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This thesis explores utilising the advantageous electrochemical properties of
polycrystalline boron doped diamond (BDD), including low background currents and

a wide potential window, for a range of different electroanalytical applications.

The newly developed technique Electrochemical X-ray Fluorescence is employed for
the quantitative detection of palladium (Pd?*) in the presence of electroactive species
relevant to the pharmaceutical industry. Significant improvements on analysis times
are achieved by EC-XRF parameter optimisation and consideration of the detection

limits required for the end application.

Given that the quality of BDD utilised (the amount of sp? content present) can directly
impact on the electrochemical response observed, a new BDD characterisation
technique is developed. This involves the electrochemical determination of the surface
coverage of quinone groups only present on sp? carbon. This technique is then applied
for the characterisation of diamond films grown via chemical vapour deposition under
low pressure conditions, identifying regions across BDD wafers with distinctly

different electrochemical properties.

A Nernstian BDD pH sensor is also successfully fabricated, capable of operating in
both buffered and unbuffered solutions. This is achieved by controllably laser
micromachining the BDD surface introducing pH sensitive quinone groups. The

resulting sensor is found to be stable in a variety of extreme environments.
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Introduction

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 deep ultraviolet to far infrared); being the
hardest known material (~90 GPa); having a high thermal conductivity (2600 W m ~*
K1) and exhibiting resistance to chemical corrosion.! It is through advancements in
artificial synthesis of diamond, particularly that of Chemical Vapour Deposition
(CVD),? that these favourable properties have been exploited for a range of scientific
technologies, from radiation detectors® and high-power lasers* to bionic eyes.>®
Furthermore, by controllably introducing impurities into diamond during CVD
growth, the characteristics of the material produced can be tailored for specific
applications. For example, by simply incorporating boron into the lattice, diamond can

be made electrically conductive, denoted as boron-doped diamond (BDD).

The use of BDD as an electrode material has increased rapidly over the last 20 years
due to the material having many of the useful properties of diamond,* as well as a wide
potential window in both aqueous and organic solvents,”® low background (capacitive)
currents and higher resistance to fouling compared to other traditional electrode
surfaces.® Furthermore, diamond is capable of surviving in extreme environments.*°
Work in this thesis explores utilising the beneficial properties of BDD for the
advancement of electrochemical-based sensor technologies in two key areas: (1) heavy

metal detection and (2) pH sensing.



Diamond was first successfully grown in the laboratory in 1955 by General Electric
using the technique high pressure, high temperature (HPHT).1! This process involves
compressing graphitic carbon at extreme pressures (5 GPa) at elevated temperatures,
ranging from 1800-2300 K in the presence of a metallic solvent, in order to
thermodynamically drive the formation of diamond.'> HPHT diamonds are primarily
utilised as abrasives for tools, due to their small size (from microns to millimetres).
The technique is also used to produce single crystal diamonds, although quality often
suffers, particularly when growing large (> 1 carat) diamonds, due to unintentional
impurity incorporation (typically nitrogen).'® In order to achieve large, high-purity
diamonds exceptional process control is required. It is not until recently that
consistently large, colourless (grades D to F) HPHT diamonds have been synthesised

by the Russian company New Diamond Technology.*

First demonstrated by Eversole et al in 1962, CVD offers a viable alternative for
diamond synthesis, conducted at temperatures and pressures where diamond is
metastable compared to graphite.’>!® The technique offers the possibility of growing
diamond material tens of centimetres across, at relatively low cost due to the low
pressures required (20-30 Torr).Y” There has been over 40 years of research into a
variety of different CVD techniques to grow diamond.*® The process involves a gas
phase which contains carbon-containing precursor molecules (typically CHs) which
must undergo activation in order to initiate growth. This can be achieved by several
methods including hot filament CVD (HFCVD) and microwave plasma CVD
(MWCVD).'® HFCVD utilises a metal filament such as tungsten typically heated to >

1400 K, with the substrate heated separately to ~1000 K.1* HFCVD is a popular choice
2



for diamond growth as the method is relatively cheap, easy to use and can produce
reasonably high quality (low sp? content) diamond films at a rate of up to 10 um h™*.2°
The method however often results in contamination of the diamond film with metal
from the filament. Furthermore, the filament itself can be damaged by corrosive and
oxidising gases, limiting the gas mixtures utilised.?’ These issues are removed when
using MWCVD. Other advantages of MWCVD include faster growth rates due to the
higher powers that can be employed, as well as large deposition areas (up to 20 cm).?
All diamond material used in this thesis has been grown using MWCVD, with a typical
reactor shown in Figure 1.1. In order to make BDD, a boron source such as B2Hs is

added to the gas-phase feedstock.

(a) (b)
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Figure 1.1: (a) Schematic of a commercial Applied Science and Technology Inc
(ASTeX) MWCVD plasma reactor'® and (b) an optical image taken through the
window of a MWCVD reactor, showing the plasma and diamond growth onto a
glowing Si wafer (50 mm in diameter). Image courtesy of Professor Oliver Williams.

CVD involves the atom-by-atom ‘building’ of the diamond tetrahedral lattice with
carbon atoms (introduced via a carbon source such as CHa).2* This can occur by
homoepitaxial growth, where the precursor diamond seed crystals are dispersed onto

a substrate or by heteroepitaxial growth using a non-diamond substrate.?? Typical



substrates include Si, W, Ti, Mo or diamond, with the prerequisite that they must be

capable of withstanding high temperatures.?

The exact mechanism of diamond growth is complex and has therefore been subject
to a vast amount of research.?®2* The diamond produced is affected by several factors
including the CH4 concentration and the presence of hydrogen in the reactor, with
ratios of ~99.5% H, and 0.5% CHa/B2Hs typically required to produce high-quality
material.?>2® Note, high-quality diamond throughout this thesis is defined as diamond
with negligible sp? carbon content. The presence of atomic hydrogen during growth is
essential in order to produce high-quality diamond material, with the hydrogen
stabilising the lattice during growth by terminating any dangling bonds to form C-H
groups, thus preventing the formation of the sp? carbon.?” Atomic hydrogen present in
excess also etches both sp and sp? carbon at a faster rate than sp® carbon.?® This results
in slow growth rates (~0.1-10 pm hr 1) but typically results in higher quality (lower
sp? carbon) diamond growth than that produced by HPHT.?® Furthermore, atomic
hydrogen is necessary for diamond synthesis, reacting with both the CH4 molecules
present in the gas phase and C-H groups at the diamond substrate surface, producing
the radical CH3".2® Any gas phase CHs' can then react with other carbon-containing
radicals at the substrate surface, adding to the diamond lattice, as illustrated in Figure

1.2.19
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. Ilustration of the growth of diamond at a [110] trough site by CVD
reproduced from reference 19.

Dependent on growth conditions, BDD can be grown as thin film ultrananocrystalline
(UNC) or as microcrystalline material, with grain sizes of < 10 nm and up to several
um’s respectively.?> UNC BDD is typically left on the growth substrate for support
and is left with an as-grown surface, whilst microcrystalline material can be grown
thick enough to be removed from the growth substrate. However, the surface is now
markedly rougher than UNC and therefore for electrochemical studies is often polished
to ~ nm roughness (see Figure 1.3a).%° This allows the production of freestanding

BDD as shown in Figure 1.3b.



Figure 1.3: (a) lustration showing (i) as-grown surface, (ii) polish lines and (iii) the
resulting freestanding structure of a microcrystalline BDD wafer.3! (b) Photograph of
freestanding, 470 um thick BDD rounds (photo credit: Dr Jonathan Newland).

1.3 Diamond structure and doping

Diamond is an allotrope of carbon, with atoms fully hybridised forming a sp®

tetrahedral lattice, as shown in Figure 1.4a.
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Figure 1.4: (a) the tetrahedral carbon structure of diamond and (b) band structure for
semi-conducting diamond (p-type), where Er denotes the fermi level potential and Ea
the acceptor level.

Each carbon atom is connected to the next with a single ¢ bond, which gives rise to
many of the fundamental properties of diamond (summarised in Table 1.1), including

extreme hardness and high thermal conductivity.822



: Physical properties of diamond. *?

Property Value
Broad transmission spectra 226 nm to 500 um
High resistance to thermal shock 1000 MW m™
High thermal conductivity 2200 W m 1K1
Good electrical insulator 10" t0 10 Q cm
Low thermal expansion 0.9 ppm K
High electronic mobility 4500 cm? V1 st (electron), 3800 cm? vV 1s™
Low dielectric constant 5.68 £ 0.15

In its intrinsic (undoped) form, diamond is a semi-conductor with a wide band gap of
5.47 eV (at T=300 K), making it electrically insulating.>® However, by introducing
dopant impurities diamond can be made electrically conductive. Common dopants
include nitrogen (n-type) and boron (p-type), which sit either side of carbon in the
periodic table, and thus can be substituted readily into the diamond lattice. Doping
with nitrogen (~1.7 eV) however does not provide appreciable electrical conductivity
for electrochemistry therefore boron is the preferred choice, providing an acceptor
level 0.37 eV above the valence band (illustrated in Figure 1.4b).3* The boron doping
density dictates the behaviour of the BDD, with a dopant level of 10® — 10'° B atoms
cm2 giving the diamond p-type semi-conductor properties.®® At boron dopant levels
of > 10%° B atoms cm™ the material becomes “metal-like” in regards to electrical
conductivity, due to the fact that the acceptor density is high enough that there is a
significant wave function overlap of acceptor atoms.?® BDD can thus be utilised for
electroanalytical applications. The change in dopant density can be observed by eye as
an increased density of states (DOS) results in increase visible light absorption, with
semi-conducting material exhibiting a blue colour and BDD near the metallic

transition appearing black (opaque).®®



Electrochemistry is often considered for analytical applications due to its simplicity,
relatively low cost compared to other analytical techniques and the fact it is amenable
to in-situ analysis.®” For this reason, electrochemical measurements have been applied
to wide range of fields including energy generation,® environmental monitoring,3®
healthcare diagnostics,***! biosensors*? and waste management*>** to name but a few.
Electrochemical measurements are typically either voltammetric (where a potential is
applied and a current is measured) or potentiometric (where an equilibrium voltage is

measured).*

1.4.1 Dynamic electrochemistry

A simple electrochemical reaction can be represented by Equation 1.1:

Ko
O+ne =R (1.2)

ke
where O and R represent the oxidised and reduced form of an electroactive species
respectively.®” The position of equilibrium is linked to the standard electrode potential,
E°. Applying an overpotential 7 (where = E-E°, with E denoting the electrode
potential) perturbs the position of equilibrium and drives either the reduction of
oxidation of species in solution at the electrode/electrolyte interface. This exchange of
electrons results in current flow. As 7 increases, the rate of electron transfer (ET)
increases resulting in the current (i) increasing approximately exponentially with

increasing n, predicted by the Butler-Volmer model.%’



i is also directly proportional to the rate of reaction, or flux (j), shown in Equation 1.2:
iI=nAFj (1.2)

where i = the faradaic current; n = the number of electrons transferred during the redox
event; F = Faraday’s constant (96485 C mol ™) and j = the flux of electroactive species

(mol cm™2s7Y).

Figure 1.5 shows the processes that control j. These include: (1) mass transport of O
from bulk solution to the electrode surface region; (2) chemical reactions, such as
protonation; (3) surface reactions (adsorption/desorption) and (4) electron transfer at
the electrode surface.“® The slowest step in the process controls the rate of the reaction;

reactions are typically either mass transport or electron transfer controlled.
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Figure 1.5: Typical electrode reaction pathway.®’

Mass transfer can be broken down into three contributions: migration, convection and

diffusion. For electrochemical measurements migration effects are mitigated by the
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addition of a high concentration of non-electroactive supporting electrolyte to solution.
Adding a high concentration of salt also reduces the solution resistance, therefore
compensates for onmic drop between the electrodes as well as ensuring that the double
layer remains small (~ nm) compared to the diffusion layer.3” Coupled with the careful
control of temperature (to prevent thermal convection), for most electrochemical
experiments diffusion is the only mass transfer contribution. Thus in order to access
ET kinetics the diffusional flux is increased by either moving to microelectrodes
(radial diffusion over linear diffusion) or by introducing a convective contribution, e.g.

deliberately stirring, flowing or heating the solution of interest.®’

Note, compared to a metal (~10% cm™ eV 1), BDD exhibits a much lower DOS —
determined to vary between 2 x 10°cm=3eVtand 6 x 102°cm3 eVt at 0.0 V versus
Ag|AgCI for a BDD electrode with an average B dopant density of 5 x 10%° B atoms
cm3.4" It has been observed that ET rates are ~ two orders slower on BDD (for
Ru(NH3)e** and FCTMA™) compared to metal electrodes.?®*® This is thought to be due
to a combination of both the lower DOS, which indicates the number of available
energy states at a particular energy and the probability of them being occupied (the
Fermi function).!4’ This however does not impact the electrochemical response for
fast outer sphere electron transfer redox species such as FCTMA* or Ru(NHs)s®*
observed at BDD macroelectrodes in quiescent solutions, using cyclic voltammetry at
typical scan rates of 0.1 V s?, as ET is still faster than diffusion under these

conditions.?®
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1.4.2 Cell setup

The majority of electroanalysis is conducted using a three-electrode cell, as shown in
Figure 1.6a and Figure 1.6b, containing a working electrode (WE), reference
electrode (RE) and a counter electrode (CE). In order to facilitate an electrochemical
reaction, an external potential is applied between the WE and RE using a potentiostat,

resulting in a current response. The electrochemical reaction occurs at the WE/solution

interface.
' b
(@) ' WE CE (b)
/ —{Power supply}———
‘/ B
RE CE/ \WE
NV
RE
Solution
applied
a7y
D

Illustration of 3-electrode cell (a) experimental setup and (b)
corresponding circuit diagram.®’

When current is passed between the WE and RE only (i.e. 2 electrode set-up), ohmic
drop can occur, especially for resistive solutions and high currents. To mitigate this,
high concentrations of inert salt (supporting electrolyte) are added to the analyte
solution as well as placing the WE and RE in close proximity to each other, but most
importantly a third electrode is added to the system; the counter.®” As the RE potential
must remain constant, current in a 3 electrode set-up flows between the WE and the

CE. For this reason, it is also important to consider the electrochemical reaction taking
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place at the CE and whether the products of such reaction will interfere detrimentally
with the WE reaction under study. For this reason, in some experiments the CE is

separated by a frit from the WE and RE.*’

The RE must maintain a constant potential irrespective of solution conditions, and
hence the concentration (or activity) of the potential determining ions must remain
constant. A common reference electrode and one used throughout this thesis is the

saturated calomel electrode (SCE), which can be denoted using the cell notation:
Cl (aq) | Hg2Cl2(s) | Hg(l) | Pt (s) (1.3)

where | indicates a phase boundary. The SCE constitutes a Pt wire, coated in mercury,
covered by a layer of mercury (1) chloride, or calomel, contained within a glass vial,*
which is filled with a saturated potassium chloride solution (4 M). A porous frit serves

as the junction between the RE solution and the sample solution.>
The overall cell reaction is shown in Equation 1.4:
Hg2Clz(s) +2e = 2Hg(l) + 2CI" (aq) (1.4)

Which can be substituted into the Nernst equation, Equation 1.5:

RT
E=E%+ —In (1.5)
2F

qCl-2

where E=the electrode potential, E° = the standard electrode potential and a = the

activity of the species, defined in Equation 1.6 as:
a=y[c*] (1.6)

where y is the activity and c* = the concentration of the species.
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Therefore as the potential of the SCE is dependent only the activity of Cl™ ions present,
placement of the electrode in concentrated KCI solution acts to ensure a constant

potential is maintained.

1.4.3 Cyclic Voltammetry (CV)

CV is the most common electrochemical technique.3” A potential is applied to the
electrochemical cell from a potential where no reaction occurs (the open circuit
potential, OCP) then linearly swept in both the anodic (oxidative) and cathodic

(reductive) directions, resulting in ET. The CV waveform is shown in Figure 1.7a.5>2

. (@) A CV waveform and (b) a CV for a simple one-electron transfer
reaction at a macroelectrode.

A typical CV is shown in Figure 1.7b. The CV scan starts at the OCP, then as the
potential is driven negatively, the rate of reductive ET increases, resulting in an
exponential increase in current flow. A maximum current (ip) is reached (ipa and ipc for

the anodic and cathodic sweep respectively), forming a peak in the CV. The peak-to-
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peak separation, AEp, is 59 mV / n (at T=298 K) dictated by the Nernst equation.*’
Under kinetic controlled conditions, AE, increases for slower and slower ET reactions

compared to the rate of mass transfer.

For a macroelectrode, after reaching ip, a subsequent drop in current is observed, as
the rate of mass transfer of the redox species to the interface is not sufficient to replace
that being consumed at the electrode surface (shown in Figure 1.7b). Under diffusion

controlled conditions, the Randles-Sevcik equation, Equation 1.7 states:>

1
. nkvD 2
i,=0.4463nFACH( ") (1.7)

where n = the number of electrons transferred; A = the total electrode surface area
(cm?); ¢* = the bulk concentration of the electroactive species (mol cm™); D = the
diffusion coefficient of the electroactive species (cm? s™*) and v = the potential scan

rate (V s73).

The current observed is a combination of two processes that occur at the electrode
surface, faradaic and non-faradaic.®” Faradic processes involve the reduction and
oxidation of chemical species in solution by the exchange of electrons across the
electrode interface. Non-faradic current involves no charge transfer across the
interface, instead arising from changes in the electrode/solution interface.®” Examples
of non-faradic processes include capacitance of the electrode material and the

electrical double layer (vide infra).*’
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1.4.4 Increasing mass transport

Increasing mass transport is advantageous for electrochemistry as analysis times can
be greatly reduced, but it also offers a means to explore fast electron transfer
reactions.®” Two main methods exist in order to increase mass transfer of electroactive
species to the electrode surface: (1) reducing the size of the WE, from macro to micro
and nano, which results predominantly in radial diffusion compared to linear diffusion
(although the currents measured are smaller) and (2) introducing forced
convection.®**® Any convection introduced into the system must result in well-defined
laminar flow in order to obtain quantitative information. Several hydrodynamic
electrodes have been developed which include the: Rotating Disc Electrode (RDE);*

Channel Electrode®” and Wall-jet electrodes.®’

In Chapter 3, a RDE is utilised (illustrated in Figure 1.8a along with a typical CV in
Figure 1.8b), allowing analysis times to be substantially reduced compared to

measurements made in quiescent solution by the introduction of forced convection.

(@) (b)

I
5

Laminar flow

Bulk

Figure 1.8: () Illustration of solution flow to a RDE and (b) a typical CV response
under hydrodynamic control.
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A sigmoidal CV shape is observed as the increased mass transport (due to the forced
convection) is now able to compete with the rate at which the redox species are
removed at the electrode, resulting is a steady state limiting current, iiim. The fiim IS

predicted using the Levich equation, Equation 1.8:%
ilim = 0.620nFAD?/3f 12, V6¢* (1.8)

where f = the angular rotation rate of the electrode (Hz) and v = the kinematic viscosity

of the bulk solution (cm?s™).

1.4.5 Square Wave Voltammetry (SWV)

Often used for electroanalysis, SWV is a pulse voltammetry technique which results

in excellent detection sensitivities with a typical SWV waveform is shown in Figure

1.9a.
(a) Frequency (b)
A > _ _ A

§ Ai=1 -1,
£} 2
£
<

E i i
[ >
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time > >
t E

. (@) SWV waveform, including i sampling positions and (b) typical SWV
response.>®
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Given that the non-faradic current is proportional to e /¢ where t = time, R is the
solution resistance and C is the double layer capacitance, and the faradaic current is
proportional to t™2 the non-faradic current decays much faster than the faradic
contribution.®® Taking this into account, in SWV the current is sampled at two time
intervals (i1 and i2) and the differential (Ai) plotted against the applied E (shown in
Figure 1.9b).5°% This results in a negligible contribution from the charging (non-
faradic) current in the final voltammogram. For this reason, much lower detection

limits can be achieved using SWV compared to conventional CV techniques.>®®*

1.5 BDD Electrochemistry

BDD exhibits many advantageous properties over other common electrode materials,
such as Au, Pt and glassy carbon (GC) including: wide solvent window (SW); low
background currents and reduced fouling.”? Figure 1.10 shows the comparison of a

typical BDD SW with other common electrode materials.

~~BDD ;
ﬁ;c /\J

Pt

130 mA cm-

-2 0
Potential vs. SCE / V

M-

Figure 1.10: Comparison of SWs for BDD, GC, Au and Pt, ran in 0.1 M KNOs at 0.1
Vs
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To understand why BDD exhibits such a large solvent window (>3 V in 0.1 M KNOs3,
within a + 0.4 mA cm 2 threshold)®? it is important to note that the sp? structure results
in the BDD surface being electrocatalytically inactive.®® As water electrolysis is an
inner-sphere (IS) redox species, the water molecules must adsorb to the electrode
surface in order for a redox event to occur.3’ This contrasts to outer-sphere (OS) redox
reactions that only require proximity to the electrode surface for interactions to occur.®’
This is illustrated in Figure 1.11. Note, Figure 1.10 also demonstrates the electrical
double layer which contributes to capacitance (vide supra).” This occurs as if an
electrode holds charge, unsolvated ions (inner Helmholtz plane, IHP) and solvated ions
(outer Helmholtz plane, OHP) assemble at the electrode-solution interface in order to
balance the charge.* Subsequently, when a potential is applied to the electrode, the
charge distribution on the electrode surface adapts to the change, giving rise to non-

faradaic current.?®

. Electrode

Solvent
molecule

‘ Metal ion
w Ligand

Figure 1.11: Hlustration of (a) outer sphere and (b) inner sphere electron transfer
processes, as well as the IHP and OHP.%’

As BDD lacks catalytic sites for water electrolysis to occur, water oxidation and

reduction is retarded. It should also be noted that compared to the other electrode
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materials in Figure 1.10, there is no oxygen reduction signature on BDD, as this is
also an IS reaction, requiring catalytic binding sites. Other than being
electrocatalytically inactive, there are several key factors that influence the
electrochemical performance of BDD: (1) boron dopant concentration; (2) surface
termination; (3) sp? incorporation and (4) surface morphology and finish.?® It should
be noted that these factors are intrinsically related to one another, with one directly

impacting the other.?

1.5.1 Boron Dopant Concentration

As discussed in Chapter 1.3 adding boron during diamond growth imparts metal-like
electrical conductivity at boron dopant concentrations > 10%° B atoms cm ™. It has been
noted that heavily doped BDD ([B] >10% cm~3) shows an increase in sp? carbon,
compared to lower doped material, due to strains on the structure from the boron

impurities.®

BDD can be probed electrochemically to determine if it is suitably doped for
electroanalysis by running a CV of the OS redox couple, Ru(NH3)s*"/2*.52 For an
electrode doped over the metallic threshold, the peak current observed will be
reversible and can be predicted by the Randles-Sevcik equation (Equation 1.7).*’
However, for BDD doped below the metallic threshold, as the formal potential (Eo’)
of Ru(NH3)s%*?* lies within the bandgap of BDD, the CV response is affected by boron
dopant concentrations, shown in Figure 1.12.2° These measurements can be
complemented with other methods of assessing boron dopant concentration including
secondary ion mass spectrometry (SIMS, which is quantitative) and Raman

spectroscopy (the Raman 500 cm ™ peak is associated with boron, and downshifts with
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increasing boron content), which is also thought to be quantitative.%® Furthermore, the
different facets of polycrystalline BDD incorporate boron at different rates, producing

grains with varying conductivity.5®

(a) E’ Energy (b)

Current / pA

REF
RU(NH,),**

+vev 06 02 02
Aqueous solution 'O-terminated Potential vs. SCE / V

Figure 1.12: (a) Schematic showing the approximate position of the OS redox couple
Ru(NHs)e>* (—0.16 V vs. SCE) with respect to EVB and ECB for semi-conducting O-
terminated BDD and (b) 1 mM Ru(NHs)s**2* CV response for different boron dopant
densities in 0.1 M KNOs run at 0.1 V s™1. Adapted from references 29 and 62 with
permission.

1.5.2 Surface termination

BDD can be either oxygen (O-) or hydrogen (H-) terminated, imparting vastly different
properties. For example, an O-terminated surface is hydrophilic, whist H-termination
is hydrophobic.” This can be measured using contact angle measurements (shown in
Figure 1.13), where contact angles are typically < 65° for O-termination, compared to
closer to 90° for H-termination.®’ Research has also shown that the functional groups
on each surface (shown in Figure 1.13) also depend on crystallographic orientation,
with hydroxyl groups (C-OH) most abundant on the (111) diamond surface and ether

(C-O-C) and carbonyl (C=0) groups on the (100) facet.%®
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After CVD growth, BDD leaves the chamber H-terminated. O-termination can be
achieved by a variety of different methods including: leaving to air oxidise for a
prolonged period; acid treatment (boiling in concentrated acid);®® alumina polishing;®
oxygen plasma exposure;’® photochemical oxidation;”* exposure to chemical
oxidants? and electrochemically by anodic polarisation.” To convert O-termination
back to H-termination, the BDD can be re-exposed to hydrogen plasma. For
electroanalysis, O-terminated BDD is typically preferred as the surface is inherently
more stable than its counterpart. H-termination does however have advantages, with
recent studies showing that the surface diamond can be photochemically amine

terminated,’* and thus used to add a range of biomolecules on the surface.”

(a) (b)

Figure 1.13: optical images of contact angle measurements present on (a) H-
terminated and (b) O-terminated BDD surface and corresponding illustrations of the
possible functional groups.

It has also been noted that H-termination can impart additional surface conductivity

onto diamond surfaces (surface transfer doping),”” particularly for BDD films with
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dopant densities below the metallic threshold. This phenomenon results in the
observation of faster electron transfer (ET) kinetics than can be attributed to the bulk
film due to subsurface hole accumulation giving rise to two-dimensional
conductivity’"’®"® This was also shown by electrochemically patterning semi-
conducting BDD to create regions of H-termination alongside regions of O-
termination (by electrochemical oxidation).2° Significant increases in the rate of ET
for Ru(NHa)s>*"'2* reduction was observed (increased current) in the H-terminated areas

compared to the O-terminated regions.

1.5.3 sp? incorporation

As the amount of sp? carbon increases in BDD films, the catalytic activity of the
surface increases,® which is reflected in the electrochemical signatures observed. The
SW range is reduced with increased sp? content as water hydrolysis is facilitated more
favourably at catalytic sp? sites.8! Furthermore, peaks (i) and (ii) associated with sp?,
shown on Figure 1.14, are attributed to oxygen reduction and sp? oxidation
respectively.?® The background capacitance also increases for BDD containing sp?

impurities.?
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Potential vs SCE/V

Increasing sp?

: SW measurements of BDD electrodes with increasing sp? carbon content.

The presence of sp? in BDD has long been considered by the community as an inherent
issue for the majority of electrochemical applications, due to the reduced SW range
and increased background currents.” It is, however, not until more recently that work
has explored the impact that sp? content may have on specific electroanalytical
applications.?®482 Interestingly, the presence of sp? and the additional catalytic
activity that it imparts, has been found to be beneficial for certain applications. Swain
and coworkers have noted that the ET rates of IS redox mediators such as Fe®*?* and
4-tert-butylcatechol are significantly increased when employing BDD with a higher
sp? content.®® Research has also shown that for electrochemical breakdown of organic
pollutants sp? facilitates more efficient mineralisation, due to ozone production.®*82
Work in this thesis also explores the advantages of BDD with intentional sp?
incorporation.

2

Previous studies typically utilised changing growth conditions to qualitatively vary sp

content, specifically by altering the C to H ratios in the growth reactor,® discussed in
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detail in Chapter 1.2. However, the sp? content cannot be spatially controlled using
this approach. Furthermore, by changing the growth conditions other factors such as
surface roughness and boron dopant density may be affected, making it difficult to
deconvolute whether the observed response is due solely to the change is sp? content
or a combination of factors.® In this thesis, laser ablation is utilised as an alternative
methodology to overcome these issues for the controlled introduction of sp? into high-
quality BDD. The laser ablation process is discussed in more detail in the experimental

Chapter 2.3.3.

1.5.4 Surface morphology and finish

The vast difference in morphology between microcrystalline and nanocrystalline
material is shown in Figure 1.15. Studies have noted that sp? carbon resides primarily
at grain boundaries, thus UNC material typically contains more sp?, which is evident

in the electrochemical response observed.86#

—20 pm —2um

Figure 1.15: Optical images for (a) microcrystalline BDD (x50 objective) and (b)
nanocrystalline BDD (<100 objective).
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Furthermore, as-grown surfaces are typically rougher than polished BDD. Care must
therefore be taken to correctly determine the surface area of the BDD material to
ensure comparable capacitance values. It has also been noted that poor polishing of
BDD material may cause sub-surface damage, creating defect sites that can trap charge
carriers.?® The polishing process must therefore be carefully controlled in order to not

adversely impact on the electrochemical properties of the BDD.*?

Characterisation of BDD material is essential for electroanalytical applications. As
discussed in Chapter 1.5.3 both the SW and capacitance values can be used as an

indicator of sp? content.

