and smoothing (Origin Pro software).25 The baseline correction involved
subtracting a linear baseline from the raw data ( from +0.25 V to +0.62 V) whilst the
current signal was smoothed using a ten point adjacent averaging procedure25,26
3.3.4

White Light Interferometry (WLI)

A Bruker ContourGT (Bruker Nano Inc., USA) was used to record WLI profiles. 3D
rendering of interferometry data was performed and the increase in electrode area after
machining calculated using Gwyddion 2.42. 27
3.3.5

Optical Images

Optical images of the laser features and electrodes 1-4 were collected using an
Olympus BH-2 UMA light microscope (Olympus Corporation, Japan) with both a 50
× and 100 × objective.
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3.3.6

Raman spectroscopy

Raman spectroscopy was performed on electrodes 1-4 using a Renishaw inVia Reflex
Raman Microscope equipped with a 532 nm solid state laser and a 50 × objective. 20
accumulations were used per spectra to improve the signal to noise ratio.
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3.4
3.4.1

Results and discussion
Characterisation of laser features

The total surface area for each sample was calculated using Gwyddion 2.42 (Czech
Metrology Institute, CZE) based on the topographical information collected by WLI.
The surface area data collected by WLI was then used to calculate the percentage of
the 1 mm masked area which had been exposed to laser ablation, including both the
base of the pits and the sidewalls. Samples were processed by Laplace interpolation
using Gwyddion 2.42 to fill any missing data points and a three point level was applied
to the bare diamond surface to set the data zero point. A mask was applied in
Gwyddion fully covering the laser feature. The surface area increase was then
calculated by subtracting the projected mask area from the mask surface area
(incorporating the laser feature and corresponding roughness from WLI). The
calculated surface area increase (laser feature) was added to the area of the 1 mm
diameter circular Kapton mask to give the total area of the electrode. These areas are
summarised in Table 3.1.
Laser feature
side length / 700

600

500

400

300

200

0.0117±

0.0109±

0.0099±

0.0092±

0.0086±

µm
Average

0.0123±

electrode

7.4 × 10-6 8.0 × 10-6 1.1 × 10-4 4.9 × 10-5 2.9 × 10-5 1.1 × 10-5

area / cm2
Table 3.1: Total electrode area including laser features, calculated by WLI
The process was repeated, with the projected area restricted to the size of the laser
features. WLI data was then used to calculate the total area of the laser feature. The
percentage of the full laser area to the laser machined area was then calculated using
Equation 3.1. The percentage area of the laser feature with respect to the total area of
the electrode is subsequently referred to as the machined surface area (%).
machined surface area

Machined surface area (%) = total electrode surface area × 100
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Figure 3.1 shows optical images of the six laser machined BDD electrodes (length of
machined square = 200, 300, 400, 500, 600 and 700 µm; n = 3 for each square). The
machined surface area expressed as a percentage of the total surface area, calculated
according to Equation 3.1 using WLI data, equates to 14, 25, 37, 50, 64 and 76 %
respectively:

Figure 3.1: Optical images of the machined BDD electrodes, increasing in size (side
length: left to right) from 200, 300, 400, 500, 600 to 700 µm, masked by Kapton
exposing a 1 mm diameter circular area for electrochemical measurements
3.4.2

Interferometry data for laser micromachined electrodes

To investigate the uniformity of the laser micro-machining process, interferometry
line scan data was collected for each of the laser micromachined boron doped diamond
(BDD) samples, shown in Figure 3.2.

Figure 3.2: Interferometry data for the lasered pits 200, 300, 400, 500, 600, 700
µm, corresponding to purple, orange, blue, green, black and red respectively, offset
in the Z axis for clarity.
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The laser micromachining was found to have an acceptable consistency with average
pit depths of 101 ± 1.9 µm and a root mean squared (rms) roughness of 3.9 ± 0.18 µm
across the samples. The average rms roughness values and pit depths for each of the
samples (n=3) are summarised in Table 3.2.
Laser feature

Average rms / µm

Average pit depth / µm

700

3.7±0.06

98.6±0.06

600

3.8±0.2

99.5±0.2

500

3.8±0.2

100.4±0.1

400

4.1±0.06

101.8±0.4

300

4.0±0.2

102.5±0.7

200

4.0±0.06

104±1.8

side length / µm

Table 3.2: Summary of average rms and pit depth for laser features using WLI
Some variation was seen in the depth of the laser features, decreasing in a linear
manner from 104 ± 1.8 µm in the 200 µm sidelength sample to 98.6 ± 0.06 in the 700
µm sample. This can be attributed to the sample not being completely perpendicular
to the laser beam during machining, leading to the surface of the sample being slightly
out of focus when the XY coordinates were changed away from the point at which the
laser was originally focused. It was decided that the variation was not significant
enough to cause an issue that couldn’t be accounted for when area correction was
carried out in the electrochemical measurements.
3.4.3

Raman spectroscopy

Raman spectroscopy has traditionally been used to characterise diamond by
comparing the sp2 (1580 cm-1, G) to sp3 (1332 cm-1) peak ratio.
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Figure 3.3: Averaged Raman spectra (n=20) for electrodes (a) 1, (b) 2, (c) 3, (d) 4,
used to calculate Raman sp2:sp3 ratios.
The average of 20 spots at random locations across electrodes 1-4 was plotted in
Figure 3.3. From this the sp2:sp3 ratios were plotted using the Brillouin zone centre
peak height for the sp3 peak and the G peak for the sp2 peak. This gave values of
0.019:1, 0.044:1, 0.085:1 and 1.1:1 for electrodes 1-4 respectively. This follows the
expected trend however, there are numerous problems with attempting to extract
quantitative information from these spectra. Firstly it must be remembered that the
Raman cross section of sp3 and sp2 carbon is vastly different, with sp2 having an ~40
× higher Raman cross section.28 The size of the peaks is also dependent on the Raman
laser wavelength used, as this affects the Raman cross-sections of both features
differently. Material properties must also be considered as it has been shown that
increasing boron concentration shifts the Brillouin zone centre peak to lower
wavenumbers and leads to a decrease in its intensity, making comparing between
samples with different boron concentrations (such as electrodes 1-3 compared to 4)
impossible.
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Raman spectroscopy was carried out with an n = 20 random sample across the
machined area. It was found that there was a large variation in the sp2:sp3 ratio, with
some areas showing no sp2 related features and others prominent peaks (Figure 3.4).
This is in part due to the polycrystalline nature of the material with differently doped
grains machining differently and giving differing Raman responses. For this reason
along with the large penetration depth compared to electrochemistry and difficulties
quantifying the sp2 content the technique must be treated with caution. This highlights
the need for an electrochemical method of characterising diamond quality.

Figure 3.4: Black- Variation of the sp2:sp3 ratio across electrode 3 calculated by
raman spectroscopy Red- Average sp2:sp3 ratio.
A CV was performed in 0.1 M KNO3 (pH= 6.5), degassed with nitrogen to remove
contributions from oxygen reduction reaction (ORR) and allow the peaks from surface
bound quinone groups usually masked by the ORR to be seen. Three peaks were seen
in the CV with an E1/2 of -0.22, 0.17 and 0.40 V vs SCE (Figure 3.5) attributed to
different processes, the assignment of which is non-trivial as the groups found on the
machined surface cannot easily be compared to solution phase model compounds to
determine what species are generating the peaks witnessed.
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Figure 3.5: CV showing three oxidation and reduction peaks for the 500µm
sidelength machined electrode in 0.1M KNO3 in the absence of oxygen, at a scan
rate of 0.1 V s-1.
For the measurement of the surface sp2 concentration it was necessary to select one
process to monitor. The peak at -0.22 V was immediately rejected due to the peak
being convoluted with other reactions even in a degassed solution of KNO 3, the peak
is even less clear when measurements was made in pH 2 buffer in the presence of
oxygen, as used for the Γ measurements.
3.4.4

The +0.17 V peak

When experiments were performed in pH 2 buffer in the presence of oxygen the
oxidation peak of the quinone species at 0.17 V was larger and had an asymmetrical
peak shape (Figure 3.6a) observed in the presence of Oxygen, with a second peak at
~0.09 V convoluting the broad quinone peak. While this still provided the expected
trend of increasing current with increasing machined area (Figure 3.6b) the size of the
peak changed considerably on cycling, meaning the charge measured was dependent
on which cycle the value was taken from. It was decided to investigate this peak
further.
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Figure 3.6:(a) Quinone peak shape seen for +0.17 V peak of electrodes with
different machined areas in pH 2 buffer in presence of oxygen. (b) linear
correlation of machined area with charge passed.
It was found that if the electrode was not cycled to potentials more negative than -0.1
V the single quinone-like peak was witnessed, this is investigated further in Chapter
4. It was therefore suggested that a process happening more negative of -0.1 V vs SCE
was responsible for the generation of a species that was subsequently oxidised,
convoluting the peak. The fact that this peak shape is not seen when the sample is
degassed (Figure 3.5) suggests that oxygen is involved in the reduction reaction that
causes this effect, this is further supported by the fact that when a degassed sample is
cycled to extreme positive potentials the peak is also seen due to the oxygen evolution
reaction occurring at the potentials reached in the positive window. The correlation of
machined area with the charge passed (Figure 3.6) indicates the peak is related to a
reaction occurring on the machined area.
Anthraquinone like species are used commercially to generate hydrogen peroxide
using

hydrogenation

catalysts,29

this

has

also

been

demonstrated

electrochemically.30,31 Therefore it was hypothesised that ORR was occurring via a 2epathway, electrogenerating H2O232 which was being reduced at ~-0.28 V forming OH(Scheme 3.1).33
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𝑄 + 𝑒 − → 𝑄 ∙−
𝑄 ∙− + 𝑂2 → 𝑄 + 𝑂2∙−
𝑂2∙− + 𝐻2 𝑂 → 𝐻𝑂2− + 𝑂𝐻 −
𝐻𝑂2− + 𝐻 + → 𝐻2 𝑂2
𝐻2 𝑂2 + 2𝑒 − → 2𝑂𝐻 −
Scheme 3.1: Electrogeneration of hydrogen peroxide by quinone species followed
by its reduction to form hydroxyl ions.33
To test this a linear sweep voltammogram (LSV) was run from 0.2 V to -0.8 V in 0.1
M KNO3 in the presence and absence of 0.3% w/w H2O2. In the absence of H2O2 no
reduction peak was seen at 0.28 V (Figure 3.7: red) however when the H2O2 was added
(Figure 3.7: blue) a peak with the same reduction potential and shape as the peak in
the CV (Figure 3.7: black) was seen. This suggests that this peak in the CV comes
from the reduction of H2O2 due to the similarities in the peak. This hypothesis is
further supported as the quinone oxidation and reduction peak positions are known to
be sensitive to the solution pH. If H2O2 was being reduced to produce hydroxyl, the
solution pH would increase and as such the quinone oxidation peak would shift to a
more negative potential in the absence of buffer. The quinone oxidation peak in
unbuffered KNO3 (Figure 3.7: black) can be seen to be shrinking in size and shifting
to a more negative potential upon cycling. This supports the conclusion that H2O2 is
being converted to OH- as the pH can be seen to be increasing from the shift in the
quinone peak. The effect of ORR on the quinone peak position in unbuffered solutions
has been studied further in Chapter 4. The mechanism of ORR on sp2 machined
electrode surfaces was studied further in Chapter 5.
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Figure 3.7: Black 50% machined area laser feature CV in 0.1 M KNO3 at 0.1 Vs-1
between 2 and -2 V; Red LSV of 50% laser feature in 0.1 M KNO3 at a scan rate of
0.1 Vs-1; Blue LSV of 50% laser feature in 0.1 M KNO3 with 0.3% w/w H2O2 at a
scan rate of 0.1 Vs-1
The propensity of this surface bound electroactive species to generate H2O2 by ORR
supports the hypothesis that this species is a quinone. This property is most commonly
associated with anthraquinones, although there is no direct evidence to support a
particular structure of the surface group.
Due to the complications associated with the peak at +0.17 V it was decided that, while
a reasonable linear relationship was shown, a CV would be carried out between 0 and
0.7 V vs SCE and the peak at 0.4 V used to calculate the Γ of that particular quinone
species for comparison of the sp2 content of different diamond samples.
3.4.5

Comparison of surface sp2 content of diamond using Γ measurements.

For each electrode, CVs in pH 2 buffer were carried out (scan rate of 0.1 V s-1), cycling
from 0 to 0.7 V. Figure 3.8a shows typical quinone oxidation peaks for each machined
area, along with the bare BDD response. The peaks were integrated (from +0.25 to
+0.62 V vs. SCE) to obtain the charge passed, Q, and converted to Γ (mol cm-2) using
Equation 3.2:34
𝑄 = 𝑛𝐴𝐹𝛤
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where n = the number of electrons transferred = 2; A = the total electrode surface area
(cm2); calculated from WLI and F = Faraday’s constant (96485 C mol-1).

Figure 3.8:(a) Representative background subtracted quinone oxidation peaks for
the six machined electrodes and blank, in pH 2 buffer, at a scan rate of 0.1 V s-1.
(b) Plot of machined surface area (%) versus Γ.
Figure 3.8b shows Γ vs % machined surface area. As the area machined increases Γ
also increases linearly (R2 = 0.9999) suggesting a strong correlation between Γ on the
electrode surface and the amount of sp2 created due to the laser ablation process. This
suggests that Γ can be used to inform on sp2 carbon present at the electrode surface.
Also in contrast to Figure 3.6 this peak is Gaussian in shape and was stable after
cycling for repeat cycles (n=20).
C and SW measurements (Figure 3.9a and b respectively) were also made with the
same 18 electrodes, and subsequently compared to Γ data, shown in Figure 3.9c. It is
apparent that C also follows a similar trend to Γ, with  machined surface area, with
a linear response observed (R2 = 0.9992). This is supported by literature, with quinone
groups shown to increase the total C observed.35,36 While C has been shown to have a
strong correlation with machined area under ideal conditions it cannot necessarily be
considered on real world samples. This is due to a number of convoluting factors that
can affect the C values including: the material thickness; boron doping concentration;
surface roughness; quality of the electrical contact. In this experiment all these factors
were controlled, however when comparing other samples these parameters may
influence the C value as opposed to Γ which is exclusively due to sp2 content,
assuming the electrode surfaces have been prepared the same way.
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Figure 3.9: Electrochemical measurements (scan rate of 0.1 V s-1) collected for six
BDD electrodes with increasing machined area (0-76%) including: (a) C data, (b)
selected SW data for clarity, showing the ±0.4 mA cm-2 threshold (dotted lines) and
(c) comparison of SW, C and Γ with machined surface area.
The SW is defined as the potential window in which a current of no more than of ±0.4
mA cm-2 is passed21 (the threshold current, marked by a dotted line in Figure 3.9b).
From Figure 3.9c, the SW data does not follow the same trend as Γ and C plateauing
for machined areas  64%. This is due to the complexity of the SW’s observed when
sp2 carbon is present, especially at significant levels (Figure 3.9b). At high sp2 levels,
in addition to current signals attributed to the oxidation of graphitic/quinone type
groups on the surface (labelled i) significant oxidation features close to the anodic
solvent window (labelled ii) are observed.21 The feature labelled (iii) we ascribe to the
reduction of reactive oxygen species such as hydrogen peroxide electrogenerated due
to the quinone groups present.37 So although there are clear differences in the current
magnitude of the SW features, especially anodically for 64% and 76% laser machined
electrodes, there is little variation in the SW values recorded. Furthermore, no
threshold current could be found which enabled a linear response between SW and
machined surface area percentage.9
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It is also important to demonstrate whether the approach advocated in Figure 3.8 for
 could be used to distinguish between electrodes that have naturally present sp2 from
the growth process. Thus BDD electrodes 1-4, grown using procedures which should
result in an increasing sp2 content (and are both thin film and thick freestanding) were
analysed (Figure 3.10). Changes in the synthesis conditions and resulting thickness of
Electrodes 1-4 are also reflected optically in the resulting grain structures observed

Figure 3.10: Investigation of BDD Electrodes 1-4 including optical images ( × 50
and × 100 objective) showing grain structures
3.4.6

Effect of pretreatment

Electrode 4 could not be subjected to the usual high temperature oxidising acid etch
procedure (see Section 2.3) due to the material still being attached to its growth
substrate which was not robust enough to survive the extreme cleaning procedure.
Both of these procedures are known to oxygen terminate the surface, introducing
surface bound quinone groups to the material. Instead an electrochemical acid cleaning
procedure was used (see Section 3.3.2). This pretreatment was used on all electrodes
for the comparison of the naturally present sp2 content in the material to ensure
electrodes were treated identically.
To assess the difference between electrodes pre-treated by electrochemical acid
cycling and those pre-treated by high temperature oxidising acid etched electrodes 13 that could be treated by both methods were acid etched and the Γ measured. The
sample was then electrochemically acid cycled and the Γ of the same area measured
again with the results reported in Table 3.3.
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Diamond Grade

Quinone surface coverage- Quinone
-2

acid clean (mol cm )

surface

coverage- acid cycling
-2

(mol cm )
-16

-17

MR14

1.8 × 10

MR11

2.9 × 10

MR12

7.0 × 10 ± 2 × 10

± 2 × 10
-16

-17

± 2 × 10
-16

-17

-16

-17

1.6 × 10 +/- 2 × 10
-16

-17

2.8 × 10 +/- 2 × 10
-16

-17

6.8 × 10 +/- 2 × 10

Table 3.3: Comparison of Γ for Electrodes 1-3 after an oxidising acid etch and
acid cycling
It was found that the average Γ measured after acid cycling were all lower than the Γ
measured after an oxidising acid etch, however all measurements on the same sample
regardless of acid pretreatment were within error of each other and as such cannot be
considered to be significantly different. Therefore, it could be argued that electrode 4
after acid cycling could be compared to electrodes 1-3 after an oxidising acid etch.
However, it was decided all electrodes should be treated identically where possible.

