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Abstract 

The advantages of polycrystalline boron doped diamond (pBDD) are many when 

compared to other electrode materials in the field of electrochemistry. The superior 

properties of pBDD has generated substantial interest over the last 10 years, 

accelerating diamond to the cutting edge of electroanalytical studies, which benefit 

from lower levels of detection when utilising pBDD. The impressive chemical 

properties of pBDD allow it to be used in hostile environments where extreme 

temperature, pressure and pH may exist, affording researchers a means to create 

devices and sensors that could not be made with other materials. In addition pBDD 

also possesses extreme physical properties, notably its exceptionally high thermal 

conductivity which allows rapid transfer of heat energy. Currently, pBDD is widely 

used as an electrode material by many institutions, the production and employment of 

this material varies considerably. It is therefore of great importance to understand this 

material on a fundamental level, utilising experimental procedures that yield 

reproducible results. 

The aims of this thesis are as follows: to suitably characterise a series of pBDD 

electrodes and elucidate which attributes afford the best performance, to enhance the 

electrochemical response of pBDD with temperature effects by exploiting its high 

thermal conductivity. A series of electrochemical, spectroscopic and electrical 

experiments are performed to assess different pBDD samples, which contain varying 

amounts of boron and non-diamond carbon impurities. The effect of electrode heating 

is explored. This is performed with a laser light source that allows rapid heating and 

cooling of the pBDD electrode, leaving the bulk solution temperature relatively 

unchanged. Enhancements are seen at elevated temperatures for several redox couples, 
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showing the feasibility of using laser electrode heating with pBDD. In the final 

chapter, elevated temperatures through electrode heating of an all diamond structure 

are used to enhance the deposition and subsequent stripping of lead in solution
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1 Introduction 

1.1 Boron Doped Diamond 

Diamond is a well-known material, perhaps best known historically for its beauty and 

rarity, bestowing upon it incredible value as a gemstone. Besides this rather superficial 

property however, diamond possesses many incredible properties that can be exploited 

in a variety of disciplines. Perhaps best known is the hardness of diamond, with a 

resistance to applied pressure of 90 GPa making it very useful as a drilling tool and 

industrial abrasive. Other impressive properties include; very high thermal 

conductivity (2000 Wm-1K-1 at 298 K), transmission of light over a wide range of 

frequencies from deep ultraviolet (UV) to far infrared (IR) and very high electrical 

resistivity (1013 Ωcm).1 With such excellent properties it is unsurprising that there has 

been a desire to create diamond artificially due to the lack of abundance of natural 

material, making diamond prohibitively expensive. Methods to produce diamond 

include; high pressure high temperature (HPHT) synthesis, use of detonation and 

chemical vapour deposition (CVD). The last of these becoming the most economically 

viable process for producing large amounts of high quality films, drastically increasing 

the opportunities for diamond in applications such as radiation detectors,2 field effect 

transistors (FETs)3 and heat sinks.4  An important advantage of CVD over other 

methods of diamond production is the ability to introduce dopants into the lattice 

during growth, allowing precise control over the electrical characteristics of grown 

films. This creation of electrical conductivity upon the introduction of dopants (most 

importantly boron), coupled with the unique qualities of diamond has led to boron 

doped diamond (BDD) becoming an increasing useful tool for electrochemists.5 

Electrochemically, BDD possesses substantial advantages over traditional metal and 
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carbon electrodes including; high chemical stability,6 resistance to fouling,7 wide 

potential window and low capacitive currents.8 These impressive qualities, however, 

are subject to the quality of BDD samples grown. Poorly grown samples (containing 

non-diamond phases) are unlikely to possess properties which make them superior to 

traditional electrodes such as platinum and glassy carbon (GC). As a result of different 

growth conditions, times and parameters etc. a diverse range of BDD materials have 

been grown which vary in boron dopant density, sp2 carbon content and surface 

termination. Unfortunately in some cases in the literature the BDD is not properly 

characterised leading to sometimes conflicting experimental interpretations of the data 

when BDD is employed as an electrode material.9, 10  

1.1.1 Synthesis and Growth 

Natural diamond is produced within the earth’s crust over the course of billions of 

years, where conditions of extremely high pressure and high temperature exist. The 

HPHT process, as the name suggests, somewhat mimics this natural process by 

applying high temperatures and pressures to graphite in order to convert it into 

diamond.11 Typical conditions may range from pressures of 55 × 103 to 100 × 103 atm 

(5.6 to 10.1 GPa) and temperatures of 1200 to 2400 oC to produce thermodynamically 

stable diamond.12 Although this method has been used successfully for many years, 

the main restriction of HPHT is the ability to only produce diamonds on the millimetre 

to nanometre scale,1 limiting the applications of diamonds grown in this way. 

An alternative method for producing diamond is the CVD method,13 which in recent 

years has become the main commercially viable way in which to produce large high 

quality diamond films. All samples used in this work are grown in this way unless 

otherwise indicated, either as free-standing films or thin films on a growth substrate.  
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A somewhat more elegant alternative to HPHT synthesis, which aims to produce 

diamond at thermodynamically stable conditions, CVD is based on the supposition 

that diamond may be grown upwards from a substrate, one layer of carbon at a time. 

The obvious advantage of this is that if diamond could be produced at 

thermodynamically metastable conditions, less energy and less specialised equipment 

would be required for growth. Preliminary efforts in the use of CVD for diamond 

production began with Eversole14 and Derjaguin et al,15 where carbonaceous gases 

were flowed under reduced pressure onto a heated natural diamond substrate. 

Unfortunately this process produced impure mixtures of diamond with graphitic 

carbon. As a result slow growth rates were reported. In 1968, Angus et al16 discovered 

that growth could be improved by the presence of atomic hydrogen, which 

preferentially etched graphite over diamond, this led to improved rates of deposition. 

Further investigations showed that growth could occur on non-diamond substrates 

such as tungsten.17 Research carried out in Japan led to construction of the first hot 

filament18 and microwave reactors, which produced high quality films at substantial 

rates of approximately 3 µm hr-1. 

Diamond growth via the CVD method encompasses different experimental conditions 

and operational parameters such as gas flow rates, pressures, temperatures and 

substrate choice. Carbon containing gases are only present in small concentrations, 

diluted by a vast excess of hydrogen in the reaction chamber, where temperatures may 

exceed 2000 oC. Activation of gas phase molecules is required for all types of CVD, 

with the two most common methods1 utilising filament heating or microwave 

generation, leading to hot filament CVD (HFCVD)19-21 and microwave plasma CVD 

(MPCVD)22-24 respectively. The former  makes use of an unreactive metal filament 

that can withstand temperatures around 2200 oC, typically tungsten or tantalum, this 
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is electrically heated which in turn leads to gas phase activation.1 Dissociation of the 

gaseous molecules occurs leading to the creation of active species that form diamond 

on the substrate. This method produces diamond films of reasonable quality and is 

relatively inexpensive. The main disadvantages of HFCVD however are 

contamination of the diamond film with the filament material, and degradation of the 

filament.19 The sensitivity of the filament severely limits the gas mixtures that may be 

used for this type of CVD growth.  

MPCVD, despite its expense, has become the most widely used CVD method1 by 

which high quality25 diamond films are grown. Though similar to HFCVD, MPCVD 

utilises microwave energy as an activation method. Microwaves are generated at 2.45 

GHz and directed into the reactor chamber with a waveguide, energy is then delivered 

to electrons present in the gas phase and by a process of collisions this energy is 

transferred to the gas phase molecules. The two most common variations of the 

MPCVD process are the NIRIM-type (National Institute for Research in Inorganic 

Materials),26 shown in Figure 1.1, and the ASTeX-type (Applied Science and 

Technology Inc.) 
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Figure 1.1 - Schematic depiction of ‘NIRIM-type’ microwave plasma CVD reactor, adapted from ref 

[1].   

MPCVD boasts a faster rate of growth than HFCVD (> 10 µm h-1), very high rates of 

150 µm h-1 have even been reported for single crystal diamond.27 The diversity of 

carbon sources gases is far less restrictive allowing many mixtures to be used; in 

MPCVD there is no metal filament that can interfere with reactive gases. Perhaps most 

importantly however, MPCVD produces films of unrivalled purity, due to less 

pollution of the growth material with foreign contaminants.19, 28 

Both single crystal and polycrystalline forms of diamond may be grown with CVD,29 

the former is grown homoepitaxially on single crystal substrates which may be 

natural,30, 31 or produced via the HPHT process.32, 33 The orientation of the substrate 

diamond dictates the orientation of the CVD grown crystal, with (100), (110) and (111) 

being possible.34 Polycrystalline diamond films are grown heteroepitaxially on a 

variety of different substrates,35 where individual crystallites emerge from nucleation 

sites on the substrate and grow outwards in three dimensions. Coalescence occurs 

when the particles meet and a polycrystalline film is formed growing upwards,36 

Figure 1.2. There is a correlation between (growth face) grain size and film thickness, 
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allowing routine production of ultrananocrystalline,37 nanocrystalline38 and 

microcrystalline diamond films. Polycrystalline boron doped diamond (pBDD) is 

produced when a boron source is incorporated during CVD growth. The distribution 

of boron in polycrystalline diamond is not uniform; uptake occurs approximately ten 

times faster in the (111) face than the (100) face.39  As polycrystalline diamond can be 

grown on non-diamond substrates, large films can be produced as opposed to single 

crystal diamond which is limited to the size of natural or HPHT crystals. 