1.6.1 Raman Spectroscopy

Laser Raman spectroscopy is a widely used analytical technique as it is non-destructive
and requires minimal sample preparation.® The technique involves shining
monochromatic light perpendicular to the sample of interest. A small fraction
(approximately 1 in 10 million photons) of the incident beam is affected by inelastic
scattering, where a photon interacts with the rotational and vibrational modes of a
molecule, exciting it from the ground state to a virtual energy state.?® Relaxation then
occurs, with the molecule returning to an energy state different to the original, resulting
in the emission of a photon. The change in frequency of the photon emitted is then

measured, with a decrease and increase in photon energy described as Stokes and anti-
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Stokes respectively.®® Typically a range of laser wavelengths (from visible to

ultraviolet) are employed.

—v ) Raman scattering
Light N (Stokes)
hv

VWV Av, Rayleigh scattering

1/L/l/ v 3
h(v,+v,) Raman scattering 2
Molecular (Anti-Stokes) v L é
vibration Rayleigh Anti-Stokes Stokes

Figure 1.16: Energy level diagram showing the elastic Raleigh scattering, and the in
elastic scattering, Stokes and Anti-stokes scattering which give rise to the Raman
signal.®°

Raman spectroscopy is a useful analytical technique for the characterisation of
diamond materials as it (1) can qualitatively assess the quality of the film; (2) provides
information of the various different types of carbon present, such as diamond,
amorphous carbon and graphite; (3) provide insight to the B dopant density and (4) is
non-destructive.®* Diamond has as single zone centre optical phonon line occurring at
1332 cm™, shown in Figure 1.17. Throughout this thesis, this peak is referred as the
sp® peak. Looking at the intensity and full width half maximum (FWHM) of the 1332
cm! peak provides an indication of the quality of the film. High quality diamond
exhibits a sharp sp® peak (FWHM is approximately 1.9 cm™), with peak broadening
indicative of defects (sp? phases, point defects) due to a shorter phonon lifetime.® Thus
quality of been shown that diamond films with a higher boron dopant level are
typically more defective, thus exhibit a wider FWHM.® The incorporation of sp?

during the growth process is indicated by the occurrence of further Raman signals at
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1550 cm ™! (G peak) and 1355 cm ™ (D peak).** To assess BDD quality it is common

for the sp®/G peak ratio to be calculated.®®

sp®peak — High sp?
(1332 cm™) \ — Low sp?
S
cﬁ. -
>
@ 1B peak sp? G peak
8 1(500 cmr) (1550 cm™)
S
i W
20|0 T T 80|0 T T 14b0 T T 2OIOO

Wavenumber / cm™’

: Visible (514 nm) Raman spectra for BDD with high and low sp? content,
showing the peaks for diamond, sp? carbon and boron, along with sp® peak and the
asymmetry associated with Fano resonance.

The Raman spectrum of diamond can also be used to qualitatively evaluate the B
dopant density of BDD. Heavily doped BDD (> 10%° B cm™3) results in asymmetry of
the 1332 cm™ peak (Fano effect), which occurs due to interference between the zone-
centre diamond phonons and the continuum of electronic excitations induced due to
the presence of the dopant. It has been shown a peak at 500 cm™* occurs for BDD
(shown in Figure 1.17) corresponding to boron.®® This peak can be used to
quantitatively assess the B dopant concentration with the peak downshifting with
increasing B concentration.®® Different laser wavelengths have also been shown to
exacerbate different features. For example, using a 785 nm line a peak at 1087 cm ™ is
observed if diamond nanocrystallites are present and trans-polyacetylene (1076 cm ™)

at grain boundaries can be observed at 632 nm.%’
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Whilst Raman is considered a ‘gold standard’ for diamond characterisation, whether
Raman as truly a reliable assessment of the quality of BDD for electrochemical
applications is discussed in this thesis. The fact that Raman penetration depth is
typically several microns is not ideal for the electrochemist, where only the surface of
the BDD is important.®® Furthermore, Raman is a one spot technique (limited by the
resolution of the laser — typically um’s). As BDD polycrystalline material is spatially
heterogeneous this can result in vastly different Raman spectra across the same
sample.®’ Additionally, the sp® peak is affected by boron dopant concentration, with
high [B] resulting in reduced peak intensities.*® This makes comparison of sp/G peak

ratios for samples with differing [B] not possible.

It has been discussed that BDD exhibits many properties that make it an ideal material
for electroanalysis. Work in this thesis explores utilising these beneficial properties for
the advancement in sensor technologies in two key areas: (1) heavy metal detection
and (2) pH sensing. It is therefore important to understand the current measurement

techniques available.

1.7.1 Heavy metal detection

The detection of heavy metals is extremely important due their toxicity even at trace
concentrations.*® For this reason, tight legislation is in place to ensure public health,
with wide-scale monitoring of heavy metal contamination required. The presence of

heavy metals in the environment can arise from both natural and anthropogenic
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sources, with common contaminants including the ‘big four’: mercury (Hg), lead (Pb),
cadmium (Cd) and arsenic (As). Taking Hg as an example, the maximum permitted

concentration of Hg in the drinking water is 2 parts-per-billion (ppb).1®

1.7.1.1 Inductively coupled plasma mass spectrometry (ICP-MS)

The main analytical method for heavy metal analysis is ICP-MS due to its low
detection limit capability (parts per trillion), high sample throughput and the isotopic
information that it provides.!®® The method involves an ICP torch, consisting of a

plasma tube and a radio frequency (RF) coil, shown in Figure 1.18.1%

2 Sampling
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Figure 1.18: Schematic of the ICP torch and sampling setup in an ICP-MS.1%3

Argon gas is flowed into the system and seeded with a spark, ionising the argon. The
generated ions are accelerated towards the RF coil, colliding with other argon
molecules, creating high temperatures (~6000 °C).1% The sample of interest is turned
into an aerosol by introduction to a nebuliser and undergoes atomisation in the high
temperature plasma. This acts to break down the sample into its constituent ions. The
ionised sample is then analysed in the mass spectrometer through sampling and

skimmer cones, designed to refine the ion beam, where ions are separated based on
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their mass to charge (m/z) ratio, providing a fully quantitative breakdown of the
elemental composition of the sample.l®® Unfortunately, ICP-MS is relatively
expensive and bulky, meaning it is not easily amenable to in-situ analysis. Samples
must also be (i) filtered before analysis, with any particulates capable of blocking the
nebuliser and (ii) acidified to ensure a stable plasma, and polyatomic interferences can

occur.104

Electrochemistry presents a simple, portable alternative to ICP-MS and is capable of
achieving low detection limits in the ppb range.®” The most prevalent electrochemical
method for heavy metal detection is anodic stripping voltammetry (ASV), illustrated
in Figure 1.19.2% The method involves applying a reduction potential to an electrode,
resulting in the electroplating of metal ions from solution onto an electrode surface.
After a defined deposition time, a suitable oxidative potential is applied resulting in
the subsequent stripping of the metal off the electrode surface, resulting in a faradic

current response. %
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Figure 1.19: (a) Hlustration of ASV preconcentration of metal ions and subsequent
stripping step and (b) typical stripping peak for an electroactive species.

Historically, the hanging mercury drop electrode (HMDE) was the electrode of choice
due to the formation of a liquid amalgam, during metal preconcentration, and enabling
the attainment of excellent detection sensitivities (ppb). However, due to the toxicity
of the HMDE, a variety of electrode materials have been used including Au, Pt and
GC and iridium oxide.'%” Research has shown that BDD is a viable alternative for
HDME, achieving ppb detection limits due to the inherently low background currents
of the material.*®® To this end, modification of BDD with Au nanoparticles has also
been conducted to enable ASV detection of metals that do not readily deposit onto the

BDD surface whilst utilising the low capacitance of diamond.®

ASV is reliant on the current magnitude or area (charge transferred) scaling with the
concentration of the analyte of interest. Unfortunately, this can be affected by factors
such as co-deposition and perturbation of the deposited metal layer during the
preconcentration step.'® Furthermore, whilst the position of the stripping peaks is used
to identify the heavy metals present in solution, changes in matrix can shift the peak

positions.!** Multiple peaks have also been associated with just one analyte, relating
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to the morphology of the deposited metal and peak overlap often occurs, making it

difficult to identify all metals present.*2113

XRF analysis provides several significant advantages over ICP-MS. These include: (1)
the development of handheld portable devices, ideal for in situ analysis; (2) simple (if
any) sample preparation and (3) the possibility to perform non-destructive analysis.!**
Furthermore, commercial XRF instruments typically can measure any element from
Na and U in the periodic table.!'® XRF has therefore been used to study a large variety
of elemental species in a wide range of applications including analysis of
archaeological ~ sites!® and  artefacts,''”  environmental  monitoring,!!

pharmaceuticals'?® and foodstuffs.120:121

The technique works by irradiating a sample of interest, in solid, liquid or powder
form. When the sample is irradiated with X-ray photons of sufficient energy (higher
than the electron binding energy), an electron will be ejected from one of the orbitals,
creating a ‘hole’ or initial vacancy.!®® In an attempt to restore the original electron
configuration and stability of the atom, an electron from one of the outer orbitals is
transferred to the inner orbital to fill the initial vacancy. The excess energy from this
transition is emitted as an X-ray photon (fluorescence), illustrated in Figure 1.20a.1?
This emitted energy (or line) can then be recorded, giving rise to an XRF spectrum

(Figure 1.20Db).
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Figure 1.20: (a) schematic showing the irradiation of an atom, generating
fluorescence. (b) Hlustrative example of an XRF spectrum, with each peak indicative
of unique elemental fluorescence.!?

In reality, when an element is exposed to a beam of X-ray photons multiple electron
ejections can occur, creating many ‘holes’ in different orbitals. As different electrons
from within the atom can be transferred to these holes and each atom has specific
energy levels, the lines emitted (e.g. Ka, La, LP) are characteristic of that particular
element.’?? This creates a characteristic XRF ‘fingerprint’ of each element which can
be used for identification. Furthermore, these lines typically scale with concentration
making XRF a quantitative technique.''® Typical XRF methods include Energy
Dispersive (ED) and Wavelength Dispersive (WD). For samples with an unknown
composition ED-XRF is used as the entire spectrum is acquired simultaneously.*®
However, compared to WD-XRF the resolution is significantly reduced (150 eV
compared to 20 eV for WD) which can lead to element line overlap.*?® For this reason,
for routine analysis (where specific analytes are being assessed) WD-XRF is often

preferred, where a particular wavelength is detected.?®
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Despite the advantages of XRF, the technique suffers from poor limits of detection
(LODs) in the parts per million (ppm) range for both ED and WD compared to that of
ICP-MS (sub-ppb) and is therefore not capable of reaching sensitivities required for
many applications.!?412> Several methods to improve XRF LODs have thus emerged.
Improvements to the technique has led to the development of total-reflection XRF
(TR-XRF), which utilises an angle of incident radiation below the critical angle,
resulting only the surface of the sample being irradiated (~ top 10 nm, depending on
the material).1?® This reduces instrumental background noise typically arising from
scattered radiation, thus measurement sensitivity is improved. Furthermore, the
detector can be position much closer to the sample, resulting in the emitted
fluorescence being detected with high efficiency.'?”12 Preconcentration methods such
as ion exchange,'?® evaporation, precipitation®® and liquid-liquid extraction®3!
techniques have also been explored, with the aim to concentrate the analyte of interest
before conducting XRF analysis. For some species, the LOD is notably improved (to
ppb) using the Rigaku evaporative technology, the UltraCarry®, however the method

is time-consuming, typically taking over 1 hour to complete.1®2

Researchers at Warwick have recently developed electrochemical XRF (EC-XRF) to
improve XRF detection limits.*® The technique works by electrochemically
preconcentrating (by electrochemical deposition) the species of interest onto a BDD
surface, similar to that ASV. However, unlike in ASV, where identification and
quantification of the species in solution is conducted by electrochemically stripping
after deposition, XRF is instead used to identify and quantify the analyte. BDD is the
ideal substrate for EC-XRF, not only due to its exceptional electrochemical properties,

but also due to the fact that both boron and carbon atoms are not detectable by XRF
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due to their low Z number. Using EC-XRF detection limits have been shown to be
improved by over four orders of magnitude to sub-ppb levels and an in-situ device has

been demonstrated.132133

1.7.2 pH sensing

The concept of the pH scale was first introduced in 1909 by Danish Chemist Sgren
Peder Lauritz Sgrensen, working at the Carlsberg laboratory in Copenhagen.'®* His
real innovation was to quantify acidity as the negative logarithmic function of proton

activity (aH"), thereby defining pH as in Equation 1.9:1%
pH =—logioaH" (1.9)

pH measurements are made in a wide range of industries, including the manufacture
of biomedicine,**® food production, waste management and environmental
monitoring.3” Even the slightest change in pH can affect a whole chemical process,

therefore a wide range of pH sensors have been developed.

The majority of optical pH sensors comprise of colorimetric reagents immobilised on
a porous membrane, utilising techniques such as absorbance, fluorescence and
reflectance for pH determination.®3%° Example dyes include phenol red, which
changes from red at high pH to yellow at low pH and fluorescein isothiocyanate. The
sensors are low-cost, can easily be miniaturised, offer high selectivity and are not
subject to electromagnetic interference.’*® However, unfortunately the typical pH
response of dye-based pH sensors is sigmoidal, with only a very small dynamic range
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(five pH units maximum) and is suited to only measure the pH of near neutral
solutions.’*! Furthermore, the sensors are typically one use, often suffer from
photodegradation of the dye, limiting the long term stability and are subject to ionic

strength errors.14?

1.7.2.2 Glass pH probe

The most prevalent electrochemical pH sensor is the glass pH probe (shown in Figure
1.21) due to its wide dynamic range from pH 2 —-12, high sensitivity and relatively fast

response time, 143144

glass ’ +_ + +_ + _+ +_ Internal buffer
SO SO i-O- Na*
Ba* Lit si g_l O Glass
Si-O " ,. membrane
Si-0 Si-O Ba> La

+ 7 + S , \ - ; Hydrated gel
. . Solution

Acidic Alkaline

solution

Figure 1.21: lustration of the glass pH electrode and the glass membrane interface.

The sensor is fundamentally a hydrogen ion selective electrode (ISE), comprised of a
RE (typically an Ag|AgCl RE) held at a constant potential and a thin glass membrane
(ca 0.1 mm thick), coupled with an external RE.}* The glass membrane consists
mainly of amorphous silicon dioxide, with additional alkali metal ions embedded
within its matrix. The pH sensing capability arises from ion exchange that occurs at

this glass membrane, with the silicon oxide groups becoming protonated when
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submerged in solution. An equilibrium is established, with the degree of protonation
dictated by the solution pH, creating a potential difference at the glass

membrane/solution interface.

The measured potential can be related mathematically to the solution pH via the Nernst

equation:

2.303 RT
¢— ———pH (1.10)
nkF

Thus at T=298 K a Nernstian dependence on proton activity is predicted to be 59 mV
per pH unit. The glass pH electrode is however subject to several issues. The glass is
inherently fragile, making the sensor often not suitable for in-situ measurements or
high-pressure, high-temperature applications. It also must be stored hydrated to
maintain its functionality. Furthermore, at high pH values, the sensor is subject to
‘alkali’ errors where alkali cations of similar charge and size to protons, such as Li",
Na*, K* and Ca?* can bind to the glass membrane resulting in erroneous pH
measurements.*¢147 Strong alkali solutions can also etch and permanently damage the

glass pH probe.

lon-Selective Field Effect Transistors (ISFET) devices have become increasingly
popular in recent years due to the technology addressing the fragility of the glass pH
electrode and the fact the sensors can be stored dry.*3%° ISFET pH measurements
work by controlling the current between two semiconductor electrodes. To do this, the

two electrodes are separated by a third electrode (the gate) that is in direct contact with

37



the solution of interest integrated into a silicon chip.?*® The gate is made of a proton
sensitive chemical layer such as silicon oxide, silicon nitride and aluminium oxide,
which when exposed to solution becomes hydrated. ™! This layer then acts as a surface
charge transfer layer, enabling current to flow from one of the semiconducting
electrodes to the other. The degree of protonation of the gate (thus the solution pH)
dictates the voltage observed, which exhibits a Nernstian dependence. The technology
however still has inherent issues, with ISFET devices often having drift issues and
experiencing blockages when placed in real-world solutions such as wastewater.!®2
Exposure to certain chemicals such as chlorine and other aggressive media also

permanently damages ISFET devices.

A variety of hydrogen sensitive metal oxide probes have also emerged, such as
ruthenium oxide, manganese oxide and tin oxide.™® Unfortunately they are subject to
drift issues and are subject to redox interferences.’ It has also been found that with
increasing sensitivity, the response time increases dramatically and the stability is
greatly reduced.™ Iridium oxide (IrOx) is a popular choice for pH sensing, particularly
as it can be miniaturised and is biocompatible.***15” Unfortunately, in order to provide

stable potentials the IrOx film must stay hydrated.**

Limited studies have also been conducted with BDD. For example, as BDD exhibits
an extended SW, chronopotentiometry was employed to assess the potential dependent
pH response for a fixed current threshold.*®1%° Unfortunately, this method can suffer
from redox interferences. Potentiometric methods have also been explored, with BDD
O-terminated by oxygen plasma treatment.'®* The pH response was however reported

as sub-Nernstian and the sensor was stable for only two days.*
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Voltammetric pH sensing with carbon electrodes has been explored in great detail due
to their low cost and robust nature.'®? Typically, the electrode surface is chemically
functionalized with pH sensitive molecules, with quinone moieties a popular
choice.%21%3 Quinone electrochemistry has been widely studied, with the possible
reaction mechanisms summarised in the generalised scheme of squares in Figure

1.22.164

A‘l Q-Ai 2.
e —_— Q

\ A \
+H* +H* +H*
\ A A
te . te
QH+ P EE— H QH,
z N \
+H* +H* +H*
A A A
+e

+e-
QH22+ 4_’ QH; 4_’ QH2

- Generalised quinone scheme of squares.*%

The simplest and most studied quinone mechanism is the 2~ reaction (Q + 2e~ = Q%)
that occurs in buffered aprotic solution.'®® The voltammetric response typically has
two well defined redox peaks and is pH independent.'®® In buffered aqueous media,
quinone species are considered to operate under a proton coupled electron transfer
(PCET) regime (2e-, 2H"), summarised in Equation 1.11. It is widely accepted that
this happens via a stepwise pathway, where both the electron and proton are transferred
in a single kinetic step.'®® Due to potential inversion, where the transfer of the second

electron is more favourable that the first, only one redox peak is observed.

Q + 2H* + 26~ = QH; (1.11)
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By substituting this into the Nernst equation (Equation 1.12) it is apparent that the

voltammetric response changes by 59 mV per pH unit at 298 K:

0.0592 [Q]
E=E°+ H
2 P [QH,]

~0.0592 pH (1.12)

As the pH of the solution is increased and the pKaz of the quinone is reached (shown
in Figure 1.23), a 2e~, H" reaction proceeds, equating to a 30 mV / pH unit change.
By increasing the pH further, once pKa> is reached (see Figure 1.23), a proton
independent electron transfer (ET) reaction (2e7) occurs.!®* Often pKai and pKaz are

coincident.163

OH o- o-
PK,, PK.
OH OH 0
QH QH Q*

: Schematic of the deprotonation of the quinone catechol showing pKa1
and pKaz. 1%

It is thus evident that for a reliable pH sensor, the reaction outlined in Equation 1.11

is preferable, providing the highest sensitivity for protons.

Unfortunately, the quinone based electrodes are not without their disadvantages.
Functionalisation procedures are often complex and time-consuming, requiring a
number of reagents.®? The stability of the quinone moieties on the surface of the
electrode is also a problem, particularly at elevated temperatures and pressures, and
mechanical abrasion to clean the surface is not suitable. Work utilising inherent

quinone groups on the surface of sp? containing carbon electrodes such as GC, EPPG
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and SPE has emerged to mitigate these problems.168169170  However, due to the
catalytic nature of these electrodes oxygen reduction interference is an issue.
Degassing of the solution of interest is therefore required to get measurable signals,

which makes in-situ measurements problematic.1%®

Furthermore, quinone based pH technologies show deviation from 59 mV/pH unit in
unbuffered aqueous media.’®* Theories behind this deviation are mixed, with some
researchers suggesting that by conducting the electrochemical reduction of quinones
in unbuffered solution, a localised change in pH at the electrode surface results due to
the consumption of protons, resulting in the pH that is measured to be more alkaline
than the bulk.?®41* This effect is mirrored for quinone oxidation, resulting in a more
acidic “effective pH” at the interface.!®® Others suggest that quinone moieties will
respond similarly to that of buffered solution if [H*] > [Q].1%4 It is thought that if [H*]
< [Q] deviation occurs, where the quinone instead undergoes a 2e~ reduction to make
the strongly hydrogen-bonded quinone dianion (Q2"(H20)2n), resulting in pH
independence.'® Thus far, this still presents a major scientific challenge for quinone-
based pH sensing technologies as many of commercial pH measurements are made in

unbuffered media.%*
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This thesis aims to utilise the advantageous properties of BDD for the development of
robust sensors for operation in extreme environments and complex matrices for both
heavy metal detection and pH sensing. Chapter 3 explores the use of EC-XRF by
investigating the detection of palladium contamination in electroactive pharmaceutical
products. Analysis is optimised to reduce EC-XRF analysis times in order to improve

the techniques commercial viability.

In order to employ BDD for particular applications, the quality of the material must be
fully understood, with sp? content affecting the mechanical, chemical and
electrochemical performance. Chapter 4 therefore focuses on the development of a
new electrochemical characterisation technique of BDD to assess sp? content. To do
this, the natural presence of electroactive quinone groups that exist on sp? carbon, but
are absent on sp® carbon, are exploited advantageously. Chapter 5 proceeds to
demonstrate the newly developed electrochemical characterisation technique on thin
film microcrystalline material, providing a detailed insight into changes in reactor

growth conditions across BDD wafers in low-pressure, overmoded systems.

Chapter 6 details the development of a BDD pH sensor, created by the intentional
introduction of sp? regions containing pH sensitive quinone groups onto the electrode
surface using laser micromachining. The BDD pH electrodes are fully characterised
and their pH performance is assessed in buffered solutions ranging from pH 2-12, as
well as inter-sensor performance. Long term stability is also explored and the effect of
possible redox interferences is explored as well as the effect of temperature on the pH
response.
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In Chapter 7, the complications of measuring pH of unbuffered solutions using
quinone-like moieties is explored, with redesigns of the initial pH sensor conducted to
obtain a linear, Nernstian pH response in unbuffered pH solutions across the pH range

1-14.

Finally, Chapter 8 concludes the work presented in this thesis and discusses possible

future directions of this work.
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Experimental

This chapter details the materials, chemicals, instrumentation and apparatus used

throughout this thesis.

The freestanding BDD materials (i.e. removed from the growth wafer) used throughout
this thesis, were supplied by Element Six Ltd., Harwell, UK, and manufactured using
microwave CVD (described in Chapter 1). The average boron dopant concentration
was determined to be 5 x 10%° atoms cm3, confirmed by secondary ion mass
spectrometry (SIMS).! For the majority of studies the BDD was 470 um thick. For
EC-XRF measurements in Chapter 3 the BDD was polished to a thickness of 250 um

to minimise X-ray scattering.?

The ultrananocrystalline BDD thin-film material (2 pum thick) used in Chapter 4, was
supplied by the Advanced Diamond Technologies (ADT) Inc., Illinois, USA, grown
on a Nb substrate, with a boron dopant concentration of 1.6 x 10! atoms cm™3.! The 1
pum thin-film BDD used in Chapter 5, was grown by Dr. Soumen Mandel and Prof.
Oliver Williams at Cardiff University, Department of Physics, using a Seki 6500 series
Microwave Plasma reactor, run under multi-moded conditions, onto 500 um thick 2-

inch diameter silicon (100) p-type wafers.
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. List of chemicals used throughout this thesis.

Chemicals

Acetominophen,
CsHoNO3

Boric acid, H3BOs3

Cadmium (I1) nitrate,
Cd(NO:3)2

Caffeine, CgH1oN4O>
Citric acid, CeHsO7

Copper (I1) nitrate,
Cu(NO3)2

Hexaamineruthenium
(111) chloride, Ru(NH3)s**

Hydrochloric acid, HCI
Iron (111) chloride, FeCls
L-ascorbic acid, CeHgOs

Lead (1) nitrate,
Pb(NO3).

Nitric acid, HNO3
Palladium chloride, PdClI,

Potassium hydroxide,
KOH

Potassium nitrate, KNO3
Riboflavin, C17H20N4Os¢
Sulfuric acid, H2SO4

Tertiary sodium
phosphate, NazsPO4

Zinc (1) chloride

Supplier

>99%

99.97%

99.99%

99%
>99.5%

99.99%

99%

>37%
99.99%
99%

99.99%

70%
99.0%

>99.97%

99.9%
99.9%
99.99%

>95%

>98%

Details

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Strem Chemicals Ltd.,

U.K.
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Puratronic
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
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2.3 Fabrication
2.3.1 BDD electrodes

Throughout this thesis 1 mm diameter BDD macroelectrodes were used, illustrated in

in Figure 2.1a and Figure 2.1b. These were fabricated using an optimised in-house

method.?
(a) (b)
Cu wire Ag epoxy
Glass
capillary\>
BDD

Figure 2.1: (a) Schematic of a BDD macroelectrode and (b) an optical image of a 1
mm BDD macroelectrode showing the glass/BDD seal.

BDD discs with a diameter of 1 mm were cut from a BDD wafer using a laser
micromachiner (E-355H-3-ATHI-O system, Oxford Lasers). A kerfing program was
incorporated into the lasering process to produce uniform disks. Several laser passes
are required to cut through the wafer using the following laser parameters: 100% laser

power, 20 kHz, machining speed of 1 mm s

2.3.1.1 Acid cleaning

The laser cut BDD discs were acid cleaned to remove any loose sp? and oxygen-
terminate the BDD surface. The diamond disks were placed in concentrated HSO4
(Fisher Scientific, 95%) which had been supersaturated with KNO3z (Sigma Aldrich,
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>99.0%) for 30 minutes and heated (ca 200 °C) until the brown fumes produced
became white (NO2).! The disks were then removed from the solution, washed

multiple times with ultra-pure water and then left to air dry on lint-free cloth.

A reliable ohmic connection was established (confirmed electrochemically — see
Chapter 2.5.3) using by sputtering (Moorfield Minibox E606) layers of Ti and Au (10
nm and 400 nm respectively) onto the nucleation face of the diamond discs and
subsequently annealing in a tube furnace for 5 hours at 400 °C. A carbide-based
tunnelling contact between the carbon and titanium layer forms with a resistivity lower
than 1 Q cm.* The diamond disks were then placed into pulled borosilicate glass
capillaries (2 mm outer diameter (OD), 1.16 mm inner diameter (ID), GC 200-10,
Harvard Apparatus Ltd., Kent, U.K.) with the Au sputtered side facing the open
capillary end. A vacuum was then applied and the diamond disks were heat sealed
(Narishige PB-7) within the capillaries to seal the sides of the electrode. An external
electrical contact was established by filling the glass capillary with silver epoxy (RS

Components Ltd, Northants, U.K.) and inserting a tinned copper wire (OD = 0.5 mm).®

The BDD discs were then exposed by polishing away the glass from the tip using
carbimet abrasive discs (Buehler Ltd, Germany), incrementally moving from discs
with grit sizes P120, P180 and P240 then finally exposing the BDD round out of the

glass surround with a P1000 carbimet disc. Note, care must be taken to ensure that the
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glass capillary is held perpendicular to the abrasive disks. Failure to do so, results in
the exposure of the laser ablated edges of the BDD discs, which contains significant
sp? carbon (vide infra). The electrodes were imaged (Olympus BH-2-HLSH) to check
that all glass remnants had been removed from the electrode surface, exposing the full

electrode area.

2.3.2 All Diamond Devices

Due to the robust nature of diamond, failure of a BDD sensor is most likely to arise
due to the degradation of the insulating seal around the edge of the electrode. Typical
materials for sealing include glass (used for the BDD electrodes in Chapter 2.3.1) and
epoxy resin.® Furthermore, as the BDD material is laser micromachined to the required
geometry, sp? carbon contamination down the sidewalls, arising from the ablation
process, can occur if the sidewalls of the BDD round are exposed to solution. To
overcome these problems, all-diamond devices have been fabricated where BDD
electrodes are encased in insulating BDD (shown in Figure 2.2).> The devices are
fabricated by laser micromachining the desired electrode geometry into an insulating
diamond substrate, then overgrowing with a layer of BDD. The BDD layer is then
polished back to reveal the coplanar all-diamond structure.> A variety of different
electrode structures have been produced including band electrodes for conductivity
measurements and ring-disc arrangements for heavy metal detection, as well as 1 mm

macroelectrodes.®’
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(@) (b)

(c) (d)

Figure 2.2: The all-diamond device manufacturing process including (1) the growth
of insulating diamond; (2) the laser ablation of the insulating diamond in the pattern
of the electrode required; (3) overgrowth of BDD and (4) the subsequent polish back
of the material to reveal a BDD electrode coplanar with the intrinsic diamond
surround.

2.3.3 Laser Micromachining

Laser micromachining has been utilised throughout this thesis in order to (1) machine
BDD of appropriate sizes from larger CVD wafers, as well as to (2) create sp?
containing features for electroanalytical and electrocatalytic applications. To do this,

an incident laser pulse (a source of heat energy) is directed at the BDD, shown in

Figure 2.3a.