Figure 3.11:(a)The background subtracted quinone oxidation responses at a scan
rate of 0.1 V s-1 and (b) Γ measurements versus Electrode 1-4.
Figure 3.11 shows the quinone oxidation response for the four electrodes,
demonstrating small (picoamp), but measurable currents when background subtracted.
A clear increase in quinone oxidation peak, i.e. increasing Γ, with increasing sp2, is
observed, with Γ values of 1.8 × 10-16, 2.9 × 10-16, 7.0 × 10-16 and 1.6 × 10-15 mol cm2

recorded for electrodes 1-4 respectively. Note the data recorded on the UNC
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Electrode 4 suggests electrochemically active sp2 coverages almost an order of
magnitude higher than the minimal sp2 content Electrode 1. By comparison, Raman
analysis demonstrated a sp2 signal in all of n = 20 Raman spot measurements at random
locations for Electrode 4, whilst Electrodes 1-3 all showed spatial variations, with a
fraction of spots (per electrode) showing no sp2 signal at all. Furthermore as the boron
concentration was higher in Electrode 4 than Electrodes 1-3, the 1332 cm-1 peak was
reduced in intensity compared to electrodes 1-3, making 1332 cm-1: G peak ratio
comparisons between electrodes inappropriate.
The change in peak width on these electrodes supports the use of charge as a measure
of the sp2 content. Quinone proton coupled electron transfer exhibits traditionally
broad waves, often attributed to the electrostatic interactions of neighbouring
groups,38,39 local surface heterogeneities40 and non-equivalent functional groups.41,42
At the exceedingly low surface coverages seen on high quality as-grown electrodes
these effects could be expected to be reduced, changing the peak width. At these
exceedingly low surface coverages the FWHM is close to the theoretically predicted
45.3 mV for a surface bound 2e- process34 although accurate determination at the
current scales used is extremely challenging.
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3.5

Conclusions

A new method for assessing the sp2 surface content of BDD electrodes is introduced.
A laser machining process is used to systematically increase the sp2 content of a BDD
electrode by ablating progressively larger squares of graphitised carbon into the
surface of a minimal sp2 content BDD electrode. The graphitised surface contains
quinone groups which can be oxidised. The nature of these surface quinone groups is
studied with 3 features seen and the ability of the surface to catalyse oxygen reduction
demonstrated. The area under the oxidation peak at +0.4 V vs SCE, which equates to
, scales linearly (R2 = 0.9999) with sp2 surface content (under acidic conditions)
expressed as % of machined surface area compared to total electrode area. It has been
shown that this approach is also applicable to BDD electrodes which contain inherent
sp2 resulting from the growth process.  measurements were able to clearly distinguish
between four different electrodes and place them in order of increasing sp2 surface
content.  values as low as 0.18 fmol cm-2 were recorded on the minimal content BDD
electrode rising to 1.6 fmol cm-2 for the UNC material, demonstrating both excellent
sensitivity and selectivity for BDD film characterisation. We suggest Γ measurements
as a preferred method, compared to Raman spectroscopy, for electrode surfaces, as the
latter is unfortunately not purely surface sensitive and therefore requires the
assumption to be made sp2 content is spatially uniform throughout the electrode, which
is often not the case. Furthermore, compared to the electrochemical characterisation
methods available, Γ measurements provide an unambiguous alternative for the
assessment of surface sp2 in BDD electrodes.
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4 Chapter 4: Deconvoluting surface-bound quinone
proton coupled electron transfer in unbuffered
solutions: towards a universal voltammetric pH
electrode
4.1

Overview

Whilst quinone proton coupled electron transfer under buffered conditions, is well
understood, the situation is more complicated in unbuffered solutions. With a view to
producing a quinone based voltammetric pH sensitive electrode that can function
universally in both buffered and unbuffered solutions by following a two electron (2e) / two proton (2H+), Nernstian pathway over a wide pH range, the voltammetric
response of surface-bound quinones directly integrated into a boron doped diamond
(BDD) electrode is investigated. A laser ablation process enables both integration of
quinones into the BDD electrode surface with a high pKa1 (first protonation state) and
with controllable, very low surface coverages. Under buffered conditions, the 2e-/2H+
pathway is followed across the entire pH range. The measured electron transfer (ET)
rate constant values, from Laviron analysis, are also high, indicative of fast ET
pathways. Under unbuffered conditions, deviations are seen in the neutral region (pH
6-8), away from the expected 2e-/2H+ behavior. We show that this is due to a local pH
change caused by the consumption and generation of protons at the electrode surface
during the redox electrochemistry of the quinone. By reducing surface coverage, down
to two orders of magnitude below that of a monolayer (~ 4 × 10−12 mol cm-2; the limit
of our laser ablation process) local pH changes can be reduced but are not eradicated
completely. By moving to a pulsed voltammetric technique, where for each potential
step, protons consumed at the electrode are immediately replaced, it is possible,
provided the surface coverage is low enough, to obtain a Nernstian 2e-/2H+ response
across a wide pH range in unbuffered solution.
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4.2 Introduction
Quinones are one of the most important and ubiquitous organic redox couples and
have been subject to over a century of electrochemical research.1,2 Their electron
transfer properties in buffered aqueous environments are key to a range of biological
systems, such as mitochondrial ATP synthesis3 and electron transport4 . Moreover, the
redox electrochemistry of quinones has been utilized in redox flow batteries5 and their
biological activity underpins some forms of cancer chemotherapy treatments. 6
Quinones are also used commercially to generate hydrogen peroxide on the ton scale,7
via the quinone-catalyzed oxygen reduction reaction (ORR).8
The electrochemistry of quinones has been extensively studied, with the ninemembered square scheme (Figure 4.1) proposed by Jacq,9 used as a basis for
interpreting their electrochemical response in aqueous solutions.10 Quinones can
undergo a two electron reduction, accompanied by reaction with up to two protons (2e/2H+), dependent on the solution pH relative to the pKa of the quinone employed. Such
reactions, denoted proton coupled electron transfer (PCET), can proceed in either a
stepwise fashion, with either proton or electron transfer occurring first (Figure 4.1,
green dotted line)11 or via a concerted process where the proton(s) and electron(s) are
transferred in a single kinetic step (Figure 4.1, blue dotted line).12,13 In the case of
buffered systems only one voltammetric peak is typically observed.

Figure 4.1: Quinone nine-membered scheme of squares, showing the proton
(H+) dependent stepwise (green dotted line) and concerted (blue dotted line)
PCET routes.
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Utilizing the Nernst equation, the redox potential and thus the position of the quinone
oxidation/reduction peaks will shift by 59 mV / pH unit at 298 K,14 provided pKa,1 (the
first protonation state of the quinone) has not been reached. Note, it is this proton
dependence on the peak potential, that has resulted in quinone electrochemistry being
utilized in the development of voltammetric-based pH electrodes.15–19 As the pH
exceeds pKa,1 the mechanism switches to a 2e-/1H+ reaction forming QH− and equating
to a 30 mV / pH unit shift.14 If the basicity is increased further, and pKa,2 is reached
the reaction becomes pH independent and 2e- only (0 mV / pH unit), forming Q2−.14
This is akin to the quinone response found in aprotic (organic) media, which typically
results in a simple two-electron transfer reaction, defined by two redox peaks.

20

However, in contrast, in aqueous media only one voltammetric peak is seen for the 2ereduction process. This is attributed to the strong hydrogen bonding of in particular Qwith water, shifting the second reduction potential (Q-/Q2-) much more positive than
the first (Q/Q-), so they are indistinguishable.21,22
The understanding of quinone PCET in unbuffered aqueous media is significantly
more challenging, with the complexity of the system highlighted by the limited
number of studies conducted in the area, compared to buffered media.23–34 Many
studies observe a deviation from a 2e-/2H+ response, well before the pH exceeds
pKa1,23,24,27 which coincides with the appearance of a second wave in the cyclic
voltammogram (CV).14,23,24,27,28 Precise understanding of why this occurs is subject to
debate.23,24 However, most interpretations agree that an insufficient number of protons
for the reduction of all the quinones by the 2e-/ 2H+ pathway is responsible.14,23,28 The
first wave is typically attributed to the 2e-/2H+ route, whilst the second is thought to
represent the proton independent, 2e- reduction to Q2-, with Q2- existing in an
equilibrium mixture of QH2, QH- and Q2- dependent on the basicity of Q2-. The
prominence of the second wave (Q/Q2-) and its position on the potential axis, i.e. the
ease at which Q undergoes reduction to Q2-, is thought to be controlled by the relative
concentrations of Q, QH-, Q2- and OH- and the associated pKa values.23 With
increasing pH, the first wave disappears. In contrast, in buffered solutions, for all pH
values, one wave results, due to either 2e-/2H+, 1H+ or 0H+ depending on whether pKa,1
/ pKa,2 has been exceeded.
To explain the origin of the lack of available protons in unbuffered solution,
researchers highlight two factors, which themselves are interconnected: (i) the
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importance of the ratio of quinone concentration [Q] to [H+] in bulk solution.23
Experiments show quinone electrochemical responses in unbuffered solution mimic
those in buffered solution provided [H+]>[Q];23 as [H+] ~ [Q] the second wave
emerges. (ii) Local pH changes in the electrode/electrolyte reaction layer.24,28 In
particular, simulations have shown that by making the electrochemical measurement,
the local pH is increased, due to the consumption of protons during quinone
reduction.24,27,29,30 For example, the interfacial pH can increase by up to 5–6 pH units24
compared to the buffered solution, during the electrochemical reduction of solutionphase quinone molecules at neutral pH. This phenomenon was also used to explain the
appearance of a second wave in the CV for hydrazine (also a PCET process) as the
buffer capacity of the system was decreased.35 Furthermore, as quinones can also
catalyze ORR36,37 and ORR itself consumes protons, the presence of oxygen may also
lead to additional local pH increases along with contribution of an ORR faradaic signal
to the quinone response.31 ORR induced pH changes are either neglected in the
interpretation of PCET in unbuffered solutions, or circumvented by deaerating the
solution.16,17
Much of the work exploring the quinone redox mechanism in unbuffered solution is
performed with solution-phase quinone species, where pKa1 typically falls in the pH
range 7.7-9.9.23,38 In contrast, it is well-documented that surface-bound quinone
species exhibit pKa1 values higher than their solution-phase counterparts.39 This can
be attributed to changes in the local environment when the quinone is tethered to an
electrode surface, where entropic changes are significantly different to those in bulk
solution.39 To date, only a limited number of studies have explored the pH response
of surface tethered quinones in unbuffered solutions24,27,28,32,33, using either physical
adsorption or chemical and electrochemical functionalization at mercury,28 screen
printed carbon,33 gold27 and edge plane pyrolytic graphite (EPPG) electrodes.24
Interestingly, as with solution studies, similar anomalous behavior is also observed,
with a second wave emerging as the pH is increased, again well before the pH exceeds
pKa1, which with further pH increases results in a single wave.27 Surface coverages
of  = 2.8 × 10-10 mol cm-2

27

(monolayer on gold) and  = 2.5 × 10-9 mol cm-2

24

(multi-layer on EPPG) were reported.
Given that sp2 carbon materials, such as glassy carbon (GC) and EPPG also naturally
contain a variety of high-order oxides, including quinone groups, these un-
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functionalized electrodes have also been used in studies. The quinones on these
electrodes are found at sub-monolayer surface coverages (e.g.  = 5.9 × 10-11 mol cm2

for EPPG).17 Such electrodes have also been used to measure solution pH under

buffered, deaerated conditions, given the high reported pKa1 values (pKa1 ~13).16,17
Recent results suggest that when a quinone molecule is strongly electronically coupled
to an electrode surface, as is likely to be the case with a surface group directly
integrated into the electrode, for PCET, ET cannot happen unless accompanied by ion
transfer i.e. the electron only pathway is not viable.40
In this chapter, we explore the mechanism of surface bound quinone electrochemistry
with a view to developing a measurement methodology that can be used to accurately
measure solution pH across an environmentally relevant pH range (4-10) in both
unbuffered and aerated solutions. Given that [Q] and ORR, are important
considerations we explore the effect of quinone surface coverage [Q]surface on the
response, both in the absence and presence of oxygen. For these studies we use a boron
doped diamond (BDD) base material,41 which is itself insensitive to ORR,42 and
controllably introduce surface bound quinone groups into the surface using a laser
ablation approach18,43. These groups are directly integrated into the surface and are
therefore expected to be strongly electronically coupled to the electrode. These
electrodes are denoted BDD-quinone (BDD-Q). This approach enables us to go below
the monolayer limit by ~two orders of magnitude; such low coverages have not been
reported before using conventional physical or chemical functionalization routes.
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4.3
4.3.1

Experimental
Materials and solutions.

All solutions were prepared from Milli-Q water (Millipore Corp.) with a resistivity of
18.2 MΩ cm at 25°C. Negligible sp2 carbon content,42,43 freestanding (470 m thick)
BDD was used as the base material in this study, with a boron dopant concentration
of ~3 × 1020 boron atoms cm−3 i.e. metallic doping (Element Six Ltd, Harwell, UK).
Carmody buffers were prepared over the range 4-10 using boric acid (H3BO3, 99.97%;
Sigma Aldrich), citric acid (C6H8O7, ≥99.5%; Sigma-Aldrich) and tertiary sodium
phosphate (Na3PO4, ≥95%; Sigma-Aldrich) with a buffer capacity of 25-30 mM per
pH unit.44 For unbuffered solutions 0.1 M potassium nitrate (KNO3, ≥99.5%;
Puratronic) was pH adjusted with 1 M sulfuric acid (H2SO4, 98%, Sigma-Aldrich) or
1 M KOH (≥99.97%; Sigma-Aldrich) to create unbuffered pH values across the 4-10
range. The conductivity of the solutions was maintained at ca. 10 mS cm−1. The pH of
all aqueous solutions was tested against a glass pH probe (HQ411d benchtop pH
probe, Hach Company), calibrated using pH 4, 7 and 10 standard buffer solutions.
Non-aqueous experiments were carried out in degassed 0.1 M Tetrabutylammonium
hexafluorophosphate (TBAHFP) (Sigma-Aldrich, UK, >99.0%) in acetonitrile
(Fisher-Scientific, UK) dried over 4Å Molecular sieves (Sigma-Aldrich, UK). For
experiments in the presence of protons of 0.02 M p-toluenesulfonic acid (p-TsOH)
(Sigma-Aldrich, UK, >99.0%) was added.
4.3.2

Electrode fabrication.

BDD cylinders of 1 mm diameter, lapped on the top (growth) surface to approximately
nanometer scale roughness, were machined from a six inch BDD wafer using a 355
nm Nd:YAG 34 nanosecond laser micromachiner (E-355H-ATHI-O system, Oxford
lasers). The BDD cylinders were acid cleaned in boiling concentrated H2SO4 (98%),
saturated with KNO3, to oxygen terminate the surface and remove any loosely
contacted sp2 carbon introduced during the laser micromachining step. Ti (10 nm) /
Au (400 nm) was sputtered (Moorfields MiniLab 060 platform sputter/evaporator)
onto the back of the BDD cylinders and annealed at 400°C for 5 h, to form a reliable
ohmic contact. The BDD cylinders were then sealed in glass capillaries (o.d. 2 mm;
i.d. 1.16 mm; Harvard Apparatus Ltd., Kent, UK) and the top surface exposed by
polishing away the glass with carbide grit paper disks and alumina (0.05 µm) paste
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(Buehler, Germany). Hexagonal arrays containing a fixed number of 50 m diameter
laser pits with a centre to centre spacing of 100 µm (Figure 4.2, inset), were ablated
into the BDD surface using laser power densities in the range 14-980 J cm-2. The
power density was altered by changing laser power and laser pitch overlap (how each
laser pulse overlaps with the next) to produce BDD-Q electrodes containing different
quinone surface coverages. After laser micromachining sp2 carbon regions of the
electrode were again cleaned to remove loosely bound sp2 carbon and oxidatively
“activated” to form stable quinone groups on the electrode surfaces. This involved
heating the electrode at ~200°C for 15 min in concentrated H2SO4 (98%) saturated
with KNO3,18 followed by anodic polarization under constant current conditions (+0.1
mA for 60 s) in 0.1 M H2SO4.18
4.3.3

Electrochemical setup.