Polycrystalline diamond is therefore more readily available and widely used in 

electrochemistry; this thesis will focus on polycrystalline BDD as this was used in all 

experiments.   

 

Figure 1.2 – Schematic depiction of polycrystalline diamond growth40 upwards from the nucleation 

face and corresponding SEM image41 a) as-grown and b) after lapping. 

Ever since realisation of metastable diamond growth with CVD methods, researchers 

have sought to understand the complicated chemical processes governing deposition 

of films. Despite its complexity, diamond film growth may be envisaged as two steps; 

nucleation and growth. For the former, reactant gases consisting of sources of carbon, 

boron and hydrogen are flowed into the chamber at reduced pressure. Activation of 
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these molecules occurs producing extremely reactive species such as radicals, 

electrons and ions which rapidly undergo chemical reactions, being further broken 

down as the entire mixture becomes increasingly hot. Occasionally, a reactive species 

will approach and make contact with the surface of the substrate, whereupon it may 

simply desorb back into the mixture it came from or adsorb to the surface in order to 

react. Diffusion along the substrate surface may also occur until the reactive species 

locates a suitable reaction site. 

Despite the lattice parameter mismatch of 52% due to different inter atomic spacing, 

diamond may be grown on silicon.42, 43 Metallic substrates with a lattice parameter 

similar to that of diamond such as iridium have also been found to be suitable for CVD 

growth,44 though it would be preferential to utilise silicon due to its high availability 

created in no small part by the semiconductor industry. It was discovered that the 

nucleation density could be vastly increased45 by scratching the substrate with an 

abrasive powder, typically diamond, allowing nucleation densities  between 107-108 

cm-2 for silicon.46 Unfortunately the act of producing nucleation sites by scratching 

the substrate leads to damaged surfaces and does not permit the growth of epitaxial 

films on non-diamond substrates. Bias enhanced nucleation (BEN),22 where a suitably 

negative potential bias is applied to the substrate, has instead been utilised as means 

to induce high nucleation densities on smooth, unscratched non-diamond surfaces.47, 

48  

Butler et al49, 50 have performed computer simulations, modelling the growth and 

morphologies of diamond films in CVD on the atomic and molecular scale.51 It is now 

known that hydrogen must be present in a vast excess within the gas mixtures; once 

broken down into atomic hydrogen by the activation method, it is essential for several 

processes that occur. (1) Hydrogen will preferentially etch graphitic and sp2 carbon 
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functionalities;16  etching of sp3 (diamond) carbon does still occur albeit at a much 

slower rate. Due to this there is a faster deposition of diamond than graphitic carbon, 

as the latter is removed from the growing material and returned back into the gas 

mixture far more frequently than the former. (2) Any long-chained hydrocarbons are 

easily and quickly broken down by the highly reactive hydrogen atoms in the gas 

phase, replenishing supplies of low weight carbonaceous molecules and maintaining 

cleanliness of the reaction chamber from the accumulation of unwanted deposits. It 

should be noted that CVD is possible with many carbon containing sources,52 as 

mentioned above the aggressive nature of the hydrogen breaks down hydrocarbons 

into smaller fragments eventually into CH3•, regardless of the starting molecule. (3) 

Diamond possesses dangling bonds at its surface under conditions of low pressure and 

high temperature; these are present on atoms whose valence electrons are not all 

participating in a chemical bond. At standard conditions, the surface of diamond is 

typically terminated with monovalent atoms such as hydrogen or various oxygen 

functionalities, as discussed in section 1.2.2. During the growth phase, a temporary 

terminus must exist to avoid the cross linking of adjacent carbon atoms to one another. 

Hydrogen, which is by far the most probable arrival at the growing surface, provides 

this termination during growth helping prevent graphitisation.   

1.1.2 Structure  

Composed entirely of carbon, diamond is a purely covalent solid, with strong σ-bonds 

connecting adjacent atoms in a tetrahedral configuration. Each bond is formed when 

one s-orbital and three p-orbitals hybridise to form four sp3, pointing to the four 

corners of a tetrahedron. The Bravais lattice of diamond is that of a face centred cubic 

(fcc) type, with a lattice constant of 3.567 Å for natural diamond.53 This is shown in 

Figure 1.3, where the lattice parameter is the length ao. The unit cell may be considered 
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as two interpenetrating fcc structures, translated relative to each other by ¼ of the 

diagonal length of the Bravais lattice.   

 

Figure 1.3 – Depiction of the structure of diamond, atoms that comprise the unit cell are coloured blue. 

The band structure of intrinsic diamond is a result of a splitting in energy of bonding 

(σ) and anti-bonding (σ*) orbitals, created when many atoms are present and 

molecular orbitals are formed from the overlap of hybridised atomic orbitals. Each of 

the four sp3 atomic orbitals interacts with a neighbouring sp3 atomic orbital, producing 

a bonding orbital and an anti-bonding orbital, σ and σ* respectively. When a pair of 

electrons (with opposite spins) occupy the bonding orbital a bond is formed, an anti-

bond is formed when electrons occupy an anti-bonding orbital. The anti-bonding 

orbital is much higher in energy than the bonding orbital, therefore the two electrons 

available per bond occupy the latter, forming a covalent bond. These two orbitals may 

be considered as two energy levels, separated by an energy gap; when many atoms 

participate in bonding, many energy levels are formed leading to the creation of two 

bands separated by a band gap.   

1.1.3 Electrical Characteristics    

Intrinsic diamond is often regarded as an electrical insulator, though strictly it should 

be considered as a wide band gap (ca. 5.5 eV) semiconductor. This large separation 



10 

 

between valence and conduction bands is responsible for the very high electrical 

resistivity of diamond. Surface conductivity may be induced by a hydrogen terminated 

surface,54 however this does not affect bulk resistivity. The most routinely used 

method of producing conducting diamond is the introduction of dopants into the lattice 

during growth, creating an extrinsic semiconductor. The most widely used element for 

the doping of diamond is boron, producing a shallow acceptor level 0.37 eV above the 

top of the valence band55 as shown schematically in Figure 1.4. Boron contains one 

less electron than carbon and therefore doping with this element leads to creation of a 

p-type semiconductor, where an electron deficiency (or hole surplus) exists. The 

comparable size of boron to carbon also ensures that boron is easily substituted for 

carbon into the diamond lattice. At room temperature, approximately 10-3 cm-3 boron 

atoms are ionised assuming very low doping levels;56 electrons must be thermally 

promoted across the 0.37 eV gap to the acceptor level. Relatively high concentrations 

of boron ([B] > 1018 cm-3) must therefore be present for BDD to possess appreciable 

conductivity at room temperature. Secondary ion mass spectrometry is a common 

method by which to obtain the boron concentration in diamond films.57, 58 For 

inhomogeneous polycrystalline samples, an average [B] is measured depending on the 

crystallite size, although large crystallites can be probed individually if spatial 

resolution is required.   



11 

 

 

Figure 1.4 – Schematic representation of the position of the boron acceptor level in BDD. 

Diamond may also be n-type, indeed diamonds produced by the HPHT method contain 

large amounts of nitrogen and are coloured yellow. The ability to produce both p-type 

and n-type diamond is of great importance, as semiconductor devices such as 

transistors and by extension integrated circuits rely on both p-type and n-type materials 

to function. The obvious dopants for n-type doping are group IV elements, particularly 

nitrogen, however this produces a deep donor level approximately 1.7 eV below the 

conduction band.59 This large energy gap ensures that nitrogen doped diamond (NDD) 

exhibits very low conductivity at room temperature.46 Phosphorous is another dopant 

that has shown promise to produce n-type diamond, MPCVD has been used to produce 

phosphorous doped diamond (PDD).60  

A source of boron is used during CVD growth to produce BDD, typically diborane or 

trimethylboron61 are used. Upon introduction of boron into diamond, an acceptor level 

is created in the band structure,62 as depicted in Figure 1.4. As more boron is 

incorporated, an acceptor band is formed that may accommodate electrons or holes. 