(a) (b) (c) (d)

Laser pulse Heat-affected sp?
plasma zone (HAZ)

Figure 2.3: The laser micromachining process of BDD: (a) laser pulse hitting the
BDD surface; (b) ablation (c) generation of a plasma and HAZ and (d) the generation
of surface bound sp?.
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The heat energy is absorbed by the surface layers, resulting in subsequent ablation of
the material (Figure 2.3b). This ablated material forms a highly energetic plasma,
which is stabilised due to further laser pulses being delivered to the sample, resulting
In an increase in temperature. The generated plasma further ablates the BDD surface
and results in the generation of a heat-affected zone (HAZ), shown in Figure 2.3c. The
energy generated in the HAZ is enough to induce a change in the bonding of the
material (oxidisation of sp® to sp?), graphitising the BDD surface (Figure 2.3d). Note,
it is typically the size of the HAZ that dictates the resolution of the laser

micromachining process (10 pm).

Laser micromachining was performed using an E-355H-3-ATHI-O system (Oxford
Lasers Ltd.) operating a fully diode pumped solid state Nd:YAG laser (355 nm). The
system average output power is 6 W (at 10 kHz), with a pulse duration of 34 ns and a

laser pulse frequency range of 1-250 kHz.

2.4.1 Raman Spectroscopy

Raman spectroscopy was utilised to provide qualitative information on the quality (sp?
content) of the BDD employed (see Chapter 1.6.1), as well as to verify that the boron
dopant concentrations were above the metallic threshold in all samples. Note, Raman
microscopy is not truly surface sensitive and this must be taken into account when
interpreting the data. A Renishaw inVia Raman microscope was used for all

measurements at room temperature (25 °C). A green Ar* laser of wavelength of 514.5
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nm was primarily used for analysis, operating at a power of 10 mW, in conjunction

with a x 50 objective, resulting in a spot size of ~10 pm.

2.4.2 Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM is a microscopy technique that utilises an electron beam to produce high
resolution images. Electrons are accelerated towards the sample of interest under
vacuum by applying a potential difference between a field-emission cathode and
anode, ranging from 0.1-50 kV.8 The resolution is typically ~10 nm, limited by both
the electron beam width and the volume of primary excitation of electrons in a solid
(shown in Figure 2.4a).° When electrons strike the sample, several interactions may
occur, shown in Figure 2.4a. Both secondary electron and backscattered electron

emissions are used to create FE-SEM images.

(a) Primary Electron Beam (b) Ly *

Secondary Electrons Auger Electrons

(nm range) (5-75 A)
Backscattered
Electrons X-rays
(=100 nm) (1-3 um)
€
= X
™ Volume of
- primary

excitation

Figure 2.4: (a) Schematic of FE-SEM interactions with a sample surface and (b) an
in-lens backscattered electron image of high quality BDD.®

FE-SEM of BDD allows detailed observation of grain boundaries, morphologies,
defects and variations in boron concentration across the polycrystalline material. A

typical backscattered electron FE-SEM image of high quality BDD is shown in Figure

57



2.4b. Vast contrast between BDD grains is observed due to different facets having
varying conductivities, with more highly doped grains appearing darker, whilst less
doped grains appearing lighter.l® Higher energy backscattered electrons provide

information about sample composition.

For all FE-SEM images in this thesis, a high resolution Zeiss Supra 55 VP was utilised
an in-lens detector. Accelerating voltages between 2 and 15 kV were used, with a

working distance of 4 mm.

2.4.3 X-ray Fluorescence (XRF)

XRF analysis detailed in this thesis was conducting using an energy dispersive XRF

system, illustrated in Figure 2.5.

Secondary
targets

X-ray tube

Detector

Figure 2.5: Schematic of an energy dispersive XRF system with secondary targets.!

The X-ray tube (Pd anode) was run at 50 kV with a 1 mA tube current. Several
secondary targets were used dependent on the analyte of interest including the Mo

target (17.45 keV) and the polychromatic Al,O3 Barkla secondary target (> 10 keV).1?
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All spectra were measured under moderate vacuum (12 Pa) for a sampling time of 150
s. The interrogation area of the X-Ray source was determined to be elliptical and ~1.2

c¢m in diameter.

2.4.4 X-ray Photoelectron Spectroscopy (XPS)

Based on the photoelectric effect, XPS, otherwise known as Electron Spectroscopy for
Chemical Analysis (ESCA), allows the elemental composition of up to the top 10 nm
of a surface to be investigated.'®> Monochromatic incident photons (energies ranging
from 200-2000 eV) bombard the sample surface and are absorbed by atoms, causing

them to emit electrons from core atomic orbitals.'* This is illustrated in Figure 2.6a.

(@) Emitted Incident (b)
photoelectron X-ray
4 S_E

“. Conduction =

band ©

" Valence "2

X band @

2p o

2s @ . = ___/'\___——/L""\
1s @ g

Binding Energy / eV

: (@) Hlustration of the ejection of a photoelectron by x-ray excitation and
(b) an example XPS spectrum, showing orbital lines.*3

The kinetic energy of the emitted electrons is then measured, allowing the binding
energy of the emitted electron to be calculated and thus the element present as each

element has specific electron binding energies, shown in Equation 2.1:%°
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Ebiﬂdiﬂg = Ephatan - (Ekinetic+ CD) (21)

where Ebinding = the binding energy of the electron, Epnoton = the energy of the X-ray
photons being used, Exinetic = the kinetic energy measured by the XPS analyser and ®
= the work function of the material. An XPS spectrum can then be created, with each

line indicative of a unique electron arrangement, shown in Figure 2.6b.

XPS is a particularly powerful technique as it provides quantitative analysis of surface
composition.*® Furthermore, changes to Epindging 0ccur not only on the level from which
the photoelectron is emitted from, but also due to changes to the local chemical and
physical environments. Subtle shifts in line position can provide information such as

the oxidation state of an atom and the functional groups present.?

XPS analysis was performed using a Kratos Axis Ultra DLD photoelectron
spectrometer, with a monochromated Alk, X-ray source (1486.69 eV) operating at 150
V, operating under ultrahigh vacuum (UHV) conditions with a spectrometer base

pressure of 2 x 1071% mbar.

2.4.5 White Light Interferometry (WLI)

WLI is a non-contact optical method used to measure the topography of a surface
through the application of optical interference.!” The interferometer uses a broad
spectrum light source that is collimated using a condenser lens. The light is then split
into two beams, one that is reflected from a reference mirror and the other that is
scattered by the sample of interest. The reflected beams are then relayed to a CCD,

forming an interference pattern.'® This allows topographical information of a sample
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to be collected with sub-nm resolution. In this thesis, WLI images were collected

using a Bruker ContourGT (Bruker Nano Inc., USA).

2.5.1 Capacitance (C)

Using a three electrode setup, CVs were collected in 0.1 M KNOs at a scan rate of 0.1
V s71, sweeping the potential between —0.1 V and 0.1 V, starting at 0 V for 7 cycles.

The second full CV was then utilised to calculate C according to Equation 2.2:
C= iaverage/VAgeometric (2-2)

where iaverage IS the current average from the forward and reverse sweep at 0 V versus
SCE, v is the scan rate (V s1), and Ageometiic the geometric electrode area (cm?). Note:
no significant change in the C measurement is observed from the second CV onwards,

with the additional scans recorded for statistical purposes.

2.5.2 Solvent Window (SW)

The potentiostat is used to sweep the potential from 0 V, down to -2 V thento + 2 V
before returning to 0 V for three full cycles. The second full CV is then converted to
current density (mA cm™2) by dividing by the electrode area. The SW is defined as the

potential range in which a current of no more than of £0.4 mA cm2is passed.’
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2.5.3 Reversibility

CVs of the outer sphere redox mediator Ru(NHz3)s®* (1 mM) are conducted in 0.1 M
KNOs at a scan rate of 0.1 V s ! selected as its formal potential is sufficiently in the
band gap of BDD (see Chapter 1.5.1). The potential is swept from + 0.2 VV and 0.5V
for 3 cycles. The second CV is assessed with a peak-to-peak separation (discussed in
detail in Chapter 1.4.3) of < 70 mV indicative of BDD with metal-like conductivity
and good ohmic contact.®* Using Ru(NH3)s>* as a mediator also allows identification
of electrodes that are doped below the metallic threshold as there are not enough
available charge carriers, resulting electron transfer being the rate determining step.
As a result, the peak-to-peak separation (AEp) of Ru(NH3)e®* becomes larger (> 70

mV) — shown to be > 300 mV for BDD doped at 2 x 10* B atoms cm™3.!
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Chapter 3

Quantitative analysis of trace palladium contamination in
aqueous solution using Electrochemical X-Ray Fluorescence
(EC-XRF)

1 | Toxic Pd levels /\
2 LoD Lal
‘@ | Safe Pd levels
| =
o
L=
Pd?* + 2e
(aq) Pd (s) Energy / KeV —
Electrochemical deposition Pd detection in the presence of ACM

The application of Electrochemical X-ray Fluorescence (EC-XRF), for the detection
of palladium (Pd) contamination in a range of aqueous solutions containing
electrochemically active compounds, present in excess and relevant to the
pharmaceutical and food industries, is reported. In EC-XRF, EC is used to
electrochemically pre-concentrate metal onto an electrode surface under forced
convection conditions, whilst XRF is employed to spectroscopically quantify the
amount of metal deposited, which quantitatively correlates with the original metal
concentration in solution. Boron doped diamond is used as the electrode due to its very
wide cathodic window and the fact that B and C are non-interfering elements for XRF
analysis. The effect of several parameters on the Pd XRF signal intensity are explored
including: deposition potential (Edep), deposition time (teep) and Pd?* concentration,
[Pd?*]. Under high deposition potentials (Edep = —1.5 V), the Pd XRF peak intensity

(XRFmax) varies linearly with both tgep and [Pd?*]. Quantification of [Pd*'] is
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demonstrated in the presence of excess acetaminophen (ACM), L-ascorbic acid,
caffeine and riboflavin. We show the same Pd XRF signal intensity (for [Pd?*] = 1.1
uM and tgep = 325 S) is observed, i.e. same amount of Pd is deposited on the electrode
surface, irrespective of whether these redox active molecules are present or absent.
For tgep = 900 s we report a limit of detection for [Pd?*] of 3.6 ppb (34 nM). Even lower
LODs are possible by increasing tqep Or by optimising the X-ray source specifically for
Pd. The work presented for Pd detection in the presence of ACM, achieves the required

detection sensitivity stipulated by international pharmacopeia guidelines.
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Heavy metal contamination (HMC) is prevalent in many industries including:
wastewater treatment,* environmental monitoring, pharmaceutical manufacturing and
food production.® HMC raises significant health concerns due to the inherent toxicity
of heavy metals even when present at trace concentrations.* As a result, government
bodies such as the World Health Organisation® and the European Medicines Agency
(EMA)® have stringent guidelines on quantification of heavy metal impurities to ensure
that they do not exceed safe concentration limits. Currently, the analytical techniques
recommended for quantitative heavy metal detection are laboratory based inductively
coupled plasma optical emission spectroscopy (ICP-OES) and ICP-mass spectrometry
(ICP-MS).” For ICP (MS or OES) prior to analysis complex matrices such as soil,
pharmaceutical products and foodstuffs must first be broken down into solution form,
typically by microwave digestion in concentrated acid.2 The solution is then diluted

prior to ICP ionisation.

In the electrochemical field, anodic stripping voltammetry (ASV) has long been used
as a means to detect heavy metals in aqueous environments® due to its rapid analysis
time, ease of use, inexpensive instrumentation, the potential for on-line (on-site)
analysis, unlike ICP-MS (-OES), as well as the ability to reach ppb detection limits.*
As discussed in Chapter 1.7.1.2, in ASV, dissolved and labile heavy metals are
electrochemically reduced onto an electrode and then oxidatively stripped from the
surface, with the stripping peak(s) analysed. With liquid mercury functioning as the
detection electrode, the position of the stripping peak can be used to inform on metal
chemical identity, with peak area or height providing quantitative information on metal

ion concentration.!! However, as mercury can no longer be employed, due to its own
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toxicity concerns,*? wide cathodic window solid electrodes such as boron doped
diamond (BDD)* and iridium oxide!* are required as an alternative. Interpretation of
stripping peaks from metal deposition/dissolution on solid electrodes is complex as the
deposit morphology, peak suppression and the appearance of intermetallic peaks can
all affect the number, position and magnitude of peaks observed.’® This makes
chemical identification and quantification of metal concentrations in solution

challenging.

Furthermore, this approach ideally requires that no other redox active species
(interferents) are present which can negatively impact on the metal deposition and
stripping process. This is to avoid fouling of the surface with electrochemical
intermediates/products of the redox process and interferent electrochemistry masking
the analytical stripping signal. This is likely to be especially problematic when
investigating solutions which contain high parts-per-million (ppm) concentrations of
electroactive species, for example, in dissolved foodstuffs, e.g. L-ascorbic acid
(vitamin C),° riboflavin (vitamin B2)!’ and in dissolved pharmaceutical tablets where
the majority of active pharmaceutical ingredients (APIs) i.e. the drug molecule

themselves,'® show a redox electrochemical signature.

Stand-alone XRF provides a simple, non-destructive alternative for heavy metal
detection, requiring little, if any sample preparation.!® Typically, the sample of interest,
usually in solid form, is excited with an X-ray beam of a chosen energy resulting in
the emission of a unique fluorescent signature, allowing unequivocal elemental
identification from Na'! to U%2. In conventional energy dispersive-XRF, ppm detection

limits are found.?® Unfortunately these are not appropriate for trace level metal
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detection studies, which typically require detection sensitivities at the ppb level.?! To
improve detection limits, pre-concentration procedures can be employed, such as
precipitation, liquid-solid extraction and evaporation, however they still do not enable

many of the required detection sensitivities to be achieved using XRF alone.?

EC-XRF capitalises on the advantages of both electrochemistry and XRF, overcoming
the aforementioned disadvantages associated with each independent technique.?
“Preconcentration” of metal ions on the surface of the electrode is achieved using
electrodeposition. However, no oxidative stripping step is employed for analysis,
unlike ASV. Unequivocal chemical identification and subsequent quantification is
instead made using the XRF component of the technique. Boron doped diamond
(BDD) is utilised as the electrode substrate, to take advantage of its excellent
electrochemical properties suitable for both electrodeposition and XRF including: a
wide cathodic solvent window; low background currents and high resistance to
fouling.?* Furthermore, the thin BDD substrate (250 pm) is freestanding i.e. is
unsupported, and constitutes only B and C atoms, which are noninterfering elements
in the XRF spectra.?® Previous EC-XRF ex-situ studies, which focused on determining
detection sensitivities, employed model solutions containing only inert background

electrolyte (0.1 M KNOs, pH 6) and the labile metal ions Cu?* and Pb?*.3

In this work the ability of EC-XRF to provide the required detection sensitivities for
more challenging solutions appropriate to both the pharmaceutical and food industry
is investigated. Initial focus is placed on the ability of EC-XRF to monitor heavy metal
contamination in a pharmaceutical API, acetaminophen (ACM). Note the API is

always present at significantly higher concentrations than the contaminant, and the
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vast majority of APIs show oxidative signatures.?® Contamination of drug
intermediates and drug products with heavy metals can arise from many sources?’
including raw materials, equipment, solvents, reagents and catalysts,?®2° with the latter
being a key cause for concern. Palladium (Pd) contamination in the pharmaceutical
industry is very common® as Pd-derived catalysts are routinely used in API
synthesis.3!32 Pd is of particular concern not only due to its toxicity, but also its ability
to catalyse drug decomposition. For these reasons levels of Pd must not be greater than
10 ppm with respect to the APL.® The widespread applicability of the EC-XRF
technique is further demonstrated by investigating the detection of our target metal
(Pd) in the presence of high concentrations of other complex electroactive species
appropriate to the food industry, including L-ascorbic acid, caffeine and riboflavin.
Finally, the applicability of the technique to the detection of other metals contaminants

present in solution is demonstrated.

3.2.1 EC-XRF measurements

EC-XRF measurements involve first an electrochemical deposition (pre-
concentration) step (Figure 3.1a). The BDD electrode is then removed from solution
and the metal plated surface analysed using XRF (Figure 3.1b). The resulting
spectrum (Figure 3.1c) provides information on the chemical identity of the
electrodeposited metal (from the peak position) and the quantity of metal deposited
(peak height). Provided the metal has been electrodeposited under known mass
transport conditions the amount of metal deposited on the surface can be related back

to the original concentration of metal ions in solution.
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Figure 3.1: The EC-XRF technique: (a) the electrochemical deposition step; (b) XRF
analysis and (c) the XRF spectra obtained for Pd (Ko. line).

3.2.2 Electrochemical setup

For electrochemical deposition a rotating disc electrode (RDE) setup was employed
due to the well-defined hydrodynamic mass transport characteristics.®® A three-
electrode configuration was utilised with the BDD RDE functioning as the working
electrode, a platinum gauze as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. Note, all potentials are quoted versus SCE, unless
otherwise stated. To provide an ohmic contact to the BDD electrode, 10 nm Ti / 400
nm Au was sputtered onto the back of the BDD electrode, followed by annealing at
400 °C for 5 h. To avoid any metallic interference from the Ti/Au contacts in XRF
analysis, the ohmic contact was sputtered as a ring with an inner diameter of 2.2 cm

(the interrogation area of the XRF is 1.2 cm in diameter).

To form the RDE, the BDD was screwed into a polyether ether ketone (PEEK) cap

(shown in Figure 3.2). The backside of the Ti/Au sputtered BDD contacted a metal

rod that was connected to a rotating disc set-up, fabricated in-house. The PEEK cap
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acts to reduce the electrode area to 1.5 cm? (1.4 cm diameter) with an O-ring positioned

behind the cap, to provide a watertight seal.

BDD disk
O-ring l

Metal rod

PEEK lid

RDE attachment
screw

Figure 3.2: Deconstructed schematic of the RDE.

In between measurements the BDD disc was mechanically polished with alumina
particles (~0.05 um particle size, Micropolish, Buehler, Germany) on a deionised
water saturated polishing pad (Microcloth, Buehler, Germany) and then rinsed with

deionised water to ensure removal of any remaining alumina particles.

For cyclic voltammetry (CV) measurements of ACM, L-ascorbic acid, caffeine, and
riboflavin, a 1 mm diameter BDD disc macroelectrode®* (glass-sealed) was utilised as
the working electrode. In order to create a Pd-coated BDD electrode, the electrode was
held at —1 V for 30 minutes in 1 mM PdCl; in 0.2 M KNOs, acidified with 0.1 M

HCI.%

3.2.3 XRF Instrumentation

XRF analysis was conducted using an energy dispersive-XRF (NEX CG, Rigaku,
Japan). The X-ray tube with Pd anode was run at 50 kV with a 1 mA current and

utilised an Al secondary target (the polychromatic Barkla target, Al,Os > 10 keV).*®
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This secondary target was selected to provide the maximum excitation for Pd, using
the NEX CG system.3” For comparison of the excitation efficiency of the secondary
source with respect to the metal detected, the Mo secondary target (17.45 keV) was
also used for data collection. All spectra shown are smoothed using a Savitsky-Golay
filter.3® After electrodeposition, the BDD disc was removed from the RDE set-up, air-
dried with nitrogen and then placed in the XRF chamber for analysis. All spectra were
measured under moderate vacuum (12 Pa) for a sampling time of 150 s. The
interrogation area of the X-Ray source on the sample is elliptical and ~1.2 cm in
diameter. All spectra are presented to show the Pdk, peak at 21.18 keV. For any XRF
measurement involving Cu or Fe, XRF spectra were background corrected using a
representative blank sample. This was due to the presence of background Cu and Fe
peaks, attributed to residual scattered X-rays from the brass shutter and the steel body

of the sample chamber fluorescing close to the optical path.

3.2.4 Energy Dispersive-XRF evaporation techniques

EC-XRF was compared against conventional energy dispersive-XRF, in order to
explore the differences in detection sensitivity. The Rigaku patented solution
evaporation methodology for analyte pre-concentration (Ultra Carry™) in
combination with XRF, was utilised which consists of a plastic sample plate containing
a hydrophobic Mylar film, and a central hydrophilic, X-ray transmissive pad. 200 pL
of the sample of interest was pipetted onto the hydrophilic region of the absorbent pad
and heated on a hot plate (IKA RCT Basic) at 45 "C for ~60 minutes, until all solution

had evaporated.
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3.3.1 Cell Characterisation

The electrochemical response of the 1.4 mm diameter BDD disc electrode was initially
investigated to ensure that the BDD was doped sufficiently to behave as a metal-like
electrode. Figure 3.3 shows the CV response for 1 mM Ru(NHs)s** (half wave
potential, E12= —0.11 V versus SCE) electrolysis in 0.2 M KNOg3, under quiescent
conditions, at a scan rate of 0.1 V s (black) and under forced convection conditions
(red). In stationary solution, near reversible electron transfer kinetics were observed
(peak-to-peak, AEp, separation of 65 mV) indicative of highly doped diamond
material. This value also indicates that ohmic drop is minimal and that there is a good
electrical connection to the BDD. Furthermore, the observed peak current (ip) of 0.40
mA, is close to that predicted by Randles Sevcik theory® of 0.39 mA, described
previously in Equation 1.7, with n = 1; A = 1.54 cm?. D, for Ru(NH3)s** = 8.65 x 107
cm? st (determined using a 14.5 pm radius Pt ultramicroelectrode in a solution
containing 1 mM Ru(NH3)s®" and 0.2 M KNOs).; v is the scan rate (0.1 V s™%) and c*

is the concentration of the analyte (1 mM) at 298 K.
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: CV response for the reduction of 1 mM Ru(NH3)e*" in 0.1 M KNOs at a
scan rate of 0.1 V 71, in stationary (black) solution and with the electrode rotated at
20 Hz (red).

To ensure rapid analysis times, forced convection was implemented to increase mass
transport to the electrode surface, with steady state currents (iiim) obtained at 20 Hz
(red) of 0.97 + 0.01 mA, similar to those as predicted by Levich theory®® (0.95 mA),
calculated using Equation 1.8, assuming the kinematic viscosity of water to be 0.01

cm?st,

Deviation from Levich theory was observed at f > 20 Hz. This could be due to the fact
the electrode is recessed (1 mm) from the top surface of the PEEK holder (Figure 3.2);
the effect on mass transport is seen most prominently at higher f values. Therefore, all

subsequent EC-XRF measurements were conducted at f = 20 Hz.

3.3.2 The effect of API on the EC-XRF signal

The maximum amount of Pd allowed in pharmaceutical products for oral consumption

was considered in order to select an appropriate concentration range for analysis. The

74



EMA define a limit of 10 ppm for Pd with respect to the amount of API present,® as
shown in Equation 3.1. Concentrations above this value are considered unsafe for

human consumption:

10 mg of Pd

1 kg of API 10 ppm (3.1)

maximum safe limit=

The amount of Pd that must be detectable is therefore directly dependent on the
concentration of API in solution. ACM was employed as the model API, as it is a well-
known, widely used pharmaceutical drug molecule. High concentrations of ACM (12
g/L) were added to solution, close to the solubility of ACM (14.9 g/L at 25°C),* as
the API is always present in excess within pharmaceutical preparations compared to
any heavy metal contamination that may be present.*° This also acted to maximise any
possible electrochemical interferences observed from the API. Based on Equation 3.1
it was determined that at least 1.1 pM of Pd?* must be quantifiable in the presence of

12 g/L of ACM, to achieve the EMA 10 ppm detection limit.5

The electrochemical signature of ACM was first investigated in order to explore
possible interferences. CVs for the first (red) and second (black) scan of 12 g/L ACM
at a 1 mm BDD electrode are shown in Figure 3.4 in an aqueous, quiescent solution
containing 0.2 M KNOs (pH 3), recorded at 0.1 V s 1. When oxidised, in aqueous
solution, ACM undergoes a quasi-reversible two-electron, two-proton oxidation to N-
acetyl-p-benzoquinone-imine (NAPQI).*! During the first CV scan (cycled from 0 V
negative to —1.5 V, then positive to 0.5 V then back to 0 V) no reduction signature is
observed, whilst a reduction peak is apparent in the second scan ACM (E12 = —0.18
vs. SCE). This is due to the fact that ACM must first be oxidised to NAPQI before

reduction can occur. As only a reductive deposition Egep is applied during EC-XRF
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preconcentration, ACM electrolysis should therefore not compete with deposition of
Pd on the BDD electrode. The CV response recorded on the EC-XRF electrode in the
reductive window (0 V to —2 V and back) in 0.2 M KNOgzonlyat a scan rate of 0.1 V
st (pH 3) at f = 20 Hz (red line) is also almost identical to that recorded with the

addition of 12 g/L ACM 0.2 M KNOs (black line: Figure 3.4, inset).

As the presence of ACM did not adversely affect the cathodic electrochemical
response, experiments were conducted first, in the absence of ACM, to determine the
effect of various EC-XRF parameters on the electrodeposition of Pd?* including: (i)
the applied deposition potential, Eqep; (ii) the dependence of the XRF signal intensity

on the solution concentration of Pd?* and (iii) the deposition time, tep.
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: CVs of 12 g/L ACM in 0.2 M KNOs (pH 3) using a 1 mm BDD electrode
in stationary solution for the first scan (red) and second scan (black) at a scan rate of
0.1V s7L Start potential 0 V scanning to -2 V and then back. Inset: Reductive window
potential scan using the EC-XRF electrode in the presence of 0.2 M KNOs at a scan
rate of 0.1 V s (pH 3) with (red) and without (black) 12 g/L ACM present.

A 1 mm BDD electrode glass sealed electrode (see Chapter 2.3.1)%* was held at —1.5
V for 300 s in 1.1 pM Pd?* (palladium (11) chloride (PdCl2: 99.0 %, Sigma Aldrich) in

0.2 M KNOs (pH 3), under stationary conditions, then subsequently stripped from the
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surface by scanning from 0 V to 0. 65 V, at a scan rate of 0.1 V st in 0.2 M KNOs
solution. The ASV is shown in Figure 3.5. A Pd?* stripping peak is observed at 0.56

V vs. SCE.

Note, the ASV stripping peak for Pd, shown in Figure 3.5, occurs in a very similar
potential region to that of the ACM oxidation peak, but with much smaller currents
(dependent on concentration), making ASV analysis of Pd in the presence of ACM

problematic.
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: ASV of 1.1 uM Pd?*in 0.2 M KNO; (pH 3), at a scan rate of 0.1 V s~ after
deposition for 300 s at —1.5 V, swept from 0 V to + 0.65 V.

3.3.3 Deposition potential (Eqep) Optimisation

The CV characteristics for Pd?* electrodeposition on the BDD EC-XRF electrode
(diameter = 1.4 cm), were recorded at 0.1 V s™! in a stationary solution containing 1.1
UM Pd?* (palladium (I1) chloride (PdCl2: 99.0 %, Sigma Aldrich), as depicted in
Figure 3.6. The CV shows the reduction currents associated with Pd electrodeposition

on the surface of the BDD, along with hydrogen adsorption and desorption peaks.*?
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From Figure 3.6 the half wave reduction potential (E1) for Pd?* was determined to

be + 0.16 V (vs. SCE).
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: CV of 1.1 uM Pd?*in 0.2 M KNOs (pH 3) under stationary conditions,
using the EC-XRF BDD electrode at a scan rate of 0.1 V s72.

A range of Egep were then employed > Ei» to investigate the electrodeposition
characteristics of Pd?* on the BDD electrode, interrogated by XRF. Figure 3.7a shows
the XRF signals obtained for Egep values of —0.25 V, 0.5V, -0.75V,-1.0 V, —1.25
V,—1.5Vand —1.75 V, using 1.1 uM Pd?" in 0.2 M KNOsg, acidified to pH 3, at f = 20
Hz. A fixed tgep 0f 900 s was employed, in order to obtain an appreciable XRF signal

for all measurements.

Figure 3.7b shows the maximum XRF signal intensity (XRFmax) i.e. the peak intensity,
corresponding to Pdk. (21.18 keV) as a function of Eqep for n = 3 measurements per
applied potential. As the overpotential for electrodeposition increases, it is apparent
that an increasing amount of Pd is deposited onto the BDD electrode, evidenced by the
increasing Pd XRFmax. However, at an Egep of —1.75 V the amount of Pd deposited
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onto the electrode drops significantly from an XRFmax 0f 0.028 + 0.006 cps mA ™ (at
Egep=—1.5 V)10 0.012 £ 0.005 cps mA 1 (at Egep = —1.75 V). Furthermore a significant
increase in the variability of the XRF signal is observed. At Eqep = —1.75 V bubble
formation (most likely hydrogen formation due to water reduction) on the electrode
surface was visible, which is the likely cause of the reduced and variable XRF signals,
reducing the efficacy of Pd?* deposition on BDD. Egep = —1.5 V was therefore deemed
to be optimal as it returned both the highest XRFmax (over a fixed time) and

reproducible results.
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3.3.4 Quantitative detection of Pd?* in the presence of ACM

The XRF signal dependence on Pd?* concentration in the absence and presence of
ACM (12 g/L) was investigated to ensure that EC-XRF could be used quantitatively
and to determine the limit of detection for Pd (LOD; 30, where ¢ = the standard
deviation of the background noise).'® The concentration range 0.08 uM to 1.1 uM Pd?*

(equating to 0.7-10 ppm Pd?* with respect to ACM) was explored, using the optimised
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Edep of —1.5 V for a tgep = 900 s in 0.2 M KNOgs, acidified to pH 3 and rotated at f = 20
Hz. Figure 3.8a illustrates the XRF signal response for Pd in the absence of ACM
across the concentration range investigated, showing clear peaks (XRFmax at 21.18
KeV) which decrease in peak intensity with decreasing Pd?* concentration, [Pd?*].
Figure 3.8b shows a strong linear correlation between [Pd?*] and XRFmax (n=3) both
with (red) and without (black) ACM present, with gradients of 0.029 cps mA ™1 s (R?
=0.998) and 0.030 cps mA 1 s (R? = 0.999) respectively. It is thus clear that the EC-
XRF signal is unaffected by the presence of a large excess of ACM, as evidenced also
by the data in Figure 3.4, with high accuracy observed (all values obtained (red) fall
within the standard error of the regression line (black) of + 0.001 cps mA™). A LOD
of 34 nM was calculated (30), both with and without ACM, equating to 0.36 ppm with
respect to 12 g/L ACM, significantly lower than the required detection limit of 10 ppm,

by over an order of magnitude.
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Figure 3.8: (a) EC-XRF spectra for [Pd?*] in the range 0.08 M - 1.1 uM at tgep =
900s and Egep=—1.5V and (b) plots of EC-XRFmax versus [Pd?*] in the absence (black)
and presence of 12 g/L ACM (red).