For electrochemical measurements a three-electrode configuration was utilized with
BDD-Q as the working electrode, a platinum wire as the counter electrode and a
silver/silver chloride (Ag|AgCl) electrode as the reference in aqueous solutions, in
non-aqueous solutions a homemade Ag|AgNO3(10 mM AgNO3, Sigma-Aldrich, UK)
reference was used. For ORR measurements, a GC electrode (3 mm diameter: ALS,
Japan), mechanically polished using alumina (0.05 µm) paste, was also employed. A
CHI 760C potentiostat was used for all measurements, except current-time where an
Ivium compactstat was utilized. For anodic polarization a Galvanostat was employed
(Keithley 6220 Precision Current Source). Quinone surface coverage ()
measurements were made by running a CV in pH 2 Carmody buffer from 0.7 V to 0
V and back to 0.7 V.43 The charge passed (q) was determined by integrating the
oxidative peak and calculated using =q/nAF where n = number of electrons used in
the reaction (2), A = the electrode area, calculated by interferometry (cm2) and F =
Faraday’s constant (96485 C mol−1); as shown in Figure 4.4 for the three BDD-Q
electrodes used in this study. For electrochemical measurements square wave
voltammetry (SWV) was employed at a frequency of 150 Hz, amplitude of 0.1 V, step
potential of 1 mV. The current was averaged over the last 61- 100% of each pulse.
4.3.4

White Light Interferometry (WLI).

A Bruker ContourGT (Bruker Nano Inc., USA) was used to record WLI profiles. 3D
rendering of interferometry data was performed, and electrode area calculated using
Gwyddion 2.46.45
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4.4 Results and Discussion
4.4.1

Controlling Quinone Surface Coverage, :

During the laser ablation procedure (Figure 4.2), carbon leaves the surface in the form
of both solid particulates and carbon containing gases. Plasma generation, promotes
further etching of the BDD surface and re-deposition of carbon in a non-diamondcarbon (graphitic – sp2) form. Shallow, at the m level, sp2 containing ‘pits’ are thus
created in the electrode surface, When exposed to oxidizing conditions (such as acid
treatment and anodic polarization) these regions become terminated with quinone
groups, which are not intrinsically present on the bare BDD electrode surface (Figure
4.2).

Figure 4.2: Schematic of the nanosecond laser ablation process on BDD. (1) A laser
pulse is focused on the BDD (2) ablation occurs (3) a plasma is generated, locally
heating and etching further into the BDD. (4) Re-deposition of a graphitic carbon
film occurs. (5) After activation BDD-Q results. Inset: Glass-sealed BDD-Q
electrode, showing the 1 mm BDD disk electrode and the laser machined hexagonal
array of sp2 carbon containing pits.

To assist in determining appropriate BDD-Q  values for investigation, we first
present a simple calculation which enables us to consider how proton surface
concentration [H+]surface relates to [Q]surface. To do this we assume a typical diffusion
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length, , and calculate the number of protons per unit area (=  × bulk concentration).
To calculate , we assume the flux of protons arriving at the surface is diffusionlimited, and there is diffusional overlap between pits. Under such conditions the
following equation applies:

 = D1/2 F / 2.69×105 n1/2 v1/2

[4.1]

where D is the diffusion coefficient of protons (=7.8 x 10-5 cm2 s-1),46 and v is a typical
scan rate (=1 V s-1; vide infra);  = 0.0022 cm. Thus for pH values of 4, 7 and 10, [H+]s
= 2.2 × 10-10 mol cm-2, 2.2 × 10-13 and 2.2 × 10-16 mol cm-2 s-1 respectively. Given
monolayer coverage is ca. 10−10 mol cm-2, 47 we deliberately work with much lower
quinone surface coverages in order to operate across a pH range where [Q]surface is both
> [H+]surface and < [H+]surface.
To alter Γ, the laser fluence (power per unit area) can be changed (Figure 4.3), and
therefore BDD surface sp2 content and Γ can be finely controlled. The lower limit of
fluence is set by the ablation threshold of the material; 12.1 J cm-2 for BDD, calculated
by the D2 method.48 From the ablation threshold until ~280 J cm-2 there is a linear
relationship between laser fluence and Γ, with increasing laser fluence leading to an
increased Γ. This can be attributed to a greater degree of material heat damage and the
breaking of more sp3 carbon bonds to leave more stable sp2 carbon. Above 280 J cm-2
Γ reaches a plateau, this can be considered to be a surface with the same degree of heat
damage being translated down through the material. The maximum fluence is limited
by the power of the laser system used. In addition to changing laser fluence, the pulse
density can be also altered to change Γ.
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Figure 4.3: The relationship between Γ and laser fluence at a pulse density of 2 ×
106 cm-2
Under the ablation conditions employed, by changing the laser fluence,  values
varying between 1.2 × 10-11 mol cm-2 and 3 × 10-12 mol cm-2 could be reliably obtained.
The latter at the ablation threshold of the material, representing the lowest surface
coverage possible using this nanosecond laser ablation approach.  is calculated by
consideration of the sp2 created areas only; sp3 BDD contains negligible quinone
content.43 These surface coverages are all sub-monolayer and two orders of magnitude
lower than a typical monolayer coverage. Such low surface coverages would be
extremely challenging to achieve using traditional surface chemical functionalization
routes.
Through control of the laser fluence 3 electrodes of differing  were created (Figure
4.4). The surface coverages were (a) 1.02 × 10−11± 3 × 10-13 mol cm-2 (highest – BDDQ1, red) (b) 8.78 × 10−12 ± 2 × 10-13 mol cm−2 (BDD-Q2, blue) and (c) 4.21 × 10−12 ±
9 × 10-14 mol cm-2 (lowest – BDD-Q3, green).
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Figure 4.4:CVs of electrodes BDD-Q1 (red) BDD-Q2 (blue) and BDD-Q3 (green)
in pH 2 buffer, recorded at 0.1 V s-1, showing the presence of a reductive/oxidative
quinone peaks

4.4.2

Cyclic Voltammetry.

The effect of  on the unbuffered CV response for three BDD-Q electrodes of
different  values vide supra was recorded over the pH range 4-10 (a CV every ~0.3
pH unit). A fast scan rate of 1 V s−1 was employed to discern the quinone PCET
faradaic signal due to the low surface coverages employed. Typical CV responses for
the three different electrodes are shown in Figure 4.5 for (a) BDD-Q1, (b) BDD-Q2
and (c) BDD-Q3 in unbuffered and aerated solutions. All 57 CVs recorded showed
one wave only. In all pH solutions (buffered and unbuffered), the peak full width half
maximum is broader (190 ± 20 mV) than that theoretically predicted, 45.3 mV for a
2e− process;49 as is often witnessed for surface bound quinone species in buffered
solutions.50,51 Although there is debate in the literature whether this broadening is due
to electrostatic interactions between neighbouring groups,52,53 given the low densities
involved it is more likely non-equivalent active sites54,55 or surface heterogeneities are
responsible.56
Figure 4.5d displays the anodic (oxidation) peak position (Epa, filled symbols) and
cathodic (reduction) peak position (Epc, unfilled symbols), as a function of pH for all
three electrodes, over the pH range 4-10. The green line represents the buffered
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(aerated) response of the three BDD-Q electrodes for pH’s 4, 7 and 10. Under buffered
conditions, a Nernstian pH dependence of 62 ± 3 mV per pH unit is observed for both
the reductive and oxidative peaks, as expected for 2e-/2H+ transfer. The linear buffered
data also indicates these quinone groups, which have been directly integrated into the
BDD electrode surface, have a pKa1  10. Under unbuffered conditions, deviations
away from the expected Nernstian response (green line) are most significant in the
neutral region (defined as the pH range 6 - 8). Whereas in both the acidic (pH range 4
– 6) and alkali regions (pH range 8 – 10) the response, especially for the anodic
potentials appears to return to the ideal 59 mV response, indicative of 2e-/2H+
Nernstian behavior. The deviations are most apparent for BDD-Q1, which has the
highest , and least for BDD-Q3, which has the lowest , therefore suggesting  is
playing a role in the resulting electrochemical response. As the pH is increased past 8,
the response especially for the anodic potentials, returns to close to 2e˗/2H+ Nernstian.
Deviations are also seen in the pH neutral region when plotting the mid-point of the
two peaks, E1/2 i.e. (Epa + Epc / 2) as shown in Figure 4.5e.
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Figure 4.5: CV response in unbuffered solutions at pH 4, 7 and 10 for (a) BDDQ1, (b) BDD-Q2 and (3) BDD-Q3. (d) Anodic (filled) and cathodic (unfilled) peak
positions for BDD-Q1 (red,▪), BDD-Q2 (black, ●), and BDD-Q3 (blue, ▲) across
the 4-10 pH range. The peak centre in buffered solutions averaged across all 3
electrodes is plotted in green (gradient= 62 mV). (e) Peak centre potentials for
BDD-Q1 (red,▪), BDD-Q2 (black, ●), and BDD-Q3 (blue, ▲) across the 4-10 pH
range.
Interestingly, in contrast to all other studies, even when the CV behaviour starts to
deviate from the 2e-/2H+ line in this study, the emergence and then dominance of a
second wave in the CV is never observed. This suggests that in this system, whilst
some form of proton depletion must be present due to the observed deviation, this
effect is not significant enough to force the system down a proton independent, 2eonly pathway.23 The question is why is this behaviour observed in this system, whereas
other unbuffered surface (and solution) studies do not? It is believed the answer lies
in the extremely low [Q]surface implemented here, up to two orders of magnitude smaller
than monolayer. At such low surface coverages, it is more meaningful to think of the
electrode as a sparse array of active sites (where each active site represents a quinone
group) embedded within an electrochemically inert matrix (the sp2 regions). Under
these conditions, the flux of H+ per quinone molecule (assuming they are diffusionally
isolated) is significantly higher than the situation where the whole surface is
considered active, by 5 orders of magnitude. This leads to [H+]surface values much
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higher than originally considered and a greater compensation of proton depletion
effects.
Furthermore, the CV data in Figure 4.6a shows the absence and then appearance of a
PCET wave for BDD-Q3, in non-aqueous solvent as protons are added to the solvent.
Such behavior indicates the quinones are strongly coupled to the electrode surface, as
the PCET mechanism is concerted and proton transfer is required to facilitate ET.
Hence if the system in unbuffered aqueous solutions did switch to 2e- only, there
should be no redox response observed in the CV. In this study a wave is observed for
all pH values considered.

Figure 4.6: CV(a) and SWV(b) of BDD-Q3 in 0.1 M TBAHFP in Acetonitrile
(black) and with 0.02 M p-TsOH (red).
In the absence of protons, no voltammetric wave is observed for the quinone reduction
(CV, Figure 4.6a-black; SWV, Figure 4.6b-black). This suggests that the quinone
groups cannot undergo a 2e- proton independent reduction, and as such the groups are
strongly electronically coupled to the electrode and the reaction occurs by a concerted
PCET mechanism. This explains the absence of a second wave across the entire pH
range in unbuffered solutions, as this wave is attributed to the 2e- proton independent
reaction to Q2-, a reaction that is demonstrated to not occur in this system. On the
addition of 0.02 M p-TsOH a new wave appears in the CV (Figure 4.6a, red) and SWV
(Figure 4.6b, red) at ~0.25 V vs Ag/AgNO3. This wave can be attributed to the
concerted 2e-/2H+ reduction of surface quinone groups.
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Due to the absence of a proton independent route for our system, the deviations in the
neutral region of Figure 4.5 are therefore suggestive of a change in the equilibrium
potential of the 2e-/2H+ reaction due to a change in the local proton concentration as a
result of the quinone electrochemical reaction. Under acidic pH, consumption
/generation of protons, during reduction/oxidation at the interface is clearly not in
sufficient quantities to perturb the interfacial acidic pH. Under alkaline conditions,
excess protons produced during oxidation will be immediately neutralized by the high
concentrations of hydroxide ions, which are also in high enough concentration to
prevent local proton depletion effects, during reduction, being registered as a local pH
change. However, in the neutral region, where the equilibrium concentrations of H+
and OH− are most finely balanced e.g. at neutral pH (both equal 1 × 10−7 mol L−1), the
data suggests there are not enough protons or hydroxide ions to accommodate the local
pH changes and the quinone electrochemistry therefore reflects this change. Hence
under reductive conditions (proton consumption) the local pH increases compared to
bulk, resulting in a more alkaline local solution and a decrease in Epc, whilst under
oxidative conditions (proton generation) the local pH becomes more acidic, and Epa
increases. Away from this region, at higher and lower bulk pH, local proton
perturbation effects are less strongly felt.
It is also important to note that the shifts in Epa and Epc, with pH, are not equivalent.
Deviations in Epc from the Nernstian (2e-/2H+) line are much larger, suggesting the
system locally shifts more alkaline from the bulk pH than acidic, for a given pH during
quinone PCET in the deviation region. One explanation for this is the possible
presence of side reactions in the cathodic region also contributing to a local pH
increase, such as ORR discussed in further detail vide infra.
The peak to peak separation, Ep, in the buffered systems for all three electrodes is 9
± 2 mV, close to the expected 0 mV for a surface bound ET system.49 For the
unbuffered solutions, at pH 4 , Ep is 31 mV (BDD-Q1), 26 mV (BDD-Q2) and 24
mV (BDD-Q3) At pH 7, Ep has increased to 222 mV (BDD-Q1), 204 mV (BDD-Q2)
and 153 mV (BDD-Q3), whilst at pH 10, Ep decreases back to 73 mV (BDD-Q1), 63
mV (BDD-Q2) and 34 mV (BDD-Q3). For each pH the largest Ep values are recorded
for the highest  BDD-Q electrode. This trend of Ep increasing from pH 4-7 and then
decreasing from pH 7-10 correlates qualitatively with the data observed in Figure 4.5d
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and e. Thus the pH change in the local environment, could play a role in the changing
peak separation during the timescale of the measurement, which is more pronounced
under neutral conditions (Figure 4.5d). 12
It is also interesting to consider the ET kinetics of the quinone PCET reaction (ket) as
a function of pH in both buffered and unbuffered solutions. Figure 4.7 shows Laviron
plots (Epa and Epc versus log scan rate, v over the v range 0.1 – 100 V s-1)57 for BDDQ3, for pH 4, 7 and 10 in both buffered (filled symbols) and unbuffered (unfilled
symbols) solutions. BDD-Q3 was chosen as it shows the smallest deviations from
Nernstian behavior in unbuffered solutions and therefore subsequently the smallest
local pH environment changes throughout the scan.

From the Laviron plots

information on ket, the ET rate coefficient  (values given in Table 4.1) and ET
mechanism can be obtained. In buffered solutions, the linear portions of the Laviron
plots for all three pH values gives a ~60 mV per decade response, very close to that
expected for a 2e−/2H+ process. From these gradients, which are equal to RT/αnF, α
was calculated to be 0.50 ± 0.02 for both the anodic (black, Epa) and cathodic (red,
Epc) linear branches.
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Figure 4.7: Laviron plots for pH 4 (●), 7 (▪) and 10 (▲) in both buffered (filled
symbols) and unbuffered (unfilled symbols), collected at scan rates 0.1 to 100 V s−1,
for BDD-Q3, showing the anodic (black) cathodic (red) peak potential positions
From the intercepts of the linear regions of the Laviron plots, ket can be calculated. In
buffered solution, for the oxidation reaction, no change in ket is observed for pH 4, 7
and 10 (ket,ox = ~220 – 250 s-1). Note this value is high for ket when compared against
typical quinones chemically tethered to an electrode surface via a linker chain.58,59
This value supports the theory that the quinone here is directly integrated into the
electrode surface. However, for the reduction reaction, ket slows down with increasing
pH from 260 s-1 at pH 4 to 73 s-1 at pH 7, and 28 s-1 at pH 10 (Table 4.1). One possible
explanation is that in buffered solutions, it is the proton concentration that rate limits.
For oxidation as the quinones are already in their reduced form (QH2), H+ are simply
released back into solution. In contrast, for reduction, there must be sufficient protons
to support the reduction reaction; proton concentration decrease logarithmically as the
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pH increases. This data also suggests that in this system, PCET is concerted due to the
dependence of the ET rate on pH not following the predicted W-shape as expected for
a stepwise process.60 PCET on a strongly electronically coupled system has also been
shown to exhibit concerted ET across a wide pH range, resulting in a single wave.40
In unbuffered solutions, at pH 4, the measured parameters (Table 4.1) are close to
those of a buffered system, however at pH 7 this is no longer holds, ket has dropped
significantly to 5.4 (anodic) and 4.8 (cathodic), with concomitant changes in  to 0.29
(anodic) and 0.71 (cathodic) indicating changes in reorganization energy for the
reactions. At pH 7 the largest changes in the system from Nernstian behavior were
observed (Figure 4.5d and e). As the local pH of the solution is changing throughout
the measurement, this also leads to a thermodynamic change in the peak potentials
which can convolute changes in the kinetics, which are also dependent on the local
pH.61 At pH 10, ket rises to 57 (anodic) and 14 s-1 (cathodic). We therefore note the
difficulty of interpreting a PCET system in unbuffered aqueous media, due to the
convolution of kinetic and local environment (pH) changes.



ket, (Ox) (s-1)

ket,(red) (s-1)

Buffered

0.52

250

260

Unbuffered

0.51

250

190

Buffered

0.52

230

73

Unbuffered

0.71

5.4

4.8

Buffered

0.52

220

28

Unbuffered

0.48

57

14

pH
4

7

10

Table 4.1:Electron transfer rates in buffered and unbuffered solutions at pH
4, 7 and 10 (2 s.f.).
4.4.3