Much research has been dedicated to understanding electrical conduction in BDD, the 

vast majority of which has focused on scBDD. High quality pBDD films display 
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similar characteristics, despite a decreased carrier mobility due to scattering at grain 

boundaries. At room temperature, the conductivity of BDD films is strongly affected 

by the boron concentration present, and progresses through three distinct regimes as 

[B] is increased. At relatively low levels, [B] < 1019 cm-3, conduction occurs mainly 

via the movement of free holes present in the valence band transporting charge. 

Between approximately 1019 and 3 × 1020 cm-3 nearest neighbour hopping dominates 

conduction, where charge carriers ‘hop’ between an ionised (electron deficient) and a 

neutral boron atom, and above 3 × 1020 cm-3 metallic type  conduction takes place, 

since sufficient overlap of bonding orbitals occurs. A graph of resistivity, ρ, plotted 

against [B] is shown in Figure 1.5, indicating the regions of the three types of 

conduction mechanism.63   

 

Figure 1.5 – Resistivity vs. boron concentration of a series of diamond films, indicating the regions of 

different conduction mechanisms. 

The value of 1019 cm-3 for the onset of nearest-neighbour hopping is predicted by 

Werner et al.64 In the metallic conduction regime, [B] > 2.7 × 1020 cm-3 according to 

Lagrange et al,63 conductivity decreases with increasing temperature, similar to a  
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metal where lattice vibrations increase scattering of charge carriers. This is consistent 

with the Mott transition65 predicted at approximately 2 × 1020 cm-3. Lagrange et al 

found the metal-insulator transition to be slightly higher at 3 × 1020 cm-3, the activation 

energy at this doping level is zero, indicative of an overlap of the boron impurity band 

with the valence band.66 The onset of metallic type conductivity in pBDD can also be 

inferred with Raman spectroscopy,67 where a change in the shape of the zone centre 

optical phonon peak occurs with doping past the metallic threshold.  

1.2 Spectroscopic Aspects of Boron Doped Diamond 

The electrical attributes of BDD are most influenced by the concentration of boron 

present as discussed above. Attention must be paid however to the quality of diamond 

films produced as this is also very important to the electrical properties of BDD. The 

bulk and surface properties of BDD must both be considered. 

1.2.1 Bulk Properties 

The term ‘quality’ in this context refers to aspects of the bulk of diamond such as: 

presence of non-diamond carbon; contamination with elements other than carbon or 

boron and structural defects. Non-diamond carbon may be formed during CVD 

growth; graphitic carbon and sp2 bonding may accumulate and if present in large 

amounts will undermine the impressive qualities of BDD in some applications. 

Presence of impurities such as metals can be detrimental to the structural growth of 

BDD, whereas nitrogen will act to compensate boron atoms by donating an electron. 

The exclusion of nitrogen is very important when growing BDD, as films doped with 

large quantities of boron may not possess sufficient electrical conductivity if a 

comparable amount of nitrogen is present. Boron is useful as a dopant because of the 

ease with which it is accepted into the diamond lattice, replacing carbon atoms, due to 
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its similar size to carbon. Interestingly though, it has been shown68 that incorporation 

of boron actually increases the crystalline quality of polycrystalline diamond up to 

approximately 1019-1020 cm-3. Careful control of the film thickness of CVD grown 

pBDD is also a means by which to improve crystalline quality, where thicker films 

produce larger grains (section 1.1.1) which rival the quality on single crystal 

specimens as shown by IR transmission studies.69 

Raman spectroscopy is a very useful diagnostic tool for assessing the crystalline 

quality of diamond and for qualitative, analysis of impurity concentrations. Little 

surface preparation is required and the technique is non-destructive, making it ideal 

for sample analysis. Graphitic carbon is easily detected in Raman spectroscopy, as it 

is approximately 50 times more sensitive to sp2 than sp3 bonded carbon.70 Features 

attributed to sp2 bonded carbon such as graphite and amorphous carbon occur at 

around 1580 cm-1 and 1500 cm-1 respectively, enabling easy detection of non-diamond 

carbon.56 To facilitate this, different laser wavelengths may be used, where longer 

wavelengths (lower energies) are more sensitive to non-diamond carbon (NDC).71 For 

example, the 632.8 nm line of a He-Ne laser is more sensitive to non-diamond carbon 

and parasitic phases, whereas the 514.5 nm of an Ar+ laser is better suited to looking 

at crystalline quality. 

The characteristic ‘diamond peak’ present in Raman spectra is the zone centre optical 

phonon peak, and is situated at 1332 cm-1. The properties of this peak yield 

information about crystalline quality and dopant concentration of BDD. Most 

importantly for crystalline quality is the full width at half maximum (FWHM), where 

lower values are indicative of fewer defects and hence better quality. The FWHM of 

the zone centre optical phonon peak is seen to decrease with incorporation of boron 

up to about 3 × 1020 cm-3, around the onset of metallic conductivity.72 At very high 
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concentrations of boron the FWHM begins to increase, however this is not due to 

deterioration of crystalline quality. At the threshold for metallic conductivity a change 

in line shape is observed for the peak at 1332 cm-1, and is attributed to a coupling 

between the zone centre optical phonon and a continuum of states present in a 

degenerately doped (metallic) semiconductor.73 This is called a Fano-type interference 

and has been observed in heavily doped silicon also.74 The Fano effect of BDD is 

shown in Figure 1.6, where the concentration of boron in the gas phase is increased 

from 2240 to 14000 ppm. Additionally, the position of the peak originally at 1332 cm-

1 begins to shift to lower wavenumbers as the boron concentration is increased. At 

extremely high boron concentrations, a complete loss of the zone centre optical 

phonon peak occurs, instead two broad features at around 1340 cm-1 and 1600 cm-1 

are seen, Figure 1.6. The peak seen at 500 cm-1 in Figure 1.6 was fitted with the sum 

of a Lorentizian and Gaussian function by Denueville et al,67 the position of the former 

function was found to vary with boron concentration. Due to the heterogeneity of 

pBDD different regions will display different Raman spectra as the local boron 

concentration varies, Szunerits et al75 mapped the surface of pBDD by analysing the 

changes in Raman spectra. 
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Figure 1.6 – Raman spectra of BDD showing the increasing effect of the Fano interference as the boron 

in the gas phase is increased from 2240 to 14000 ppm.67 

1.2.2 Surface Properties 

Although the bulk of diamond consists of carbon atoms bound to each other in a 

tetrahedral arrangement, a termination at the surface must exist to ensure complete 

occupancy of the carbon valence orbitals. The form of this termination strongly 

influences the surface electrical characteristics of diamond films. CVD grown 

diamond films are hydrogen-terminated when removed from the growth chamber due 

to the vast excess of hydrogen present in the high temperature plasma.76 The hydrogen-

terminated surface has been found to be stable in air for months at a time,77 however 

oxidation may occur after only modest electrochemical experiments are performed.78 

Diamond surfaces can be deliberately oxygen-terminated through a variety of methods 

including; boiling in acid,79, 80 anodic polarisation,81, 82 oxygenation by photochemical 
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means83 and contact with an oxygen plasma.84 Oxygen and hydrogen-terminated 

surfaces have different affinities for water, with the former displaying hydrophilicity 

and the latter hydrophobicity.  Contact angle measurements therefore are an adequate 

way to quickly assess the termination of diamond, the contact angle of hydrogen-

terminated diamond is greater than that of oxygen-terminated diamond, Figure 1.7. 

Contact angles may vary based on the method of termination, and hence the extent of 

the respective termination, this is typically around 90o for hydrogen-termination85, 86 

and between 0.6o and 65o for oxygen-termination.86-88   

 

Figure 1.7 – Droplet shapes of water on a) hydrogen-terminated and b) oxygen-terminated diamond 

displaying different contact angles.81 

More detailed analysis of the surface termination of diamond can be achieved with x-

ray photoelectron spectroscopy (XPS), where a sample is subject to x-ray radiation 

resulting in the ejection of electrons which carry information about core orbitals.89 On 

the single crystal (111) face, the C 1s peak appears at ca. 284 eV,90 which is the 

convolution of many peaks representing carbon bonding to different groups.  The 

surface chemistry of oxygen-terminated diamond is complex, as it may possess many 

different oxygen containing functional groups such; as carbonyl (C=O), ether (C-O-