3.3.5 Deposition time (tdep)

With a view to decreasing deposition times - tqep represents the rate determining step
in an EC-XRF measurement - the relationship between tgep and XRFmax was further
explored to investigate the shortest teep required to accurately detect Pd?* at 10 ppm.
Figure 3.9a demonstrates the effect of tqep OVer the time period 100-1500 s, on XRFmax
for a fixed Egep = —1.5 V and Pd?* concentration of 1.1 M in 0.2 M KNOs (pH = 3),
n =3 and f = 20 Hz, with a magnified view of the 100 s signal shown in Figure 3.9b.
Figure 3.9c shows the plot of XRFmax Versus teep. The plot is linear with an R? = 0.999

and gradient of 3.3 x 107 + 2.0 x10°® cps mA's* clearly demonstrating that the
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amount of Pd deposited on the electrode surface scales linearly with tqep under these
conditions. It is thus evident that tqep can be reduced significantly if the aim is to be
able to detect at most 10 ppm of Pd in the solution. The linearity of the XRFmax signal
for Pd deposition with tqep permits calculation of a limit of tgep (30) =42 = 1 s, for 10
ppm detection. The smallest tqep employed experimentally in the collection of data for
Figure 3.9a is 100 s (zoomed view in Figure 3.9b) and, as shown, a clear peak is
observed. The shorter analysis times employed here are on a par with the analysis times

of conventional ICP-MS or -OES (~60 s).’
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Figure 3.9: (a) EC-XRF spectra for 1.1 uM Pd?* in 0.2 M KNOs for teep in the range
100 —-1500 s at Eqep =—1.5V, in pH 3 solution, f = 20 Hz. (b) zoom into the tgep = 100
s data, to visualise the Pdk, peak. (c) Plot of EC-XRF peak intensities versus tqep for
1.1 uM Pd?* at an Egep = —1.5V in 0.2 M KNOs3 (pH 3, f = 20 Hz) for tgep in the range
100 s to 1500 s.
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3.3.6 Pd?* Screening in the presence of ACM

Figure 3.10 demonstrates the use of EC-XRF to positively discriminate between
samples containing both safe i.e. less than 10 ppm (here, 4 ppm) and toxic i.e. greater

than ppm (here, 16 ppm), Pd?* levels in the presence of ACM (12 g/L).
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: EC-XRF spectra for 10 ppm (black), 16 ppm (red) and 4 ppm (green)
Pd?* in the presence of excess ACM (12 g/L). Egep = —1.5 V, tgep = 325 s and f = 20
Hz. Grey band indicates the 10 ppm threshold signal range (n=3).

taep Was fixed at 325 s (to ensure a signal was observed for Pd concentrations below 10
ppm). An Egep of —1.5 V was utilised for all experiments. The threshold EC-XRF
signals for 10 ppm (grey band) were determined by the signal intensities recorded
(n=3) for 1.1 uM Pd?* (10 ppm) at teep = 325 s (black), Figure 3.9. As shown in Figure
3.10, the sample containing 4 ppm of Pd?* (green), clearly falls below the toxicity
safety limit, whilst the signal for the sample containing 16 ppm Pd?*, falls above this

limit.
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From the three points for the three different concentrations, at a fixed tgep and Egep @
linear relationship is observed between XRFmax and [Pd?*] (y=0.001 cps mA™%, R?=
0.999), shown in Figure 3.11 as expected, at reduced deposition times. As shown, a

high correlation R? value of 0.999 is obtained.
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: Plot of EC-XRFmax versus [Pd?*] concentration at an Egep = —1.5 V and
taep Of 325 51N 0.2 M KNOs3 (pH 3, f = 20 Hz).

3.3.7 EC-XRF in alternative complex matrices

Detecting toxic metal contamination is also important in foodstuffs®® and drinks and
therefore the use of EC-XRF to detect Pd in the presence of other relevant
electrochemically active molecules was investigated, in particular: (i) L-ascorbic acid
(vitamin C); (ii) caffeine; and (iii) riboflavin (vitamin B2). The molecules were
selected based on their prevalence in a variety of common food sources and drinks,
and were added in excess (10 mM). Note, the average concentration of caffeine in
coffee is found to be 3 mM,* with typical concentrations of 3 mM and 0.3 mM for L-

ascorbic acid* and riboflavin® in orange juice, respectively.
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CVs were conducted for 10 mM concentration of each electroactive species, in order
to determine the electrochemical signature. At this high concentration, any potential
surface fouling effects would be exacerbated. For L-ascorbic acid, the CV (Figure
3.12) shows no reductive peak at pH 3 (scanning from 0 V negatively) as the molecule

is fully protonated, and therefore cannot be reduced.*®
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CV of 10 mM L-ascorbic acid in 0.2 M KNO3z (pH 3) using a 1 mm BDD
electrode in stationary solution, at 0.1 V s7; first scan (red) and second scan (black).

Upon oxidation, L-ascorbic acid is converted to dehydro-L-ascorbic acid, which
undergoes irreversible hydration to the electroinactive species 2,3-diketo-L-gulonic
acid (EC mechanism).*” A small reduction peak (Eiz= —0.91 V) is observed, on the
second scan, which is likely due to the conversion of any remaining dehydro-L-
ascorbic acid back to L-ascorbic acid.*® A drop in the anodic ip in the second scan is
observed,*” which could be due to the product of L-ascorbic acid oxidation fouling the

electrode surface.*
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For caffeine (Figure 3.13), no reduction peak is observed in the first scan, with a small

peak visible in the second scan (E12=—0.95 V).
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: CV of 10 mM caffeine in 0.2 M KNOs (pH 3) using a 1 mm BDD electrode
in stationary solution, at 0.1 V s7%; first scan (red) and second scan (black).

The overall oxidation of caffeine is a four-electron, four-proton oxidation reaction to
a bis-imine product,® which also hydrates to an electroinactive product (EC
mechanism).>* Therefore, as for L-ascorbic acid, the small reductive peak could be due

to the reduction of not yet hydrated bis-imine.>*

In contrast, riboflavin does undergoes reduction (two-electron, two-proton) converting
from a quinone to hydroquinone species, with a reductive peak current clearly
observed in the first scan at —0.68 V vs. SCE (Figure 3.14).52 The repeat scan
cathodically shows a reduction in the peak current (by 26 %), suggesting there may be

some surface fouling.
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: CV of 10 mM riboflavin in 0.2 M KNOs (pH 3) using a 1 mm BDD
electrode in stationary solution, at 0.1 V s72; first scan (red) and second scan (black).
Blue scan recorded immediately after holding the electrode at —1.5 V for 325 s in 10
mM riboflavin in 0.2 M KNO3z (pH 3).

EC-XRF was conducted at Egep =—1.5 V in a solution containing 1.1 uM Pd?* and 10
mM of either (a) L-ascorbic acid; (b) caffeine or (c) riboflavin (pH 3) in 0.2 M KNO3
at f = 20 Hz and a tqep 0f 325 s, as shown in Figure 3.15. The expected detection signal
(including error) under these conditions for this concentration of Pd, assuming no
impediment of the electrodeposition process (taken from Figure 3.9) is illustrated by
the dotted lines in Figure 3.15. As shown, all three molecules, within error, return the
correct XRFmax signal, even for detection in the presence of riboflavin where evidence

of surface fouling was observed (Figure 3.14).
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Figure 3.15: EC-XRF spectra for L-ascorbic acid (red) caffeine (green) and riboflavin
(purple) in the presence of 1.1 uM Pd?* at pH 3, (f = 20 Hz) deposited at —1.5 V for
325 s. Dotted lines indicate the expected XRF signal range for 1.1 pM Pd?* (from
Figure 3.9).

Further electrochemical studies with riboflavin showed that when holding the
electrode at —1.5 V for 325 s, and then immediately running a CV (Figure 3.14, blue
line), the same CV response is observed as for the second scan in Figure 3.14 (black
line). This indicates that the electrode does not completely block the surface even with
the electrode held under prolonged potential control. Riboflavin has been previously
shown to absorb weakly at a high purity BDD electrode (similar to the type adopted
here).>® Thus sufficient surface sites are available for Pd deposition, as evidenced by
the data in Figure 3.15, suggesting the two processes are non-competing, under these

conditions.
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3.3.8 XRF detection of other metal contaminants

In EC-XRF any metal that can be electrodeposited on the BDD surface can be detected
by XRF (in the range Na'! to U%) opening up the possibility of trace metal detection
of a variety of metal-based impurities. To explore this further, a multi-metal solution
containing 1.1 uM of each of the environmentally relevant metals Fe** (Ka = 6.40
keV) Cu?* (Ka = 8.04 keV), Zn?" (Ka = 8.63 keV), Pb?" (La = 10.55 keV), Cd** (Ka
=23.17 keV) and Pd?* (Ka =21.18 keV) was analysed using EC-XRF. The keV values
in brackets represent the strongest fluorescent emission line for the different metals.
Deposition took place for tgep = 325 s, at Egep = —1.5 V, in 0.2 M KNOs3 (acidified to
pH 3 with HCI) at f=20 Hz, displayed in Figure 3.16. The Eqep employed represents a
significantly high deposition overpotential for all dissolved metal ions in the

solution. 30
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: EC-XRF signal intensities for 1.1 uM of a range of environmentally
relevant metals, at pH 3, (f = 20 Hz) deposited at —1.5 V for 325 s using the Mo
secondary target (Fe, Cu, Zn and Pb), and inset: using the AlO3 secondary target (Pd,
Cd).
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In XRF, optimal excitation is achieved when the energy of the X-rays irradiating the
sample is just above the energy of the absorption edge of the element,>* hence different
metals will emit stronger or weaker fluorescent signatures dependent on the secondary
target used and their atomic number (Z). For this reason, the Mo secondary target
(17.45 keV) was selected, over the AlOs target, in order to obtain optimal XRF
signatures for Fe3* (Z = 26), Cu?* (Z = 29), Zn?** (Z = 30), and Pb?* (Z = 82). For Pd?*
(Z = 46) and Cd?* (Z = 48), excitation via the Mo target is not possible and therefore
the Al,O3 target was employed. Given the high keV values associated with Pd?* and
Cd?*, and the high energies required for excitation, their fluorescent intensities are the
weakest. However, importantly, the data shows that even in the presence of five other
co-depositing metals, Pd deposition has neither been impeded or enhanced, as the
XRFmax returned (0.010 cps mA™: Figure 3.16, inset) is as expected based on Figure
3.9 for the Eqep and taep employed, falling within the expected error range (Figure
3.15). Figure 3.16 thus highlights the potential for using this technique to detect a
wide variety of trace metals, in both single and multi-metal containing solutions.
Significantly lower XRF signals were observed using the Ultra Carry™ evaporative

methodology to pre-concentrate the metals (Figure 3.17).
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: XRF signal intensities for 1.1 uM Fe®*, Cu?*, Zn?*, Pb?*, Pd** and Cd?*,
evaporatively pre-concentrated onto the Ultra Carry™ for ~1 hour. Note, lines
indicate energy of most intense X-ray transmissions.

In fact, as Figure 3.17 shows, the XRF responses of the different heavy metals are
indiscernible from background noise; evidenced by the fact the observed XRFmax do
not correlate with where the peak maxima are expected based on the known keV values

for the transmission lines.

This method also comes with the additional caveat that evaporative pre-concentration
takes ~60 minutes to complete. This data (and above) thus clearly demonstrates the
power of electrochemical deposition as a versatile quantitative method of pre-
concentration, where by simply tuning tqep it is possible to achieve the required limit

of detection.

Finally, there is significant opportunity to reduce both EC-XRF analysis times and

concentration limits further by optimising the XRF instrumentation specifically for Pd
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detection. The sources available on the commercial system employed here are far from
ideal for Pd. Bespoke systems have been designed especially for Pd detection using
monochromatic secondary targets such as Rh (20.22 keV) and Ag (22.16 keV),>*>
which would enable us to significantly improve detection sensitivity or reduce

deposition times.

Quantitative detection of Pd®* in the presence of a variety of different
electrochemically active compounds (present in excess), relevant to pharmaceutical,
food and environmental applications, has been achieved using EC-XRF. Here the EC
component is used to pre-concentrate metal (Pd) on the electrode (BDD) surface, under
controlled mass transport conditions, whilst XRF is employed to both chemically
identify and quantify the amount of metal on the surface (which in turn quantitatively
correlates with the metal ion concentration in solution). The same, linear dependence
of the XRF signal on [Pd?*], for a fixed Egep = —1.5 V and tgep = 900 s, was determined
in the presence and absence of ACM. For a fixed [Pd?"] and Egep = —1.5 V the XRF
signal was also found to vary linearly with tqep enabling electrochemical pre-
concentration times to be predictably reduced to < 100 s for quantitative analysis of
1.1 uM Pd = 10 ppm Pd with respect to 12g/L ACM; the maximum concentration
allowed in pharmaceutical products for oral consumption. To facilitate lower
concentration detection required simply increasing teep. A LOD of 34 nM was
calculated (0.36 ppm with respect to 12 g/L ACM) for tgep = 900 s. Lower values are
possible by increasing tqep further and/or changing the XRF secondary target to one

which provides a great intensity signal for Pd. Pd?* quantitative detection was also
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possible in the presence of a large excess (1 mM) of other relevant electrochemically
active compounds, such as L-ascorbic acid, caffeine and riboflavin. For 1.1 pM Pd?*
detection the same signal intensity was returned in both the presence and absence of
these molecules (and for 12 g/L of ACM), for a fixed Edep —1.5 V and tgep = 325 .
Although riboflavin did appear to foul the electrode surface slightly during
electrochemical pre-concentration, the high quality BDD electrode employed
(minimal sp?) helped to prevent significant fouling such that no impediment on the Pd
reduction process was observed. Furthermore, even in the presence of other dissolved
metal ions (Fe*" Cu?*, Zn?*, Pb?* and Cd?*) the same signal intensity for 1.1 pM Pd?*
was also returned. This indicates that once calibrated the EC-XRF can be used
quantitatively for the detection of Pd in a wide variety of solutions, containing other
electrochemically active molecules. Moreover, the data also provided signal intensities
for the five other metals in solution, proving that provided the metal could be
electrodeposited on the surface it can be analysed. Note using conventional energy-
dispersive XRF for 1.1 uM concentrations the XRF signals for all six metals were

within the noise of the technique.

Finally this study paves the way for the use of in-situ EC-XRF trace metal
identification and detection,? i.e. where EC metal deposition and XRF interrogation
take place simultaneously in the measurement solution, negating the need to remove
the electrode from solution to the XRF system. With advances in XRF instrumentation
such that portable systems are now common place, EC-XRF analysis measurements at
the source are a distinct possibility, unlike conventional ICP based techniques where

the sample must be taken to the laboratory for analysis. It also should be noted that the
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EC-XRF technique not only serves to quantify heavy metals but is also a method of

recovery, adding to the appeal of the technique.
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Chapter 4

Quinone electrochemistry for the comparative assessment

of sp? surface content of boron doped diamond electrodes

Laser machinin . L
9 Electrochemical characterisation
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In this chapter, surface coverage measurements of electroactive quinone groups only
present on sp? carbon sites, are used to inform on the sp? surface content of boron
doped diamond (BDD) electrodes. Laser micromachining of a BDD electrode surface
is used to systematically increase the amount of sp? carbon present by increasing the
area machined. A linear relationship (R? = 0.9999) between quinone surface coverage
and surface area laser micromachined is determined. Quinone surface coverage (7)
measurements are also compared to other approaches of investigating sp? content,
including solvent window and capacitance electrochemical methods as well as Raman
spectroscopy. It was also considered important to prove that /" measurements are
applicable to native BDD, not just a laser micromachined surface. Thus comparative
I" assessment of electrodes containing different amounts of surface sp? carbon due to

differences in the growth process is demonstrated.
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Polycrystalline boron doped diamond (BDD) has emerged as a popular material for
the electrochemist in recent years!? due to its exciting electroanalytical properties
compared to more conventional electrode materials including: an 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,® biosensing,*
wastewater processing® and spectroelectrochemistry.® Many of these properties arise
from the sp® bonded carbon structure. However, achieving a pure sp® material during
diamond synthesis especially in combination with high boron dopant levels, is
challenging and almost impossible for nano- and smaller sized grain material.”®
Increasing sp? content has disadvantages e.g. increased background current, reduced
SW, increased susceptibility to corrosion etc., but can also be advantageous® e.g.
enhanced electrocatalytic properties® and provision of pH active functional groups.*!
Thus for each electrochemical application sp? surface presence needs to be carefully

considered and controlled if possible.

Raman spectroscopy is widely used to assess sp?content in BDD electrodes?
(discussed in detail in Chapter 1.6.1) often by comparing the ratio of the sp® (1332
cmY) peak to the G (1550 cm™?) peak.™® This method is however qualitative,* works
best when comparing electrodes of the same dopant density and samples only a small
area per measurement (~um? — tens of um? depending on magnification), which is
especially problematic when sp? content is spatially heterogeneous.™ Often neglected
is the fact Raman also penetrates up to several microns®® into the surface, returning

information over this depth range, which is non-ideal for the electrochemist, who cares
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only about surface sp? content. It is therefore imperative that surface sensitive
characterisation methods are employed when assessing BDD material quality for
electrochemical applications. To this end X-ray photoelectron spectroscopy has been
explored,’” but the method is relatively expensive, time-consuming and requires
trained operators. It is also difficult to resolve the sp? and sp® signatures with peak
deconvolution required,*® leading to variations in peak assignments throughout the

literature.1®20

In contrast electrochemistry represents a low cost, rapid characterisation technique
providing information about charge transfer processes occurring at the electrode-
solution interface. The presence of sp? carbon at the electrode surface has been shown
previously to modify the SW and capacitance (C) of BDD electrodes®?! and result in
surface bound quinone groups, which show a pH dependent redox signature, when
suitably activated.!* However, to date, no attempt has been made to correlate these
observations with sp? surface content. In this chapter the use of the quinone redox
signature to provide information on BDD sp? surface coverage is demonstrated. Direct

comparisons with SW and C are also made.

4.2.1 Materials

All solutions were prepared from Milli-Q water (Millipore Corp.), resistivity 18.2 MQ
cm at 25 °C. Four different BDD electrodes, numbered 1-4, were grown under
different microwave chemical vapour deposition (CVD) conditions, in order to
deliberately vary the sp? content of the electrodes. Electrodes 1-3 (Element Six, UK)

contained ~3 x 10%° boron atoms cm 2, and were grown thick (~250-500 pm) so that
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they could be removed from the growth substrate and polished to ~ nm roughness. Due
to the thickness of the material, large grain sizes of um’s to tens of um’s result.
Electrode 1 was used as the baseline material for all laser machining studies and was
considered to contain minimal sp? carbon (Element Six Diafilm EA grade material).?
Electrode 4 (Advanced Diamond Technologies Inc., USA) was ultrananocrystalline
(UNC) BDD and 2 um thick (1.6 x 10%! boron atoms cm3)?! with the surface was left
as-grown (surface roughness 9.3 + 0.4 nm) with the electrode still attached to its

niobium growth substrate.

C and SW measurements were run in 0.1 M potassium nitrate (KNOs, Fisher
Scientific). For quinone surface coverage (/') measurements, a pH 2 Carmody buffer
was prepared,?? with solution pH measured using a commercial pH meter (SevenEasy,

Mettler Toledo).

4.2.2 Electrode preparation

Electrode 1 was laser machined using a 532 nm Nd:YAG nanosecond laser
micromachiner (A-532 system, Oxford Lasers Ltd). Laser micromachining of BDD is
known to result in sp? formation on the surface.?® To systematically increase sp?
content, six squares (n=3 for each i.e. 18 squares in total) of increasing size (length
dimension 200 pum increasing to 700 pum) were machined into 18 individual electrodes

of uniform geometric diameter, as shown in Figure 4.1.
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Figure 4.1: Optical images of the squares of increasing size (side length: left to right)
200, 300, 400, 500, 600 to 700 pum, laser micromachined into BDD.

Identical laser parameters were employed (1000 Hz / 0.195 W with a machining speed
of 0.3 mm s™1) optimised to maximise sp? production.?* Once machined, the electrodes
were acid treated in boiling concentrated H2SO4 (98%) saturated with KNOs to oxygen
terminate the surface and remove any loosely contacted sp? introduced during
machining.!* 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.?

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 H2SOs, from 0 V to —2 V and then 2 V, before returning to 0 V

for 20 cycles.

4.2.3 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.). To restrict the

electrode area, Kapton tape (RS Components Ltd.) was laser machined to create 1 mm
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diameter holes and positioned on the electrodes accordingly (Figure 4.1). All
potentials are quoted versus SCE, with all experiments conducted at room temperature
(25+2°C). SW values are calculated using a i density threshold of +0.4 mA cm2using
the second full CV scan?* and C measurements were made as detailed in Chapter

2.5.1.

4.2.4 I' measurements

For each electrode, CVs in pH 2 buffer, to maximise current signal, ** were carried out
(scan rate of 0.1 V s™1), cycling from 0 to 0.7 V. The quinone peaks were integrated

to obtain the charge passed, Q, and converted to 7" (mol cm™2) using Equation 4.1:%
Q = nAFI (4.1)

where n = the number of electrons transferred = 2:1126 A = total electrode surface area

(cm?); calculated from WLI and F = Faraday’s constant (96485 C mol%).

4.2.5 White Light Laser 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.
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4.3 Results and Discussion
4.3.1 Characterisation of laser micromachined electrodes
4.3.1.1 Interferometry

To investigate the uniformity of the laser micromachining process, interferometry line

scan data was collected for each of the laser micromachined BDD samples, shown in

Figure 4.2.
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Figure 4.2: Interferometry data for the laser micromachined pits 200, 300, 400, 500,
600, 700 um, corresponding to purple, orange, blue, green, black and red respectively,
offset in the Z axis for clarity.

The laser micromachining was found to be consistent with pit depths of 101.2 + 1.9
pum and a root mean squared (rms) roughness of 3.89 + 0.18 um across all samples.
The average rms roughness values and pit depths for each of the samples (n=3) are

summarised in Table 4.1.
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: Summary of average rms and pit depth for laser features using WLI.

Laser feature Average rms/ pm Average pit depth / um
side length / um
700 3.67+0.06 98.63+0.06
600 3.7740.15 99.53+0.15
500 3.83+0.15 100.43+0.12
400 4.13+0.06 101.8+0.35
300 3.97+0.15 102.5+0.74
200 3.9740.06 104.2+1.79

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 (Czech Metrology Institute, CZE) and a three-point level was
applied to the bare diamond surface to set the data zero point. A mask was applied
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 pit) was added to the area of the 1 mm? Kapton mask to give the total area of the

electrode. These areas are summarised in Table 4.2.
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: Total electrode area including laser features, calculated by WLI.

Laser
feature side 700 600 500 400 300 200
length / pm

Average 0.0123+ 0.0117+  0.0109+  0.0099+ 0.0092+ 0.0086+
electrode 74x10°% 80x10° 1.1x10* 49x10° 29x10° 11x10°

area / cm?

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
ratio of the full laser area to the laser micromachined area was then calculated. The
percentage area of the laser feature with respect to the total area of the electrode is
referred to from hereon as the area laser micromachined (%). This can be summarised

in Equation 4.2:

machined surface area

Machined surface area (%) = x 100 (4.2)

total electrode surface area

For the laser features machined into the BDD surface (side lengths = 200, 300, 400,
500, 600 and 700 pum) this equates to 14, 25, 37, 50, 64 and 76 % respectively, as

shown in Figure 4.1.

4.3.2 Quinone group identification

The electrochemical response of the laser micromachined BDD was investigated in
order to identify possible electroactive quinone peaks that had been introduced into the
electrode surface. Three possible quinone-like groups were identified, labelled (i)-(iii)
shown on Figure 4.3, occurring at ~—0.2 V, +0.17 V and +0.45 vs. SCE respectively

(for a scan rate of 0.1 V s*) under degassed conditions. Note, just the oxidative peaks
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are labelled for clarity. These oxidation peaks are likely to be associated with surface

bound quinone groups due to the presence of reduction peaks at a similar potential.
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: CV in pH 2 Carmody buffer of the 50% laser micromachined sample, run
at 0.1 V s, degassed with N, for 30 minutes, showing the positions three possible
quinone oxidation peaks (i)—(iii).

In order for 7" measurements of quinone-like groups on the surface, to be established
as an electroanalytical method for the comparative assessment of sp? content in BDD,
the technique must be simple and rapid. For this reason, peak (i) was discounted as the
peak is not easily discernible without degassing of the solution, due to the onset of

oxygen evolution on such a heavily laser ablated (high sp?) surface.
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The response of peak (ii) in aerated solution for the laser micromachined electrodes is

shown in Figure 4.4.
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: (a) Representative (ii) quinone oxidation peaks for the six machined
electrodes and a blank (n=3), in pH 2 buffer, at a scan rate of 0.1 V s (b) Plot of
machined surface area (%) versus 7.

The observed response is more complex than observed for the degassed experiment
(Figure 4.3) appearing to show a convolution of several peaks. Integration of the peak
(from +0.0 to +0.3 V vs. SCE) and subsequent calculation of I, results in a linear
correlation (R? = 0.999) between the % area laser micromachined and the amount of
quinone molecules present on the laser micromachined BDD electrode surfaces.
However, there is a large amount of variability in the 7" value observed, with I
measurements for the laser micromachined electrodes overlapping due to large error
bars, despite the laser ablated area increasing dramatically by > 10% from electrode to

electrode. The response of peak (iii) for the laser micromachined electrodes was thus

investigated (shown in Figure 4.5).
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. (b) Representative (iii) quinone oxidation peaks for the six machined
electrodes and a blank (n=3), in pH 2 buffer, at a scan rate of 0.1 V s7*. (b) Plot of
machined surface area (%) versus 7.

The peaks were integrated (from +0.25 to +0.62 V vs. SCE) and the I” calculated.
Figure 4.5b shows 7" vs. % machined surface area. As the area machined increases I”
also increases linearly (R? = 0.9999) indicating a very strong correlation between the
quinone surface coverage and the amount of sp? created due to the laser ablation
process. The sensitivity is also vastly increased compared to that of peak (ii), with
significant differences between the I" values obtained for the laser micromachined
electrodes (0-76% laser machined areas). Furthermore, compared to peak (ii) (Figure
4.4a) the peak is Gaussian in shape, and was stable after cycling for repeat cycles
(n=20). This suggests that " can be effectively used to inform on sp? carbon present at

the electrode surface.

4.3.3 Comparison with SW and C

C and SW measurements (Figure 4.6a and Figure 4.6b respectively) were also made

with the same 18 electrodes (6 laser micromachining conditions, to n=3), and
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subsequently compared to /" data, shown in Figure 4.6¢c. It is apparent that C also
follows a similar trend to 7, with % machined surface area, with a linear response
observed (R? = 0.9992). This is supported by literature, with quinone groups shown to
increase the total C observed.31:3 We define the SW as the potential window in which
a current of no more than of £0.4 mA cm2is passed.?! This is defined as the threshold
current and is marked by a dotted line in Figure 4.6b. From Figure 4.6c¢, the SW data
does not follow the same trend as /" and C and plateaus for machined areas > 64%.
This is due to the complexity of the SW’s observed when sp? carbon is present,

especially as levels increase (Figure 4.6b).
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Figure 4.6: Electrochemical measurements (scan rate of 0.1 V s™) 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 threshold (dotted lines) and (c)
comparison of SW, C and I" with % machined surface area.
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At high sp? levels, significant oxidation features close to the anodic solvent window
(labelled 1) are observed. The features labelled (ii) and (iii) we ascribe to the reduction
and oxidation of reactive oxygen species, respectively, such as hydrogen peroxide
electrogenerated in the presence of quinone groups. Although there are clear
differences the current magnitude of the SW features, especially anodically for 64%
and 76% 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.

4.3.4 I" Assessment of BDD films

It is also important to demonstrate whether the approach advocated in Figure 4.5 for
I"could be used to distinguish between electrodes that have naturally present sp? from
the growth process. Thus BDD electrodes 1-4, grown using procedures which should
result in an increasing sp? content (and are both thin film and thick freestanding) were
analysed, with SW and C values summarised in Table 4.3. Care was taken to subject
the BDD electrodes to the same pre-treatment conditions before analysis to ensure

comparable surfaces.