Pulsed Voltammetry

The CV data in unbuffered solutions (Figure 4.5) strongly suggest there is
perturbation of the local pH during the quinone electrochemical measurement, even
with significantly reduced surface coverages compared to all previous work. Whilst it
is conceivable to go to even higher scan rates (> 1 V s-1) in order to increase proton
diffusional fluxes with a view to minimizing local pH changes, capacitive currents
become a significant consideration. Going to lower  using the laser ablation
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technique would also be very challenging, as we are very close to the laser ablation
threshold with the lowest fluence employed. It is therefore prudent to consider
alternative electrochemical waveforms as a means to minimize, and ultimately negate,
the local pH change. The use of a pulse technique, such as square wave voltammetry
(SWV) offers distinct advantages over CV; for each step potential, the potential is
pulsed first in one direction and then the other, with a defined potential pulse amplitude
(Figure 4.8a). The current is averaged in both directions, i1 and i2, over a defined
portion of the current-time component of the decay curve, which is free from
capacitive currents. The output current per potential step, i is thus:

∆i=i1−i2

[4.2]

where i1 is the forward current and i2 is the reverse current. In this way a current (i)
– voltage curve is constructed, as shown in Figure 4.8b.
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Figure 4.8:(a) Current-time transients for SWV showing the pulse sequence
and (b) SWV response showing i1 (cathodic, blue) and i2 (anodic, green)
currents recorded during the SWV cycle along with the ∆i (black) for buffered
pH 7 solution on the BDD-Q3 electrode.
For the surface bound quinone, over the voltage range of interest, the SWV can be
pulsed in both the reductive and oxidative directions of the quinone PCET process,
per step potential. This means it should be possible to both consume and generate
protons at the electrode surface, with the aim to minimize, and ultimately negate, the
local pH change. We chose a peak amplitude of 0.1 V, which is sufficient to capture
both the quinone reduction (blue line) and oxidation (green line) processes per step
potential, Figure 4.8b, along with a high pulse frequency of 150 Hz. This equates to
each individual current-time trace lasting 3.33 ms (with sampling over the last 61%100% of the trace). The high frequency leads to large currents, but isn’t too high that
the analyzed signal is dominated by capacitive contributions.
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Figure 4.9a shows typical SWVs, scanning in a cathodic direction, for BDD-Q 1,2 and
3 electrodes in both buffered (dotted lines) and unbuffered (full lines) solutions. The
smaller currents for the unbuffered response could be due to a decrease in the ET
transfer kinetics (Table 1), which will affect the current-time decay profile. Figure
4.9b shows the peak SWV potentials plotted versus pH (over the range 4-10). The
dotted line indicates the 2e-/2H+ Nernstian (60 ± 2 mV pH-1) line for the buffered data,
R2 = 0.9999. In unbuffered solutions, BDD-Q3 which has the lowest  and showed
the lowest deviations in Figure 4.5d and e, when operated under potential pulse control
now shows a response which is linear over the pH range investigated, R 2 = 0.9999.
The electrodes BDD-Q1 and 2 show smaller deviations in the neutral region, compared
to Figure 4.5d, but they are still apparent. We attribute this to the higher quinone
surface coverages present on these electrodes, which are inducing larger local pH
changes at the interface that cannot be compensated completely by the potential pulse
method. This data thus represents a means by which linear pH-potential behaviour can
be obtained using surface functionalized quinones in unbuffered aerated solutions,
over a wide pH range.

Sam Cobb

Diamond Science and Technology CDT

114
PhD Thesis

Figure 4.9:(a) Buffered (dashed line) and unbuffered (solid line) SWV
responses for the BDD-Q3 electrode. (b) The potential-pH response for BDDQ1 (red, ▪), BDD-Q2 (blue, ▲) and BDD-Q3 (green, ●) electrodes using SWV
(150 Hz, 0.1 V amplitude) in unbuffered aqueous solution. The Nernstian
buffered response averaged across all 3 electrodes (dashed line) is also shown.

4.4.4

Impact of the oxygen reduction reaction.

ORR is an inner sphere ET reaction,62 therefore, the ET kinetics of the reaction are
electrode surface dependent. High-quality (sp3 carbon) BDD is electrocatalytically
inert,41 therefore on BDD, ORR is significantly kinetically hindered compared to sp2
carbon electrodes. Those sp2 electrodes that contain higher order oxide groups can
show an even higher activity due to the electrocatalytic effect of quinones on ORR.36
Figure 4.10a shows the ORR response of bare BDD, BDD-Q electrodes 1, 2 and 3 and
a GC electrode in a solution containing 0.1 M KNO3, pH adjusted to 7.0 and oxygen
aerated. The dominant wave for ORR is clearly seen on the GC and BDD-Q1
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electrodes, with the half wave potential for ORR significantly more cathodic
(kinetically hindered) on BDD-Q1 (~-1.0 V) than for GC (~-0.7 V). The ORR
responses are significantly smaller on electrodes BDD-Q2 and Q3 and represent the
reduced sp2 content of these electrodes.
Whilst ORR can generate a localized pH change due to the production of OH-,63 ORR
on BDD-Q, as shown in Figure 4.10a, is occurring in a potential window outside that
of the quinone PCET (Figure 4.9a). However, quinone groups are also catalytic to
ORR37. As the quinone content is only a small fraction of the sp2 content of the laser
ablated areas, we expect any quinone-catalysed ORR to show significantly smaller
currents than that at the sp2 carbon areas of the electrode, and occur in a kinetically
more favorable position. In Figure 4.9a, very small peaks are seen in the unbuffered
SWV’s on the left hand side of the main peak. Figure 4.10b shows the SWV response
for the BDD-Q3 electrode in an aerated and de-aerated 0.1 M KNO3 solution, pH
corrected to 7.0, with 30 repeat scans. Clearly the peak on the cathodic side of the
main peak, labelled (i), can now be ascribed to an oxygen related process, due to its
disappearance when deaerating. This peak is postulated to be due to PCET on a
quinone species. Repeat scanning, in aerated solution, causes the main peak position
to shift in a negative direction, indicative of an increasingly alkaline environment (the
shift of -74 mV over 30 scans, equates to a pH change from 7.0 to 8.25). Whilst pulse
voltammetry can negate quinone proton depletion / accumulation effects, as ORR is
irreversible, OH- produced cannot be compensated for during pulse voltammetry and
is the reason why, after the first scan, repeat scans cause the local pH to rise. It is thus
likely quinone-catalyzed ORR is responsible for the larger cathodic offset compared
to the anodic offset, from the CV data in unbuffered media, as shown in Figure 4.5d.

Sam Cobb

Diamond Science and Technology CDT

116
PhD Thesis

Figure 4.10: (a) LSV of GC (purple), BDD-Q1 (red), BDD-Q2 (blue), BDD-Q3
(green) and bare BDD (black) collected in 0.1 M KNO3 (adjusted to pH 7); (b)
SWV data in aerated and deaerated at solution, pH 7 in 0.1 M KNO3 for BDDQ3 and (c) potential shift in mV per consecutive SWV for different scan ranges.
We further illustrate ORR producing local alkali shifts, in figure 4.10c, by
systematically increasing the negative end point of the scan range for the SWV from
0.7 V to 0.0, −0.2, −0.4, −0.6, −0.8 and −1.0 V. Each scan is repeated × 30 to
exacerbate the local pH change. As we drive the potential more negative, we increase
the amount that quinone catalyzed ORR is electrochemically driven, and start to
initiate sp2 driven ORR. For 0.0 V, where little ORR is occurring, the alkali potential
shift observed is only 10 mV (pH change 0.17) after 30 consecutive scans. This
increases to 11 mV (0.19 pH units), 23 mV (0.39 pH units), 60 mV (1.02 pH units),
133 mV (2.25 pH units) and 170 mV (2.88 pH units) as the potential scan range is
swept out further to −0.2, −0.4, −0.6, −0.8 and −1.0 V respectively. We therefore
advocate to study PCET on quinone species in unbuffered aqueous solutions
consideration must also be given to the impact of side reactions such as ORR on the
reaction mechanism. However, by careful control of the potential scan window, and
by limiting the number of scans per measurement, ORR induced local pH changes,
can be avoided.
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4.5

Conclusions

Surface integrated quinone groups produced on a BDD electrode via a laser ablation
process, provide a unique opportunity to investigate the mechanism of quinone PCET
in an unbuffered environment. This is due to the attributes these electrodes bring,
including: a high pKa1 (>10); strong electronic coupling; and an extremely low surface
coverage, down to 10-12 mol cm-2 (two orders of magnitude lower than typical
monolayer coverages).
In buffered solutions over the pH range 4-10, the electrodes show a 2e-/2H+ PCET
Nernstian response, whilst in unbuffered solution they exhibit a deviation in the
neutral pH region (pH 6- 8), but return to Nernstian as the pH increases. In all cases
one wave is observed. The deviation is less severe the lower the quinone surface
coverage. Such behavior is unlikely to indicate the response moving away from the
2e-/2H+ path to 2e- only, due to a combination of factors. These include: the high pKa1
values arising as a result of surface stabilization; the observance of one wave not two
even in the deviation region; the fact the 2e- pathway is not supported on the BDD-Q
electrode and finally; the extremely high proton fluxes likely to be generated at such
sparse surface coverages. We therefore ascribe the reported potential deviation in the
unbuffered neutral region (negative for the cathodic scan and positive for the anodic
scan) to local proton depletion and accumulation effects at the BDD electrolyte
interface. In this region given the finite balance of proton and hydroxide ions,
perturbations in proton concentration are most significant. Deviations in the cathodic
region are more severe than those in the anodic, attributed to quinone-catalyzed ORR
also causing the local pH to rise. Such effects can be reduced by careful attention to
the scan range employed and number of scans made per measurement.
To negate this behaviour, lowering the surface coverage even further would be a
possibility, however the reported surface coverages are already the lowest seen in the
literature to-date and represent the technical limitation of the nanosecond laser
ablation system. We therefore advocate use of a pulsed voltammetric approach where
for each step potential of the CV, the potential pulses into first quinone reduction
(consuming protons) and then immediately switches to quinone oxidation (to generate
protons). Combining this approach with a very low surface coverage BDD-Q electrode
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(4.21 × 10−12 mol cm-2) we show we are able to negate proton accumulation / depletion
effects in unbuffered aerated media, and demonstrate a PCET response which follows
the 2e-/2H+ pathway over the pH range 4-10. Furthermore, the potential window for
BDD-Q PCET is within an extremely useful working range of 0.4 to -0.3 V. Inner
sphere voltammetric interference molecules will be strongly electrocatalytically
retarded on this electrode, and thus significantly pushed out, away from the pH
response. This approach paves the way for development of a universally useful BDDQ based voltammetric pH sensor.
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5 Chapter 5: An sp2 Patterned Boron Doped Diamond
Electrode for the Simultaneous Detection of Dissolved
Oxygen and pH
5.1 Outline
A hybrid sp2-sp3 electrochemical sensor comprising patterned regions of nondiamond-carbon (sp2) in a boron doped diamond (sp3) matrix is described for the
simultaneous voltammetric detection of dissolved oxygen (DO) and pH in buffered
aqueous solutions. Using a laser micropatterning process it is possible to write
mechanically robust regions of sp2 carbon into a BDD electrode. These regions both
promote the electrocatalytic reduction of oxygen and facilitate the proton coupled
electron transfer of quinone groups, integrated into the surface of the sp2 carbon. In
this way, in one voltammetric sweep (time of measurement ~ 4 s) it is possible to
determine both the DO concentration and solution pH. By varying the sp2 pattern the
response can be optimised towards both analytes. Using a closely-spaced sp2
microspot array a linear response towards DO, across the range 0.0 to 8.0 mg L-1 (0.0
to 0.25 mM; sensitivity = -8.77 × 10-8 A L mg-1, R2 = 0.9991) and pH range 4 – 10
(sensitivity = 59.7 mV pH-1, R2 = 0.9983) is demonstrated. Finally, we show how the
peak position for ORR is independent of pH and thus via measurement of the
difference in ORR and pH peak position, internal referencing is possible. Such
electrodes show great promise for use in applications ranging from bio-medical
sensing to water analysis.
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5.2 Introduction
The stability of an ecological or biological system, whether it be natural waters1 or
body fluids e.g. blood,2 is governed by its ability to maintain a carefully controlled
homeostasis. A number of fundamental factors influence this homeostasis, and can be
used as indicators of system health. These include, for example, temperature,3 pH,4,5
and dissolved oxygen (DO) concentration.6,7 DO is most commonly measured either
optically using a luminescent probe or electrochemically via adaptations of the
membrane-based Clark cell method. pH is commonly measured using the
potentiometric glass pH probe.8 Whilst all probes offer good sensitivity and
selectivity, their large size, fragility, susceptibility to fouling and need for frequent
calibration due to drift can lead to difficulties in complex media.
For many applications, sampling frequency is an important issue. For arterial blood
analysis of hospitalized patients, DO, pH, CO2 and temperature are measured using a
conventional blood gas analyser, which employs a Clark cell for DO9 and a glass
potentiometric probe for pH.10 The latter measurement also enables the indirect
determination of blood CO2.11 Such parameters are vital indicators of underlying
problems, and can change rapidly as a result of medical conditions or trauma.12,13 In
blood gas analysis, withdrawal of large quantities (up to 5 ml) of blood is typically
required, with the sample transported to the instrument for analysis. This limits
sampling frequency to, at best ca. one test per hour, which is not sufficient for early
detection of deteriorating health conditions. This underscores the importance of
continuous, on-line, and reliable measurements.
Whilst there have been developments in the field of smaller, more robust DO sensors
most still have associated issues which make their use in continuous on-line detection
difficult. Variations on Clark-type DO electrodes include methods of miniaturisation,
14–19

or those based on non-noble metals.20 However, issues with membrane use and

fragility are still a concern. Miniaturisation of membrane-free e.g. Pt microdisc,21 Pt
microarrays,22,23 and metal-polymer24,25 electrodes have also been explored for DO
analysis in a range of fields including oceanography, biology, and biomedicine. A
number of optical sensing methods, due to their ability to measure DO without
consumption, or the generation of toxic species, such as hydrogen peroxide, have also
been investigated for biological cell culture analysis.26 However, in all cases DO
reliability in a continuous on-line setting is still affected by one or more issue including
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fragility, biotoxicity, size, susceptibility to damage or fouling, or complicated
preparation and use.
For the widely used glass pH probe, alternatives have also been explored aimed
primarily at miniaturisation and on-line analysis. One of the most popular includes pH
sensitive iridium oxide (IrOx).27 Whilst IrOx enables miniaturisation and offers good
sensitivity with a super-nernstian response, it suffers drawbacks of biocompatibility
and long term film stability; film dissolution and delamination are problematic.
Quinone functionalised electrodes have also been proposed as pH sensors due to
proton coupled electron transfer (PCET) during quinone reduction.28 However,
quinones chemically tethered to an electrode surface can also present long term
stability and robustness issues. Recent work saw the introduction of boron doped
diamond-quinone (BDD-Q) electrodes, where the quinone groups were robustly
integrated into the BDD surface via a laser ablation process.29–31 These strongly
electronically coupled BDD-Q electrodes were shown to measure solution pH in both
buffered29 and unbuffered media.31
In general, BDD is an increasingly popular electrode material choice for
electroanalysis, due to the interesting properties which arise from its sp3 nature,
including mechanical robustness, wide solvent window with low background currents,
chemical inertness, low fouling, and biocompatibility.32–34 However, the sp3 BDD
surface renders the electrode much more catalytically insensitive to inner sphere redox
reactions, compared to metal electrodes and sp2 carbon electrodes. For example, the
oxygen reduction reaction (ORR) is significantly retarded on BDD and can be difficult
to detect within the aqueous solvent window since the sp3 structure lacks electron
transfer mediating binding sites.32 In contrast, on sp2 electrodes, such as graphite or
glassy carbon, ORR is thought to go via a two-electron transfer pathway,35–38 Equation
5.1.