C) and hydroxyl (C-OH) groups.91 The former two of these are prominent on the (100) 

crystal face,92 whereas the hydroxyl group is the main constituent of the (111) crystal 

face.93 The population of these groups relative to each other have been found to change 

with different surface treatments.94-96 Wang et al found that electrochemical, oxygen 
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plasma and UV photochemical oxidation all produced small amounts C=O groups, 

approximately 5%.94 The UV photochemical treatment was found to give the largest 

proportion (29%) of C-O bonds, comprised of both O-C-O and C-OH groups.94   

Oxygen and hydrogen-terminated diamond differ in their band structures 

considerably, the presence of hydrogen even provides diamond with a negative 

electron affinity as the conduction band resides above the vacuum level.97, 98 The 

surface termination strongly affects the electronic structure of diamond by 

accumulating or depleting charge carriers in a channel near to the surface. Intrinsic 

diamond, due to its large band gap, resists the flow of current very effectively, however 

it was observed by Landstrass et al in 1989 that intrinsic diamond terminated by 

hydrogen displayed surface conductivity (SC),99 this was later confirmed by other 

groups.100, 101 Experiments investigating the Hall effect confirmed that SC was caused 

by an accumulation of positive charge carriers, creating a p-type semiconductor,102 

allowing production of FETs.103 Initial speculations ascribed this SC to subsurface 

hydrogen interacting with carbon dangling bonds creating acceptors, providing holes 

for conduction.104  

In 2000 Maier et al proposed a mechanism in which adsorbates interacting with the 

hydrogen-terminated surface produced an accumulation of holes on diamond.105 At 

ambient pressure, humidity and temperature, all surfaces are coated in a thin layer of 

water, where electron exchange between water and diamond can occur. Dissociation 

of CO2 in water produces CO3
- and H3O

+ ions (Figure 1.8), which creates a chemical 

potential, µe, in water lower than that of the Fermi level, Ef, in hydrogen-terminated 

diamond. Equilibration takes place to minimise differences between energy levels 

once diamond is immersed in water, where electrons migrate from the hydrogen-

terminated diamond into water, leaving holes behind. This accumulation of holes in 
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diamond and electrons in water creates a separation of charge between the water and 

diamond, promoting surface conductivity on the order of 10-5 Ω-1 at room 

temperature.105, 106 This model is corroborated by the disappearance of appreciable SC 

upon surface oxidation or removal of the adsorbed water layer.107  

 

Figure 1.8 – Schematic representation of charge accumulation at hydrogen-terminated diamond 

surface following gas dissociation in surface water, adapted from105 

1.3 Electrochemistry 

1.3.1 Dynamic Electrochemistry 

The study of electrochemical processes that occur at non-equilibrium conditions is 

termed dynamic electrochemistry.108 A potentiostat is used to supply an electrical 

signal that perturbs the system and the response is measured as the experiment is run, 

for example, typically an electrical current is recorded as a voltage is applied. 

Electrical currents that are observed during electrochemical measurements comprise 

of two discrete components, faradaic and non-faradaic.109 The former is manifested 

from charge carriers (electrons or holes) crossing the electrode/electrolyte interface 

and moving through an electrical circuit, this causes the oxidation or reduction of 
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electroactive species known as heterogeneous electron transfer (HET). The non-

faradaic component occurs due to capacitance at the electrode/electrolyte interface 

created from a build-up of charge across the double layer. Metal and even GC 

electrodes suffer from direct reduction/oxidation of the electrode surface itself, 

causing an additional faradic component that is not due to the analyte species.  The 

rate at which faradaic processes take place is subject to several phenomena that occur 

near to the electrode, as shown in Figure 1.9.  

 

Figure 1.9 – Schematic showing the processes that occur near to an electrode surface; (1) mass 

transport from bulk solution, (2) chemical reactions that may happen before or after HET, (3) 

adsorption/desorption of species at the electrode surface and (4) HET at the interface.110 

For large electrodes in stationary solution mass transport of reactive species is often 

the slowest and therefore rate determining step, process 1 in Figure 1.9. Mass transport 

is due to the movement of species due to a variety of gradients, which is comprised of 

three distinct processes; migration, diffusion and convection:  

Migration is the movement of species in solution due to an applied electric field. This 

can be negated experimentally if an excess (ca. 100 times compared to the analyte 

species) of an inert salt,111 such as KNO3, is added to the solution. The addition of an 
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inert salt has the effect of screening the analyte from the electric field produced 

between electrodes, as well as increasing the conductivity of solution to reduce ohmic 

drop effects.112 

Convection is the movement of species in solution due to thermal gradients, and also 

mechanically influenced processes such as stirring.113, 114 For most electrochemical 

measurements, the influence on mass transport from convection may also be 

considered negligible, as long as the electrochemical cell is left at ambient temperature 

and is not deliberately agitated. 

Diffusion is the movement of species in solution due to concentration gradients, i.e. 

the movement of a species from an area of high concentration to an area of low 

concentration and will always operate when the electrode is biased at a potential to 

electrochemically remove species from solution at the electrode/electrolyte 

interface.115 This is the most significant mode of mass transport and can be studied by 

a variety of electrochemical means. 

1.3.2 Cyclic Voltammetry 

Dynamic electrochemical techniques are used to drive electrochemical reactions by 

supplying energy to a system, oxidation and reduction of species may occur as shown 

in equations (1.1) and (1.2) below; 

 
-R O + e   (1.1) 

 
-O + e R   (1.2) 

In equation (1.1) the species R loses an electron and is itself oxidised, conversely in 

equation (1.2) the species O gains an electron and is reduced. The current passed in 

any electrochemical experiment, i, is be given by;110 
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 i nAFj   (1.3) 

where n is the number of electrons transferred per molecule, A is the electrode area in 

cm-2, F is Faraday’s constant (96485 Cmol-1) and j is the flux of redox active species 

towards the electrode in mol cm-2 s-1.  

Undoubtedly the most widely used technique in electrochemistry is cyclic 

voltammetry (CV), where a linearly changing potential, E, is applied to an 

electrochemical cell and the resultant current measured. When the potential reaches a 

predefined value its direction is reversed and the potential sweep continues in the 

opposite direction. This reversal of scan direction distinguishes CV from linear sweep 

voltammetry (LSV), where only a single scan direction is used.  A typical applied 

waveform (potential vs. time) used and the resulting voltammogram for a large 

electrode under quiescent conditions are shown in Figure 1.10 a) and Figure 1.10 b) 

respectively.  

 

Figure 1.10 - Schematic depiction of CV; a) applied waveform and b) resultant voltammogram obtained 

under quiescent conditions. 

The experiment begins at E1 and the potential is increased towards E2. The starting 

potential is chosen specifically to be in a region where no appreciable reaction occurs 
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for the examined species. No (faradaic) current due to oxidation is observed near to 

E1, as the potential is increased towards E2 however an increase in faradaic current is 

seen indicating oxidation of the redox mediator, equation (1.1). A current maximum 

(peak) is achieved which subsequently falls as the potential is increased further 

towards E2. The potential direction is then reversed and the reduction of the mediator 

occurs in a similar manner, also producing a current peak which is offset from the first 

peak by a value of 59/n mV for a reversible reaction at 298 K as described by the 

Nernst equation.115 For a large electrode under quiescent conditions, a peak in the 

current response is expected due to the relative rates of electrolysis and mass transport. 

The latter is significantly slower than the former for a reaction displaying fast HET 

under such conditions; mass transport cannot effectively replenish the electrode with 

fresh redox species to replace those which have already reacted. The value of this peak 

current, ip, for a diffusion controlled process displaying planar diffusion is given by 

the following relation;110 

 

1/2
3

3/2 1/2 * 1/20.4463p

F
i n AD C

RT


 
  

 
  (1.4)   

where R is the molar gas constant (8.314 m2 kg s-2 K-1 mol-1), T is the absolute 

temperature in K, D is the diffusion coefficient of species in cm2s-1, C* is the bulk 

concentration of redox species in mol cm-3, υ is the potential scan rate in V s-1 and all 

other symbols have their usual meanings. 

1.3.3 Electrochemistry of Boron Doped Diamond 

Diamond is a relative newcomer to the field of electrochemistry, possibly due to its 

electrically insulating nature, making it not an obvious choice of material with which 

to conduct electrochemical studies. Initial experiments were performed on diamond 
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made to conduct using of ion implantation. It was found that diamond implanted with 

zinc possessed three advantages over GC; lower background currents, a wider 

potential window and higher reversibility in the presence of a redox mediator (faster 

kinetics).116 Further investigations of diamond electrodes were undertaken by Pleskov 

et al,117 semiconducting diamond was produced synthetically using CVD and was 

subjected to light illumination during electrochemical measurements. The act of 

illuminating semiconducting diamond was found to enhance its activity, even at 

wavelengths of light corresponding to energies lower than that of the band gap. 