: SW and C values for Electrodes 1-4.

Electrode SW/V Capacitance / uF cm?
1 3.375 6.2+0.5
2 3.116 6.5+04
3 3.065 6.8+ 0.6
4 1.352 20.8+04

110



The SW and C data confirm that the sp? content of the electrodes increases from 1-4.
Whilst the SW values fall within the linear region of Figure 4.6c¢, electrode 4 has a
SW value close to the edge of the linear range. It is therefore possible that for some
low quality BDD films, SW measurements will not provide appropriate assessment of
sp? content. It is also important to note that C can also be affected by other factors such
as contact resistance, therefore may not always exclusively represent the sp?

component.

Changes in the synthesis conditions and resulting thickness of electrodes 14 are also
reflected optically (Figure 4.7a) in the resulting grain structures observed. Figure 4.7

shows the quinone oxidation response for the four electrodes.
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Figure 4.7: Investigation of BDD electrodes 1-4 including (a) optical images (x50
and %100 objective for 1-3 and 4 respectively) showing grain structures and (b) the
quinone oxidation responses at a scan rate of 0.1 V s~ and () I” measurements.
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A clear increase in quinone oxidation peak, i.e. increasing /" is observed for electrodes
1-4, with " values of 1.8 x 1076+ 1.6 x 1071/, 29 x 10 +1.9x 107, 7.0 x 10°%6
+3.2x10 % and 1.6 x 107 +5.6 x 101" mol cm™ recorded, respectively (Figure
4.7¢). Note the data recorded on the UNC electrode 4 suggests electrochemically active
sp? coverages almost an order of magnitude higher than the minimal sp? content

electrode 1.

4.3.5 Raman Spectroscopy

For comparison, Raman analysis was conducted on samples 1-4, shown in Figure 4.8.
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Figure 4.8: Example Raman spectra for electrodes 1-4 (a—d respectively) at 532 nm,
x50 objective using a Renishaw inVia Raman microscope.
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For Electrode 4 an sp? signal was observed at all random locations investigated (n=20)
by Raman spot measurements (532 nm, x50 objective, Renishaw inVia Raman
microscope), whilst Electrodes 1-3 all showed spatial variations, with a fraction of
spots (per electrode) showing minimal sp? signal, if at all. This is illustrated in Figure
4.9, showing the ratio of the G peak (1550 cm™?, attributed to sp? carbon — see Chapter
1.6.1) compared to the 1332 cm*peak (sp® carbon). It is apparent that there are regions

containing considerably more sp? carbon.

sp?:sp? ratio

o 5 10 15 20

Scan number

: Raman measurements at randomised locations on Electrode 4.

Furthermore, it has been shown that with increasing B concentration, the intensity of
the 1332 cm™ peak decreases. As the boron concentration is higher in Electrode 4
(1.6 x 10! boron atoms cm~3) than Electrodes 1-3, the D peak was reduced in intensity
(due to strain, discussed in Chapter 1.6.1) compared to electrodes 1-3, making D/G

ratio comparisons between electrodes inappropriate.
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In this chapter, a new method for comparatively assessing the sp? surface content of
different BDD electrodes is introduced. A laser machining process is used to
systematically increase the sp? content of a BDD electrode by ablating progressively
larger squares of graphitised carbon into the surface of a minimal sp? content BDD
electrode. The graphitised surface contains quinone groups which can be oxidised. The
area under the oxidation peak which equates to 7" scales linearly (R? = 0.9999) with
sp? surface content (under acidic conditions) expressed as % of machined surface area
compared to total electrode area. We show this approach is also applicable to BDD
electrodes which contain inherent sp? resulting from the growth process. I”
measurements were able to clearly distinguish between four different electrodes and
place them in order of increasing sp? surface content. 7" values as low as 0.18 fmol
cm 2 were recorded on the minimal content BDD electrode rising to 1.6 fmol cm™ for
the UNC material, demonstrating both excellent sensitivity and selectivity for BDD
electrode characterisation. We suggest I" measurements as a preferred method,
compared to Raman microscopy, for comparing sp? content in electrode surfaces, as
the latter is unfortunately not purely surface sensitive and requires the same doping

levels in electrodes.
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Chapter 5

Impact of multimode chemical vapour deposition growth
under low pressure conditions on the spatial variation of sp?
carbon in boron doped diamond electrodes
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The impact of low pressure growth in a multi-mode microwave chemical vapour
deposition (MW-CVD) reactor on the sp? content of thin film (~ micron) boron doped
diamond (BDD), under different methane (CHa) concentrations (1% and 5%), is
investigated. The boron is doped at a concentration suitable for electrochemical studies
and the sp? surface content is comparatively assessed using a variety of
electrochemical measurements: capacitance; solvent window analysis and quinone
surface coverage. Distinctive regions, across both growth wafers, containing
appreciably differing amounts of sp? carbon are identified. For example, on the 1%
CHa4 wafer, some areas exhibit electrochemical signatures indicative of high quality,
minimal sp? content BDD, whereas others show regions comprising significant sp?
carbon. Note Raman microscopy was unable to identify these variations. On the 5%

CH,4 wafer, no region was found to contain minimal levels of sp? carbon. Changes in

117



sp? content across the BDD films indicates spatial variations in parameters such as
temperature, methane and atomic hydrogen concentrations during growth. This is
linked directly to the use of a multi-moded chamber for MW-CVD BDD synthesis
under low pressure conditions. Varying sp? levels can have significant impact on the

resulting electrochemical behaviour of the BDD.
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Boron-doped diamond (BDD) electrodes exhibit many exceptional properties
compared to other conventional electrodes due to its sp® carbon structure, making it a
desirable material for the electrochemist.> These properties include: low capacitance
(C), a wide solvent window (SW), as well as resistance to fouling and mechanical
wear.? However, growing BDD in the phase pure sp® form, without contamination
from sp? bonded carbon, is challenging especially as boron concentration increases.®
It is thus very important, especially when interpreting the material performance
properties, to evaluate and account for the presence of sp? non diamond carbon
impurities introduced during growth.*>® Interestingly, these can impact the
electrochemical response both negatively e.g. reduced SW, increased background
currents, increased susceptibility to corrosion,” and positively e.g. increased
electrocatalytic activity,® introduction of pH sensitive functional groups,® stronger

adsorption sites for electrosynthesis.*°

A common technique to produce BDD at suitable dopant levels for electrochemical
use (> 10%° B atoms cm™®) is microwave chemical vapour deposition (MW-CVD).
However, the reactor conditions employed, such as: (i) substrate temperature; (ii)
methane concentration; (iii) deposition pressure; (iv) microwave power and (v)
hydrogen concentration,'*? can greatly impact on sp? incorporation. For example,
higher quality (low sp? content) BDD films are often grown using low CHg
concentrations (< 1%) allowing the hydrogen in the reactor to preferentially etch away
the majority of the sp? present.'® By increasing CH4 concentration (to > 5%) higher sp?
content ‘nanocrystalline’ BDD is produced which can be considered an aggregate of

disordered graphite and diamond nanocrystals.'* In some applications, higher CHa
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concentrations may be preferred as growth is significantly faster and results in
smoother films, despite the increase in sp? carbon.® Unfortunately, regulating growth
parameters is not straight forward as each of the above parameters (i—vi) all influence

each other.

The design of the MW-CVD reactor can also impact the quality and uniformity of the
BDD films produced. For example, to increase deposition areas and make synthetic
diamond production more economical, multi-mode (overmoded) MW-CVD systems
are often utilised, where the reactor is designed to facilitate the overlap of transverse
magnetic resonant modes to create a larger plasma.t®” Coupled with a low pressure
growth regime (<80 Torr), deposition areas > 10 cm have been achieved.!® However,
recent numerical simulations have shown that overmoded reactors run at these low
pressures can result in non-uniform microwave power distributions close to the
substrate surface.'® This in turn will result in variations of the concentration of species
(i.e. CH4 and H) in the plasma, which in turn affects growth and etch rates within the

CVD reactor.1?

A vast amount of research has been conducted to produce thin film i.e. <20 pm (and
still attached to the growth substrate) diamond with compositional uniformity that is
cost effective.1®202! To date this still presents both a scientific and technical challenge,
with the only option to move to higher power densities or lower CH4 concentrations
resulting in significantly higher production costs.® For this reason some
manufacturers and research groups still opt to grow diamond using overmoded MW-
CVD systems at low pressures, often outside recommended conditions for uniform

grOWth.22’23’24
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In this study, we investigate the effect of operating an overmoded MW-CVD reactor
under low pressure conditions (40 Torr) and varying methane concentrations (1% and
5%), on thin film BDD growth, and explore the suitability of the resulting material for
electrochemical use. In particular, we assess spatial variations in film quality, focusing
primarily on sp? incorporation and its effect on the resulting electrochemical response.
To the best of our knowledge, we present, for the first time, experimental confirmation
of variations in growth conditions on the same wafer (via electrochemical
characterisation techniques) in an overmoded MW-CVD reactor under low pressure

conditions, supporting previous simulation work.®2°

5.2.1 Diamond Growth

The BDD films utilised in this study were grown on 500 um thick, 2-inch diameter
(5.08 cm) silicon (100) p-type wafers by MW-CVD, using a Seki 6500 series MP
reactor, which was overmoded (multi-mode cavity), allowing for larger discharge
areas.?® The silicon substrates were cleaned using a standard cleaning process (SC-1)
using hydrogen peroxide (30% H20: in H20, Sigma Aldrich), ammonium hydroxide
(30% in H20, Sigma Aldrich) and ultrapure Milli-Q water (Millipore Corp., resistivity
18.2 MQ cm at 25 °C) in a 1:1:5 ratio at 75°C for 10 minutes, followed by sonication
in ultrapure water for 10 minutes and subsequently spinning dry.® In order to facilitate
growth on the non-diamond substrate, the Si surface was seeded with small (~5 nm)
diamond nanoparticles (NP: PL-D-GO1 diamond powder; PlasmaChem GmbH,

Germany) by sonicating in a nanodiamond (4 + 2 nm)/H20O colloid for 10 minutes.?®
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Before use the NPs were subject to a cleaning procedure to remove sp? carbon
contamination.?” This type of seeding results in a nucleation density in excess of 10!
NP’s cm 2.2 The seeded wafers were then rinsed with DI water, spun dry at 3000 rpm

and immediately placed in the MW-CVD reactor for diamond growth.

Two films were grown under 1% and 5% CHa conditions (in the presence of 99% and
95% H> respectively) at 40 Torr and 3.5 kW microwave power, for 825 mins (1%) and
180 mins (5%). The thickness of the films was ~ 1 um as determined by pyrometric
interferometry during the growth process (one spot measurement in the centre of the
wafer). The BDD films were doped using trimethylboron in hydrogen, at a B to C
ratio in the gas phase of ~6400 ppm (~1.5 x 10%* B atoms cm3)?° ensuring the material
was sufficiently doped to function as an electrode. The substrate temperature at the

centre of the film was ~800 °C as determined by dual wavelength pyrometry.

5.2.2 Electrode preparation

To ensure the electrodes were oxygen (O-)-terminated and to ensure a comparative
surface chemistry prior to electrochemical measurements, all electrodes were acid
treated by running cyclic voltammetry (CV) experiments in 0.1 M H2SOg4, from 0 V to

-2 V and then to + 2 V, before returning to 0 V, for 20 cycles.*®
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5.2.3 Electrochemical measurements

For all electrochemical measurements, a three-electrode configuration was utilised
with a platinum wire as a counter electrode and a saturated calomel electrode (SCE)
as the reference electrode. To create the working electrodes, segments (width = 1 cm,
length = 2 cm) were laser micromachined (A-532 system, Oxford Lasers Ltd) from the
2 inch (5.08 cm diameter) BDD wafer, vide infra. To create a reliable ohmic contact
for electroanalysis, Ti (10 nm) / Au (300 nm) was sputtered (MiniLab 060 Platform,
Moorfield Nanotechnology Ltd.) on the top face of the BDD segment and annealed at
400 °C for 5 h.*° The electrode area for each measurement was defined by a Kapton
tape mask (RS Components Ltd.), laser micromachined (A-532 system, Oxford Lasers
Ltd) to create a 1 mm exposed area of the BDD for electroanalysis (Figure 5.1). A
new mask was applied for each region to be analysed. For each segment, five

electrochemical measurements were made in different areas across the segment.

SCE

\ Pt Counter

Kapton tape mask

BDD

Glass slide Au/Ti contact Electrolyte solution

Figure 5.1: Setup utilised to investigate the electrochemical response across a wafer
segment.
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All solutions were prepared from Milli-Q water (Millipore Corp.), resistivity 18.2 MQ
cm at 25 °C. A solution containing 1 mM hexaamineruthenium (I11) chloride
(Ru(NHs)e**": >99%, Strem Chemicals) with 0.1 M potassium nitrate (KNO3: 99.9%,
Puratronic) as the supporting electrolyte was prepared, along with a background
electrolyte solution of 0.1 M KNOs for solvent window (SW) and capacitance (C)
measurements. The solution (~500 pL) was introduced to the surface of the electrode
using a micropipette, utilising the hydrophobic nature of Kapton tape to form a
droplet.3! For all electrochemical measurements the second scan is displayed. C
measurements were determined from cyclic voltammetry (CV) data, discussed in

detail in Chapter 2.5.1.

For quinone surface coverage measurements, a pH 2 Carmody buffer was prepared
using boric acid (99.97%, Sigma Aldrich), citric acid (>99.5%, Sigma Aldrich) and
tertiary sodium phosphate (>95%, Sigma Aldrich). The quinone oxidation peak was
recorded by running CV measurements from 0 VV t0 0.7 V and back to 0 V at 0.1 V s*
and then integrating (from +0.37 to +0.47 V vs. SCE i.e. the region of quinone
oxidation) to obtain the charge passed, Q, which was converted to a surface coverage,

I" (mol cm™2), using Equation 4.1 in Chapter 4.2.4.

5.2.4 Micro-Raman Spectroscopy

Micro-Raman was conducted on a Renishaw inVia Raman microscope at room
temperature, with a laser wavelength of 532 nm, a x50 objective and a spot size of ~

10 pm.
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5.2.5 White Light Laser Interferometry (WLI)

A Bruker ContourGT (Bruker Nano Inc., USA) was used to record WLI profiles. After
electrochemical measurements, WLI of the analysis area was conducted, with the
Kapton tape mask still in place for each electrode (n=3 to obtain a mean averaged
image). 3D rendering of the interferometry data was performed using Gwyddion 2.42
to calculate the electrode area, in the area defined by the Kapton tape. Surface
roughness (Rrms) was determined using the Gwyddion 2.42 software. The areas
calculated using WLI were found to be in good agreement with the area determined

electrochemically, vide infra.

5.2.6 Field Emission-Scanning Electron Microscopy (FE-SEM)

FE-SEM images were recorded using a high-resolution Zeiss GeminiSEM instrument.
An in-lens detector was used at a 10 kV accelerating voltage operated at a working

distance of 10 mm.

The two, 2” BDD wafers grown in this study showed concentric interference bands
(illustrated schematically in Figure 5.2 using the colours purple and blue to indicate
the colours seen by eye). These arise most likely due to variation in thickness across
the wafer. The distinctive bands were used to define five regions across the wafer

(labelled 1-5 for 1% CH4 growth and a—e for 5 % CHa4 growth, Figure 5.2) for further
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investigation. The white dotted line (Figure 5.2) represents the segment cut from the

wafer.

—0.5¢cm

Figure 5.2: Schematic showing the different regions of the BDD wafer under
investigation. The segment laser micromachined out for analysis is indicated by the
white dotted line and the red line indicates the WLI line scan conducted (vide infra).

5.3.1 WLI

In order to determine Rrms and crystallite size for each of the regions selected for
analysis, WLI was utilised. It is well known that silicon-thin film BDD wafers can bow
when the substrate is cooled from growth temperature (~800 °C) to ambient (25 °C)
due to the mismatch in the coefficients of thermal expansion between the BDD and
silicon.®? This is evident in the WLI line scans (beam thickness ~1 mm), recorded
across the centre position of a segment for both growth conditions, Figure 5.3a. The
red line in Figure 2 indicates the position of the WLI line scan. The interference bands
selected for analysis are visible as ‘peaks’ and ‘troughs’, exacerbated more on the 5%

CHg wafer due most likely to the faster growth rate. Each region was then investigated
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using X100 magnification over a 47 x 62 um area, and the scan recorded n=3 times, to

obtain a mean-averaged image.
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Figure 5.3: (a) Mean averaged WLI line scans (n=3) across the 1% CH4 (black line)
and 5% CHjs (red line) BDD thin film segments (offset for clarity). Representative 3D
renders of WLI profiles for (b) 1% CHgs, (c) 5% CHjs electrodes at regions 1 and a
respectively.

Whilst a clear difference in roughness and BDD crystallite size was observed between
the 1% and 5% CHs samples (Figure 5.3b and Figure 5.3c respectively), little
variation was observed within the individual segment, with Rems for 1% and 5% CHas
regions (1-5 and a—e respectively, measured to n=3) determined as 10.3 £ 0.4 nm and
6.7 £ 0.6 nm respectively. The average grain size was found to be 1.1 £ 0.1 um for 1%

CHa, compared to that of 0.5 £ 0.3 um for the 5% CHa segment. The reduced Rrmsand
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smaller grain sizes of the 5% CHjs electrode is indicative of ‘renucleation/twinning’ of

the diamond crystals, often seen under higher CH4 conditions.®

5.3.2 Raman Spectroscopy

For comparison against the electrochemical approach to assessing sp? carbon content,
Raman spectroscopy (n=3) was conducted in each of the different regions of the

segment for both (a) 1% CHa (regions 1-5) and (b) 5% CHys (regions a—e), Figure 5.4.
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Figure 5.4: Representative micro-Raman spectra for the different regions on the (a)
1% and (b) 5% BDD samples at 532 nm, offset for clarity.

For all regions on the 1% wafer a sharp peak at 1332 cm™ is visible, corresponding to
diamond (sp? carbon). The full width at half maximum (FWHM) of the diamond peak
at 1332 cm™* provides a qualitative indication of film quality, with peak broadening
indicative of defects due to a shorter phonon lifetime.** However, as both wafers show
“bowing” (> 5 um in the z direction over 20 mm, Figure 5.3a) the effect of strain must
also be taken into account as it acts to reduce the intensity and shift and broaden the
1332 cm* peak.® For all of the 1% CHa regions probed, the FWHM is similar 17 + 2

cm 2, suggesting that crystallite quality/strain effects are consistent across the wafer.
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For the 5% CH4 sample, for all regions investigated a much broader, less intense
diamond peak at 1313 cm™ is observed®®=” with FWHM values ofa=29+1cm™?, b=
29+3cmtc=23+x1cm?t, d=27+2cmtande=24+1cm™ This could indicate
that the film quality of the 5% CHy is: (i) much lower than that of the 1%; (ii) strain is

more significant in this film compared to that grown with 1% CH, %

The G-peak, corresponding to the presence of amorphous carbon at 1550 cm ™ is also
much more prominent in the 5% CH4 segment than the 1% CH4 segment, indicating
again a lower quality film. For the 1% CHa film, the G peak contribution is minimal
and little difference can be seen across all of the five regions investigated. However,
there is a clear variation in the 5% film, with the smallest G-peak observed for region
c, followed by e, a, b and d (largest peak). For the 5% film, comparatively assessing
the sp? content by ratioing the 1332 cm™ peak to the G-peak is not viable, unless we
can be sure for all the regions investigated the boron concentration is the same as is

the strain.

The peaks observed at 950 cm™ originate from the Si support (second order peak),
supporting the fact that the Raman laser is capable of penetrating through the ~ micron
thick BDD film to the underlying Si substrate. Furthermore, the range of different Si
signal intensities also suggests that there is a variation in BDD film thickness across

the wafers.
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5.3.3 Electrochemical Characterisation

Before conducting any electrochemical experiments, the BDD segments were
electrochemically cycled in 0.1 M H2SO4 to ensure oxygen termination of the
surface.®® To investigate if each of the five regions on the two segments were suitably
doped for electrochemical measurements and to ensure that a reliable contact had been
made, cyclic voltammograms (CVs) were recorded in 1 mM Ru(NHs)e** (fast one
electron transfer outer sphere redox species)® and 0.1 M KNOjs at a scan rate of 0.1 V
s 1. As summarised in Table 5.1 (and shown in Figure 5.5), the peak-to-peak

separation (AEp) was investigated.

(@ 15 . (b) 1.5
< <
0.0 0.0+
£ £
© ©
5 5
O (&)
-1.51 -1.57
1% CH, 5% CH,
06 03 00 03 06 03 00 03
Evs.SCE/V Evs. SCE/V

Figure 5.5: Electrochemical characterisation for the reduction of 1 mM Ru(NH3)e>*

in 0.1 M KNOg at a scan rate of 0.1 V s7* for each region on the (a) 1% and (b) 5%
CH4 segments.

For a temperature of 25 °C, an AE, close to 59 mV is expected for this redox couple.
As can be seen from Table 5.1, the experimentally recorded AE are sufficiently close
to the expected value,24? for us to assume we have an ohmically contacted, suitably

doped BDD electrode in all regions of the two segments.
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: Material and Electrochemical Characteristics of the 1% and 5% CH4 BDD
segments at regions specified in Figure 5.2, along with high pressure MW-CVD data
collected elsewhere.*°

BDD
Segment

1% CH,4

5% CH,

High
pressure
MW-
CVD
BDD4,3O

Analysis
region

O QO O T 92 ol WN P

n/a

AEp/
mV

60
67
65
62
69
68
67
63
67
60

65

SW/V

3.31+0.10
1.69+0.11
3.49+0.09
1.23+0.10
3.21+0.10
210+0.12
1.76 £ 0.11
214+ 0.11
1.42+0.10
1.91+0.10

3.60

C/uF cm?

5.46 £0.10
12.54+0.13
3.18+£0.17
17.99 +£0.08
7.84 +£0.09
7.27+0.18
15.57+0.14
5.45+0.13
25.34 +0.08
9.08 +0.06

6.5+0.4

'/ mol cm?

26x10%+17x10Y
42%x10%+23x10Y
19x10%+13x10"
49x10%+1.4x10Y
27x10®+15x10Y
6.3x10%+1.3x 107"
6.0x10%+1.2x107Y
40%x10%+15%x10Y
85x10°+1.1x10Y
3.0x107%+25x%x107Y

18x10%+1.6x107"

The electrode area was also determined through use of the Randles-Sevcik equation

(see Chapter 1.4.3) which assumes planar diffusion dominates, summarised in Table

5.2 alongside the areas calculated by WLI for the same electrode (n=3 measurements).

The WLI and electrochemical data show good agreement. Given the surface of the thin

film electrodes are relatively smooth (rms roughness determined as 10.3 + 0.4 nm and

6.7 £ 0.6 nm for the 1% and 5% CHa grown films respectively), the closeness of the

two sets of data is not surprising and indicates under these conditions, electrochemistry

alone would be suitable for determining the electrode area.
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: Electrode areas calculated by WLI and electrochemical data
(RU(NH3)63+/2+)_

Calculated Area / cm?

BDD  Analysis WLI Electrochemistry

Sample  region )
(Randles-Sevcik)

1 0.0073 + 0.0001 0.0076
2 0.0077 £ 0.0001 0.0077
3 0.0080 +0.0001 0.0080
1% 4 0.0081 +0.0002 0.0083
CHy 5 0.0077 +0.0002 0.0079
a 0.0083 +0.0002 0.0085
b 0.0086 +0.0001 0.0086
c 0.0080 +0.0001 0.0080
5% d 0.0084 +0.0002 0.0085
CH4 e 0.0076 +0.0002 0.0079

Although Raman spectroscopy® (Figure 5.4) provides an indication of the presence
of sp? carbon (showing variations on the 5% CH. segment and indicating minimal sp?
on the 1% CHa segment), the technique is not only qualitative, but is relatively surface
insensitive providing information about the sp? content within a laser penetration
depth of up to several microns.** Thus for electrode applications, where all charge
transfer processes take place at the electrode/electrolyte interface, Raman
spectroscopy does not necessarily provide the required information on surface sp?
content. Furthermore, unless, Raman mapping is utilised, information is obtained in
localised spots (limited by the resolution of the laser beam, typically microns in size)

and thus does not provide a view of the entire surface.

In contrast, electrochemical methods® for characterising sp? surface content provide
arapid, cost effective alternative for the whole electrode. It has been previously shown

that both the surface double layer capacitance and the electroactive quinone response
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associated with sp? carbon on the surface of BDD directly correlate with sp? surface
carbon content.3®* Furthermore, features close to the oxygen evolution wave in
aqueous solution and the presence of an oxygen reduction wave, become apparent in
the solvent window as the sp? carbon content increases.? * Three electrochemical
characterisation techniques were thus employed to assess for the presence of sp?
carbon across both BDD segments including: (1) C; (2) SW and (3) quinone surface

coverage measurements (7).

5.3.4 Capacitance

Higher C values than an sp® only BDD electrode (<< 10 pF cm2)% are attributed to
the incorporation of sp? and in part due to the presence of quinone-like groups on the
BDD surface.? To determine C values CV measurements were conducted in 0.1 M
KNO; at a scan rate of 0.1 V s2, starting from 0 V cycling from -0.1 to 0.1 V and then
back to 0 V, presented in Figure 5.6. C was calculated using Equation 2.2 detailed in

Chapter 2.5.1 and summarised in Table 5.1.
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Figure 5.6: Comparison of representative C measurements for the (a) 1% and (b) 5%
CH.4 BDD samples, run in 0.1 M KNOs at a scan rate of 0.1 V s,
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Overall, the 5% CHa wafer has higher C values compared to that of the 1% CH4 wafer,
suggesting more sp? carbon sites on the surface. This is expected due to the reduced
grain size, resulting in more grain boundaries. Localised variations in B dopant density
may also contribute to increased capacitance due to changes in the density of states.*
There are also significant variations in the C across the segment, as indicated by the C
values recorded for the five different regions, with C varying from highest in regions
4 (and d), followed by 2 (and b), 5 (and e), 1 (and a) to lowest in region 3 (and c), for
the 1% and 5% wafers respectively. Interestingly, for the 1% CH4 wafer, Raman is
unable to distinguish variations in the sp? content across the segment, the signal

intensity for the sp? band is too low.

5.3.5 Solvent Window

The SW is defined by the electrochemical process of water decomposition, where
oxygen and hydrogen evolution takes place at anodic and cathodic extremes
respectively. In order to compare SW ranges, the anodic and cathodic potential limits
were defined as the potential at which a current density of 0.4 mA cm is passed for
water electrolysis.? For high quality BDD, with little sp? content, the SW is typically
wide (>3 V) due to the inert nature of the sp* diamond surface.? In contrast, when sp?
is present, the SW value reduces due to increased catalytic activity facilitates water
electrolysis, and the cathodic window exhibits a signal (within the range -0.5 to -1.5
V) indicative of oxygen reduction reaction (ORR).*? Furthermore, due to the presence
of sp?, features are observed in the anodic window from ~0.6 to 1.5 V, attributed to the

oxidation of sp? containing surface species.” Figure 6 a and b shows SW scans for both
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1% and 5% CHa electrodes respectively, recorded in 0.1 M KNO3 (pH = 6.5) at a scan

rate of 0.1 V s2, starting at 0 V scanning to —2 V, up to 2 V before returning to 0 V.
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Figure 5.7: Representative SW measurements made in 0.1 M KNOs (pH = 6.5) at a
scan rate of 0.1 V = for the (a) 1% and (b) 5% CH4 BDD samples.

Qualitatively, for all regions of the 5% CHa. wafer, features attributed to sp? are
observed in the SW. However, for the 1% CH4 wafer, regions 1, 3 and 5 appear to
indicate negligible sp? content, as no sp? oxidation features are evident nor an obvious
ORR wave. Overall, larger SW values are recorded on the 1% CHa electrode, which
is expected, as the slower growth rate has resulted in larger grain sizes, resulting in
fewer grain boundaries (where sp? often resides). Some regions of the 1% wafer (b and
d) do show SW values similar to that of the 5% wafer (2 and 4), indicative of an sp?
presence, and for both wafers, the SW values vary across the wafer, as summarised in

Table5.1.

5.3.6 Quinone surface coverage

Electrochemically active quinone groups are absent on a fully hybridised sp® carbon
surface, yet readily form on sp? carbon, therefore I” can be analysed to comparatively

assess sp? content. For each region, CVs in pH 2 buffer, to maximise current signal,*
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were carried out (scan rate of 0.1 V s1), cycling from 0 to 0.7 V. Figure 5.8a and
Figure 5.8b shows representative quinone oxidation peaks scans both the 1% and 5%
CHa4 segments respectively at the defined regions. 7" was calculated using Equation

4.1 detailed in Chapter 4.2.4 and summarised in Table 5.1.
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: Representative quinone peaks for each of the regions on (a) 1% and (b)
5% CH4 BDD samples.