O2 + 2H+ +2e- → H2O2

pH = 7, Eo = 0.456 V vs SCE

[5.1]

This study aims to produce a membrane-less electrochemical approach to the
measurement of pH and DO, which is suitable for high frequency, on-line analysis,
and is capable of detecting both species in one voltammetric measurement only.
Hybrid, robust sp2 functionalised BDD electrodes will be used to improve catalytic
efficiency of ORR on BDD and promote pH sensitivity. Of interest is how the spatial
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arrangement of sp2 sites in the BDD base material impacts optimisation of the ORR
and pH signals. Buffered solutions over the pH range 6-8, are employed, given the
significance of pH and DO measurements in the biological field. The possibility of
using the difference between both signals to correct for reference electrode drift is also
explored.
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5.3 Experimental
5.3.1

Solutions

Solutions were prepared using ultrapure water (Milli-Q, resistivity of ≥18.2 MΩ cm
at 25 °C). Buffers covering the pH range 2 - 10 were prepared according to the
Carmody method.29,39 After laser ablation, each electrode was conditioned by cycling
in 0.1 M H2SO4 (98%, Sigma-Aldrich, UK).29,32 Electrode analyses were conducted in
0.1 M KNO3 (99%, Sigma-Aldrich, UK), 0.1 M H2SO4 (Fisher Scientific, UK), 1 mM
Ru(NH3)63+/2+ (99%, Strem Chemicals, UK) with 0.1 M KNO3, and pH 2 Carmody
buffer respectively. All chemicals were used as received unless otherwise stated.
5.3.2

Electrode Preparation

BDD cylinders of 1 mm diameter, polished on the top (growth) surface to
approximately nanometer scale roughness, were machined from a six inch
freestanding BDD wafer (357 m thick) using a 355 nm Nd:YAG 34 nanosecond laser
micromachiner (E-355H-ATHI-O system, Oxford lasers). The BDD cylinders were
acid cleaned in boiling concentrated H2SO4 (98%), saturated with KNO3, to oxygen
terminate the surface and remove any loosely contacted sp2 carbon introduced during
the laser micromachining step. Ti (10 nm) / Au (400 nm) was sputtered (Moorfields
MiniLab 060 platform sputter/evaporator) onto the back of the BDD cylinders and
annealed at 400°C for 5 h, to form a reliable ohmic contact. The BDD cylinders were
then sealed in glass capillaries (o.d. 2 mm; i.d. 1.16 mm; Harvard Apparatus Ltd.,
Kent, UK) and the top surface exposed by polishing away the glass with carbide grit
paper disks and alumina (0.05 µm) paste (Buehler, Germany). The glass capillary was
back filled with silver epoxy (Chemtronics, CircuitWorks), a copper wire added for
electrical connection, and the capillary sealed with non-conductive epoxy (Araldite).
A laser micromachiner was used to pattern sp2 carbon features into the BDD surface.
All electrodes were machined with a pulse fluence of 14 J cm-2, just above the ablation
threshold of BDD.31 Electrodes 1 and 2, were produced by rastering the laser beam in
a circular pattern with a nominal pulse density of 2 × 106 pulses per cm-2 and 1 × 106
pulses per cm-2 respectively. The nominal pulse density was altered to account for
differences in the stage acceleration effects on different sized features, with the aim of
achieving a similar surface sp2 content on both electrodes. Electrode 3 was fabricated
using isolated laser pulses to produce an array of microspots. After laser
micromachining the electrodes were again acid cleaned to both remove loosely bound
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sp2 carbon and oxidatively “activate” by heating the electrode at ~200 °C for 15
minutes in concentrated H2SO4 (98 %) saturated with KNO3.29

Prior to

electrochemical characterization the electrode surface and pit profiles were analyzed
via optical microscopy (Leica DM4000M) and white light interferometry (WLI:
Contour GT, Bruker).
5.3.3

Electrochemical Measurements

Electrochemical measurements were conducted using a CH1040a potentiostat (CH
Instruments Inc., USA), and a saturated calomel reference electrode (SCE: IJ Cambria
Scientific Ltd., UK). DO concentration and solution pH were measured using a
luminescent DO (LDO) probe (HQ40d; Hach, USA) and a glass pH probe
(SevenCompact; Mettler Toledo, UK), respectively. The DO concentration was
regulated through the use of Ar and O2 gases piped into a sealed reaction vessel using
mass-flow controllers (MKS Instruments) with a total flow rate of 500 sccm. An outlet
pipe with non-return valve was also connected to the reaction vessel to remove excess
gas and avoid pressure build-up. All measurements were conducted versus a standard
SCE reference electrode and a Pt wire counter electrode. BDD electrodes were
polished before use with alumina (0.05 µm) paste (Buehler, Germany). For
measurement of the diffusion coefficient of O2, a 28 µm diameter Pt microelectrode
was prepared before use by cycling in 0.1 M H2SO4 (>99 %, Sigma Aldrich, UK). For
Koutecky-Levich analysis the glass sealed hybrid sp2-BDD electrode was rotated at
frequencies in the range 12-30 Hz employing a commercial rotator (Pine Instruments,
USA) in conjunction with a 3D printed in-house customized electrode holder to attach
the electrode to rotator. Electrodes were assessed in terms of their quinone surface
coverage, Γ, using a method previously described,30 where Γ is calculated using
Equation 5.2 from the charge passed, Q, during oxidation of the quinone groups,where
n is the number of electrons transferred (n = 2), A is the total electrode surface area
(cm2, measured using WLI and F is the Faraday constant (96485 C mol-1).
𝑄 = 𝑛𝐴𝐹𝛤
5.3.4

[5.2]

Data Analysis

Data analysis was conducted using Python 3.6 and the SciPy stack. Data was smoothed
using a rolling mean with a window of 10 data points in order to remove low amplitude
noise. The pH and ORR peaks were identified using the first derivative method within
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the bounds +0.3 V to -0.2 V, and -0.85 V to -1.1 V vs SCE respectively. Where the
first derivative is equal to zero a turning point occurs, minima are identified by a
positive second derivative at that point (i.e. an increasing first derivative through the
turning point). For each peak the current and potential value were recorded.
Calibration curves were fitted using linear regression.
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5.4 Results and Discussion
ORR on minimal sp2 content BDD base material is significantly kinetically retarded,
occurring very close to the cathodic solvent window (Figure 5.1, where the half wave
potential, E1/2 for ORR = -1.414 V). A limiting current of 0.67 µA is observed.

Figure 5.1: Linear sweep voltammogram for an sp2 free electrode conducted at
0.05 V s-1 between 0.5 V and -2 V vs SCE in pH 7.00 Carmody buffer under
ambient (solid line) and degassed (−·−·) conditions.
Laser ablation enables patterning of sp2 carbon regions into the BDD base material,
with any shape, limited only by the spot size of the laser process ca ~ 5 µm (for the
laser system employed).29,30 Associated with these sp2 regions are surface-integrated
quinones; BDD-Q.29,31 Initial experiments explored how sp2 pattern affects the
voltammetric response of a BDD macroelectrode (1 mm geometric diameter), with
respect to ORR.
WLI was used to determine the geometry of the three laser micro-machined electrode
patterns, (Figure 5.2) (a) Electrode 1 a centrally located single lasered sp2 macrospot.
(b) Electrode 2 a hexagonal array of sp2 microspots, and (c) electrode 3 a hexagonal
array of smaller sp2 microspots. 3D rendered images (top) illustrate the locations at
which depth profiles of the surface were measured (pink and black solid lines), these
correspond to the line profile (line length vs surface depth) plots presented below. In
each case, two line profiles are presented to demonstrate consistency.
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Figure 5.2: WLI data showing a rendered 3D image (top), and the lasered pit
profiles (bottom) of (a) a single spot electrode, (b) an array electrode of equivalent
quinone surface coverage to (a), and (c) a microarray electrode.
Electrodes (1) and (2) exhibit an equivalent Γ for quinone groups but (1) is a single,
centrally located single macrospot, 370 ± 2 µm in diameter, 10 ± 2 µm deep, whilst
(2) is an hexagonal array of sixty-one microspots, 50 ± 2 µm in diameter and 5 ± 2 µm
deep, with a centre to centre spacing = 100 µm. On a typical voltammetric timescale
employed here (= 0.05 V s-1), diffusional overlap between neighbouring sites will be
significant. Electrode (3) represents a hexagonal array of nineteen microspots, 10 ± 2
µm in diameter (5 ± 2 µm deep) with a centre to centre spacing of 200 µm. The size
and spacing is such that diffusional overlap is not expected. The three electrode
designs considered, are shown optically in Figure 5.3(top);
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Figure 5.3: Optical microscope images and cyclic voltammograms (CVs) for (a)
single macrospot sp2-BDD electrode, (b) microarray sp2-BDD electrode of
equivalent Γ to (a), and (c) smaller spot size microarray sp2-BDD electrode. CVs
were run at 0.05 V s-1 between +0.4 V and -1.35 V in pH 7.00 Carmody buffer under
ambient (solid) and degassed (−·−·) conditions. CV insets show CV zoomed in
around the quinone oxidation-reduction peaks (+0.3 V to -0.3 V).
Figure 5.3 (bottom) shows the resulting cyclic voltammetry (CV) responses recorded
in oxygen-containing (ambient conditions) and degassed (low oxygen conditions) pH
7.00 Carmody buffer solutions, at a scan rate of 0.05 V s-1. It is clear, from comparison
with the bare BDD electrode40 (Figure 5.1), and from CVs recorded in deaerated
solutions (−·−·) that the waves labelled (i) in Figure 5.3(a) and (b) are associated with
ORR on sp2-BDD (E1/2 = -0.821 V and -0.839 V respectively). They are shifted by
~0.6 V more positive under the same solution conditions, compared to bare BDD,
indicating significantly faster electron transfer (ET) kinetics compared to BDD alone.
Note, relative to Eo, electron transfer is still slow. These patterned electrodes can be
considered as containing ORR-active sp2 Electrode(s) embedded within an inert BDD
background, for the voltammetric scan range presented in Figure 5.3. In this way,
design 2, is similar to a more traditional high density microelectrode array where the
active material e.g. Pt, Au, carbon fibre is embedded within an insulating material such
as glass, or epoxy.41,42 On the smaller microarray electrode (3), ORR due to the sp2
microsites on BDD cannot be suitably discerned.
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The diffusion coefficient, D, of O2 in pH 7 Carmody buffer was calculated from the
steady state current, iss, for ORR process at a 27.8 µm diameter Pt disk microelectrode
(Figure 5.4). On Pt, n for ORR is assumed to be 4.36

Figure 5.4: CV of ORR on a 27.8 µm Pt microelectrode conducted at 50 mV s -1
between 0.25 V and -0.6 V in pH 7.00 Carmody buffer under ambient conditions
(8.14 mg L-1).
From the measured iss, D for O2 could be calculated using Equation 5.3:
𝑖𝑠𝑠 = 4𝑛𝑎𝐹𝐷𝐶 ∗

[5.3]

Where iss = 7.4 nA, n = 4, a is the electrode radius, F is the Faraday constant (96485
C mol-1) and C* is the concentration (8.14 mg L-1 = 0.255 mol dm-3). D was calculated
to be 1.36 × 10-5 cm2 s-1.
Whilst sp2 carbons are assumed to follow a 2e- ORR process,35,36 the exact structure
of the robust non-diamond-form of carbon produced on the surface from the BDD
during laser ablation has yet to be elucidated. It was therefore necessary to identify the
number of electrons involved in ORR on the hybrid sp2-BDD electrode in order to
quantify further the current responses observed. Due to the slow kinetics of ET,
Koutecky-Levich analysis can be used to determine n for ORR on the sp2-BDD
electrode.
A rotating disc electrode was used to measure the ET kinetics of ORR on an sp2-BDD
microarray electrode (Electrode 2). The ORR response was measured by linear sweep
voltammetry at a range of rotation rates (75 – 189 rad s-1), Figure 5.5(a). The
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Koutecky-Levich equation, Equation 5.4, was used to calculate the number of
electrons, n, transferred from the average inverse current slopes at different potentials
along the ORR wave (0.95-1.15 V vs SCE, Figure 5.5(b)).
1 1
1
1
= +
𝜔 − ⁄2
1⁄
2
−
⁄
𝑖 𝑖𝑘 (0.620𝑛𝐹𝐴𝐷 3 𝑣 6 𝐶)

[5.4]

where i is the measured current, ik is the kinetic current, F is the Faraday constant
(96485 C mol-1), A is the electrode area (only sp2 regions assumed active = 0.00225
cm-2 from interferometry), D is the diffusion coefficient (1.36 × 10-5 cm2 s-1, measured
using a Pt microelectrode (vide supra)), v is the kinematic viscosity (assumed to be
0.01 cm2 s-1), C is the DO concentration (8.3 mg L-1, 0.26 mM from LDO probe) and
ω is the rotation rate (rad s-1). From this equation n = 2.04.

Figure 5.5:(a) LSV of Electrode 2 in pH 7 Carmody buffer at varying rotation rates
(75-189 rad s-1). (b) Koutecky-Levich plot of the inverse current at different
potentials along the ORR wave (0.95-1.15 V vs SCE). (c) Natural logarithm of
kinetic current against overpotential for the calculation of kinetic parameters.
The Tafel equation (Equation 5.5), where (E - E0) is the overpotential was used to
produce a Tafel slope (Figure 5.5(c)) from plotting ik at different overpotentials along
the ORR wave, determined from the intercepts of Figure 5.5(b). From the slope it was
possible to determine a transfer coefficient (α) of 0.27 and a heterogeneous rate
constant (k0) of 7.0 ×10-16 cm s-1 from the intercept.
𝑖𝑘 = 𝑛𝐹𝑘0 𝐶𝑒 −
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Assuming only the sp2 carbon contributes to the ORR currents observed in Figure 5.3
and ET is irreversible and diffusion controlled, the latter which can be considered
predominantly planar, the expected peak current can be calculated using equation
5.6:30,43
𝑖𝑝 = 0.496(𝛼𝑛′ )0.5 𝑛𝐹𝐴𝐶(

𝐹𝐷𝜈 0.5
)
𝑅𝑇

[5.6]

where α is the transfer coefficient, n’ is the number of electrons transferred before the
rate determining step (n’ = 1),37,38 n is the total number of electrons transferred (n =
2),35–38 C is the concentration, D is the diffusion coefficient (1.36 × 10-5 cm2 s-1,
measured using a Pt microelectrode, vide supra), ν is the scan rate (0.05 V s-1), R is
the gas constant (8.314 J mol-1 K-1) and T is the temperature (298 K). The calculated
ip for electrode (1) is = 0.204 µA (for a DO concentration of 8.3 mg L-1 = 0.26 mM
and geometric electrode area governed by the laser ablated area of 1.07 × 10-3 cm2),
this compares closely to the current recorded= 0.206 µA, after the background current
at -0.55 V vs. SCE was subtracted. For Electrode (2) the measured background
subtracted current is 0.42 µA. Given diffusional overlap is expected, if we assume a
geometric electrode area based on a 0.85 mm diameter electrode (the external diameter
of the machined region), a current of 0.52 A is predicted. For Electrode (3) a limiting
current of 13 nA is expected based on the cumulative response of nineteen
diffusionally-isolated microelectrodes of diameter 10 µm. The magnitude of this wave
is of the same order as the background currents, explaining the absence of an
observable wave in Figure 5.3(c).
In the potential region, 0.3 V to -0.3 V for all three electrodes there is also evidence
of another voltammetric process, highlighted in the insets to the CVs in Figure 5.3a-c.
The CVs are characteristic of a surface bound ET process; peak to peak separations
for the three electrodes are (1) 27 mV; (2) 54 mV and (3) n/a, as only the anodic peak
was discernible from the background current. This response has previously been
associated with PCET for surface integrated, strongly electronically coupled,31,44
quinones residing in the sp2 regions of the BDD electrode. From analysis of the anodic
CV sweep, it is possible to calculate,  for the Q-groups for the three electrodes,
equation 5.2, where  is (1) 2.63 × 10-13 mol cm-2 (A = 1.25 × 10-3 cm2); (2) 2.71 ×
10-13 mol cm-2 (A = 2.07 × 10-3 cm2) and (3) 1.23 × 10-13 mol cm-2 (A = 3.66 × 10-4
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cm2). The information in brackets represents the machined surface area for each
electrode.
Comparing the currents passed for both ORR and the quinone PCET response, the
largest ORR current is seen for Electrode (2). The quinone PCET response is much
harder to distinguish against the background current, for all electrodes, and becomes
increasingly more difficult as the quinone content decreases. To increase the signals,
especially for the quinone response, square wave voltammetry (SWV) was employed,
with a focus on electrode (2), given its promise from the CV data for both ORR and
pH. Figure 5.6, shows both the CV (0.05 V s-1) and SWV (100 Hz, 0.1 V amplitude,
and 0.004 V increment) responses for the microarray Electrode (2) in pH 7.00
Carmody buffer under ambient conditions in aerated solution over the potential range
0.4 V to -1.35 V (measurement time = 1.88 s). A high frequency was chosen for SWV
data in order to increase the current magnitude, but not so high that the analysed
component of the current contained non-faradaic current components at the solution
conductivities employed. As clearly shown, SWV amplifies the current for both ET
processes, importantly enabling the quinone PCET process to be easily resolvable
against the background. Interestingly, now evident on the left hand side of the pH peak
is a smaller second peak, which has previously been shown to be related to quinone
catalysed ORR.31
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Figure 5.6: Comparison of CV and SWV response between 0.4 V and -1.35 V for
microarray electrode 2, in pH 7.00 Carmody buffer under ambient conditions. CV
(top) run at 0.05 V s-1 with 0.004 V increment. SWV (bottom) run at 100 Hz, 0.1 V
amplitude, and 0.004 V increment.

To further investigate the ability of Electrode (2) to quantify DO concentration and
pH in one measurement, Figure 5.7 shows the SWV response (100 Hz, 0.1 V
amplitude, and 0.004 V increment) in pH 6.02, 7.12, and 8.10 buffers (chosen for their
biological pH relevance) over a range of DO concentrations between 0 (deaerated: 100
% Ar) and 8 mg L-1 O2 (= 0.25 mM); the solution was bubbled with O2 and Ar gases
at a flow rate of 500 sccm in ratios between 0 % O2: 100 % Ar and 20 % O2: 80 % Ar.
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Figure 5.7: SWV data showing the pH response and ORR response in pH 6.02
(top), pH 7.12 (middle), and pH 8.10 (bottom) Carmody buffer solution over a
range of DO concentrations. SWVs were run at 100 Hz, 0.1 V amplitude, 0.004 V
increment, between 0.4 V and -1.35 V.