Fujishima et al also conducted extensive research in the area of diamond 

photoelectrochemistry,118 it was later found that 193 nm (6.4 eV) radiation from an 

ArF laser was sufficient to excite electrons into the conduction band119 and that 

different surface terminations of diamond are responsible for different values of the 

flat band potential.120 It was also found that nitrate in solution may be reduced into 

ammonia on a diamond by electrochemical means.121 

Swain et al comprehensively studied high quality pBDD films, making note of their 

singular qualities for use in electroanalysis, qualities such as low background currents 

(due to low double layer capacitances), chemical stability and wide potential 

windows.122, 123 Aside from analytical applications, diamond electrodes have also 

proved to be useful for industrial treatments of waste water124 and organics,125 where 

films need not be of the highest quality in order to anodically break down 

contaminants. These initial studies prompted more and more work into the field, as 

researchers endeavoured to fully exploit the unique properties of BDD. 
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1.3.4 Fundamental Studies of pBDD Electrochemistry 

It has already been mentioned that initial studies of pBDD revealed its potential uses 

and significant advantages over other electrodes, however, the electrochemistry of 

pBDD is complex and subject to a number of factors. Growth conditions are 

undeniably important when attempting to produce films of high quality and purity; 

nitrogen is abundant in the atmosphere and is therefore hard to exclude from the 

growth chamber. The concentration of dopants such as boron has a pronounced effect 

on the electrical properties of diamond, in turn affecting its electrochemical 

performance. A perfect diamond crystal should be comprised of entirely sp3 hybridised 

carbon, though other forms of carbon bonding (sp2) can occur which changes the 

electrochemical response. The surface termination of pBDD may also affect 

electrochemical response, different chemical terminations may be realised by specific 

treatments with oxygen and hydrogen termination being the most common. 

It was quickly discovered that as-grown (hydrogen terminated) CVD diamond 

possessed an unusually wide potential window,126 greater than that of HOPG and 

platinum. BDD therefore permits the study of processes that occur outside the potential 

windows of other electrodes, for example the Ce3+/Ce4+ couple.127 When poor quality 

pBDD was tested however, water electrolysis was observed to occur much faster, 

resulting in a narrower potential window as shown in Figure 1.11. This lower grade of 

pBDD contained appreciable amounts of sp2 carbon, as evidenced by Raman 

spectroscopy, representing a surface somewhat akin to a GC electrode.   
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Figure 1.11 – Potential windows of a) high quality pBDD, b) low quality pBDD, c) platinum and d) 

HOPG in 0.5 M H2SO4.128  

A correlation exists between sp2 carbon content and overpotential for some 

electrochemical reactions, Bennett et al129 found that the presence of this non-diamond 

impurity reduced the kinetic overpotential for water electrolysis but had little effect on 

reversible outer-sphere mediators. 

It was thought that the hydrogen terminated surface was responsible for the slow 

kinetics of water electrolysis, as the hydrophobic nature of this surface renders 

reactions that require adsorption unfavourable.128 However, oxygen terminated pBDD 

was found to give only a slightly better result in aqueous media than hydrogen 

terminated pBDD,130 indicating that the wide solvent window of pBDD was not due 

to the hydrogen terminated surface present on as-grown films. Slow reaction kinetics 

for the hydrogen and oxygen evolution reactions (OER, HER) are responsible for the 

wide potential window of BDD, requiring large overpotentials to drive them. Water 

reduction and oxidation are inner sphere processes, adsorption to the electrode is 

therefore required and the diamond surface structure is important. It can be concluded 
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then that neither the oxygen nor hydrogen terminated diamond surface is favourable 

for water adsorption in comparison to Pt or GC. Suffredini et al131 investigated the 

decomposition of water at both extremes of the potential window of BDD, calculating 

activation energies for the OER and HER as 106 and 150 KJmol-1 respectively.   

As previously mentioned, hydrogen termination increases the surface conductivity of 

diamond by introducing charge carriers and surface electronic states. This added 

conductivity is superfluous when the boron concentration is sufficiently high (> 2 × 

1020 cm-3), but may allow better than expected electrochemistry (faster electron 

transfer) for semiconducting diamond with lower doping levels. At lower boron 

concentrations for oxygen-terminated diamond, resistance effects hinder the kinetics 

of water electrolysis widening the potential window.  

Another impressive quality of BDD that may be exploited electrochemically is its lack 

of reactivity to many different species, rendering diamond very chemically stable in a 

wide variety of media. For example, for the oxidation of cyanide ions, electrodes such 

as RuO2 and IrO2 are not stable and show low current efficiencies, however this is not 

the case using pBDD. 132 Li et al133 proved BDD to be suitable for the deposition of 

lithium from a polymeric electrolyte; during deposition no alloys were formed on the 

BDD surface indicating that it does not promote underpotential deposition. Various 

studies in corrosive (acidic and alkaline) media have been performed demonstrating 

the ability of BDD to withstand harsh conditions. In 1989 Natishan and Morrish134 

showed that undoped diamond grown on a molybdenum film protected the metal from 

corrosion and oxidation, the diamond was found not to degrade during anodic 

polarisation.  Chen et al135 compared thin film BDD electrodes against traditional 

carbon electrodes for the generation of chlorine in solution of 1 M HNO3 and 2 M 

NaCl, experiencing current densities and times of up to 0.5 Acm-2 and 20 h 
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respectively. No significant changes in morphology of the sp3 bonded carbon were 

observed in the BDD films, although surface oxidation and etching of non-diamond 

carbon was observed. Swain136 performed a series of analyses of carbon electrodes 

after potential cycling for 2 h in a solution of 1 M HNO3 and 0.1 M NaF at 50 oC, 

observing again that the morphological structure of BDD is relatively unchanged 

whereas HOPG and GC suffered corrosion from pitting, oxidation and cavitation. A 

subsequent study by DeClements and Swain137 comparing both high and low quality 

BDD showed that preferential etching of non-diamond carbon at the grain boundaries 

occurred upon anodic polarisation in KOH for the low quality films. Conversely, no 

structural damage was seen for the high quality films, the authors ascribe this to the 

lack of non-diamond carbon present in these films.  

Of particular importance in analytical electrochemistry are low background 

currents,122 which are manifested due to capacitance of the electrode/electrolyte 

interface and reduction/oxidation of the electrode itself. BDD possesses very low 

background currents, approximately one order of magnitude lower than that of GC.119, 

138 This property allows improvement of signal-to-noise139 and hence lower (better) 

detection limits by utilising BDD as an analytical tool.140, 141 The low background 

currents of BDD may be attributed to its low double layer capacitance. Highly ordered 

pyrolytic graphite (HOPG) is another form of carbon consisting of stacked layers of 

graphite (sp2 bonded carbon atoms), which possesses an even lower capacitance of 

approximately 2 µF cm-2,142 provided that no electrode degradation occurs. 

It must not be forgotten that BDD is an extrinsic semiconductor, and at doping levels 

beneath that of metallic conductivity there is a low concentration of electronic states 

at the Fermi level. A space charge layer exists at the electrode/solution interface due 

to depletion of charge carriers at potentials less positive than Efb for p-type 
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semiconductors. Any potential drop occurs over the space charge layer resulting in a 

small potential gradient and hence small double layer capacitance. Even at BDD doped 

above the metallic threshold, the number of charge carriers is approximately 3 orders 

of magnitude less than that at a metal electrode. 
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1.4 Applications of pBDD as an Electrode Material 

The use of electrochemistry is very attractive for use in the environmental and 

biological fields for a variety of reasons; low cost, long term reproducibility, 

portability of instrumentation and sensitivity.142 Electrodes employing mercury have 

long been utilised in the field of electrochemistry,143 although mercury is toxic and is 

undesirable for environmental and biological applications.144 With its outstanding 

electrochemical properties of low background currents, wide potential window, 

chemical stability and biocompatibility it is unsurprising that pBDD has found 

extensive use as an electrode material.  

1.4.1 Trace Metal Detection 

The detection and analysis of heavy metals in various media has become increasingly 

important in recent years, metals such as cadmium, lead, selenium and arsenic are 

toxic and threaten organisms. Electrochemistry is well suited for environmental 

monitoring of toxic species,145 typically a form of stripping voltammetry146 is used. In 

this technique metal ions are deposited onto the working electrode by holding or 

sweeping at a reducing potential during a preconditioning step. The potential of the 

working electrode is then swept in the opposite direction to remove the deposits and 

the measured current may be used to infer concentrations of the metal species present. 

Variations of stripping voltammetry exist that improve the sensitivity and detection 

limits such as differential pulse voltammetry (DPV)147 and normal pulse voltammetry 

(NPV). In the past electrodes employing a mercury droplet have been used,148, 149 this 

is advantageous as metals in solution form an amalgam with the mercury droplet 

providing uncomplicated stripping. Mercury though, as mentioned previously, is not 

suitable for use in many scenarios due to its toxicity. pBDD is an obvious candidate 
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for stripping voltammetry, with its wide potential window, low background currents, 

and extreme stability allowing detection of toxic metals with more versatility than 

mercury can provide. In 1999 Ramehsam et al150 and Manivannan et al151 proved that 

trace metal analysis could be performed with pBDD as the working electrode, with no 

mercury present. The low background currents displayed by pBDD allow high 

sensitivity, low detection limits at the ppb level have been reported for different metals 

at pBDD electrodes using stripping voltammetry,152, 153 surpassing the sensitivity and 

longevity of GC electrodes.154 The wide potential window of pBDD allows detection 

of a variety of different metals, perhaps not available to other electrodes displaying a 

more narrow range. 