Much higher I" values are observed, on the 5% CH4 wafer, especially in regions where
C and SW have shown sp? content to be high. Again this technique identifies
significant variations in 7" across each wafer (summarised in Table 5.1), supporting
the growing evidence that the sp? content varies spatially across both segments
(wafers). It is important to note that the quinone content (which directly correlates with
sp?) varies over nearly two orders of magnitude when considering both the 1% and 5%
CH4 segments. For example, region 3 on the 1% CHs wafer, which also shows the
largest SW and lowest C values, has a I" of 1.9 x 107 mol cm, similar to that of
freestanding, high quality BDD (" = 1.8 x 10 *® mol cm™2), grown using MW-CVD
under conditions especially optimised to minimise sp? content.>® However, region d on

the 5% wafer, which shows the smallest SW and highest C values returns a /" value of
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8.5 x 10" mol cm™, nearly two orders of magnitude greater, indicative of electrode

material containing considerable sp?.

5.3.7 Comparison of electrochemical techniques and Raman

In order to visualise the trends in sp? surface content across both wafers, the
electrochemical measurements for C, SW and 7" are presented in Figure 5.9, along
with the corresponding regions where measurements were taken. Figure 5.9 shows
that both segments show a similar profile of varying sp? content (inferred from the
electrochemical measurements) with regions 1, 3 and 5 of the 1% CHs segment
containing minimal sp? concentrations i.e. displaying wide SWs, low C and low I” of
similar values to that found with high quality BDD.*° Regions 2 and 4 however, exhibit
a measurable sp? carbon presence. For the 5% CHa segment, sp? carbon is observed
over all regions, with regions b and d displaying the highest levels. Note whilst Raman
was able to map the variations adequately on the 5% CHs4 segment, this was not
possible on the 1% CHs segment. Figure 5.9c shows the Raman G peak baseline
corrected signal intensity for both the 5% CH4 segment and the 1% CH, segment. The
Raman data clearly shows the same trend to that of the electrochemical data for the
5% CHa4 wafer, but fails to differentiate each region for the 1% CHs, showing no
significant difference across the electrode. However, electrochemically clear
differences are observed on the 1% CH4 segment with regions 2 and 4 showing an
electrochemically appreciable sp? content. This in turn could influence the resulting
electrochemical response towards surface sensitive analytes and produce differing
electrochemical behaviour compared to electrodes from regions 1, 3 and 5 of the

segment.

137



{ 1% CH [
o s T |os
] 161
I~ =
__>_2.0- 1 9 -0.4§
% ] wolS | &
T © O
3.0 13 [933
) 2:.‘ 0.2
L —
a b ¢ d e
(b) Region
10
5% CH4 251
1.4- ||
> - 71O 2
~ ] - —
2 1.8; 1517 [° 3
1 0 o
] 1 3&) 3
2.2- ‘
5t |0
a b c d e

Region

A/

1/a  2/b  3c  4d  5le
Region

Integrated G peak area / a.u

Figure 5.9: Comparison of C, SW and 7" measurements (n=3) for the (a) 1% and (b)
5% CH4 BDD segments. (c) Plot of the integrated G peak area for each region on the
1% CHys (black line) and 5% CHjy (red line) CH4 BDD wafers.
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The spatially varying sp? content, in a consistent manner across both wafers, supports
previous simulation work that at low power densities a ‘doughnut’ shaped plasma can
be formed, resulting in fluctuations in microwave power in the CVD reactor.® Each
wafer was positioned in very similar locations in the reactor during separate growth
runs. This in turn impacts the concentrations of reactor species at the BDD surface,
which effects the growth and etch rates and ultimately the quality (defined as amount
of sp? present) of the final BDD wafer at different locations. The regions containing
low sp? are likely to have been exposed to conditions that facilitate higher quality BDD
growth such as higher atomic H and lower CH4 concentrations, compared to that of
the regions containing significantly more sp? To verify whether the data was

consistent with segments cut from other areas of the wafer, illustrated in Figure 5.10.

—0.5¢cm

Figure 5.10: Diagram illustrating the segment of the BDD wafer selected for analysis
in discussed in detail in this Chapter (white dotted line) and (2) opposite segment (red
dotted line).
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Table 5.3 shows the electrochemical data recorded from all five regions for both the
1% and 5% CH4 wafers, but taken from segments cut from the opposite side of the
wafer (red dotted lines). The similarity between the data suggests that the
electrochemical properties are consistent across the whole region of a concentric

interference band, which runs around the wafer.

: Electrochemical characteristics of the 1% and 5% CH4 BDD regions on
segment sections 1 (white) and section 2 (red).

BDD  Analysis SW/V C/uF cm™? I'/ mol cm
Sample region
1 3.31 3.24 5.46 534  260x101 257x1071
2 1.69 1.75 12.54 1245  419x10716  410x 1071
3 3.49 3.42 3.18 405 191x10' 191x1071
1% 4 1.23 1.22 17.99 18.05 4.95x1071% 4.96x 1071
CH4 5 3.21 3.15 7.84 783  278x107% 273x10'
A 2.10 2.11 7.27 7.02  637x101% 6.37x1071
B 1.76 1.74 15.57 15.45  6.04x10% 6.04x107%
C 2.14 2.01 5.45 534  401x107® 4.01x107'
5% D 1.42 1.34 25.34 2632  851x107%® 851x107%5
CHa E 1.91 1.87 9.08 9.11 3.01x10%  3.01x107%

5.3.8 FE-SEM images

To view the thickness of the wafers at the distinctive regions along the wafer (1% CHa:
1-5 and 5% CHya: a—e) the laser micromachined edge was positioned in the FE-SEM
perpendicular to the electron beam. This allowed both the Si support and the BDD
grains to be imaged. Figure 5.11 shows the regions that displayed the least (3/c) and
most (4/d) sp? carbon for the 1% CH, wafer (images a and b respectively) and the 5%

CHg4 wafer (images ¢ and d respectively).
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Region d

Figure 5.11: FE-SEM image comparison of regions 3 and 4 on the 1% CH4 wafer
(images a and b respectively) and regions ¢ and d on the 5% CH4 wafer (images ¢ and

d respectively). The edge of Si substrate is illustrated by the green dotted line and the
top of a BDD grain indicated by the red dotted line.

Given the fact that the BDD grains do not grow perfectly perpendicular to the Si
substrate, it is not possible to quantitatively determine the grain sizes at the locations.
Qualitatively the BDD thickness is larger at the regions that displayed higher sp?
contents (2/b,4/d) compared to the regions that showed lower sp? contents (1/a, 3/c,
5/e). This supports the concept that the regions are exposed to different growth
conditions that effect sp? incorporation. It can be postulated that for regions (1/a, 3/c
and 5/e) a slower growth rate occurs, resulting in the more efficient etching of sp?

carbon by H’, resulting in a higher quality (lower sp?) film.
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The variation in sp? surface content for thin film BDD grown under low power density
conditions in an overmoded CVD reactor has been characterised using electrochemical
methods. The material is grown using boron dopant densities which make it applicable
for electrochemical use. Clear differences in the electrochemical response are observed
at defined regions across the same wafer (segment), due to a varying sp? carbon
incorporation during synthesis. The variation is thought to be due to localised
variations in growth conditions throughout the MW-CVD reactor, due to the formation
of a non-uniform plasma, which results in a non-uniform power density, when using a
multi-mode system at low pressure.'®2® The same trend in sp? variation across the five
different regions of the segment was seen for both the 1% and 5% CH4 growth wafers,
except the 5% CH. wafer showed an overall higher sp? surface content. Interestingly,
even though Raman spectroscopy is often the characterisation method of choice for
thin film diamond, it was found that the technique does not have the sensitivity to
distinguish the variation in surface sp? carbon especially at the lower sp? levels (1%
CHa wafer growth). Raman showed the sp? content to be essentially minimal and
unvarying for the 1% CH4 BDD wafer, whilst electrochemical assessment revealed at
least two of the regions to have electrochemically appreciable levels of sp?. For this
reason, we also advocate using electrochemical characterisation of BDD when looking

to utilise the material for electroanalytical applications.

It is also important to note that the variation in sp? content is significant across each
wafer. For example, some areas on the 1% CHs wafer showed electrochemical
signatures akin to minimal sp? content BDD, grown at much higher microwave power

densities.**° These features include wide SWs (> 3V), low C’s (<<10 pF cm?), and
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very low levels (< 3 x 10°1® mol cm™2) of surface quinone groups, making the electrode
ideal for high detection sensitivity electroanalysis work. On the 5% CH4 wafer, all
regions showed high sp? content, with two of the regions showing especially high
levels; such electrodes are useful when an increased electrocatalytic efficiency is

required from the BDD electrode.

This study has clearly shown that BDD grown under the more economical, multi-mode
(overmoded) MW-CVD conditions does not result in wafers which show a consistent
and minimal level of sp? carbon, even under 1% CHa conditions. Therefore, for
electrochemical use, depending on where the electrode measurement is taken, even on
the same wafer, differing results may be seen if sp? carbon plays a role in the
electrochemical response. Thus, caution should be exercised by the electrochemist in
using material grown using an overmoded source under low power density conditions,
without a complete characterisation of the material properties first. The incorporation
of sp? carbon can also influence the mechanical properties of diamond including
hardness and the materials Young’s modulus,** which is an important consideration

for applications which exploit the mechanical properties of the BDD.

This study also shows that both high quality BDD (minimal content sp? BDD) is
possible in select regions and this overmoded growth process provides route for
varying sp? levels over the same wafer in a controllable way. Thus for electrochemical
studies which wish to explore the effect of sp? carbon on the electrochemical response
of the BDD electrode, one wafer alone opens up a combinatorial approach to

addressing this question.
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Chapter 6

Controlled sp? functionalization of boron doped diamond as
a route for the fabrication of robust and Nernstian pH

electrodes

w
’ e 12 / 59 mV/pH
BDD with lasered sp?regions E pH

In this chapter, the development of a robust boron doped diamond (BDD) pH sensor
is described. To obtain pH sensitivity, laser micromachining is utilised to introduce
controlled regions of sp? carbon into a high quality polycrystalline BDD electrode. The
resulting sp? carbon is then activated to produce electrochemically active quinone
groups using a high temperature acid treatment, followed by anodic polarisation. Once
activated, no further treatment is required for all measurements. The quinone groups
show a linear (R? = 0.999) pH dependent and Nernstian (59 mV/pH unit) current-
voltage response over a large analysable pH range, from pH 2-12 in buffered solutions.
Using the laser approach, it is possible to optimise sp? coverage on the BDD surface,
such that a measurable pH response is recorded, whilst minimising background
currents arising from oxygen reduction reactions on sp? carbon in the potential region

of interest. This enables the sensor to be used in aerated solutions, boding well for in
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situ analysis. The BDD voltammetric pH electrode response is also uncompromised
by the presence of excess metal ions such as Pb?*, Cd?*, Fe®*, Cu?* and Zn?*. The BDD
pH sensor is stable over a three-month period (the time period of testing), can be stored
in air in between measurements, requires no re-activation of the surface between
measurements and can be reproducibly fabricated using the proposed approach. The
efficacy of this pH sensor in a real-world sample is demonstrated with pH

measurements in UK seawater.
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The ability to sense pH in aqueous solutions is fundamental to the study of many
different chemical environments and is therefore prevalent in many industries
including healthcare,! waste management,? water and environmental monitoring.3*
The most common pH sensor to date is the potentiometric glass pH electrode, due to
its high sensitivity to protons, large analysable pH range from pH 0 to pH 12 and fairly
rapid response time of < 60 s, as well as its commercial availability.>® It is however
associated with several limitations including: ‘alkali errors’ where interfering ions
such as Na* and Li* affect the pH response at high pH values;’ fragility due to the very
thin glass membrane and potential drift over time, resulting in the need to re-calibrate
regularly.® It is for this reason that the development of robust and reliable pH sensors
has received significant interest from the scientific community over recent years.® This
is especially true for applications requiring long term placement or environments

which challenge the fragility of the thin glass membrane.

Carbon electrodes are currently finding favour for pH measurements due to their wide
availability, potential low cost and biocompatibility, making them ideal for biological
and environmental applications.'®!* Many studies have investigated a range of carbon
materials including single-walled carbon nanotubes,*? glassy carbon (GC),*
graphene,** edge plane pyrolytic graphite (EPPG)*® and screen printed carbon (SPE).1®
pH sensing with carbon electrodes is typically carried out using voltammetry, where
the surface is chemically functionalized with pH sensitive molecules, which undergo
proton assisted electron transfer.}”1® These tend to be quinone in nature where the peak
current position for electrolysis of the surface bound quinone groups, shows a

Nernstian dependence on proton concentration. Whilst this has resulted in the
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production of robust pH sensors, the derivatization procedures can be time consuming,

complex and costly due to the number of reagents required.'’

To reduce preparation times, it has also been shown that the electro-reduction of
naturally present quinone groups on the surface of sp? containing carbon electrodes
such as GC, EPPG and SPE also show a Nernstian pH dependent current-voltage
response.t®>1°16 The electrodes all required some form of activation prior to use. For
GC™ and EPPG,* surface mechanical polishing was found to be important, whilst for
SPE, the surface required chemical oxidation. For all electrodes solution degassing
was required,® to avoid oxygen reduction reaction (ORR) interferences. This makes

measurements at the source, when oxygen is naturally present, challenging.

There have also been limited studies with boron doped diamond (BDD), an electrode
which has many interesting material properties compared to other common electrodes
such as GC, platinum and gold, due to its sp® nature. These include: high chemical
inertness; mechanical robustness; oxygen insensitivity; wide solvent window; low
background currents and reduced fouling.!®?° As such, BDD electrodes have been
employed in innovative ways to measure pH. For example, due to the extended solvent
window, chronopotentiometry was employed to monitor the potential dependent pH
response for a fixed negative current.?>?2 However, this approach is affected by redox
species in solution which can also be reduced at the applied current.??
Chronopotentiometry has also been investigated under zero current conditions, with
oxygen (O-)terminated BDD.23 Here an oxygen plasma was used to activate the BDD
surface. However, a linear sub-Nernstian (50.8 mV pH™) voltage response towards

pH was observed, stable only for two days.
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This work develops a robust approach for the measurement of pH based on BDD
electrodes. Minimal sp? content conducting BDD electrodes are utilised as the starting
material with sp? carbon controllably added to defined regions of the BDD surface
using laser (ablation) micromachining. Activation of the sp? regions of the surface
prior to use, results in a sufficient number of quinone groups, which undergo reversible
proton dependent voltammetry. sp? carbon coverage is optimised on the electrode
surface such that a Nernstian response to pH based on current-voltage measurements,
IS observed, whilst maintaining minimal background currents from ORR, in the
potential region of interest. Importantly, once activated the electrode does not need
reactivating in between measurements, is long-lasting (electrode has so far been used
for 3 months without fail) and the pH measurements can be made in aerated solutions,

both boding well for long-term use in-situ.

6.2.1 Laser micromachined electrode fabrication and pretreatment

1 mm BDD glass sealed electrodes were fabricated as discussed in detail in Chapter
2.3.1. Laser micromachining or ablation of BDD proceeds via the vaporisation of
carbon and the subsequent graphitization of the exposed surface.?* The resulting
residual graphitic layer on the BDD surface is formed by the transition of metastable
diamond to stable graphite under laser induced thermal exposure.?® Studies have found
that laser ablation with longer pulse durations i.e. ns compared to fs, result in a greater
extent of graphitisation.?® A 34 ns, 355 nm YAG laser (5.102 W at 10 kHz) was

therefore used to create circular pits by manipulation of a computer numerical control
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stage holding the sample, relative to a fixed beam. A hexagonal array of sixty-one pits,
~45 pum diameter and 25 pm deep, spaced 100 um centre-centre, was laser machined
into the BDD surface. The stage traversing speed and laser repetition rate was
predetermined so that the BDD surface was exposed to one laser pulse every 3 pm.
Due to uncompensated stage acceleration/deceleration issues, some areas of the
machined surface within a laser micromachined pit were exposed to more pulses than

others.

After laser micromachining, in order to “activate” the sp? carbon to produce the
necessary pH sensitive redox active quinone groups and remove loosely bound sp?
carbon the electrode was first heated at ~200 °C for 15 minutes in concentrated H>SO4
(98%) saturated with KNOs. Anodic polarisation of the laser micromachined BDD
electrode was then conducted under constant current conditions (+0.1 mA for 60 s) in
0.1 M room temperature H2SOa4, similar to procedures utilised to produce acidic
surface oxides on “activated” carbon materials.?” It was noted that not carrying out this
procedure post laser ablation, results in unstable electrode response towards pH, with
the pH response varying with time. This is postulated to be due to the anodic
polarisation removing any loose sp? carbon present within the roughened laser features
that were not removed by the acid cleaning step. The constant current of +0.1 mA was
selected in order to encourage oxygen evolution at the electrode surface as well as the
formation of high order oxygen-containing functional groups such as quinones on the
electrode surface. Furthermore, at such extreme anodic potentials, during polarisation,
production of oxidants such as ozone and hydroxyl radicals have been noted to occur,

which may help to further oxidise/clean the electrode surface.
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6.2.2 Electrochemical set-up

For the electrochemical measurements a three electrode configuration was utilized
with BDD as the working electrode, a platinum wire as a counter electrode and a
saturated calomel electrode (SCE) as the reference electrode. For anodic polarization
a galvanostat was utilized (Keithley 6220 Precision Current Source). For both solvent
window (SW) and capacitance measurements (C) a 0.1 M KNOs solution was
employed at a scan rate of 0.1 V s1. C measurements were determined from CV data
as detailed in Chapter 2.5.1. Square wave voltammetry (SWV) was conducted at a
frequency of 150 Hz, amplitude of 200 mV and step potential of 2 mV. SWV was

utilised over linear sweep voltammetry in order to improve the signal-to-noise ratio.

6.2.3 X-ray photoelectron spectroscopy (XPS)

XPS analysis was conducted using a Kratos Axis Ultra DLD photoelectron
spectrometer, with a monochromated Al ka X-ray source (1486.69 eV) operating at
150 W. All measurements were performed under ultra-high vacuum (UHV) conditions
with a spectrometer base pressure of 2 x 1071° mbar. Core level XPS spectra were
collected using a pass energy of 20 eV (resolution ~0.4 eV) with a 1 mm spot size. In
order to investigate the different carbon chemical environments at the electrode surface
all data, collected was fitted using Lorentzian-Gaussian peaks after a Shirley
background subtraction. The C 1s peak was calibrated to 285 eV for charge

correction.?®
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6.2.4 Raman Spectroscopy

Micro-Raman was conducted on a Renishaw inVia Raman microscope at room

temperature, with a laser wavelength of 514 nm, a x50 objective and a spot size of ~10

fm.

6.2.5 Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM images were collected using a high-resolution Zeiss Supra VP. An in-lens
detector was utilized at accelerating voltages between 2 and 15 kV, with a working

distance of 4 mm.

6.2.6 White Light Laser Interferometry (WLI)

WLI images were recorded using a Bruker ContourGT (Bruker Nano Inc., USA). 3D
rendering of interferometry data was performed and the increase in electrode area after

laser ablation quantified using Gwyddion 2.41 (Czech Metrology Institute, CZE).

153



6.3.1 Polarisation Time Optimisation

The inner-sphere redox couple Fe?*** was utilised to aid optimisation of the time
required to anodically polarise the laser micromachined BDD electrode. Work by
McCreery et al.,?° has shown that Fe?*** is particularly sensitive to carbonyl groups
(C=0), with the increased presence of C=0 on an electrode surface resulting in a
smaller peak-to-peak (AEp) separation, indicative of faster electron transfer (ET)
Kinetics. It was therefore considered that AE, could be used to qualitatively indicate
an increase in the number of C=0 groups on the electrode surface with respect to the
anodic treatment applied. From this data, it may also be possible to indirectly infer an
increase in quinone groups on the electrode surface. Figure 6.1a shows the Fe>*** CV
responses for a range of anodic polarisation times under constant current conditions

(+0.1 mA), with Figure 6.1b illustrating the trend observed (n=3).
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: (@) The CV response 1 mM Fe?***in 0.1 M HCIOsat 0.1 V s for the
laser micromachined BDD electrode at varying polarisation times (0-120 s), held at
constant current (+ 0.1 mA) in 0.1 M HzSOa.

As Figure 6.1 shows, anodic polarisation of the surface results in a significant change

in the AEj, even after just 60 s, AEp has reduced from 715 mV + 9 mV (no polarisation)
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to 385 = 6 mV. Longer treatments did not result in significant changes to the AE,
observed. 60 s resulted in the smallest AEp recorded and thus anodic polarisation was

conducted for 60 s throughout this study.

6.3.2 Electrode Characterisation

Prior to use, it was extremely important to characterise the BDD electrode before and
after laser micromachining. In order to understand the extent of surface damage
induced by the laser micromachining, the laser micromachined BDD electrode was
visualised with various imaging techniques, including optical microscopy, FE-SEM
and WLI. Figure 6.2a shows a typical optical image of a laser micromachined 1 mm

diameter glass-sealed BDD electrode.

Clearly visible are sixty-one laser pits of diameter ~45 + 2 um, with a pit to pit spacing
of ~100 pum, as confirmed by interferometry (Figure 6.2b). Cross-sectional data
(Figure 6.2c) obtained from Figure 6.2b (red line) indicates that the pits have a typical
depth of 25 £ 5 um, with a surface roughness of ~5 um (Figure 6.2c) compared to the
surrounding lapped surface, ~ nm roughness.? Figure 6.2d shows a typical FE-SEM
image of a laser pit. Whilst BDD grains (light and dark regions) are still visible in the
surrounding area, surface damage induced by the laser micromachining process is
apparent within the laser micromachined pit. It is also important to note that there may
be contribution of quinone functionalities from this exposed laser micromachined side
wall, due to the imperfect glass seal around the 1 mm BDD. This is particularly evident

in the interferometry image displayed in Figure 6.2b.
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Figure 6.2: Images of the 1 mm laser micromachined BDD electrode including (a) an
optical image showing the full laser array; (b) a 3D rendering of the electrode surface
from interferometry; (c) a cross-section of the WLI data collected (position indicated
by the red line in Figure 1b) showing the laser pit depths, widths and spacings and (d)
an FE-SEM image of an individual laser pit.

6.3.2.2 Electrochemical characterisation

The BDD electrode employed in this study was electrochemically characterised using
the fast one electron transfer outer sphere redox couple (1 mM) Ru(NHs)s*" in 0.1 M
KNOs. Figure 6.3 shows the CVs recorded at 0.1 V s™* for the 1 mm BDD electrode
before and after laser micromachining of the surface to produce an array of sixty-one

pits, ~50 um in diameter, ~25 um in depth, 100 um separation centre-centre.
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Figure 6.3: CVs of 1 mM Ru(NH3)s®* in 0.1 M KNO3 at 0.1 V s for the 1 mm BDD
electrode before (red) and after (black) laser micromachining.

Ru(NHs)6**?*, an outer sphere redox couple should be insensitive to changes in the
surface chemistry, provided the availability of surface charge carriers has not been
impaired during the laser process. Possible damage to the surface in terms of producing
a sufficient number of defect states to trap charge significantly to impact on the ET
kinetics was not observed, with reversible behaviour was observed for T = 298 K, with
a peak-to-peak separation (AEp) of 59 mV obtained both before and after laser

micromachining.

6.3.2.3 Calculating electrode area after laser ablation

Three methods: (1) Interferometry (detailed in Section 6.2.6), (2) Randles-Sevcik
analysis and (3) a 2D finite element simulation were employed to calculate an effective

increase in electrode area due to laser ablation.
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From the experimental data collected in Figure 6.3 the increase in area was
approximated through use of the Randles-Sevcik equation (Equation 1.7). Where ip is
the peak current, n is the number of electrons transferred per redox event (n = 1), A is
the electrode area, D is the diffusion coefficient (8.16 x 107® cm? s! determined
experimentally using an Au ultramicroelectrode (UME) of radius = 14.5 um), C is the
analyte concentration (8.5 x 10~ mol cm~3) and v is the scan rate (0.1 V s™1), assuming
a temperature of 298 K. For the ip measured (1.196 pA) before laser micromachining,
the area of the electrode was determined as 5.80 x 1073 cm? (diameter = 0.859 mm)
which was confirmed optically (diameter = 0.9 mm). After laser machining ip increased
to 1.629 HA, equating to an area of 7.89 x 10 cm? using Equation X.1, suggesting an
increase in area by 36 %. Note, Randles Sevcik serves only as an approximation as it
assumes linear diffusion profiles contribute to the current, which is true for large (> 50
um) planar surfaces. Of three electrodes tested, the CV characteristics post-laser
ablation/activation consistently displayed an increased current compared to the bare
electrode, at this scan speed (35% — shown in Figure 6.3, 23% and 18% — data not

shown).

As scan speed effects diffusional length scales, which in turn effects whether surface
“roughness” is seen in the current response or not, a simple 2D finite element
simulation was implemented. The pitted surface was modelled as a series of square-
shaped trench structures of diameter 50 um and depth 25 um, separated centre to centre

by 100 pum, as shown in Figure 6.4.

158



—— Periodic condition
—— Bulk solution

< $ —— Electrode surface

Pitted Periodic condition

25 me S0 pm

A

~—
50 pm
: Schematic of the simulated domain for the 2D finite element model
approximating a slice through the centre of a single pit (simulated by Dr. Maxim
Joseph). A tall rectangular domain (grey) is bounded on the long vertical edges by a
periodic condition (blue), on the top edge by a bulk solution (red) and on the bottom

by the working electrode (green). A single pit is represented in the centre of the
working electrode surface as a simple rectangle.

Fick’s diffusion was applied in the grey domain, whilst the Nernst equation was used
to describe the electrode boundary conditions (i.e. electron transfer is much faster than
diffusional transport which is a reasonable assumption for the fast electron transfer
outer sphere redox couple employed) and a periodic boundary condition applied at the
blue boundary i.e. what leaves one boundary enters the other. Meshing was set to 1
element per 100 nm at the electrode surface, which was allowed to grow at a rate of
1.01. The total number of mesh elements employed was 387,334. The model predicted
an increase in peak current of 21% compared to the bare surface at 0.1 V s*. The
experimental observed increased peak current, after laser micromachining, is thus
attributed to both an increase in the surface area due to the introduction of laser
micromachined pits and possible etching of the glass which seals the BDD, exposing

the laser micromachined side walls, during the high temperature acid treatment.
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6.3.2.4 Solvent Window

The changes to the solvent window due to the laser micromachining process was also
explored. Figure 6.5 shows solvent windows recorded in 0.1 M KNOs (starting from
0V cycling from —2 V to 2 V and then back to 0 V) at a scan rate of 0.1 V s for the
BDD electrode pre- and post-laser ablation. A GC electrode (3 mm diameter) solvent
window is shown for comparison, mechanically polished to a glass finish in between

measurements.?
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Figure 6.5: Comparison of solvent windows and capacitance (inset) for BDD (black),
laser micromachined BDD (red) and GC (blue), collected in 0.1 M KNO3 (scan rate
of 0.1Vs™).

In order to compare solvent windows sizes, the anodic and cathodic potential limits
have been defined as the potential at which a current density (I) of 0.4 mA cm2 is
passed for water electrolysis.’® The bare BDD electrode exhibits a wide solvent
window of 3.7 V, low capacitive currents (6.8 uF cm~2 at 0 V) and no evidence of an
oxygen reduction signal (ORR) indicative of sp?-free BDD, which is

electrocatalytically inert.3%:2
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In contrast, GC, which contains significant sp? carbon,®! is much more catalytically
active, with a smaller solvent window (1.0 V) and higher capacitance currents (23.8
UF cm2at 0 V). Also evident in the cathodic potential range, —0.2 to —1.5 V, is an
increased background current most likely due to ORR at the GC electrode. In the
anodic window, over the range +0.6 to +1.5 V, features are observed most likely due

to oxidation of sp? containing surface species.®?

For the laser micromachined “activated” BDD electrode, where “activated” refers to
the boiling acid and electrochemical anodic treatment applied post laser
micromachining, the solvent window at 2.5 V is smaller than that of the bare BDD
surface but significantly larger than for GC. Anodic signatures associated with sp?
carbon are seen at +1.2 V, which are smaller than observed for GC. Cathodically, a
current is recorded at —1.5 V which could be due to a catalytically pushed out ORR
signature. The capacitance at 0 V is 10.8 uF cm™2. Overall, the data suggests that the
laser activated BDD electrode is more catalytically active than bare BDD, due to
incorporation of sp? functionality, but significantly less than that of GC. This was
further explored by running CV experiments using 1 mM Fe?”**in 0.1 M H2SOa. A
change in ET kinetics was observed (shown in Table 6.1) after laser ablation and
surface pretreatment, indicating that the catalytic activity of the laser micromachined

BDD material is between that of bare BDD and GC.
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. AEp values for bare BDD, laser micromachined BDD and GC for the
Fe?*®* redox couple.

Electrode Surface treatment AEp (Fe?*/Fe*) I mV
Glassy Carbon Alumina polish 150+ 5
Laser Micromachined Acid clean, Anodic 385+6
BDD polarisation
Bare BDD Alumina polish 715+£9

Importantly, the ability to pattern sp? carbon in defined regions means that sp?

incorporation can be controlled so the advantages of BDD such as low background
currents, wide solvent window and catalytically hindered ORR response, are retained
as much as possible. This contrasts with sp? carbon incorporation during the growth
process, as is typical with ultrananocrystalline and nanocrystalline BDD,*® where sp?
carbon is now present across the whole surface, likely residing at grain boundaries.3
A further twenty repeat solvent window scans were conducted with no obvious change

in currents or sp? features observed, suggesting that the sp? carbon introduced into the

BDD electrode after laser micromachining/activation is stable.