The ORR peak near -1.0 V clearly increases in current magnitude with increasing DO
concentration, confirming that it is due to ORR on laser incorporated sp2 carbon. Note
a small DO current is observable under 0 % O2:100% Ar conditions, indicating it was
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not possible to completely remove all the DO from the system; confirmed also from
the LDO independent measurement. The pH peak is unaffected in either current
magnitude or peak potential by the changing DO concentration. In contrast, as the pH
is increased a shift in the negative potential direction is observed, consistent with the
Nernst equation43 for a 2e-/2H+ process.29,31 The data presented in Figure 5.8 was
repeated such that three measurements were recorded for each pH: pH 4 (4.16, 4.18.
4.21), pH 6 (6.00, 6.02, 6.04), pH 7 (7.12, 7.12, 7.15), pH 8 (8.06, 8.10, 8.13), and pH
10 (10.16, 10.17, 10.18) and for each of the fifteen pH measurements made, five O2:Ar
ratios between 0 % O2: 100 % Ar and 20 % O2: 80 % Ar (0:100, 4:96, 10:90, 14:86,
20:80) were also assessed (seventy five measurements in total). The resulting ORR
currents (background subtracted) are presented in Figure 5.8a versus the measured
LDO values, for the different pH solutions over the range 4.00-10.20. Each
measurement was background subtracted at -0.55 V (such that the current value at 0.55 V = 0 µA for all measurements), chosen such that neither DO nor pH related
processes were occurring. This method was chosen over the subtraction of a linear
baseline as the changing shape of the curve baseline at more negative potentials than
the ORR peak, with changing DO concentration, caused artificial shifting of the peak.
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Figure 5.8:(a) Mean ORR peak current vs mean measured LDO (mg L-1), and (b)
mean pH vs mean pH peak potential both from the same series of SWV
experiments as described in Figure 5.7. Experiments were conducted in pH buffer
solutions between pH 4.00 and 10.20 (pH 4: 4.16, 4.18. 4.21, pH 6: 6.00, 6.02,
6.04, pH 7: 7.12, 7.12, 7.15, pH 8: 8.06, 8.10, 8.13, and pH 10: 10.16, 10.17, 10.18)
each for five oxygen concentrations over the range 0.1 - 8 mg L-1. Data was
background subtracted at -0.55 V, where no pH or DO related processes are
occurring.
For the five pH values investigated (in the range 4 - 10) a linear relationship between
the aggregate mean ORR peak current and the mean DO concentration (mg L-1),
calculated across all pH values for each DO concentration, is observed with a gradient
of -8.77 × 10-8 A L mg-1, R2 = 0.9991. This enables the assumption to be made that the
magnitude of the oxygen current response is unaffected by pH over the pH range 410.37 The data in Figure 5.8b is constructed similarly from the fifteen data sets by
calculating the aggregate mean of the quinone PCET peak potential across all DO
concentrations for each group of pH values and plotting vs the mean pH for each
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group. Here a gradient of 59.7 mV pH-1 results with an R2 of 0.9983. Theory predicts
that the PCET pH response should follow a Nernstian (59 mV pH-1 for 298 K)
relationship.
Finally, it is interesting to consider, now we have two peaks recorded in one SWV
scan, whether it is possible to use the voltage difference between the peaks as a means
to accommodate any possible reference electrode drift issues. Drift is problematic
when determining pH from the position of a voltammetric wave. This concept was
first proposed by Wrighton et al.45 and has been used by others for pH determination
using quinone PCET where a pH insensitive redox molecule is deliberately added to
the system.45–47 Although Equation 5.1 indicates the involvement of H+ in the reaction,
as there are no H+ transfer reactions occurring before or in the rate determining
step,37,38 [H+] should not affect the peak position for ORR ET. The peak potential for
ORR vs SCE from the first set of data collected for Figure 5.8 (pH 4.16, 6.00, 7.15,
8.06, and 10.18, at four different DO concentrations in the range 1.5 – 8.0 mg L-1) was
analysed for a statistically significant dependence. Here a Kruskal-Wallis analysis of
variance (ANOVA) and a One-Way ANOVA at a 5 % significance level, with the
Bonferroni correction for multiple comparisons, were employed. No statistical
dependence of ORR peak potential on either DO concentration or pH was observed,
Figure 5.9(a) and (b) respectively, where the DO concentration or pH are compared
with the ORR peak potential. Figure 5.9c shows the separation between the pH and
ORR peaks in one voltammetric scan, Ep, as a function of DO concentration, for
fixed pH values between 4.16 to 10.18. Ep can thus be used to inform on solution
pH, as shown in Figure 5.9(d), where a close to Nernstian gradient of 57.0 mV is
observed when plotting average Ep for all DO concentrations as a function of pH.
Figure 5.9 highlights the potential for using the ORR signal as an internal reference
for voltammetric pH measurements.
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Figure 5.9: Potential dependence of ORR peak on: (a) DO concentration for pH
solutions in the range 4.16 to 10.18. (b) pH for DO concentrations in the range 1.58.0 mg L-1. (c) Effect of DO concentration on ΔEp. (d) Effect of pH on average ΔEp
for all DO concentrations, error bars are standard deviation of all ΔEp for each pH.
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5.5 Conclusions
Simultaneous measurement of DO concentration and pH, in the same voltammetric
scan, using a hybrid sp2-BDD electrode containing laser patterned sp2 regions, was
demonstrated in buffered solutions across the pH range 4-10 and DO concentrations
of 0 – 8 mg L-1 (0 – 0.25 mM). Linear responses to both were observed. The spatial
arrangement of sp2 regions on the BDD, and the voltammetric measurement technique,
were both investigated to produce an optimised response for ORR and pH. A
diffusional-overlapping microspot sp2 array in conjunction with SWV was found to
produce the largest signals for analysis. As both analytes could be detected in one
voltammetric scan (time of scan ~ 4.4 s) this approach offers significant potential
benefits over current methods including, for example; the need for only one working
electrode and significantly decreased analysis. As there is no membrane, a stabilisation
time due to diffusion of species through or across a membrane, is no longer required.
The relationship between peak positions of the DO and pH SWV responses were
explored in more detail with the ORR peak position being found to be independent of
both DO concentration and pH peak position. A linear relationship was demonstrated
between the peak separation between the ORR and pH signals (in the same scan) and
pH, indicating promise as a possible avenue for internal referencing and correcting
against reference electrode drift. Furthermore, the high thermal conductivity of BDD
means placement of a temperature probe on the rear face of the BDD (within the probe)
would allow for accurate temperature measurement of the front facing solution,
making the sensor a truly standalone multi-purpose device.
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6 Chapter 6: Enhancing Square Wave Voltammetry
Measurements via Electrochemical Analysis of the
Non-Faradaic Potential Window
6.1 Overview
Square wave voltammetry (SWV) is a commonly used analytical technique, where a
series of potential pulses are applied with the intention of increasing signal to noise
ratios and reducing background (non-faradaic currents). The raw current-time (i-t)
data from this method is often discarded, and only the currents over the last part of the
potential pulse are used to form a voltammogram. However, discarded data can offer
further analytical information if collected. In this chapter it is demonstrated that in
regions of the potential window where there are only non-faradaic reactions,
information on the resistance and capacitance can be found by fitting the RC decay
seen in the first part of the i-t data. This information can be used to inform on the
solution conductivity and electrode capacitance, which are useful metrics for electrode
condition and tracking effects such as fouling. These measurements are possible at
high frequencies (up to 1667 measurements per second) and without the need to
conduct further electrochemical experiments, such as electrochemical impedance
spectroscopy. Measurement of the RC decay can also be used to infer if the square
wave parameters are sufficient to have completely removed any non-faradaic
contributions to the SWV, allowing simple and fast optimisation of the measurement
conditions.
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6.2 Introduction
In electroanalysis, pulsed voltammetric techniques are a common way of increasing
detection sensitivity,1 with the aim of excluding the capacitive contribution from the
response, resulting in lower detection limits. Square wave voltammetry (SWV),
originally developed by Kalousek and Barker,2 is particularly popular,3 as it allows
faster analysis times compared to other pulse techniques such as differential pulse
voltammetry or normal pulse voltammetry.1 For most analytical applications, staircase
SWV, as proposed by Ramaley and Krause,4,5 and often referred to as SWV (or
Osteryoung SWV),6 has become the de facto standard. SWV is widely used in
electroanalytical studies, interestingly, often with little or no comment as to how the
operational parameters chosen were adopted.
SWV involves the application of a series of potential pulses, formed from a potential
staircase (Figure 6.1a, dashed line) overlaid with a square wave pulse, with a forward
and then reverse pulse occurring on each tread of the staircase (Figure 6.1a

, solid line).3 Operational variables include the pulse amplitude, (Esw) frequency (fSW)
and staircase increment (EI ), creating a large parameter space for SWV optimisation.
The raw data consists of a series of current time (i-t) decays in the anodic and cathodic
directions, where the length of the decay is determined by the frequency employed.
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Figure 6.1:(a) SWV potential pulse sequence, where Esw is the amplitude, fSW is the
square wave frequency, EI is the increment, Ifwd and Irev are the sampling points for
the forward and reverse currents,respectively. (b) Theoretical INF, IF and (INF+IF)
current-time responses for an anodic potential pulse of ΔE= 0.1 V, R= 3kΩ, Cdl= 40
nF, Diffusion coefficient= 8 × 10-6 cm s-1 concentration = 0.1 mM.
An example i-t curve in a single square wave pulse (blue line), for detection of a redox
active analyte, is shown in Figure 6.1b, where the current passed represents the sum
of the faradaic (IF; red line, diffusional t-1/2 decay7) and non-faradaic (INF, black line,
exponential t decay) current. With the text book definition of SWV, the current at the
end of each pulse is sampled and the reverse current subtracted from the forward
current and plotted against the staircase potential to give a voltammogram. However,
to improve on noise, many commercial potentiostats current average over a defined
percentage of the pulse (as much as 50-100% of each individual i-t trace).8 Some
potentiostats also record the forward and reverse currents in the output data for
inspection by the user.
In a potential range where no faradaic reactions occur, the shape of the i-t decay curve
on the application of a potential pulse is related to resistance, R, and capacitance, C,
which collectively represent the time constant, RC, as shown by equation 1, where E
represents the potential pulse height (the forward pulse is larger than the reverse pulse
by EI).
𝑖(𝑡) =

∆𝐸 −𝑡⁄
𝑒 𝑅𝐶
𝑅

[6.1]

In the case of an electrochemical cell R is related to the cell geometry, electrode
spacing, electrode R and solution R.9 This is referred to as the uncompensated R, Ru.
If the cell geometry is fixed and the electrode R negligible, Ru depends only on solution
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R. In theory the conditions of SWV should be chosen such that sampling occurs at a
time (or time period) in the i-t curve where the non-faradaic currents have decayed to
~ 0 and only the faradaic response is analysed. In systems where R and / or C are high,
low frequencies and small amplitudes should be used for sensitive faradaic analysis,
however this is at the expense of long measurement times and reduced faradaic
currents. In the presence of faradaic electron transfer (ET), kinetic and mechanistic
information on ET processes is also possible, for example from analysing the
relationship between peak current and frequency,10–12 or amplitude.13–15 16
In SWV, focus is always on the faradaic ET reaction. However, by sampling in a
potential region where only non-faradaic (double layer charging) reactions are
captured, using appropriate sampling conditions, it should be possible to extract
information on R and C. R can be used to inform on solution conductivity (σ), and C,
on the double layer capacitance (Cdl) of the electrode. Information on the former is
important for a large number of applications including drinking water quality
assessment, process water monitoring, production of ultrapure water, and
measurement of the salinity of seawater.17 In contrast, C could be used to inform on
changes that are taking place at the electrode surface, as a function of time e.g.
electrode fouling,18–20 common in more complex real world solution matrices.
Knowledge of RC can also be used to provide feedback on the most appropriate
parameters for faradaic SWV analysis. Typically, electrochemical impedance
spectroscopy (EIS), is used as the method of choice for determining R and C, along
with providing information on charge transfer kinetics.21 However, EIS measurements
can be time consuming, requires an appropriate equivalent circuit to be determined
and fitted and are not amenable to electroanalytical detection measurements.
In this chapter the potential of SWV to provide information on σ (through R) and
electrode modification/fouling (through C), during electroanalysis, using the part of
the i-t trace that is typically discarded in conventional SWV is investigated. We
employ a boron doped diamond (BDD) electrode for these proof-of-concept studies,
given BDD offers a wide potential range over which non-faradaic processes occur.22
We show how the non-faradaic i-t curve can be utilised to provide optimisation data
for subsequent faradaic SWV analysis and demonstrate the ability of SWV to inform
on solution conductivity and surface modification processes taking place at the
electrode. Finally, using an appropriately sp2 functionalised BDD electrode23,24 and by
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sampling in the appropriate potential regions, we highlight how SWV with the same
electrode, can provide information on both solution pH (faradaic) and solution
conductivity (non-faradaic).
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6.3 Experimental
6.3.1

Materials and solutions.

All solutions were prepared from Milli-Q water (Millipore Corp.) with a resistivity of
18.2 MΩ cm at 25 °C. Potassium nitrate (KNO3, 99.97%; Sigma Aldrich) and
potassium chloride (KCl, ≥99%; Sigma Aldrich) were used as supporting electrolytes
at different concentrations to adjust σ. The σ and resistivity(ρ) of all solutions was
measured independently using a commercial four-point graphite probe conductivity
sensor (InLab 731, Mettler Toledo). This sensor was specified for σ of 101 – 106 µS
cm−1 with a nominal cell constant (k) of 0.57 cm−1. 0.5% w/v mucin from porcine
stomach (≥99%; Sigma-Aldrich) and serotonin hydrochloride (≥98%; Sigma Aldrich)
were

used

for

fouling

experiments

with

σ

adjusted

using

KCl.

Hexaamineruthenium(III)Chloride (Ru(NH3)6.Cl3, >97%, Strem Chemicals) was used
for electrode characterization. Water samples were collected from Bassenthwaite lake,
Lake District, UK; Hayle estuary, Cornwall, UK; Kenilworth river, Warwickshire, UK
and laboratory taps at the University of Warwick, UK. For the laser micromachined
BDD electrode experiments pH 7.09 Carmody buffer was prepared using boric acid
(H3BO3, 99.97%; Sigma- Aldrich), citric acid (C6H8O7, ≥ 99.5%; Sigma-Aldrich), and
tertiary sodium phosphate (Na3PO4, ≥95%; Sigma-Aldrich) with a buffer capacity of
25−30 mM per pH unit.25
6.3.2

Electrochemical setup.

For electrochemical measurements a three-electrode configuration was utilized for all
experiments. A 1 mm diameter minimal sp2 content BDD disk, doped above the
metallic threshold and encapsulated with insulating diamond, was used as the working
electrode (WE). Fabrication of this electrode is described elsewhere.26 For sp2-BDD
electrode experiments, a 1 mm BDD disk electrode containing a laser micromachined
hexagonal array of sixty-one, 50 μm diameter sp2 containing laser pits, with a centerto-center spacing of 100 μm was employed; described in detail elsewhere.23,24 A
platinum wire was used as the counter electrode (CE) and a saturated calomel electrode
(SCE) as the reference electrode (RE). The electrode spacing was controlled, with the
RE at an electrode centre-to-centre distance of 5 mm from the WE. All measurements
were performed using an Ivium compactstat (Ivium Technologies B.V.).
A series of potential pulses were applied and the resulting i-t traces recorded. The
potential levels and pulse times were chosen to simulate a SWV measurement in
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amplitude, frequency and increment. For reconstructed SWV in 1 mM Ru(NH3)63+
reduction in 5 mM KNO3. 246 potential pulses were applied between 0 to -0.5 V vs
SCE with an ESW= 0.1 V, EI = 4 mV and fSW = 156 Hz and the SWV response, for
different current averaged time periods of each i-t trace (25% – 100%; 37.5% – 100%;
50% – 100%; 62.5% – 100% and 75 – 100% of the pulse duration). For all studies the
potentiostat filter was set to 1 MHz and the high speed mode used for stability to avoid
additional processing of the data by the instrument. For fSW ≤25 Hz the sampling
frequency (fsamp) was 1 kHz, limited by the data transfer rate. At fSW >25 Hz the fsamp
was 60 × greater than fSW, limited by the onboard potentiostat memory to 8192 data
points for the entire scan. Complementary EIS studies were conducted at 0.1 V vs SCE
with an amplitude of 10 mV at 16 equally spaced frequencies from 10 Hz to 1 MHz.
6.3.3

Data Analysis.