1.4.2 Electroanalysis at BDD 

Diamond electrodes have shown promise in electroanalysis due to their advantages 

over metal and GC electrodes, such as a greater chemical stability and higher 

sensitivity.141, 155-157 Other qualities that make BDD a worthy electroanlytical tool are 

its inertness to the adsorption of species158 and its insensitivity towards dissolved 

oxygen.130, 159 The termination of BDD has been found to change its properties and 

electrochemical behaviour towards different compounds,87, 126 where hydrogen 

terminated BDD shows electrochemical activity towards a broad range of different 

chemical compounds such as the protonated form of nicotinamide adenine 

dinucleotide (NADH),6 azides,141 caffeine160 and DNA161 where diamond has been 

shown to outperform metal and GC electrodes. Accurate detection of DNA has 

become of increasing importance in medicine as knowledge of genetic disorders 

continues to grow. The current due to oxygen evolution makes electrochemical 

detection of DNA difficult with conventional electrodes, due to the high oxidation 

potentials of the pyrimidine and purine bases. This problem can be avoided, however, 
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by use of a hydrogen terminated BDD electrode, which possesses a high overpotential 

for oxygen evolution. 

Oxygen terminated BDD appears to be more stable, and more selective than hydrogen 

terminated BDD, the former can be exploited for the detection of certain compounds. 

Uric acid is difficult to detect in the presence of ascorbic acid due to both having a 

similar potential for oxidation of approximately 0.9 V vs. SCE. By anodically treating 

(oxidising) BDD electrodes, it has been shown that uric acid can be successfully 

detected in ascorbic acid.162 By anodically polarising a BDD electrode the authors 

found that separation of the peaks could be achieved, with the oxygen terminated 

surface displaying different selectivity for the two acids. 

Chlorophenols are known to be carcinogenic163 and are present in large quantities in 

industrial waste, though typical methods to remove these pollutants such as 

precipitation, filtration and coagulation are not always adequate for the removal of 

these species.164 Chlorophenols can be detected with many traditional solid electrodes, 

when oxidised however, radicals are formed that couple to form a polymeric coating 

that fouls the electrode. Anodically treated BDD has been tested against GC for the 

detection of 2, 4-dichlorophenol during flow injection analysis.165 The authors found 

that oxygen terminated BDD displayed much better stability than that of GC, where 

the former only suffered a 10 % reduction in signal and the latter a 70 % reduction. 

This is thought to be due to the repulsion of phenoxy radicals from the electrode 

surface by polar oxygen containing functional groups present on oxygen terminated 

BDD. 
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1.5 Aims and Objectives   

As outlined above, the characteristics of BDD produced in different reactors with 

different growth conditions vary substantially across the literature. It is of great 

importance therefore that BDD is thoroughly characterised and understood before 

embarking on electroanalytical studies. Chapter 3 discusses in detail the differences 

between several pBDD films procured from various sources. Spectroscopic and 

electrochemical techniques are used to study the pBDD films and establish which 

aspects are desirable for electroanalysis. Further characterisation of some of these 

samples is discussed in Chapter 4. Electrical measurements are made at different 

temperatures in order to study the semiconducting or metallic nature of pBDD films. 

Raman mapping was also performed on two samples displaying similar boron 

concentrations to assess doping heterogeneity and the presence of non-diamond 

phases. 

In Chapter 5 pBDD is utilised in high temperature experiments, an isothermal system 

was first employed to observe the effects of performing electrochemistry in solution 

above room temperature. Pulse heated voltammetry was then performed with a custom 

made diamond electrode cell, exploiting the high thermal conductivity of diamond. A 

laser was used to apply heat to the system in a controlled way, heating parameters 

were optimised to influence the electrochemical response without heating the bulk 

solution. Pulsed electrode heating is applied to lead stripping voltammetry in Chapter 

6, high temperatures are used as a means to increase the analytical signal indicating an 

improved removal of deposited lead. The morphology and density of lead deposits are 

investigated with AFM for ambient and heated deposition conditions, conclusions are 

discussed in Chapter 7. 
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2 Experimental 

2.1 Materials and Chemicals 

2.1.1 Chemicals   

Ultrapure water with a resistivity of 18.2 Ωcm at 25 oC (Milli-Q, Millipore Corp.) was 

used to make all solutions used in this work. The chemicals used in this thesis are 

listed below in Table 2.1. 

Chemical  Formula Purity Supplier 

Ferrocenyltrimethylammonium 

Hexafluorophosphate  

FcTMA.PF6 N/A Made in-house 

Ruthenium (III) Hexamine Chloride 

 

Ru(NH3)6Cl3 98% Acros Organics 

Potassium Ferricyanide  K3Fe(CN)6 99% Sigma-Aldrich 

Potassium Ferrocyanide K4Fe(CN)6  Sigma-Aldrich 

Potassium Hexacyanoferrate (II) 

trihydrate  

K4Fe(CN)6•3H2O > 99.99% Sigma-Aldrich 

Iron (II) Sulphate Heptahydrate FeSO4•7H2O ≥ 99% Sigma-Aldrich 

Potassium Hexachloroiridate (III) K3IrCl6 98% Sigma-Aldrich 

Lead Nitrate  PbNO3 ≥ 99.99% Sigma-Aldrich 

Potassium Nitrate KNO3 ≥ 99.99% Sigma-Aldrich 

Potassium Nitrate KNO3 ≥ 99% Sigma-Aldrich 

Sulphuric Acid  H2SO4 ≥ 95% Sigma-Aldrich 

Sulphuric Acid  H2SO4 99.999% Sigma-Aldrich 

Perchloric Acid  HClO4 Reagent 

grade 

Sigma-Aldrich 

Agarose N/A N/A Sigma-Aldrich 

Silver Nitrate AgNO3 99.9% Sigma-Aldrich 

 

Table 2.1 - List of all the chemicals used in this work. 
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2.1.2 Salt Bridge Preparation 

A piece of PVC tubing was cut into a 30 cm length, each end was cut diagonally to 

leave a sharp interface. A solution of 2% agarose in ultrapure water was prepared, 

boiling while vigorously stirring was necessary to dissolve all of the solid without 

burning. To this solution was added 40 g of KNO3 which was allowed to dissolve, the 

hot solution was then poured into the PVC tube and allowed to cool.  

2.1.3 Polycrystalline Boron Doped Diamond Samples 

pBDD materials from four different sources, with dopant densities in the range 9.2 × 

1016 – 1.6 × 1021 boron atoms cm-3, were utilised in this thesis and are listed in with 

the relevant results chapters. They include the Naval Research Laboratory (Naval 

Research Laboratory (NRL), Washington DC, US, electrodes A and C; Element Six 

(Element Six Ltd (E6), Harwell, UK, electrodes B, D, E and H; Condias (Condias 

GmbH, Itzehoe, Germany) electrode F and; Advanced Diamond Technologies 

(Advanced Diamond Technologies (ADT), Inc., Illinois, USA) electrode G. 

Electrodes D - G are commercially available. Electrodes A-E and H are thick enough 

(≥ 200 m) to be freestanding, whilst electrodes F and G are thin film (7 m and 2 m 

thick respectively) and attached to a niobium substrate. Contact angle measurements 

revealed electrode F was predominantly hydrogen-terminated prior to use, whilst as-

grown electrode G had suffered partial air oxidation. These samples and some details 

of their properties are listed below in Table 2.2, values denoted with * were estimated.  
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Electrode Structure Source [B] 

(boron atoms cm-3) 

Chapter 

Reference 

A Freestanding, 

microcrystalline 

NRL 9.2 × 1016 3, 4 

B Freestanding, 

microcrystalline 

E6 2.0 × 1018 3, 4 

C Freestanding, 

microcrystalline 

NRL Mid 1019 3, 4 

D Freestanding, 

microcrystalline 

E6 1.9 × 1020 3, 4 

E Freestanding, 

microcrystalline 

E6 3.0 × 1020 3, 4 

E (all diamond 

structure) 

Freestanding, 

microcrystalline 

E6 3.0 × 1020 6 

F Nb substrate 

microcrystalline 

Condias 1.9 × 1020 3 

G Nb substrate 

microcrystalline 

ADT 1.6 × 1021 3 

H Freestanding, 

microcrystalline 

E6 3.0 × 1020 5 

 

Table 2.2 – List of all pBDD samples used in this work from various suppliers. 