To further investigate the change in surface chemistry during laser micromachining,
XPS was performed. The technique is particularly useful for determining surface
chemistry, allowing the top few nanometers of the sample surface to be
characterized.?® In order to accurately analyse the laser micromachined/activated BDD
surface using a 1 mm XPS spot size a 3 mm diameter pit was machined into BDD
using the parameters outlined in Experimental for the 45 pm diameter features

machined previously. XPS survey spectra (Figure 6.6) were collected for both the
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laser micromachined/activated and bare BDD electrodes in order to identify peaks of

interest and ensure there was no contamination of the BDD surface during sample

preparation and loading.
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Figure 6.6: XPS survey spectrum of (a) the bare BDD surface and (b) a laser
micromachined/activated region of the BDD surface.

The analysis was conducted using a Kratos Axis Ultra DLD instrument, with a
monochromatic Al source (1486.69 eV) with a 1 mm spot size. In both spectra the
expected Auger electron peaks (O KLL) are present as well as O 1s and C 1s,% with

no obvious contamination from other elements observed.
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Figure 6.7 shows typical XPS spectra for the BDD surface (a) before and (b) after

laser micromachining/activation.

Intensity / a.u.

260 | 285 | 280
Binding Energy / eV

: C1s XPS spectra of the (a) bare BDD and (b) laser micromachined BDD
electrode surface.

The background XPS spectrum of BDD, shown in Figure 6.7a, exhibits a prominent
signature (peak 1) at 285 eV attributed to sp® carbon (C-C). All peaks are referenced
with respect to this peak. There is no obvious sp? peak (—0.4 eV from the central C-C
peak) indicating negligible sp? carbon content BDD, in agreement with the

electrochemical data shown in Figure 6.5.%

The peaks present in Figure 6.7a at higher binding energies can be assigned to
different oxygen environments present on the BDD surface.®® Peak 2 (+1 eV)
corresponds to the presence of alcohol (C-OH) groups on the electrode surface, with
peak 3 due to ether (C-O-C) groups at ~ +1.7 eV.3" Peak 4 can be attributed to carbonyl
groups (C=0) reported to fall between +2.9 to +3.9 eV of sp® carbon.®® There may also
be a small contribution at ~ +4 eV, which is associated with the presence of carboxyl

(COOH) groups at the BDD surface.®
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Figure 6.7b shows the change in the XPS spectra after laser micromachining the BDD
electrode and subsequent activation. With the XPS beam now focussed at the bottom
of a laser pit, a drop in signal intensity is observed which is likely due to the increased
surface roughness as a result of laser micromachining. Immediately obvious is the
emergence of peak 5 at —0.4 eV attributed to the production of graphitic sp? carbon
(C=C), formed during the laser micromachining process. An increase in surface
carbonyl groups (peak 4) is also observed, with the peak area increasing by

approximately 15% after laser micromachining.

Angle resolved XPS was also employed to help establish the assignment of the sp?
carbon peak in the XPS spectra and confirm the location of the sp? carbon in the 3 mm
laser micromachined/activated BDD electrode, machined specifically for 1 mm XPS
spot size. By tilting the sample of interest away from the analyser the XPS spectra
collected can make the spectra more sensitive to the outermost atomic layers. Angles
of 0°and 70° were employed, rotating the sample when appropriate, as illustrated in

Figure 6.8 for obtaining spectra of the laser micromachined surface.

By angling the sample to 70° a greater proportion of the upper most layers of the BDD

laser pit.*® Figure 6.8 shows the XPS spectra collected at (a) 0° and (b) 70° of the laser

micromachined/activated surface.
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: C 1s XPS spectra of the laser micromachined/activated BDD surface pit
at an angle of (a) 0° and (b) 70°. The green, orange and purple peaks are assigned to
various oxygen-containing functional groups (vide supra).

By moving from 0° to 70° angle, the sp?/sp® ratio increases from 1.68 to 2.4, suggesting

more sp? carbon is located in the upper surface.

Micro-Raman spectroscopy was used to investigate the change in the sp3-sp? content
of the electrodes before and after laser machining. The 514 nm laser spot size at the
sample was approximately 10 um in diameter (with a x50 objective). The small spot
size enabled Raman spectra to be collected from both the laser
micromachined/activated (red line) and bare/activated (black line) regions of the
surface, with multiple measurements (n = 7) collected and mean averaged to ensure

the data collected was representative (Figure 6.9).
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: Micro-Raman spectra of the bare BDD sample (black) and within a laser
pit (red).

Both Raman spectra in Figure 6.9 show the characteristic peak associated with sp®
carbon, at 1332 cm™, with peak asymmetry attributed to a Fano resonance, as expected
for heavily doped BDD.* In the region 1400-1600 cm™, which corresponds to
graphite or amorphous carbon (sp? carbon),*! there is only a very slight indication that
sp? carbon is present after laser micromachining/activation of the surface (as indicated
on Figure 6.9). However, for the heavily BDD employed here, although the Raman
signal originates from close to the electrode surface, it is not truly surface sensitive, as
with XPS (and electrochemical analysis).*? This data therefore suggests that the laser

ablation procedure has not impacted significantly on the material quality, sub-surface.

6.3.3 pH Detection

A SWV experiment to investigate the background response of a bare BDD electrode
in pH 2 solution was conducted, as shown in Figure 6.10. The surface of the electrode

was activated using the same procedure as for the laser micromachined electrode. In
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Figure 6.10, there is evidence of a very small peak at +0.41 V, with a peak height of
5 nA (background corrected). This peak occurs in the same position on the laser
micromachined surface at pH 2, but is significantly smaller, 5 nA compared with 0.6
MA on the laser micromachined/activated electrode. Furthermore, given it is very
difficult to produce a perfect glass-sealed electrode as shown in the interferometric
image in the insert to Figure 6.2b, there will be laser-cut BDD edges and sidewalls
exposed to solution which also contain sp? carbon as a direct result of the laser ablation

process. It is likely this contributes to the signal observed.

-70 1 ] L] ) ) L T T T
-06 -0.2 0.2 0.6 1.0
Evs.SCE/V

: SWV (frequency= 150 Hz, step potential = 2 mV, amplitude = 200 mV)
recorded in pH 2 solution with a bare BDD electrode.

To calculate the quinone surface coverage, cyclic voltammograms were recorded in
pH 2 solution on the laser micromachined/activated BDD electrode at a scan rate of

0.1V s (shown in Figure 6.11).
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Figure 6.11: (a) CVs of laser micromachined/activated BDD electrode (black) and
bare BDD electrode (red) in pH 2 solution at a scan rate of 0.1 V s%, with the
integrated areas highlighted in blue, as well as (b) the bare BDD electrode data scaled
in order to display the quinone reduction peak.

The peaks were background subtracted (2 point linear function) integrated (from 0.55

t0 0.17 V vs. SCE) to obtain the charge passed, Q, and converted to 7" (mol cm™2) using

Equation 6.2:4
Q = nAFT (6.2)

where n = the number of electrons transferred = 2:#* 13 A = total electrode surface area

(cm?); calculated from WLI and F = Faraday’s constant (96485 C mol™?).

The quinone surface coverage was calculated to be 1.9 x 107! mol cm™2. This value is
unsurprisingly lower than that calculated for an sp? carbon electrode, EPPG, (5.9 x

107 mol cm™), activated by mechanical polishing.®

6.3.3.3 pH response of quinone reduction reaction

The pH dependence of the electrochemical response of surface bound quinones on the
laser micromachined/activated BDD electrode was investigated using SWV across a
wide pH range (2-12), Figure 6.12a. As shown, as the pH is increased the reduction
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peak position shifts towards more negative potentials. This corresponds well with
previous studies with sp? activated GC and EPPG electrodes materials.® > Note, for
pH 2, at —0.4 V, the current begins to increase, most likely due to proton reduction. As
this current response does not fall within the quinone reduction potential region of —0.2
to +0.4 V vs. SCE, it is not problematic. Figure 6.12b shows a plot of the reduction
peak potential vs. pH for three laser micromachined/activated BDD electrodes.

Identical laser conditions/activation procedures were employed for each electrode.

Not only does Figure 6.12b shows an excellent linear response (R? = 0.999 for each
electrode) across the analysed pH range 2-12, but also demonstrates the
reproducibility of the pH sensor fabrication procedure. Each electrode exhibits a
gradient close to that theoretically expected, 59 mV per pH unit (for T=298 K); 59 +
1mVpH? 59 mV +1pH?tand 58 + 1 mV pH™. This is expected for a two proton,
two electron process, which has also been found with intrinsically occurring quinones

on GC and EPPG electrodes.’31°

Importantly, no appreciable ORR wave is observed within the quinone reduction
potential window, resulting in well-defined peaks and a large signal-to-noise ratio.
This contrasts with other carbon-based electrodes that have used intrinsic quinone
groups for pH detection, and require degassing of the solution to make accurate
measurements, especially at the lower pH values.®*® This study highlights the benefit
of using BDD as the bulk electrode material as degassing is not necessary, making the

sensor ideal for in-situ applications.

170



—0.4'.(8) m
] 2.01—
] 3.02—

-1.0- gﬂzg—

= 6.24—

> . 7.26—
] 8.29—

'16- 9-3 _—
. 10.35—
] Increasing pH 11.187

_2‘2 T T |<' T T T T T T T T ?2.'68l
-0.4 0.0 04 0.8

Evs.SCE/V

0.4

>

w 0.2

@]

U) -

2 0-

W

S
N
1

Figure 6.12: (a) Quinone reduction peaks using SWV (frequency= 150 Hz, step
potential = 2 mV, amplitude = 200 mV) across the pH range of 2-12 in buffered
solution and subsequent calibration graphs (b) for 3 independently fabricated BDD
pH sensors all exhibiting an R? value of 0.999.

Furthermore, obtaining a linear response across the entire analysed pH region (2.01 —
12.68) indicates that the acid dissociation constant (pKa) of the surface-bound quinone
species produced by laser micromachining is much higher than the typical pKa’s of
quinone molecules in bulk solution.*>#46 For example, for ortho-benzoquinone in
solution at 25 °C pKa1 and pKa are reported to be 9.25 and 13 respectively,>* with
the majority of quinone species exhibiting similar pKa values.*® If this was not the case,

a Nernstian response would not be observed across the entire pH range analysed, with
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a change in gradient observed as pKaz is reached (i.e., 30 mV / pH unit indicating a
two electron, one proton regime), discussed in detail in Chapter 1.7.2.4. It can
therefore be assumed that the quinone groups on the laser micromachined BDD surface
remain protonated, resulting in a Nernstian response even at high pH values (> pH 12).
Similar observations have previously been reported elsewhere, indicating quinone
groups immobilised on electrode surfaces can exhibit vastly larger pKa values (shifts

> 3 pKa units) than their solution-based counterparts.*’#8

6.3.4 Electrode Stability

The electrochemical stability of the laser micromachined/activated BDD electrode was
also considered. In particular, using the same electrode, repeat measurements were
made once a week in a pH 2.58 solution, over a period of three months. In between
measurements the electrode was stored dry. The SWV’s and corresponding peak
potential versus time (in days) are displayed in Figure 6.13. As shown, over this
period, the peak potential data does not fall outside a = 0.02 pH unit error range.
Furthermore, once laser micromachined and then activated no further electrode
treatment was required in between measurements and no storage solution for the
electrode was necessary. We believe that the initial stage of the activation process in
boiling oxidising concentrated acid (15 minutes at > 200 °C) removes unstable sp?

fragments from the electrode, leaving behind a very stable, robust surface.
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: (@) Quinone reduction peaks using SWV (frequency= 150 Hz, step
potential = 2 mV, amplitude = 200 mV) in pH 2.58 solution using the same laser
micromachined/activated BDD electrode (y=0.531-0.059 pH) over a twelve-week
period (measured weekly). (b) Plot of peak potential per week (n = expected range
from the calibration data and the red lines indicating £ 0.02 pH units from the mean
value. 3), with dashed black line showing the mean potential value for pH 2.58, falling
within the expected range from the calibration data and the red lines indicating + 0.02
pH units from the mean value.

6.3.5 Interferences

In any analytical measurement, interferences need to be considered. Given the voltage
range for quinone reduction for pH 2—12 spans from ~ —0.2 to +0.4 V vs. SCE it is
only species present within this potential range that are likely to cause problems.
Furthermore, they would need to be present at concentrations sufficient to mask the
signal, with currents in the pA range, for a 1 mm diameter disk electrode. Therefore,
in order to investigate possible interferences that may mask the voltammetric pH signal
several common heavy metal contaminants were investigated. Three pH buffer
solutions were selected to represent acidic, neutral and alkaline conditions (pH 2.6, 6.3
and 9.4). 1 mM of each metal salt was added to the three solutions (one metal salt only
per solution) and the pH recorded using SWV, using both the (a) laser

micromachined/activated BDD electrode and (b) mechanically polished GC electrode.
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The heavy metals investigated included Pb?*, Cd®*, Zn** and Cu?*, Figure 6.14—

Figure 6.18 respectively.
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Figure 6.14: SWV in pH 2.6 (red), 6.3 (green) and 9.4 (blue) buffer solutions in the

presence of ImM Pb2* for (a) the laser machined BDD electrode and (b) a 3 mm GC
electrode.
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Figure 6.15: SWV in pH 2.6 (red), 6.3 (green) and 9.4 (blue) buffer solutions in the

presence of ImM Cd?* for (a) the laser micromachined/activated BDD electrode and
(b) a 3 mm GC electrode.
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Figure 6.16: SWV in pH 2.6 (red) and pH 6.3 (green) buffer solutions in the presence
of 1 mM Fe** for (a) the laser micromachined/activated BDD electrode and (b) a GC
electrode.

(a) (b)

-1.01 ‘20_

-60-

2.0 .

< > -100

=2

> pH ] pH
40— | -180] 9.40—
06 -02 02 0.6 1.0 06 02 02 08 1.0

Potential vs. SCE/V Potential vs. SCE/V

Figure 6.17: SWV in pH 2.6 (red), 6.3 (green) and 9.4 (blue) buffer solutions in the
presence of 1 mM Zn?* for (i) the laser micromachined/activated BDD electrode and
(ii) a GC electrode.
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Figure 6.18: SWV in pH 3.3 (red), 6.3 (green) and 9.4 (blue) in the presence of 1 mM
Cu?* for (a) the laser micromachined/activated BDD electrode and (b) a GC electrode.
(c) provides a zoomed in view of the BDD SWV signal for pH 2.6 and 6.3 for clarity.

Whilst the ORR background currents begin to mask the quinone reduction response
on GC, the laser micromachined BDD electrode exhibits a pH response that is still
clearly distinguishable due to low background currents and catalytically hindered
ORR. Note for Fe**, only pH 2.6 and 6.3 solutions were used due to insolubility in
high pH solutions.*® For Fe3*, a second peak is observed (far left) in both pH solutions,

which is occurs outside of the pH 2-12 potential range.

For Cu?* (pH 2.6) a large Cu?* reduction peak occurs at ~ —0.1 V, but the quinone

reduction peak is still clear. Furthermore, the peaks for Cu?* and quinone reduction are

176



sufficiently well separated on BDD, whereas they overlap on GC (vide supra), due to
the different electroactivities of the two electrodes. However, at environmentally
relevant concentrations, particularly around 1 ppm, the difference in current alone
cannot be used to identify the quinone peak in Figure 6.19. Thus for environmental

samples where the pH of the solution is unknown this may present difficulties.
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: SWV in pH 2 (red), in the presence of 1 ppm Cu?* for the laser
micromachined/activated BDD electrode showing the quinone peak (Q) and the Cu2+
peak.

To mitigate this issue, two methods were explored. First, shown in Figure 6.20, is the
CV response. Due to the surface bound nature of the quinone peak, the AE, is 40 mV
(theoretically 0 mV for a surface bound molecule) compared to that of the Cu?* peak
(117 mV). Itis considered that the reduced AE, of the quinone could be used to identify

the pH peak.
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: CVin pH 1 buffer solution ran at 0.1 V st in the presence of 1 ppm Cu?*.

Unfortunately, this mitigation route involves running a second electrochemical
technique (CV), in addition to the SWV response to identify the two peaks. Therefore,
manipulation of the frequency (Hz) of the SWV was also explored (Figure 6.21). It
was found that by increasing the SWV Hz the the Cu?* signal decreases relative to the
quinone peak. This is likely due to the fact the Cu?* diffusion layer is reduced due to a
quicker scan time, resulting in a reduced Cu?* signal, whilst the capacitive contribution
of quinone response increases, resulting in a larger quinone signal overall (see
Chapter 1.4.5). For this reason, operating at high Hz is advocated when running pH

measurements in solutions containing Cu?* to mitigate interference.
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Figure 6.21: SWV in pH 1 buffer solution (step potential = 2 mV, amplitude = 200
mV) in the presence of 1 ppm Cu?*at different frequencies.

6.3.6 Real-world analysis

The pH of seawater collected from Poldhu Beach, Mullion, Cornwall, UK was
analysed (at T = 25 °C) in order to test the capabilities of the BDD pH sensor in a

complex sample matrix. The SWV response of the laser micromachined/activated
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BDD electrode in seawater (unfiltered and with no additional salts added) is shown in

Figure 6.22.
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. Replicate SWV'’s corresponding to the first (black), second (blue) and
third (red) repeat scans recorded in seawater using a laser micromachined/activated
BDD electrode.

The seawater had a measured solution conductivity of 54.3 mS cm™. The electrode
recorded three consecutive SWV’s, returning peak potentials of 0.023 V, 0.019 V and
0.019 V respectively. The electrode had been previously calibrated, as shown in
Figure 6.11, recording a calibration line of y = 0.521-0.059 pH (R? = 0.999). Using
the measured peak potentials, this corresponded to a measured pH of 8.40 + 0.04 pH
units. The seawater pH was independently measured using a commercially available
glass pH electrode, and found to be 8.39 + 0.02 pH units, comparing well with that

determined using the BDD electrode.
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6.3.7 Temperature

Understanding the temperature dependence of the BDD pH electrode is fundamental
to the operation of the sensor for a wide range of applications, including making
measurements in seawater (temperature can range from —2°C to 35°C), the human
body (37°C) and down oil wells (up to 200°C at suitably high pressures). The glass pH
electrode exhibits a Nernstian temperature dependence, which is well defined (increase
in gradient slope by 0.199 mV per °C), and thus a ‘temperature correction factor’ is
applied during operation of the sensor to improve accuracy.® To explore the pH
response of the BDD electrode over a range of temperatures, the pH responses of two
BDD pH electrodes were explored at 5, 15, 25, 40, 60 and 75°C using a temperature
controlled water bath. The gradients recorded experimentally are summarised in Table
6.2, across the pH range 2-12 (buffered pH solutions 2, 4, 7, 10 and 12 were utilised),

along with the theoretical gradients predicted by the Nernst equation at 298 K.

: Summary of BDD pH responses at elevated temperatures.

Electrode
1 2
T/°C | Theoretical Experimental R? | Experimental ~ R?
gradient gradient gradient

/ mV pH? / mV pH? / mV pH1
5 55 54+ 0.8 0.999 54+ 1.0 0.997
10 56 55+0.8 0.997 56+1.0 0.998
25 59 58+0.8 0.998 59 + 0.62 0.999
40 62 62+1.0 0.998 63 +£0.72 0.999
60 66 66+ 1.6 0.995 68 = 0.89 0.998
75 69 74+15 0.997 72+1.2 0.997
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Itis clear that the BDD pH electrode exhibits a Nernstian dependence at both elevated
temperatures and those below room temperature, with the experimental values
obtained similar to those predicted theoretically.>® Furthermore, the fact that as part of
the fabrication procedure the BDD pH electrode is elevated to temperatures ~ 200°C
indicates that the quinone groups incorporated into the surface due to laser ablation are
inherently stable, boding well for the operation of the sensor in more extreme

environments.

6.3.8 Blood Analysis

Electrochemically monitoring blood pH is difficult as the glass pH electrode cannot be
used in-vivo due to its fragility and adsorption of amino-acids, peptides and proteins
onto electrode surfaces, which is well documented.®® pH measurements in blood
(sheep blood, TCS biosciences, UK) were therefore conducted to test the robustness

of the BDD pH sensor (Figure 6.23).
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. Replicate SWV'’s corresponding to the first (black), second (red), third
(green) and fourth (blue) repeat scans recorded in sheep blood using a laser
micromachined/activated BDD electrode.
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The pH response was found to be 7.10 = 0.02 for the BDD pH electrode, comparing
well to the glass pH electrode (pH 7.06). Furthermore, no interferences in the potential
window are observed, along with no significant fouling. This indicates that the BDD
pH electrode exhibits the anti-fouling properties of BDD. In the future, BDD pH sensor

may find use in a wide range of biological applications.

A voltammetric pH sensor has been fabricated via the controlled incorporation of sp?
into a BDD electrode using laser micromachining (ablation) followed by activation of
the sp? carbon, using high temperature treatment (> 200 ‘C) in boiling, concentrated
acid, followed by anodic oxidation. Specifically, a laser is employed to produce a
defined number of sp? regions in the BDD surface. The subsequent activation process
of the sp? carbon results in a highly stable surface, containing pH dependent, redox-
active quinone groups, the SWV response of which can be utilised to measure solution
pH. As sp? carbon in BDD acts to increase background currents, reduce solvent
windows and electrochemically reduce oxygen, the ability to controllably add sp?
carbon regions into BDD means it is possible to optimize the amount of sp? required
to produce the required signal, whilst keeping background and ORR currents reduced

in the potential region of interest.

The fabrication process is shown to be highly reproducible with the BDD pH sensor
exhibiting excellent linearity (R? = 0.999) over the pH range 2-12 as well as good
sensitivity (59 = 1 mV pH™), achieving a Nernstian response, as expected for a two

electron, two proton process. By optimising sp? coverage of the surface, degassing of
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the solution to remove oxygen is not necessary, due to the fact that the ORR signal is
reduced and shifted to more negative potentials, compared to high content sp?
electrodes such as GC or EPPG. This indicates the BDD pH sensor is viable for in-situ
applications. Furthermore, the sensor can be stored dry and once activated does not
require further activation between measurements. The pH response was found to be
unaffected by the presence of many different metal ions, deliberately added at high
concentration to challenge the electrochemical response. Current electrodes have been
used over a time period of three months (and are still functioning), producing
consistent and Nernstian calibration lines. The BDD electrode was also found to
replicate the pH measurement made in complex real-world matrices including
seawater and blood using a conventional glass electrode. The sensor also operates in a

Nernstian manner at elevated temperatures.

Having developed a BDD pH sensor, we envisage future investigations to determine
if the sensor to be suitable for scenarios which exploit the material properties of
diamond such as high-temperature, high-pressure or corrosive environments. The fact
that the BDD electrode is still functional after exposure to high temperature acids
(> 200 °C) bodes well for high temperature applications. Furthermore, the sensor
shows promise for in-vivo measurements. Integration of this pH electrode into all-

diamond electrochemical devices® is also possible.
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Boron doped diamond pH electrode optimisation: Solving

the unbuffered problem

Thus far, a novel boron doped diamond (BDD) pH electrode was shown to operate
across a large pH range (pH 2-12) in buffered aqueous solutions under a Nernstian 2
H*/2e~ regime. However, one of the main issues with quinone-based technologies is
deviation from the well-defined Nernstian response when moving to unbuffered
aqueous solutions. This chapter explores the BDD pH response, finding that in
unbuffered media, the BDD pH sensor exhibits a pH insensitive mid-region
(approximately pH 4-10). To mitigate this, two interdependent avenues are explored:
(1) lowering the quinone surface coverage and (2) changing the mass transport to the
electrode surface. This is achieved by manipulation of the laser micromachining
parameters to create lower quinone surface coverages (7") and reduced pit sizes. It is
found that by reducing the laser fluence (the energy delivered per area, J cm™2) I” can
be decreased by approximately an order of magnitude compared to the original laser
machining parameters used in Chapter 6. The resulting sensor operates under a
Nernstian 2H", 2e~ (linear) regime across the pH range 1-13. A major contributing
factor appears to be control over the number of quinone groups on the electrode
surface; imperfect sealing of the laser ablated BDD sidewalls results in an uncontrolled
increase in I” which results in deviation in the unbuffered pH dependence with
measured electrode voltage. We therefore advocate the use of co-planar all-diamond
devices for the production of reproducible BDD pH sensors capable of operating

across the whole pH range in both buffered and unbuffered solutions.
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It is widely reported in literature that in aqueous unbuffered solutions, quinone-based
electrochemical pH sensors no longer show a Nernstian response across the entire pH
range. Precise understanding of why this occurs is subject to debate within the
scientific community.>? It is postulated that this deviation is due to the fact that by
making the electrochemical measurement, the local pH in proximity to the electrode
surface (interfacial pH) is perturbed due to the consumption or generation of H* during
reduction or oxidation respectively, resulting in the measured pH being different to
that of the bulk solution.® It has been shown previously that the interfacial pH can
change by up to 5-6 pH units compared to the bulk and that for solution-phase quinone

groups in neutral solution.*

As a consequence of perturbing the local pH, the mechanism of reduction / oxidation
is also thought to switch.! It has been shown that as the system starts to run out of
available protons, more evident when the pH is increased, then in unbuffered solution,
two peaks are observed in the response. One for the original 2H*, 2e~ pathway and a
second which represents a proton independent route i.e. 2e~ only.>® As the pH
increases further and proton depletion affects become more prominent, then the
process switches to one peak only which reflects only the 2e route. Although it is also
important to take into account the pKa’s of the quinone molecule.® The product of this
reaction i.e. Q27, is thought to exist in a variety of states depending on its basicity and
hydrogen bonding interaction with water (Q27(H20)zn).! Thus the conclusion was
made that quinone moieties will only respond similarly to that of buffered solution if
[H*] > [Q].! To date, this still presents a major scientific challenge for quinone-based
pH sensing technologies as most pH measurements are made in unbuffered media.
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Much of the investigation into the unbuffered quinone problem is performed with
quinone species in solution, with some limited studies tethering quinone moieties to
electrode surfaces.” The main difference between working with the molecule in free
solution and on the electrode surface is the pKa associated with surface bound species
are likely to be greater than in free solution.* This is attributed to changes in the local
environment when the quinone is tethered to an electrode surface, where entropic
changes can be significantly different to the bulk solution.*2 It has also been found that
the hydrophobicity/hydrophilicity of the electrode surface may also play a role,

affecting solvent molecules in close proximity to the electrode surface.®

Recent work by Dai et al., has shown that a linear, Nernstian response can be obtained
in unbuffered solution if the quinone group used for surface functionalisation is a
dihydroxyanthraquinone derivative, designed specifically to facilitate inter- and intra-
hydrogen bonding between water and the quinone moiety, leaving the interfacial pH
unperturbed.® However, not only is the synthesis of the quinone complex, the
dihydroxyanthraquinone also suffers from nucleophilic attack at high pH due to
hydroxide ions.° Furthermore, the solubility of the quinone moieties at high pH also
leads to a reduction in peak current over time, meaning the sensors only have a finite
lifetime.!! To inhibit nucleophilic attack and address the solubility issues, recent work
has coated alizarin (a dihydroxyanthraquinone) with a Nafion membrane, improving
the stability of the electrode.™* However, this adds to the steps required to produce the
device. It is also known that the proton conductivity of the Nafion film varies strongly
with both temperature and humidity, potentially inadvertently effecting the accuracy

of the sensor.12
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In this chapter, the pH response of the original design BDD pH sensor (Chapter 6) is
explored in unbuffered solution. In buffered solution, this sensor shows a 2H*, 2e~
response over the pH range 1-13, suggesting a high pKa: (see Chapter 1.7.2.4 for
more detailed discussion of pKa). In unbuffered solution, the sensor deviates from a
Nernstian response in the pH range ~4-10, with a linear response shown at pH values
< pH 4 and > pH 10. To mitigate this, two interdependent avenues are explored: (1)
lowering the 7" and (2) changing the mass transport to the electrode surface, achieved
by manipulation of the laser micromachining parameters to create lower quinone

surface coverages and reduced pit sizes. Note, this work is still ongoing.

7.2.1 Electrode Fabrication and Pretreatment

1 mm BDD glass sealed electrodes were fabricated as discussed in detail in Chapter
2.3.1. A 34 ns, 355 nm YAG laser was used to create circular pits by manipulation of
a computer numerical control stage holding the sample, relative to a fixed beam
changing the fluence (r, energy delivered per area J cm=2) as required. Three different
pH arrays were introduced into the BDD electrodes, denoted as Generation 1 (used in
Chapter 6), Generation 2 (a microarray) and Generation 3 (the Generation 1 pH
pattern but recorded using a reduced r, which also results in shallower pits but a similar

diameter).

For Generation 1 and 3, the hexagonal pattern constituted sixty-one pits (see Chapter
6.3.2.1 for optical image), spaced 100 pm centre-centre and ~45 pum in diameter
machined. For Generation 1 (= = 870 J cm™) this resulted in pits ~25 um deep,

compared to ~10 um deep for Generation 3 (» = 14.5 J cm~2). Generation 2 constituted
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of nineteen pits, also machined in a hexagonal array, spaced 200 um centre-centre,
~10 pm in diameter and ~5 um deep. The laser array patterns are illustrated in Figure

7.1 and the parameters for each Generation are summarised in Table 7.1.

(a) (b)

mmm 100 um mmm 100 pm

: Schematic of the laser array machined into 1mm BDD electrodes for (a)

Generation 1 and Generation 3 and (b) Generation 2.