All data was analysed using Matlab R2018a (Mathworks). Each potential pulse was
extracted and fitted with exponential decays using the curve fitting toolbox, the
coefficients from this were used to extract R and C.
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6.4 Results and discussion
To ensure that when complete i-t data is collected for a SWV, a typical voltammogram
can be reformed a series of pulses was applied in 1 mM Hexaamineruthenium(III)
Chloride (>99%, Sigma Aldrich, UK) in 5 mM KCl supporting electrolyte. The pulses
simulated a SWV scanning cathodically from 0 to -0.5 V with an amplitude of 0.1 V,
an increment of 4 mV and a frequency of 156 Hz and the raw i-t data was collected
(Figure 6.2a). To form a SWV, the first part of the pulse (where non-faradaic processes
are a factor) is omitted and the remainder (from 25 to 75% of the pulse, to simulate
different potentiostats sampling parameters) averaged to give forward and reverse
currents or the current at the end of the pulse used (Figure 6.2b). These currents are
assumed to be only faradaic. This assumption is only valid when the RC decay is much
faster than the frequency. The reverse current is subtracted from the forward current
to generate a SWV (Figure 6.2c). By capturing the entire pulse however, the initial
part of the scan that is usually omitted can be used to inform on the non-faradaic
processes that occur to generate the RC decay witnessed i.e. capacitance and
resistance. In regions of the scan where there are no faradaic reactions occurring, such
as well before the E0 for the analyte of interest and away from the electrode solvent
window, the currents are purely non-faradaic and can be used to infer whether these
processes are contributing to the currents used for analyte detection. The RC decay
may impinge on the portion of the pulse used to form the SWV. This can be used to
optimise the measurement conditions for a particular solution.
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Figure 6.2:(a) Raw i-t data for 1 mM ruthenium(III)hexamine. (b) forward and
reverse currents at sample intervals (25-75%). (c) SWV at sample intervals (2575%).
6.4.1

Extracting σ and C data from a SWV signal

The insert to Figure 6.3 shows the cyclic voltammetric (CV) response for a BDD
electrode in 0.1 M KCl electrolyte (scan rate = 0.1 V s-1). The CV is almost featureless
as a result of inner sphere redox processes such as water electrolysis and oxygen
reduction reaction being kinetically hindered,22,27 with the cathodic window
dominated by hydrogen evolution reaction28 and the anodic by chloride oxidation.29
There is a large potential window (~ -1.3 V to +1.0 V vs SCE) in which the current
response is dominated by double layer capacitance. In this potential range the raw i-t
data from a SWV will depend only on R and C. Figure 6.3 shows representative i-t
data, taken from a single potential step in the SWV (0.0 to 0.2 V vs SCE over a time
period of 0.3 ms i.e. fSW= 1.67 kHz), for n=35 solutions of different electrolyte
concentrations (i.e. σ) across the range 2 - 24 mS cm-1. As σ decreases, the decay time
length increases, in accordance with Equation 6.1. The time at which the data is free
from RC contributions, which is assumed to be where the non-faradaic current is less
than the resolution of the potentiostat 16 bit analogue to digital converter for a 100 µA
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current range (3 nA), has a dependence on σ. At the highest σ, 24 mS cm-1, current
sampling at times  120 µs are recommended and at the lowest σ, 20 µS cm-1, times
of  82 ms are required. These times set limits on the SWV sampling frequency for
truly RC free contributions to the current. Note, for very low (0.1 mS cm-1)
conductivity measurements, the fSW required may not be practical for real world
measurements.

Figure 6.3: i-t decays (n=35) for a single cathodic potential pulse from a SWV
measurement in the region where only non-faradaic reactions occur (0 to 0.2 V vs
SCE) in solutions from 2-24 mS cm-1. Inset: CV recorded at 0.1 V s-1 in 0.1 M
KNO3, for BDD
In SWV, many pulses are recorded, with the exact number being controlled by EI and
the potential scan range of interest. Both the forward and reverse i-t curves, per
potential step, can be analysed using Equation 6.2. The modulus of the current
response in each pulse can be analysed using an exponential fit of the form:

|i | =A*exp(B*t)

[6.2]

where in accordance with equation 6.1, the pre-exponential term A represents (E/R),
where ΔE for a forward pulse is larger than the reverse pulse by the increment, and B
is (-1/RC). From A as E is known, R can be experimentally determined for each
pulse. This is shown in Figure 6.4a, for a solution containing 0.25 M KCl. 246
potential pulses were applied in the cathodic direction over a potential range free from

Sam Cobb

Diamond Science and Technology CDT

160
PhD Thesis

faradaic contribution, +0.3 to -0.2 V vs SCE, with an ESW= 0.1 V and EI= 4 mV. ESW
was chosen to be large enough to give current decays on the 100s of µA scale without
stepping into solvent processes at the potential of faradaic reactions and EI was chosen
to give a reasonable (~0.5 V) potential scan range with the 246 pulses that were
applied. This data is exemplar of the response across the entire σ range and was chosen
as one of the highest σ studied, with the fast RC decay making it one of the most
challenging solution conditions for this measurement. The black and red data sets
correspond to forward and reverse pulses, respectively. Figure 6.4a shows the
direction of ΔE does not affect the measured R values, nor the absolute potential
applied. The extracted R values are within the measurement uncertainty across the
entire potential range scanned, independent of pulse direction. Thus it is possible to
use the mean value for the R values obtained from all the pulses to give a single value,
R = 429 ± 13 Ω (n=246). The large amount of data collected in one SWV scan provides
accurate mean values for R on a short timescale; here 246 individual measurements
are captured in less than a second.

Figure 6.4: Effect of electrode potential on (a) the fitted R values and (b) C values
for the forward (black) and reverse (red) pulses in a solution of 0.25 M KCl. ESW=
0.1 V and EI= 4 mV.
With knowledge of R it is possible to determine C for each pulse, from the exponential
term B in equation 6.2, as shown in Figure 6.4b. Unlike R, C and in particular, the Cdl
of the electrode can have a dependence on the absolute potential and step direction.30
However, BDD in aqueous solutions over the comparatively small potential range
employed has been shown to have an almost flat capacitance-potential relationship.31–
33

As such C is averaged to give a value for the entire scan, in this case 3.76 ± 0.04
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µF cm-2 (n=246). A complementary EIS measurement for the same 0.25 M KCl
solution at 0.1 V vs SCE gave a value for C, in very close agreement, =3.8 ± 0.11 µF
cm-2, when fitted with a simple RC circuit (a resistor and capacitor in series).
To ensure the R and C values output represent components in the proposed equivalent
circuit, R and C values the measurement was run against a dummy cell as described in
figure 6.5. A SWV was run across the potential range + 0.3 to -0.2 V with an amplitude
of 0.1 V, increment of 0.004 V and frequency of 1.67 kHz.

Figure 6.5: Dummy cell circuit where electronic components are used to represent
the components of an electrochemical cell where only non-faradaic reactions
occur. The double layer capacitance (Cdl) by a 47 nF resistor, Ru by a 1.2 kΩ
resistor and the compensated solution R (Rs) by a 12 kΩ resistor.
A R of 1.196 ± 0.002 kΩ (resistor value 1.2 ± 0.006 kΩ) and C of 46.9 ± 0.4 nF
(capacitor value 47 ± 2 nF) were recorded from the i-t trace. These are within the
tolerance on the electronic components. This indicates the measured C and R equate
to Cdl and Ru.
The shape of the RC decay is dependent on the cell geometry (Figure 6.6) with the
working WE to RE distance affecting the measured uncompensated resistance (Ru).
When the WE-RE spacing was changed from 5 mm to 45 mm electrode centre to
centre spacing the measured R changed from 7000 to 7490 Ω. An increase of ~9 × in
the inter-electrode distance caused a <10% change in the Ru, suggesting electrode
spacing affects the measured R, but the system is not particularly sensitive to it. Ru
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does not correlate linearly to the electrode position, with the position of all 3 electrodes
and cell geometry affecting the value.9

Figure 6.6: i-t curves for 5 mm (Black) and 45 mm (Red) WE-RE centre to centre
spacing for a 0.3 V potential step in a 792 µS cm-1 KCl solution.
The RE position gave no measurable change in C, with values of 3.66 and 3.83 ± 0.23
µF cm-2 for 5 and 45 mm spacings respectively. These values are within the error of
the measurement.
Cdl can have a concentration34 and electrolyte dependence35, as the thickness of the
Stern layer and ion mobility changes. Due to this some change in C is expected with
conductivity. The C measurements across the entire σ range are shown in Figure 6.7.
While small changes in C are witnessed no specific trend observed, and an average
value of 3.71  0.23 µF cm-2 (n = 45510, 185 measurements each of 246 pulses) can
be calculated. The small magnitude of these changes means no attempt was made to
relate these changes to fundamental solution properties.
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Figure 6.7: Effect of solution σ on the measured C by fitting the RC decay from
SWV data.
These values agree well with previously published values for these electrodes using
CV over the potential range  0.1 V vs SCE; C = 7.7-2.7 µF cm-2 26,36
6.4.2

Measurement of σ using SWV

To assess whether i-t traces from SWV could be used to quantify σ, initial experiments
considered the KCl electrolyte system over the σ range 20 µS cm-1 – 24 mS cm-1. SWV
was employed using the conditions vide supra. As σ increases, and the RC time
constant decreases, faster sampling is required to accurately capture the RC decay and
vice versa. The onboard memory of the potentiostat limits the number of possible data
points, therefore fsamp and fSW must be changed throughout the conductivity range to
accurately capture the RC decay.
The R values from the RC decay are the Ru, which represents several series R between
the WE and RE and at low σ is dominated by the solution R and at high σ other system,
solution independent, R in the system e.g. the electrode and wire R. Figure 6.8a shows
a plot of measured R values versus the measured solution resistivity (ρ=1/σ), the latter
measured using a commercial conductivity meter, for the range 42 Ω cm – 50kΩ cm
(σ= 20 µS cm-1 – 24 mS cm-1). The relationship between ρ and R is linear (r2=0.999)
and the intercept of this plot (ρ=0, R=168  15 ) represents the additional system R
and when subtracted from the measured R values the solution R can be determined and
the solution conductance (G) plotted against solution σ (Figure 6.8b), the gradient of
which is equal to k = 0.176  0.002 cm-1.
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Figure 6.8: (a) Measured R values in solutions of known ρ from SWV, the X
intercept of which represents additional system R that when excluded give solution
R. (b) Measured solution G in KCl from SWV in solutions of differing σ
(gradient= 0.176 ± 0.002, r2= 0.999).
To test the origin of this system R (168 ± 15 Ω) the measured R for a BDD electrode
and a Au electrode in a solution of the same σ (=15.13 mS cm-1) were compared. For
the Au electrode the measured R was 198 ± 6 Ω and for BDD 418 ± 5 Ω. This suggests
the BDD electrode is inherently more resistive than a traditional noble metal electrode.
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While the BDD is metallically doped its conductivity is orders of magnitude lower
than Au.
To test the electrolyte dependence of the measured solution G on σ the same
experiment was performed in KNO3 (Figure 6.9). A linear response with a similar k
(0.174  0.003 cm-1) was observed, demonstrating the electrolyte independence of the
measured solution G, as would be expected.

Figure 6.9: Measured solution G in KNO3 from SWV in solutions of differing σ
(gradient= 0.174 ± 0.003, r2= 0.999).
As the σ is increased (ρ decreased) further, the response plateaus, an effect found to
be dependent on fsamp. A five-fold increase in fsamp (1 kHz to 5 kHz), increased the σ
of the plateau from 0.3 mS cm-1 to 1.6 mS cm-1 (Figure 6.10).
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Figure 6.10: Effect of σ on measured solution G, with data deviating from a linear
response (red points). Changing the sampling frequency increases the σ at which
this occurs.
At the limit of the potentiostat employed (fsamp =100 kHz) the data deviates away from
linear at σ >25 mS cm-1, defining the upper end of the linear working range, reaching
a plateau at ~30 mS cm-1. This is due to the RC decay occuring too quickly to be
accurately captured and fitted with the maximum fsamp of the potentiostat. If the
measurement of σ higher than 30 mS cm-1 was necessary, a potentiostat with higher
bandwidth (>100 KHz) would be required. For measuring σ of many different water
systems e.g. river, tap and industrial wastewater, as well as typical supporting
electrolyte concentrations commonly used in electroanalytical measurements (up to
~0.3 mol dm-3; σ ~30 mS cm-1 ), an fsamp of 100 kHz is sufficient.
To test the capability of the system to measure the σ of different water samples using
a SWV measurement, several samples from lakes, rivers and estuaries around the UK
in addition to tap water from two different labs in the University of Warwick were
measured using a commercial conductivity meter and compared to the conductivity
extracted from SWV (Table 6.1), using the SWV parameters outlined in Table 6.1.
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Sample

Conductivity

SWV (mS cm-1)

Meter (mS cm-1)

Percentage
error (%)

Tap Water (lab 1)

0.503 ± 0.001

0.509 ± 0.03

1.2

Tap Water (lab 2)

0.571 ± 0.001

0.585 ± 0.04

2.5

Bassenthwaite

0.0604 ± 0.0001

0.0592±0.004

2.0

Kenilworth River

0.646 ± 0.001

0.653± 0.04

1.1

Hayle Estuary

0.430 ± 0.001

0.430± 0.02

0.0

Lake

Table 2.1: σ of real world water samples of unknown composition, collected from
around the UK, measured with a commercial conductivity meter and from fitting the
RC decay of a SWV over the potential range +0.3 V to -0.2 V vs SCE.
The σ of the real world water samples extracted from SWV measurements was within
2.5% of that measured by a commercial conductivity meter, therefore proving that this
approach can be used to extract the σ from solutions of an unknown composition.
6.4.3

Electrode C measurements for the in-situ monitoring of electrode fouling

Electrode fouling is always a concern when the electrode is directly in contact with
the measurement solution. For example, in complex biological media, adsorption of
proteins onto the electrode surface can hinder ET, reducing the rate constant and
resulting in reduced analytical signals, decreased limits of detection and uncertainties
on the measurement.37 EIS has been used to provide information on electrode fouling
by measuring changes in the charge transfer resistance18,38 or in some cases, C.18,20
Here, we investigate whether C values extracted from SWV in the non-faradaic
potential window, can be used to infer on electrode biofouling. Specifically, the double
layer capacitance of an electrode immersed in a solution of 0.5% w/v mucin and 5 mM
KCl, was monitored over time (Figure 6.11, ESW= 0.1 V, EI = 4 mV and fSW = 156 Hz,
fsamp = 1 kHz) using a potential range of 0.3 to -0.2 V vs SCE, and compared to values
extracted from EIS at 0.1 V vs SCE, when fitted with a simple RC equivalent circuit.
Mucin is a group of large glycoproteins consisting of a thread-like peptide backbone
with segments containing densely packed carbohydrate side chains, these form a
mucosal gel blanket on biological surfaces for protection and lubrication39 and can
cause electrode fouling.40
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Figure 6.11: C values in 0.5 % w/v mucin measured using SWV (black squares,
error bars are the standard deviation in the C values for each scan) and EIS (red
circles, error bars are the uncertainty on the equivalent circuit fitting).
As shown in Figure 6.11, upon exposure to mucin, C increased slightly in the first 5
minutes and then decreased from a maximum value of 4.03 to 3.37 µF cm-2 over a 30
min time period until reaching a plateau. This plateau was maintained over a further
23 hr period (one measurement every 10 s). The initial starting value for C was as
expected based on the data vide supra in the absence of mucin. A very similar decay
was observed using EIS, fitted with an RC equivalent circuit, suggesting SWV is
recording the C values accurately. Due to the increased measurement time of EIS only
one measurement per minute was possible, as opposed to every 10 s for SWV, with
each SWV measurement giving a value for C that is an average of 246 measurements.
In both cases data fitting is required. For the case of EIS an equivalent circuit must be
proposed and the uncertainty on the measurement is determined by the uncertainty on
the equivalent circuit fitting. With SWV, the uncertainty can be derived from the
standard deviation of the averaged measurements.
It is known that on hydrophobic surfaces it is the bare backbone of the mucin that
interacts with the surface, whilst the hydrophilic carbohydrate side chains surround
themselves with water.41 The BDD surface here is oxygen terminated (O-BDD) and
thus hydrophilic.22 In this case interactions with the surface and the water are likely to
be via hydrogen bonding between the carbohydrate side chains and the BDD oxygen
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groups.42 A small but quantifiable decrease in C is recorded, with time which we
attribute to electrode fouling by mucin.
In addition to the change in C seen with time upon fouling of the BDD electrode in a
solution of 0.5% w/v mucin in 5 mM KCl (Figure 6.11) A change in R, extracted from
the same experiment as figure 6.11, over a comparable timescale (Figure 6.12) was
also seen. The SWV measurements (black squares, n=246) were performed every 10
s, with each measurement taking only 0.8 s over the potential range 0.3 to -0.2 V vs
SCE (ESW= 0.1 V, EI = 4 mV and fSW = 156 Hz, fsamp = 1 kHz. Also shown is EIS data
(red circles, error bars are the uncertainty on the fit) at 0.1 V vs SCE, recorded every
minute over a time period of 60 mins and fitted with an RC equivalent circuit. Due to
the increased measurement time, the fastest frequency of measurement for EIS is one
measurement per minute.