2.2 Diamond Electrode Fabrication 

2.2.1 pBDD Disk Preparation 

A laser micromachiner (E-355H-3-ATHI-O system, Oxford Lasers) was used to cut 

pBDD samples of the desired diameter from a large wafer of material. Diamond is a 

difficult material to cut and requires many passes of the laser, acquisition of a precise 

cut is realised by using a kerfing procedure. This procedure involves using the laser to 

make a series of cuts in the pBDD wafer either side of a specified axis. 

During the laser cutting process amorphous carbon is formed, this is removed with 

acid cleaning. Concentrated H2SO4 (≥ 95 %, Sigma-Aldrich) was supersaturated with 

KNO3, diamond samples were transferred into the acid solution in a Pyrex beaker 
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which was then placed onto a hotplate stirrer. The beaker and its contents were heated 

until the solution began to boil, which continued until the brown fumes (NO2) being 

given off had changed to white indicating exhaustion of the KNO3. This step was 

repeated without adding KNO3 to ensure that no salt crystals remained. Acid cleaning 

also serves to yield a reproducible, oxygen-terminated surface that can be recovered 

with subsequent acid cleaning.1  

An electrical contact was made to pBDD by sputtering (Edwards E606 

sputter/evaporator) a layer of Ti followed by a layer of Au of thickness 20 nm and 400 

nm respectively. Annealing then takes place in a tube furnace for 4.5 h at 450 oC, 

allowing a carbide to form to the Ti metal which yields a robust ohmic contact.2   

2.2.2 Glass Sealed Electrode 

The majority of electrochemical experiments at ambient conditions were performed 

with a glass sealed pBDD electrode, allowing precise definition of a 1 mm disk 

geometry, prepared as described in section 2.2.1. The pBDD was  sealed in borosilicate 

glass (i.d. 1.16 mm, o.d. 2 mm, Harvard Apparatus Ltd, UK) using the heating coil of 

a capillary puller; sealing was performed under a mild vacuum. A protruding electrical 

contact was made with copper wire, connected to the back of the pBDD disk with 

silver loaded epoxy (RS Components Ltd, Northants, UK) which was allowed to set 

for 24 hours. The end of the glass capillary was then polished on carbimet grit paper 

disks of decreasing roughness, revealing the sealed pBDD surface from the glass, this 

type of electrode is shown below in Figure 2.1 
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Figure 2.1 – Photograph of glass sealed pBDD electrode used in this thesis. 

2.2.3 High Temperature Cell Electrode   

A 9 mm diameter disk of pBDD (sample  was prepared as described in section 2.2.1, 

the centre of the back surface of the disk was then deliberately laser etched at low 

power (ca. 0.5 W) in a grid like pattern of dimensions 3 × 3 mm, in order to produce 

a rough, matt finish. This helps reduce reflections from the incident laser irradiation 

(during pulsed heating experiments) and therefore increases total energy absorption in 

the form of heat.  

In order to perform electrochemical measurements during pulsed heating of the BDD 

electrode, section 5.4, a custom-built electrochemical cell was designed and fabricated 

in-house. The cell comprised two separate parts, a Teflon vessel and a Perspex 

window, which were held together with Teflon screws as can be seen in Figure 2.2. 

The Perspex window has a hole in the centre across which the pBDD disk was 

mounted and held in place with adhesive Kapton tape (60 µm thickness, 250 – 1000 

oC, R.S. Components Ltd.). Adhesive Kapton tape was also used to mask off the pBDD 

surface from the solution; a 1 mm disk geometry was formed by using the laser 

micromachiner to cut a hole in the Kapton film, this is depicted in Figure 2.3. A 

conductive track was made from the annealed Ti/Au contact on the back face of the 
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pBDD disk using silver conductive paint (R.S. Components Ltd.) to the top of the 

Perspex window, allowing an electrical connection to be made to the electrode with a 

crocodile clip. 

 

Figure 2.2 - Photograph of custom built cell used for pulsed heating experiments. 

 

 

Figure 2.3 - Schematic depiction of diamond disk mounted in Perspex window a) solution facing side 

and b) irradiation side, the silver electrical contact is omitted for clarity. 
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2.3 Instrumentation and Techniques  

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

In SEM a focussed beam of electrons is fired at a sample, the interactions between 

incident electron radiation and the sample produce several types of signal that provide 

information about the sample composition and topography.3 Two distinct types of 

radiation emanate from a sample during irradiation, electrons (beta radiation) and 

photons (electromagnetic radiation). Beta radiation may manifest from backscattered, 

secondary or Auger electrons. Backscattering of electrons occurs due to elastic 

scattering of incident electrons, these electrons possess high energy. When inelastic 

scattering occurs secondary electrons are emitted that possess low energies (< 50 eV), 

this type of signal depends on the topography of the sample.4  

A secondary electron detector mounted in the same orientation of the electron gun may 

be called an ‘in-lens’ detector; high resolution imaging of BDD microelectrode arrays 

was performed by Macpherson et al,5 where this detector allows simultaneous imaging 

of silver nanoparticles and BDD grain structure.   Electromagnetic radiation may range 

from x-rays to IR with the lower energies (UV-IR) being studied in the technique of 

cathodoluminescence (CL).6 Incident electrons may also be absorbed as current as 

they flow to ground or may be transmitted through the sample. The various types of 

emission upon electron irradiation of a sample are depicted in Figure 2.4.  
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Figure 2.4 – Schematic illustration of the different signals given off by a sample upon electron 

irradiation; 1) backscattered electrons, 2) secondary electrons, 3) Auger electrons, 4) x-ray photons 

and 5) UV-IR photons. 

An electron gun is used to accelerate electrons under vacuum towards the sample, a 

series of lenses and apertures are used to focus and condense the beam. In traditional 

SEM a hot filament generates the electron source relying on thermionic emission. The 

electron gun in field emission-scanning electron microscopy (FE-SEM) consists of a 

very sharp metal tip (~ 100 nm), which serves as a cold cathode, held at a potential of 

typically between 0.1 to 30 kV measured relative to some anode. Electron guns of this 

type have two main advantages over filament guns; a much higher intensity and 

smaller spot radius which allows increased resolution.7 

In this work a high resolution Zeiss Supra 55 VP FE-SEM was used to examine pBDD 

samples. The wide range of available magnification enables the study of large areas 

such as the grain structure of microcrystalline diamond and also small features such 

as deposited metal nanoparticles. An in-lens detector was used for viewing grain 

structures at a working distance of 4 mm and at accelerating voltages between 1 and 

15 kV.  
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2.3.2 Resistivity Measurements 

The resistivity of pBDD was measured with a source meter (Keithley Instruments Inc, 

Cleaveland, USA) by applying a constant current of 10 µA and recording the resulting 

voltage/resistance at an ambient temperature of ~ 23 oC.  A four point Van Der Pauw 

probe configuration was employed using annealed Ti/Au contacts, to negate possible 

contact resistance effects. The material to be measured is cut into a square geometry 

and ohmic contacts placed onto each corner, resistance is then systematically 

measured between adjacent contacts. Repeat measurements are conducted with the 

source polarity reversed, this helps negate any contact resistance effects.  Electrical 

contact to the diamond was made with micro-positioning probes (Quater Research and 

Development, Bend, Oregon) positioned on annealed Ti/Au pads, enabling ohmic 

connection to the pBDD. Measurements conducted at different temperatures employed 

the use of a temperature controlled stage (THMS600, Linkam Scientific Instruments, 

Surrey, U.K.). Samples were mounted onto the stage and allowed to reach the target 

temperature before any electrical measurements were made. 

2.3.3 Micro Raman Spectroscopy 

Upon photoexcitation a material may re-emit photons either elastically or inelastically; 

the former is termed Rayleigh scattering and the latter Raman scattering.8 The term 

inelastic refers to the change in energy (frequency) of photons upon emission which 

may experience an energy loss or gain, a Stokes and anti-Stokes shift respectively. A 

high intensity monochromatic light source such as a laser is used to excite molecules 

from a ground state to a virtual excited state.9 When the molecule relaxes to a discrete 

energy state, which may be higher or lower than its initial state, a photon is emitted of 

a different energy to that of the excitation energy. Excitation wavelengths used in 
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Raman spectroscopy may range from UV to IR,10 the different forms of photon 

scattering are shown schematically in Figure 2.5.  

 

Figure 2.5 – Schematic diagram showing the different modes of photon scattering and their associated 

transitions.    