Summary of key laser micromachining parameters for Generation 1-3.

Generation  f/Jcm™ Pulse Pit size / pm Interferometric
overlap laser ablated
area / cm?
1 870 0.5 50 (depth) x 45 (wide) 9.92x10°3
2 14.5 0 5 (depth) x 10 (wide) 2.12x 107
3 14.5 0.5 10 (depth) x 45 (wide) 2.74x10°°
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It is important to note that Generation 1 and 3 are subject to pulse overlap where each
laser pulse crosses over with the previous illustrated in Figure 7.2. Note the laser pulse
is ~3 um but the overall pit size made per pulse is ~5 um diameter due to the heat

affected zone (HAZ) discussed in detail in Chapter 2.5.3.

- lllustration of the half pitch overlap utilised to create the pH laser array
for Generation 1 and Generation 3 for each laser pulse.

After laser micromachining, in order to “activate” the sp? carbon to produce the
necessary pH sensitive redox active quinone groups and remove loosely bound sp?
carbon the electrode was first heated at ~200 °C for 15 minutes in concentrated H>SO4
(98%) saturated with KNOs ! Anodic polarisation of the laser micromachined BDD
electrode was then conducted under constant current conditions (+0.1 mA for 60 s) in
0.1 M room temperature H2SO4, as discussed in Chapter 6.2.1. For anodic
polarization a galvanostat was utilized (Keithley 6220 Precision Current Source).

Note, this electrode pretreatment is only required once.*

7.2.2 Electrochemical set-up

For the electrochemical measurements a three-electrode configuration was utilized
with BDD as the working electrode, a platinum wire as a counter electrode and a

saturated calomel electrode (SCE) as the reference electrode. Quinone surface
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coverage was calculated using the method described in Chapter 4.2° Square wave
voltammetry (SWV) was conducted at a frequency of 150 Hz, amplitude of 200 mV
and step potential of 2 mV. For buffered solutions Carmody buffers were utilised,*
and unbuffered solutions were prepared with ultrapure Milli-Q water (Millipore Corp.,
resistivity 18.2 MQ cm at 25 °C) with the addition of 0.1 KNO3z and the pH adjusted

with 1 M HNO3z and 1 M KOH accordingly.

7.2.3 White Light Laser Interferometry (WLI)

WLI images were recorded using a Bruker ContourGT interferometer (Bruker Nano
Inc., USA). 3D rendering of interferometry data was performed and the increase in
electrode area after laser ablation quantified using Gwyddion 2.41 (Czech Metrology

Institute, CZE).
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7.3.1 Unbuffered Response

Initially, the pH response of the BDD pH sensor was investigated across a wide pH

range in both buffered and unbuffered solutions, shown in Figure 7.3, using SWV.

O
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: Glass sealed Generation 1 BDD electrode (a) pH plot showing the
buffered (red) and unbuffered (blue) response and (b) the SWV response ((frequency=
150 Hz, step potential = 2 mV, amplitude = 200 mV) for the pH independent mid-
region in unbuffered solution shown in (a).

Note, whilst the BDD pH electrode operates as expected in buffered solution, a pH
independent mid-region is observed under unbuffered conditions, with linear pH
dependent (59 mV per pH unit) regions observed at pH values ~ < 4 pH and > pH 10.
It is considered that the pH independent mid-region is caused by changes to the
interfacial pH induced by making the pH measurement (consumption of protons).
Interestingly this region occurs around pH 7 (neutral), with the sensor switching back
to a 59 mV per pH unit dependence ~ 3 pH units either side of pH 7 (~ pH 4 and pH

10 respectively), shown as (i) and (ii) on Figure 7.3a.
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Although we are still working towards a comprehensive understanding, one possible
reason can be formulated by considering the equilibrium concentrations of H* and OH™
that exist in water under neutral pH 7 (1 x 10" and 1 x 10" mol L) and representative
acidic and alkaline conditions respectively, (pH 4 =1 x 10~*and 1x 1071 mol L) and
(pH 10 =1 x 10%and 1 x 10~* mol L™1). We postulate that the magnitude of the pH
change is more significant in and around neutral pH, as even a small change in H*
concentration could lead to a large change in interfacial pH. Once points (i) and (ii)
are reached, the local pH change is no longer significant compared to the bulk pH and
thus has no observable effect. This is supported by the theory that if [H'] > [Q] a 59

mV per pH unit dependence will be observed, shown in Figure 7.3a at a pH < 4.

However, there is very little literature precedent!’ for the sensor regaining a 2H*, 2e~
proton dependence after deviating; most literature suggests that the quinone response
remains insensitive to pH, after switching, for the remainder of the pH scale.>2 18 We
propose that this simply arises due to the very high surface pKazi of our quinone on the
BDD surface, which exceeds pH 12. For the vast amount of other studies, especially
those in solution, the pKa: and pKa2 of the quinone is reached prior to pH 10 (from
buffered solution measurements) resulting in a pH independent response after the (ii)
deviation point.! Therefore it is difficult to say whether in these studies the quinone
functionalised electrode is deviating at all pH’s when [Q] > [H] or it has switched
back at higher pH to its expected response based on the pKa’s of the quinone. We
propose our surface functionalised BDD pH sensor a Nernstian response will be

observed for either [H*] > [Q] or [OH] > [Q].
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Another possibility, discussed by Quan et al., is that the equilibrium position of the
quinone reaction is unaffected when the [Q] > H" or OH", resulting in the pH
independent mid-region.! At low pH values, where the [H*] > [Q], the quinone
undergoes a 2H", 2e™ reaction, resulting in a 59 mV dependence at pH values < pH 4.
At the other end of the scale at pH values > pH 10, where the [OH] > [Q], due to the
basicity of the quinone, the reaction route favoured is such that the main reaction
product is QHy, resulting in a 59 mV dependence, even though proton concentrations
are low. This supports the idea that for the BDD pH sensor a Nernstian response will
be observed for either [H*] > [Q] or [OH] > [Q], with the switch back on of the pH
dependence observable at pH values > pH 10 due to the high pKaz of the quinone that

is integrally part of the BDD surface.

There is one study in the literature which shows a similar response to ours by Sato et
al.” where they immobilised a 2-mercaptohydroquinone monolayer onto a gold
surface. In buffered solutions the quinone was found to have a pKaz in excess of 12.7.
In unbuffered solutions for a surface concentration of 2.8 x 107° mol cm™, they saw
a2H", 2e” response in both the acidic (pH < 5) and alkali regions (pH > 9) but observed
deviations from this behaviour in the region 5-9. They did not comment on the
response under alkali conditions and attributed the deviation to a local pH change or
the possible involvement of Q™ due to the hydrophobic nature of the 2-

mercaptohydroquinone.

Interestingly, work by Galdino et al. claim that they have successfully fabricated a
graphite screen printed pH electrode that operates under a Nernstian 2H*, 2e~ regime

in unbuffered solution. However, they only provide data in unbuffered solutions at the
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pH extremes (pH 2.86 and 10.43).1° Hence if they too have a deviation in the neutral
region it will not be picked up with these limited measurements. We thus advocate that
in order for researchers to truly show that their quinone-based sensors are operating
linearly in unbuffered solution, the neutral region should be probed, with a sufficient

number of pH readings.

To mitigate the mid-region effect observed in unbuffered solution, two methods were
explored: (1) reducing the number of quinone moieties on the electrode surface and
(2) changing the pit size and distribution increase the diffusional flux of protons to and
away from the electrode surface.? Note, in (1) by decreasing the number of essentially

“active sites” the flux per site is also effectively increasing.?!

7.3.2 Effect of laser parameters on quinone surface coverage

To address (1), the effect of the most critical laser micromachining parameter i.e. laser
fluence directly related to laser power, was explored on quinone surface coverage, as
shown in Figure 7.4. The laser array pattern (sixty-one pits) was kept the same, but
the laser power altered. Note, laser power varies from system to system and can
decrease with time (for example due to degradation of the laser optics), thus laser
power has been converted to fluence (power delivered per area, J cm™2). A range of
different i values were explored from just above the experimentally calculated ablation
threshold of BDD (~12 J cm™®) to the z used for the original pH laser array

(870 J cm™).
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: Laser fluence vs I” (collected in pH 2 solution at 0.1 V s7%).

For these measurements it is important to note that /" has been calculated by
considering only the area machined and not the area of the total electrode; we assume
with the quinone surface coverage of the high quality BDD employed is minimal in
the non-machined areas (1.8 x 1076+ 1.6 x 10*" mol cm2).2> A linear dependence
between  and I” was observed from 14.5-300 J cm™2. Increasing r beyond ~ 300 J
cm2 was found to have no significant effect on further increasing the number of
quinones on the electrode surface. Note, the maximum 7" (~ 1.21 x 10" mol cm™)
reached using laser ablation is less than the 7" reported on edge plane pyrolytic graphite
(5.9 x 1071 mol cm™2).22 This suggests that the surface of the electrode is not fully
converted to sp? carbon. Note, for BDD the high temperature acid treatment (200 °C
in concentrated (98%) H.SO4) and subsequent anodic polarisation likely plays a factor

in this, acting to remove any loosely bound sp? carbon at the electrode surface.'*

Given that the z used for the Generation 1 design BDD pH electrode (Chapter 6) is at
the far end of the f scale (870 J cm™2) it is clear that by decreasing r, I” can be reduced

by nearly an order of magnitude. The degree of control over sp? carbon incorporation
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highlights the advantage of using laser ablation as a functionalisation route. It should
also be noted that very small 7" can be obtained using this procedure (2.98 x 1072 to
1.2 x 10"t mol cm™2). This is compared to standard electrode functionalisation routes,
such as the gold-thiol self-assembled monolayer methods and alumina polishing of
carbon surfaces where typical surface coverages are in the range 10~2°— 10-° mol cm™

and even higher due to the fact that multilayers can form.423

7.3.3 Laser array redesign

Having established that changing g results in a change in I, the pH laser array was
redesigned. It should be noted that by reducing r the depth of the pits laser
micromachined is also effected (the less energy per area, the less material removed).
Thus by changing the laser design the diffusion profile of H* towards and away from
the pits is also altered. Fortunately, this combination is harmonious, resulting in both

a reduced quinone surface coverage and increased H* diffusion.

Figure 7.5a, shows the original pH laser array (Generation 1) along with two
additional designs: Generation 2, a microarray and Generation 3, which utilises the
same inter-pit spacing as Generation 1, but is laser micromachined at a reduced fluence
(14.5 J cm2). Generation 2 is also laser micromachined at this reduced fluence 14.5 J
cm2 but constitutes one laser pulse per pit to create a 10 pm wide and 5 um deep

feature. The WLI data for a pit in each Generation is shown in Figure 7.5b.
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> (a) schematic of Generation 1,2 and 3 laser micromachining designs and
(b) Representative WLI data of a pit for each Generation.

To comparatively assess the sp? carbon introduced into the surface of the BDD
electrodes for the three Generations, I” was assessed (n=3), using the method
established in Chapter 4, except as stated above 7" is calculated using the WLI area of
the laser micromachined area rather than the whole electrode area. For this
measurement the Generation 1 and 3 electrodes were in an all diamond format,*
whereas the Generation 2 electrode was glass sealed. This is where the BDD is encased
in an insulating diamond surround, ?* eliminating any quinone contribution from the
laser ablated side walls that often arises on the glass sealed counterparts (see Chapter

2.3.2 for fabrication information).

I"was found to be 1.20 x 10711+ 1.2 x 107>(Generation 1), 2.86 x 102+ 1.5 x 107
(Generation 2)and 2.98 x 10712+ 1.3 x 10 *mol cm™? (Generation 3). Note, in Chapter
6 the Generation 1 electrode employed was glass sealed, with the I found for
Generation 1 (all-diamond) is significantly smaller than previously reported in

Chapter 6 (6.7 x 107° mol cm™2, converted to " only for the laser ablated area). This
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indicates that the side walls of the BDD round were significantly exposed in Chapter

6.

There is only a small decrease in I” for the Generation 2 electrode (glass sealed)
compared to the Generation 3 electrode (all diamond), even though the machined
pattern area is much smaller for Generation 2 than Generation 3 (2.12 x 107 c¢cm?
versus 2.74 x 1073 cm? respectively). We attribute this to the co-planar arrangement of
BDD and insulating diamond in the all diamond BDD electrode. In contrast with the
glass sealed electrode due to the fabrication approach, BDD protrudes from the glass
capillary exposing the laser ablated sidewalls, which will also contribute to the I”
observed. The effect of sidewall exposure on the pH response is discussed in detail

vide infra.
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7.3.4 Generation 2 - Microarray

The pH response for Generation 2 (glass sealed) was explored in both buffered and

unbuffered solution (Figure 7.6) using SWV across the pH range 2-12.

(b)
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Figure 7.6: Glass sealed Generation 2 BDD electrode (a) Quinone reduction peaks
using SWV (frequency= 150 Hz, step potential = 2 mV, amplitude = 200 mV) across
the pH range of 2-12 in unbuffered solution and subsequent calibration graphs (b)
both buffered (blue) and unbuffered (red) solutions exhibiting an R? value of 0.999 and
0.998 respectively.

It was found that the Generation 2 BDD pH electrode shows an excellent linear
response (R? = 0.999 for each electrode) across the analysed pH range 2—-12 and
exhibits a similar response in unbuffered to that of buffered solutions. Note, both
the buffered and unbuffered responses show a slight super-Nernstian response (66 mV

and 63 mV per pH unit respectively at 298 K).

The current magnitudes observed are smaller than those observed for the Generation
1 electrode as is expected given the reduced number of quinone moieties on the
electrode surface. Note, given the microarray design, this electrode may be useful for

assessing pH under high flow conditions due to the likely increased flux to the sp? sites
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compared to that of Generation 1. This highlights that by changing the laser ablation

pattern the pH BDD sensor could be tuned for different applications.

7.3.5 Generation 3

The response of a glass sealed Generation 3 BDD electrode was also explored (Figure

7.7) in both unbuffered and buffered conditions.
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Figure 7.7: Glass sealed Generation 3 (a) Quinone reduction peaks using SWV
(frequency= 150 Hz, step potential = 2 mV, amplitude = 200 mV) across the pH range
of 2-12 in unbuffered solution and subsequent calibration graphs (b) both buffered
(blue) and unbuffered (red) solutions exhibiting an R? value of 0.999 and 0.999
respectively.

Similarly to the Generation 2 electrode, the sensor was found to operate under a
slightly super-Nernstian regime across the whole pH range and does not suffer from a
pH independent mid-region. Given that the current signal is increased for Generation
3 compared to Generation 2, as expected given the higher surface coverage of quinone

moieties, further studies were conducted using the Generation 3 electrode.
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For Generation 3 electrodes sealed in glass, it was noted that inter-electrode variability
was poor, with the pH independent mid-region re-emerging if the BDD protruded from
the glass seal or if the seal became damaged. Figure 7.8 shows data recorded with two
different Generation 3 glass sealed BDD electrodes which protrude from the glass
sheath by different amounts (assessed by optical microscopy) ~12 and 45 um (red

triangles and blue squares respectively).

$0.01 A

—0_2'_ |

: Plot of peak potential (Exc) vs pH for an electrode showing slight exposure
of the sidewall (~12 um red) and more pronounced exposure (~45 um, blue).

Figure 7.8 shows that as more of the side wall is exposed, the range of the pH
independent mid-region expands from ~ pH 6-8 to ~ pH 4.5-9.5. Note, the sidewall is
ablated using a higher £ ~ 1200 J cm2 in order to cut the 1 mm diameter BDD from
the ~470 um thick BDD wafer. The cutting angle also means that the resulting sidewall
of the BDD round is exposed parallel to the laser beam rather than perpendicular (the

latter is used for all generation patterns).
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In order to understand how this laser cutting process influences /" for the BDD, a piece
of BDD was appropriately orientated in the laser micromachiner so that the top surface
would be glanced with the laser beam (shown schematically in Figure 7.9), mimicking
the parallel exposure of the sidewall. Laser ablation was undertaken to generate a

larger sidewall area that could easily be handled.

Kapton tape

Figure 7.9: Hlustration of the side glancing experiment where the BDD is positioned
parallel with the laser beam to laser ablate surface. The BDD is then rotated and
electrochemical analysis performed using 1 mm Kapton tape mask.*

I"was calculated using the method outlined in Chapter 4 (utilising only the machined
electrode area) and found to be 1.78 x 1072 mol cm™2+ 5.3 x 10 **mol cm™. This is
slightly less than that found for Generation 3 (2.98 x 102+ 1.3 x 10 ** mol cm™?; all
diamond) despite the higher £, indicating that the parallel lasering regime may be
different to perpendicular micromachining with regards the relationship between - and
I". The role of the exposed sidewall and its effect on the E versus pH response is clearly
one that will warrant further work. Exposing the sidewall exposes more quinone
molecules to solution in aring-like geometry. However, whether the response is simply
due to the increased number of molecules over the entire electrode area or related to

the geometrical arrangement of the exposed molecules? is still not fully understood.
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Unfortunately at the time of data collection /" measurements were not collected for the
electrodes shown in Figure 7.8. Therefore, further work is needed to establish the
exact relationship between the deviation region in the pH-potential plot, /" and

geometry.

7.3.6 All diamond pH sensor

To prevent sidewall exposure, movement to all-diamond devices?* (fabrication
discussed in detail in Chapter 2.3.3) was conducted. An example of the exposed BDD
sidewall is shown in Figure 7.10a, alongside an optical image of an all-diamond
device where BDD is surrounded by insulating, intrinsic diamond (shown in Figure

7.10b).

(a) e Exposed
G P edges

Figure 7.10: (a) Glass sealed BDD pH electrode showing the protruding BDD round
and the exposed laser ablated edge and (b) an optical image showing a coplanar all-
diamond pH device; a BDD 1 mm electrode surrounded by insulating, intrinsic
diamond.
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Given that the edges appear to play a role in the unbuffered response, both Generation
1 and Generation 3 were translated to all-diamond devices, with the buffered and

unbuffered pH responses shown in Figure 7.11.
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: Comparison of the buffered response for Generation 1 (a) and
Generation 3 (b), overlaid with the response for each in buffered and unbuffered
solutions (red and black respectively).

Interestingly, both Generations 1 and 3 show a Nernstian response across the pH range
in the all-diamond format, following their buffered counterparts. This supports the
finding that sidewall exposure is a significant contributor to deviation in unbuffered
solutions, increasing the number of quinone groups and thus the consumption of
protons. Note, for pH 13.5 (Generation 1, Figure 7.11a), slight deviation is observed
indicating that pKa: of the quinone is around pH 13, and that there may be a slight

difference in the pKaz between Generation 1 and Generation 3.
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This chapter demonstrates the successful fabrication of a voltammetric BDD pH sensor
that operates under a Nernstian (2H*/2e") regime across a large dynamic pH range (1-
13) in both buffered and unbuffered solutions. This overcomes issues with the original
BDD pH sensor described in Chapter 6, which shows a pH insensitive neutral region
in unbuffered solutions. Fabrication of a fully functional BDD pH microarray is also
demonstrated which may be useful for certain applications including high flow

conditions.

We show that for the original BDD pH array, a pH independent region ranging from
~ pH 4-10 is observed caused by the consumption of protons during the 2 H*/2e~
quinone reduction reaction. At the pH extremes < pH 4 and > pH 10, a Nernstian
response is observed. This is attributed to the local pH change being more effective at
neutral pH where the concentrations of H* and OH™ are equivalent. We therefore
extend work by Quan et al.,* stating that not only will a Nernstian response be observed
for either [H*] > [Q] but also for [OH] > [Q]. We postulate that many studies do not
observe the regaining of a Nernstian response > pH 10 due to reaching pKaz of their
quinone species prior to pH 10. We therefore advocate that future researchers must
demonstrate their quinone based technology operating in the neutral unbuffered region

— where deviation from a Nernstian regime occurs.

Both improving mass transport and reducing the I” was explored by simple
manipulation of laser parameters. It was found that by reducing the r smaller pit sizes
(5 pum) could be achieved and that 7" can be altered by nearly an order of magnitude.
Applying these conditions to the BDD pH sensor resulted in a linear pH response in
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unbuffered solutions. Unfortunately, it was found that if the glass seal was damaged,
or the electrode protruded, despite the reduction in both pit size and 77, a deviation in
unbuffered solution was still observed. It can therefore be concluded that the BDD
sidewall exposure plays a significant role in the response observed, contributing a large
number of quinones and resulting in a significant local pH change. Furthermore, it is
shown that the more sidewall is exposed, the larger the pH insensitive region.
Translation of the BDD pH sensors to all-diamond devices was thus conducted,
resulting in reproducible BDD pH sensor that can operate in both buffered and

unbuffered solutions.

Although moving towards an all-diamond format has resulted in the production of a

sensor capable of operating in unbuffered solution, a more definitive study must now

be conducted to form a comprehensive understanding.
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Conclusions and future work

The use of boron doped diamond (BDD) as an electrode material has increased rapidly
in recent years due to the material having many of the useful properties of diamond as
well as exhibiting advantageous electrochemical properties, including a wide solvent
window (SW), low background (capacitive) currents and higher resistance to fouling
compared to other traditional electrode surfaces (discussed in detail in Chapter 1).1 In
this thesis, these advantageous properties are exploited for a range of electroanalytical

applications.

Initial studies explore the quantitative detection of the heavy metal palladium (in Pd?*
form in solution) in the presence of pharmaceutically active compounds, using the
newly developed technique Electrochemical X-ray Fluorescence (EC-XRF).? For
context, a main challenge often encountered when conducting electroanalysis of heavy
metals is that stripping peak assignment to individual metals is ambiguous.®
Furthermore, conventional XRF analysis is not typically capable of reaching the parts-
per-billion (ppb) detection limits required.* By utilising EC-XRF, where
electrochemical pre-concentration of metals onto an electrode surface is coupled with
XRF analysis, these issues are mitigated, with XRF providing unique chemical
identification and electrochemical preconcentration improving the detection limits of

energy dispersive XRF by over four orders of magnitude.®
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Unfortunately, in previous studies EC-XRF run times have been over 1 hour in order
to achieve ppb detection limits thus Chapter 3 explores time optimisation of EC-XRF
towards the application of interest. By considering the intended application —
detection of Pd?* residues in pharmaceutical products — as well as the required
detection limits stipulated by international pharmacopeia guidelines, EC-XRF analysis
times are reduced to 300 s. Quantification of [Pd?] is also demonstrated in the
presence of acetaminophen (ACM), L-ascorbic acid, caffeine and riboflavin showing
that Pd?* detection can be conducted even in the presence of excess redox active
compounds, often present in a wide range of pharmaceutical products and foodstuffs.?
Furthermore, given that [Pd?*] scales linearly with electrochemical deposition time, to
improve detection limits the length of deposition can simply be extended, allowing
EC-XRF to be tuned to particular applications. It is also noted that EC-XRF not only
quantifies the amount of Pd?" present but also has the potential to recover it from
solution (by conversion to metallic Pd), making EC-XRF a powerful analytical

technique.

Thorough characterisation of the material surface properties of BDD is important in
electrochemistry for electroanalytical application as sp? carbon can impact the results
observed. For example, high sp? content leads to increased capacitance, reduced SWs
and increased electrocatalytic activity. For this reason, Chapter 4 explores a new
characterisation method for the comparative assessment of BDD quality (in terms of
sp? content), measuring the surface coverage of quinone groups(/”) associated with sp?
carbon presence.® It is found that " may be a more effective way of assessing sp?
content compared to Raman spectroscopy as the technique is truly surface sensitive.

This method was used to assess the sp? carbon content of a variety of different BDD
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electrodes including those with increasing amounts of sp? carbon added in from laser
micromachining and those grown under different chemical vapour deposition (CVD)

conditions.

Chapter 5 goes on to utilise this technique to characterise BDD thin film electrodes
(grown under 1% and 5% CHa conditions) in an overmoded i.e. multi-mode microwave
CVD reactor at low pressure (40 Torr) — often utilised by researchers and commercial
suppliers alike to reduce production costs.”®9 Significant variability in the
electrochemical response (/, SW and capacitance) across the wafers are observed with
some areas exhibiting electrochemical signatures indicative of high quality, minimal
sp? content BDD, with others showing regions comprising significant sp? carbon.
These changes in sp? content across the BDD films are attributed to spatial variations
in parameters such as temperature, methane and atomic hydrogen concentrations
during growth'® due to the operation of the multi-moded CVD system at low pressure.
Whilst Raman spectroscopy is often used as a primary characterisation method for
BDD, Raman was unable to identify these variations for the 1% CHs wafer. This
highlights the importance of using surface sensitive characterisation methods such as

I"to assess BDD films before use in electrochemical measurements.

In Chapter 6, a novel BDD based pH electrode is demonstrated which overcomes
several limitations of the commercial glass pH electrode including fragility and alkali
errors.!! This is achieved by the introduction of pH sensitive quinone groups into the
BDD electrode surface via laser ablation. The BDD pH sensor is demonstrated to
operate under a Nernstian (59 mV/pH unit) regime over a wide pH range in buffered

aqueous solution (2-12) and can accurately determine solution pH, even in the
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presence of heavy metals such as Pb?*, Cd?* and Cu?*. Unfortunately one of the main
limitations of quinone technology is that deviation from the well-defined Nernstian
response in unbuffered solutions, due to perturbation of the local pH caused by making
the measurement. Chapter 7 therefore explores optimisation of the BDD pH sensor
for operation in both buffered and unbuffered solutions. Redesign of the pH array is
explored, reducing the size of the pits as well as the effect of laser fluence (energy
delivered per area, J cm=2) in order to change the mass transport of H* to/from the
electrode surface and manipulate /. By altering the laser fluence, and consequently
reducing the number of quinones on the electrode surface as well as moving to an all-
diamond format, a BDD pH electrode capable of operating in a Nernstian manner
across a large pH range (1-13) in both buffered and unbuffered media was successfully

fabricated.

Several different BDD based technologies have been explored in this thesis providing
much scope for further work. It is considered that the optimisation of EC-XRF in
Chapter 3 will provide foundation for future work using the technique, particularly
ensuring fast analysis times (< 300 s). Future work could also involve using the
technique on-line in a pharmaceutical process to quantitatively assess the palladium

content as well as recover it.

Furthermore, utilising quinone surface coverage for the comparative assessment of
BDD has the potential to become a steadfast BDD characterisation method in the
electrochemical community. The BDD pH sensor, given its stability and the fact in can

operate in both buffered and unbuffered solutions, opens the door to accurate pH
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sensing in a whole host of extreme environments. Thus the remainder of this chapter

discusses potential future applications of the BDD pH sensor.

8.2.1 All-diamond devices for a combinatorial sensor approach

Recent research has shown that a range of all-diamond devices can be fabricated with
the desired geometry, using laser ablation to produce the electrode template structure
— the only limitation being the resolution of the laser system (10 pm).*?!3 Work has
previously explored all-diamond band arrays for conductivity measurements as well
as ring-disc arrangements for pH generation-collection experiments.'?134 |n
environmental systems, conductivity and solution pH are often both required. A
natural step forward would be to create a combined all-diamond conductivity and pH
sensor. The advantage would be that this sensor could survive in extreme
environments, such as ocean monitoring, where due to the pressures and corrosive
(high salt) environment other sensors would fail. Furthermore, as both conductivity
and pH measurements show a dependence on temperature,'® a thermocouple could be
integrated onto the back face of the all-diamond device, utilising the high thermal

conductivity of diamond.

Additionally, work by Read et al.'* recently showed the use of a ring disc electrode for
heavy metal analysis, where one electrode (ring) is used to lower the local pH and
force all the mercury into the Hg?* form, whilst the other (disc) is used to
electrochemically deposit and strip Hg from the surface.’* To calculate the change in
local pH generated by the electrode, the central disc was coated with iridium oxide

(IrOx) to make it pH sensitive. This means that unfortunately the change in pH could
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not be calculated at the same time as the analyte of interest. Furthermore, IrOx film
stability issues were encountered. Instead, the BDD pH electrode could be utilised in
a ring-disc arrangement, where the disc is laser ablated to create a functioning pH
electrode, with the same disc also utilised as a detector for metal deposition and
stripping. This would result in a sensor that could measure pH, generate pH and

electrochemically detect a target analyte all encompassed into one robust device.

8.2.2 Towards in-vivo pH measurements

Given that the BDD pH sensor has been shown to operate accurately in blood and that
BDD is biocompatible,*"'® future work could entail working towards in-vivo
measurements of pH. Measurement of pH is an extremely important as the fully-
functioning, healthy human body maintains homeostasis which is reflected in the
tightly regulated pH in blood (ranging from 7.36 to 7.44) and tissue (~7.20).'°
Deviation from standard conditions can be life threatening, indicating trauma,
including loss of oxygen to limbs, as well as serious diseases.?’?! For this reason,
regular arterial blood gas monitoring is essential for critically ill patients.??
Miniaturisation of the pH sensor would need to be explored reducing the size of the
sensor to at least 250 um in diameter so that the BDD pH electrode can be integrated
into a hypodermic needle (or similar). To create sub-micron pH arrays focused ion
beam etching could also be explored. As current, blood gas analysers used for pH can
only take measurements approximately every 30 minutes,?> something the BDD pH
electrode could greatly improve upon, with the sensor capable of a 3 second temporal
resolution. This could provide useful information to clinicians including whether drug

administration is effective.
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