Figure 6.12: R values in 0.5 % w/v mucin and 5 mM KCl measured using SWV
(black squares, error bars are the standard deviation in the R values for each scan,
σ=0.707 mS cm-1) and EIS (red circles, error bars are the uncertainty on the fit).
R measured by SWV and EIS were in close agreement, with an increase in R from
13.5 kΩ to 15 kΩ over the first 30 minutes. This can be explained by an increase in
the excluded volume at the electrode surface, reducing the area of the electrode and
increasing the effective solution R.
Electrochemical fouling can also occur as a result of electrochemical oxidation (or
reduction) of the analyte of interest, due to product adsorption. For example, the
oxidation of serotonin, a neurotransmitter, results in the formation of an electrically
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insulating but porous film due to the formation of a polymer like film,43 formed from
reactive side products and dimers.44,45 SWV is often used in serotonin detection in
order to enhance the electrochemical signature due to the small concentrations
detected in typical measurement systems.46–48 To test whether changes in C and R
could be recorded from the same SWV as faradaic reactions, repeated scans for the
oxidation of 1 mM serotonin in 5 mM KCl over the potential range 0.45 – 0.96 V vs
SCE were performed (Figure 6.13a, ESW= 0.1 V, EI = 4 mV and fSW = 156 Hz). Over
this potential range a peak for the faradaic reaction was seen and a region could be
identified where only non-faradaic reactions occurred. This system was chosen as a
proof of concept study, where the rate and magnitude of the non-faradaic current were
of a magnitude and time constant recordable with the potentiostat used. In addition to
the faradaic data, analysis of the RC decay curves was conducted using the first 15
reverse pulses (E = 0.35 to 0.410 V vs SCE), which by virtue of occurring at a potential
negative of the staircase potential by the ESW, are further away from the faradaic peak
potential, occurring in a region of the potential window where no faradaic reaction
occurs. From these pulses extraction of the C and R with repeat scans is also possible
(Figure 6.13c and d respectively).
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Figure 6.13:(a) 100 SWV scans for 1 mM Serotonin in 5 mM KCl showing a
decrease in the peak current. (b) the change in faradaic peak current from SWV
with repeated scans. (c) fitted C values from the initial (non-faradaic) portion of
the SWV, showing a decrease in C upon electrode fouling with repeated scans. (d)
the system R recorded from fouling of the electrode.
It is observed that the current drops with repeat scans, which is attributed to the
formation of a porous insulating layer on the surface, reducing the flux to the electrode
surface. The C (Figure 6.13c) decayed similarly, showing a steep drop with the first
scans, followed by a slower decrease, in line with the peak height data (Figure 6.13b).
This provides an additional way to measure electrode fouling. Information on R was
also available from the same measurement (Figure 6.13d). The ability to measure the
R and C in parallel with faradaic reactions provides extra utility from the same
measurement by exploiting the often neglected non-faradaic components in the scan.
This allows for in-situ real time monitoring of electrode condition to determine the
degree of electrode fouling and whether a decrease in peak current is due to a change
in the serotonin concentration, or electrode fouling. In addition to this the
measurement of solution R can be used to optimise the measurement conditions and
obtain the greatest possible sensitivity for the solution of interest.
Sam Cobb

Diamond Science and Technology CDT

172
PhD Thesis

6.4.4

Determining pH and solution conductivity with the same electrode and SWV
protocols

Previous work has shown that laser ablation of the surface of BDD creates quinone
groups in the surface which under proton coupled electron transfer. In this way the sp2
BDD electrode is voltammetrically pH sensitive. SWV can be used to enhance the pH
voltammetric detection signal.23,24 SWV for this electrode in pH 7.09 Carmody buffer
( = 8.80 mS cm-1), using the parameters ESW=0.05 V, EI= 1 mV fSWV= 156 Hz, shows
a pH sensitive faradaic peak (Figure 6.14a), where the black line is the output SWV
response (current sampled at 75-100% of the pulse). The blue and red lines show the
forward and reverse currents. Also clear is a potential window, 0.45 and 0.67 V vs
SCE, where no faradaic reactions occur (Figure 6.14a, green region). SWV data was
recorded in this window using the same parameters as for pH except the frequency
was increased to 1.67 kHz to capture the non-faradaic contribution. In this region R
and C could be measured from the raw i-t of a SWV (Figure 6.14b and c, respectively).
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Figure 6.14:(a) SWV of a laser micromachined BDD electrode in pH 7.09
Carmody buffer (σ=8.80 mS cm-1, ESW=0.05 V, EI= 1 mV fSWV= 156 Hz) with a
region free of faradaic reactions highlighted (green). (b) and (c) fitted R (b) and
C (c) values from the non-faradaic region of the SWV (ESW=0.05 V, EI= 1 mV
fSWV= 1.67 kHz).
The average value for R (820 ± 14 Ω, n=246), could be used to calculate the solution
conductivity = 8.73 ± 0.19 mS cm-1 which is in close agreement with the value
measured using a commercial conductivity meter. The average C (n=246) was 5.30 ±
0.05 µF cm-2, higher than the unmachined electrodes used vide supra as would be
expected for a BDD electrode with an sp2 surface component.49
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6.5 Conclusions
SWV is a powerful technique, the current traces of which contain additional
information that is often discarded. By recording the entire current trace, the sampling
region can be modified at will during data analysis, allowing for optimisation for the
greatest sensitivity in the solution of interest. In portions of the scan where there are
no faradaic reactions, the RC decays can be fitted to inform on solution R and C. These
values can be used to optimise the SWV itself, while also providing additional
analytical signals. The fitted conductance data can be used to inform on solution
conductivity with a cell constant of 0.176 ± 0.002 cm-1, and can be used to measure
real world samples of unknown σ such as lake and river water. Tracking C allows for
real time monitoring of electrode condition, where changes in C occur as electrodes
foul, allowing a quick check of the degree of electrode fouling without running
additional measurements. The fouling of BDD electrodes will be explored further in
future work. Additionally, if the faradaic decay in a pulse is well understood (for
instance by fitting the last portion of the pulse), it could be postulated that this could
be subtracted from the initial currents to allow the extraction of non-faradaic currents
even when faradaic reactions are present. Knowledge of the electrode condition allows
a user to understand whether changes in peak height and intensity are due to a change
in solution or electrode composition and appropriate corrections to calibrations can be
made. It is possible to extract all this additional information using the existing
electronics and potential pulse sequences applied in SWV, purely by capturing and
analysing this latent data, a much more complete understanding of an analyte.
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7 Chapter 7: Conclusions and Future Directions
7.1 Conclusions
BDD has become a popular material for electroanalytical applications in recent years,
mainly due to its very interesting material properties. It has however become apparent
that these material properties are highly dependent on the quality of the material and
how it has been processed.
In Chapter 3 the effects of sp2 incorporation on the electrochemical response are
investigated through the use of laser micromachining to controllably introduce sp2
carbon into the BDD electrode surface. An increasing sp2 content was shown to reduce
the solvent window and increase the electrode capacitance. In addition, the amount of
surface sp2 content was shown to quantitatively correlate with the coverage of quinone
surface groups on the electrode, which undergo a reversible 2e-/2H+ proton coupled
electron transfer (PCET) reaction. The magnitude of the associated quinone
reduction/oxidation peak in a voltammogram can be used to determine the quinone
surface coverage (Γ) and is thus as a measure of the sp2 content of the electrode. This
method was employed to assess the sp2 content of different grades of BDD grown
using different growth recipes. When BDD was laser machined the electrode was also
found to become more catalytic to oxygen reduction reaction (ORR), both via catalysis
from the quinone groups and the sp2 surface itself. For the former, features observed
in the voltammogram were attributed to the hydrogen peroxide product of quinonecatalysed ORR and acted to convolute the quinone peak. Oxygen reduction reaction is
further studied in Chapter 5.
The quinone peak associated with laser micromachined electrodes has previously been
shown to function as a pH sensor1, however to use it as a practical pH sensor it must
perform correctly under all solution conditions. In Chapter 4 the PCET response was
studied in unbuffered solutions and a deviation from the expected 59 mV pH-1 gradient
was witnessed in the mid region. To create a functioning sensor a greater
understanding of the system was required. The PCET reaction was shown to be
concerted, i.e. electron transfer happened simultaneously with proton transfer. No
peak was witnessed in the absence of protons, meaning that the quinone could never
react by a proton independent pathway and a change in the mechanism could be
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excluded. The kinetics of this reaction were investigated in buffered and unbuffered
solutions, and was found to have extremely fast kinetics in buffered solutions, with an
electron transfer rate constant of 220-250 s-1. Due to the concerted nature of the
reaction this rate constant also represents the rate of proton transfer. As the rate was
pH independent this can be considered to be limited by the electron transfer rate due
to the availability of protons in buffers.
In unbuffered solutions the electron transfer rate was limiting at low pH but at high
pH the rate decreased due to the surface [H+] being rate limiting. These changes in rate
could not be used to explain the response seen. The size of the deviation was shown
to scale with Γ, and therefore could be attributed to local proton depletion effects from
the PCET reaction and also side reactions such as quinone catalysed and sp2 carbon
catalysed ORR, the latter studied further in chapter 5. Square wave voltammetry
(SWV) was shown to minimise proton depletion effects and when used in combination
with a low Γ and a scan range where ORR was not promoted could be used to give the
expected 59 mV pH-1 response. Hence proving the development of a pH sensor that
could be used in unbuffered solutions.
In Chapter 5 the ORR response on the laser machined sp2 carbon surface was studied
further. An all-diamond BDD electrode of negligible sp2 content was shown to exhibit
a wave in CV very close to the solvent window, with an E1/2 of -1.414 V vs SCE,
which disappeared when the solution was degassed. This was attributed to the ORR
response on BDD. When an electrode was laser micromachined a new feature
appeared at -0.83 V vs SCE that could be attributed to ORR on sp2 carbon. From the
magnitude of the peaks seen in a CV it was demonstrated that the entire sp 2 area was
active and Koutecky-Levich analysis was used to determine a heterogeneous rate
constant (k0) of 7.0 × 10-16 cm s-1 for this reaction. It was found that the magnitude of
the ORR response in a SWV on a laser micromachined BDD electrode could be used
to measure the dissolved oxygen concentration of a solution. As these electrodes are
similar to those in Chapters 3 and 4 they also exhibited a pH response and as such
could be used as a sensor for both dissolved oxygen and pH. Several electrode designs
were evaluated and an array of 50 µm laser micromachined pits shown to give a good
response for the ORR and pH measurement. Due to the lack of a proton transfer before
the rate determining step the peak potential of the ORR reaction was shown to be pH
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independent, and therefore could be used as an internal reference for the pH
measurement where the peak shifts along the potential axis.
SWV was shown to be important in chapters 4 and 5 for the measurement of dissolved
oxygen and pH using laser micromachined electrodes. This technique is commonly
used for a large number of electroanalytical applications, often with little
understanding of how the technique works. In Chapter 6 it was demonstrated that
additional analytical parameters such as the resistance (R) and capacitance (C) of the
system could be determined by using the non-faradaic component of a SWV pulse
sequence, that is always neglected. When a potential pulse is applied in the absence of
faradaic reactions an exponential current decay with time is observed, the magnitude
and time of which depended on R and C. This decay could be fitted and used to
determine the value of R and C. The R measured was the uncompensated resistance,
and this could be used to determine the solution conductivity. C was related to the
double layer capacitance and could be used to monitor electrode fouling. Knowing
these parameters is important for optimising a sensor as the response may differ
depending on the solution conditions, for instance if the conductivity of the solution
is low the measurement may be affected by ohmic drop or migration may have to be
accounted for in addition to diffusion. C can be used as a monitor of electrode health
as the value could be used to tell the user when a cleaning procedure is necessary, or
be used to correct a calibration that is changing due to degradation of the electrode.
This technique was applied to a laser micro-machined BDD pH electrode in a region
of the SWV identified where no faradaic reactions were occurring. Here it was shown
that the solution conductivity and electrode C could be measured, in addition to using
the SWV for pH measurement. Through this technique it could be envisaged that the
same electrode and measurement technique (SWV) could be used for the measurement
of pH, dissolved oxygen and solution conductivity whilst the electrode health was
simultaneously monitored through the electrode C.
The work in this thesis aims to provide a greater understanding in the application of
BDD electrodes for sensing applications, based around the controlled creation of
active sp2 containing regions by laser micromachining. Quinone PCET offers a
measurement technique for the amount of sp2 carbon introduced by machining, an
important parameter to control given its use in many of the envisaged applications of
these electrodes. It has been shown that to make robust electrochemical sensors the
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fundamental properties of these electrochemical systems must be understood both in
terms of the electrode material and how the measurement is performed. However,
further work is still required to take this system from a tightly controlled academic
environment to a commercial device, but device development can be strongly guided
by the studies within. In addition to this the full capabilities of this electrode material
have not yet been explored, with other environments and analytes that could
potentially be measured using this type of electrode.

7.2 Future Work
The work in this thesis has covered a large number of areas at the proof of concept
stage. However many of these areas would benefit from further work.
7.2.1

Further understanding of the electrode material

While the material at the interface of the laser ablated BDD electrodes used throughout
this thesis (Chapters 3-6) has been well characterised electronically (it has been shown
to be strongly electronically coupled, Chapter 4) and electrochemically (surface
functionality- Chapters 3 and 4 and electrocatalytic activity- Chapter 5),
characterisation of its microstructure is lacking. Work regarding this is currently
ongoing, through the preparation of lamella for transmission electron microscopy
characterisation by focused ion beam milling. The completion of this work will further
our understanding of this highly scientifically interesting material and will provide
information on the nature of the sp2 carbon on the nanoscale, that has been observed
through electrochemical and spectroscopic measurements on the macro and micro
scale. This information will help explain the abnormally high stability and robustness
of this material, in addition to its electronic and electrochemical performance. This
work may also offer structure-based information to guide further application and
material design.
7.2.2

The use of raw pulsed voltammetry data to gain further analytical information

In Chapter 6 the non-faradaic potential window was used to gain further information
on the solution conductivity and double layer capacitance. This information was
shown to provide information on electrode fouling, an area of interest as the fouling
of electrodes is a common problem for commercial sensing applications. The ability
to monitor fouling processes merits further study, as both the resistance and
capacitance of can provide information on the fouling processes with a high time
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resolution. This provides a novel way to conduct fundamental studies on electrode
fouling with a much greater information density that procedures such as
electrochemical

impedance

spectroscopy,

especially

when

combined

with

simultaneous measurement of the faradaic processes. In addition to this in low
conductivity environments (such as drinking water) the RC decay can impinge on the
nominally faradaic only portion of a SWV. If these non-faradaic processes are well
defined and understood (such as from this procedure) then the non-faradaic currents
can be treated as backgrounds, and subtracted on a pulse by pulse basis, to provide a
truly faradaic only voltammogram, with possible increases in sensitivity. In addition
to this the non-faradaic processes have only been studied in potential regions where
no faradaic reactions are occurring. If the solution conductivity and length of the pulse
is sufficient it can be assumed that the non-faradaic components decay to zero, and for
all subsequent times the currents are purely faradaic. This information can then be
fitted, and subtracted as a background in the non-faradaic region (at the start of the
pulse) to leave only non-faradaic currents that can be used to calculate the resistance
and capacitance. This can provide information on processes at the interface, with
changes in the resistance and capacitance providing additional information on
reactions at the surface.
Currently, our development of this approach has been limited by the capabilities of the
potentiostat employed (Ivium Compactstat). The acquisition of a potentiostat capable
of capturing more data points at an increased frequency (higher bandwidth) will allow
for many of the proposed experiments above to be realised.
7.2.3

pH measurement with other potential analytes of interest

The pH at an electrode surface has a significant bearing on the speciation and reaction
of other analytes at an electrode surface. For instance work has been carried out on the
detection of HOCl and OCl-, the speciation of which depends on the pH- in particular
at the electrode surface where the reaction occurs. As such to understand the reaction
of these analytes under changing pH conditions, a measurement of the pH at the
electrode surface is required. Laser micro-machined BDD electrodes of a similar
nature to those used in Chapters 3-6 of this thesis have been shown to be effective for
detecting OCl-,2 and as such should also be capable of measuring solution pH. By
performing this measurement simultaneously with HOCl/OCl- detection should allow
the full speciation curve to be resolved, relative to the local pH.
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7.2.4

Towards commercialisation

The measurement of pH is of great importance for a large number of commercial
applications. With the known limitations of the glass pH sensor there is a motivation
for the development of a commercial voltammetric pH sensor. To be commercially
viable the sensor must operate correctly in all environments and under all conditions
under which it may feasibly be applied. As the buffer capacity of a solution is often an
unknown the sensor must operate independently of buffer capacity, which chapter 4
has started to address however further work is needed to demonstrate its utility. In
addition to this the sensor must function regardless of solution conductivity, a property
that has been measured in Chapter 6. To commercialise this device the sensor must be
demonstrated to work in unbuffered and low conductivity solutions. Implementation
of the post processing techniques developed in Chapter 6, with the electrodes
developed throughout this thesis may allow for this.

7.3 References
(1)
Ayres, Z. J.; Borrill, A. J.; Newland, J. C.; Newton, M. E.; Macpherson, J. V.
Controlled Sp2 Functionalization of Boron Doped Diamond as a Route for the
Fabrication of Robust and Nernstian PH Electrodes. Anal. Chem. 2016, 88 (1), 974–
980. https://doi.org/10.1021/acs.analchem.5b03732.
(2)
Meyler, R. E. P.; Edwards, M. A.; Macpherson, J. V. Exploring the Suitability
of Different Electrode Materials for Hypochlorite Quantification at High
Concentration in Alkaline Solutions. Electrochem. Commun. 2018, 86 (November
2017), 21–25. https://doi.org/10.1016/j.elecom.2017.11.004.

Sam Cobb

Diamond Science and Technology CDT

185
PhD Thesis