Diamond is Raman active and observation of spectra yields important information 

about samples, such as crystalline quality,11 sp2 content12 and boron concentration.13  

Raman spectroscopy in this work was performed with a Renishaw inVia spectrometer 

connected to an optical microscope, all experiments were conducted at room 

temperature. Single spot measurements were performed with the 514.5 nm line of an 

Ar+ laser running at an optical power of 10 mW, a 50× objective lens was used giving 

a laser spot size of approximately 2 µm. Mapping experiments14 (section 4.2.2) that 

required the collection of many spectra made used of an automated x-y stage; a 100× 

objective lens allowing better spatial resolution was used in these experiments (~ 1 

µm spot size).  
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2.3.4 X-ray Photoelectron Spectroscopy (XPS) 

High energy electromagnetic radiation causes ejection of electrons from an atom, this 

phenomenon is known as the photoelectric effect.15 Monochromatic x-rays are fired at 

the sample to be analysed, these high frequency photons transfer their energy to core 

electrons allowing them to escape from the atom. If an electron is ejected from an atom 

near to the sample surface (~ 10 nm),16 then it may escape into vacuum and be 

collected and analysed. Measurement of the energy of ejected electrons provides 

information on the atomic/molecular environment from which the electron originated, 

whereas the amount of electrons ejected allows quantitative elemental analysis.17 XPS 

provides information on different elements which display characteristic binding 

energies for different core atomic orbitals. 

 XPS measurements were performed with an Omicron Sphera analyser, an Omicron 

XM1000 was used providing the monochromated Al K(alpha) x-ray source at an 

energy of 1486.6 eV, 30o take-off angle giving an approximate 1.1 mm sampling size.  

2.3.5 Atomic Force Microscopy (AFM) 

AFM is technique useful for the precise study of surface topographies of samples on 

the nanoscale.18 A cantilever possessing a very sharp tip is scanned over the sample 

and topographical information is gained from the interaction forces between the tip 

and surface features. A laser is shone onto the back of the cantilever which reflects 

onto a photosensitive diode, this allows precise tracking of the tip deflection. Two 

common modes of AFM operation are contact mode and tapping mode; in the former 

a feedback mechanism (oscillation amplitude) is used to maintain a constant force 

between the tip and sample. In tapping mode AFM, the cantilever is made to oscillate 

very close to its natural resonant frequency as the tip is scanned across the surface. 
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AFM was used to assess the surface roughness of samples in Chapter 3, these studies 

were performed in air on a Veeco EnviroScope AFM with NanoScope IV controller.     

2.3.6 Secondary Ion Mass Spectrometry (SIMS) 

Quantification of boron dopant levels for some of the CVD grown BDD films in this 

thesis was achieved with SIMS. For measuring the average [B] of a pBDD film, a 

relatively large spot size (~ 0.16 mm2) was used which spans many regions of differing 

[B]. Grain dependant SIMS was also used employing a smaller spot size (~ 0.05 mm2) 

allowing individual grains to be assessed. Ion implantation was used to calibrate the 

SIMS measurements by introducing an estimated amount of boron (1 × 1019 atoms cm-

3 at a depth of 1 µm) into a single crystal control sample, the signal due to boron was 

assumed to be linear in the range 1 × 1014 to 7 × 1021 atoms cm-3. SIMS was performed 

at the Loughborough Surface Analysis Centre, UK, with a Cameca ims 4f system.   

2.4 Electrochemical Measurements 

All electrochemical experiments utilised a three electrode setup controlled by a 

potentiostat; (CompactStat, Ivium Technologies, The Netherlands) or (CHI730A, CH 

Instruments Inc. TX) connected to a laptop computer. A thick coiled platinum wire 

was used as the counter electrode and either a commercial SCE (CHI150, CH 

Instruments Inc. TX) or silver-silver chloride wire (Ag/AgCl) served as the reference 

electrode. 
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2.5 High Temperature Electrochemistry 

2.5.1 Continuous Heating 

Isothermal experiments were carried out by heating the entire electrochemical cell 

including all electrodes; CV experiments were then performed in the usual manner. A 

heated water bath apparatus attached to a jacketed glass cell, Figure 2.6, was used to 

change the temperature of the electrochemical system in a controlled way. Some 

experiments required measurements in two separate solutions, one held at ambient 

conditions and the other heated. The solution to be heated was placed into the water 

bath, with the other solution being kept sufficiently far away to maintain ambient 

conditions, the two solutions were connected with a saturated KNO3 salt bridge 

prepared as described in section 2.1.2.   

 

Figure 2.6 - Photograph of jacketed glass cell used for continuous heating experiments. The cell is 

connected to a thermostatted water bath. 

2.5.2 Pulsed Laser Heating 

To perform CV with pulsed laser heating, hereafter named temperature pulse 

voltammetry (TPV), a potentiostat was used in a three electrode configuration. During 

standard CV a varying potential is applied to the working electrode as a function of 
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time, the applied potential is measured against a reference electrode that is in contact 

with the same solution. The computer controlled potentiostat produces a ‘potential 

staircase’. For general electrochemical studies this is not normally problematic, 

provided that the potential steps of the staircase are sufficiently small, typically 1 mV. 

The data sampling rate is controlled by the nature of the potential sweep, smaller 

potential steps result in a higher sampling rate.  For TPV in this work a sampling rate 

of 400 samples/s was used, which allows 4 current samples to be recorded for the 

duration of a 10 ms heat pulse.  

A dual-channel arbitrary function generator (AFG3022B, Tektronix) was used as a 

master controller for TPV experiments to ensure that all instruments and events were 

synchronised. When manually triggered, the function generator sends a signal to 

trigger a potentiostat whilst simultaneously sending a pulse-type square waveform to 

a laser diode controller (LDC1000, Laser Electronics Ltd Lincolnshire, England). This 

is shown schematically in Figure 2.7; an expanded view of the simultaneous energy 

perturbation applied to the working electrode is shown in Figure 2.8. A diode laser 

(LM-D0296, LIMO) was used for all pulsed temperature experiments: 914.7 nm, 30 

W, ~ 1 mm spot size.   
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Figure 2.7 - Schematic description of how an electrochemical experiment is performed whilst pulsed 

heating is applied to the electrode simultaneously. 

 

Figure 2.8 - Expanded schematic for simultaneous application of potential sweep and laser pulses on 

pBDD electrode during TPV. 

After the function generator is manually triggered, the potentiostat imposes a potential 

staircase on the electrochemical cell described above in section 2.2.3, this would result 

in an ordinary CV experiment if no laser heating occurred. However, during TPV, the 

power of the diode laser is set to the desired value (0 – 30 W) and is also triggered by 

the function generator. A pulse type waveform, with a controllable period and pulse 

width, is fed to the laser diode controller which produces a pulsed laser beam that is 
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focused onto the rear face of the diamond electrode (sample H). The outcome is data 

being collected by the potentiostat whilst the working electrode is struck by a pulsed 

laser beam, producing observable peaks in current as the electrode rapidly heats and 

cools, corresponding to the applied laser pulses. The raw data collected comprises the 

entire experiment; data is collected throughout, resulting in both heated and ambient 

states of the electrode, including any transition between the two. The treatment and 

analysis of this raw data is described later in section 5.3.4.        

For typical TPV experiments involving redox mediators, the pulse period and pulse 

width were set to 100 ms and 10 ms respectively, giving an effective duty cycle (ratio 

of ‘off time’ to ‘on time’) of 10:1. It must be noted that a compromise exists between 

varying the relative durations of the laser being on or off. Larger ratios (> 10:1) result 

in a longer time to cool between pulses but fewer ‘hot’ data points collected for a given 

scan rate, whereas smaller ratios (< 10:1) produce more hot data points but more TPV 

distortion at higher laser powers. A compromise also exists when setting the scan rate 

for a TPV experiment; slower scan rates allow longer cooling times between pulses 

though fewer data points are collected by the potentiostat. A scan rate of 100 mV s-1 

was chosen for TPV experiments, as when combined with a duty cycle of 10:1 (100:10 

ms) was found to give a reasonable balance.      
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3 Examination of the Factors Affecting the 

Electrochemical Performance of Oxygen Terminated 

pBDD Electrodes 

 

In order to produce polycrystalline oxygen-terminated boron doped diamond (BDD) 

electrodes suitable for electroanalysis, i.e. widest solvent window, lowest capacitive 

currents, stable and reproducible current responses and capable of demonstrating fast 

electron transfer, for outer sphere redox couples, the following factors must be 

considered. The material must contain enough boron that the electrode shows metal-

like conductivity. Electrical measurements demonstrate this is achieved at [B] > 1020 

B atoms cm-3. Even though BDD contains a lower density of states than a metal it is 

not necessary to use extreme doping levels to achieve fast HET. An average [B] ~ 3 × 

1020 B atoms cm-3 was found to be optimal; increasing [B] results in higher 

capacitative values and increases the likelihood of NDC incorporation. Hydrogen-

termination also causes a semi-conducting BDD electrode to behave ~ metal-like due 

to the additional surface conductivity hydrogen-termination brings. Thus, unless [B] 

of the material is known the electrochemical properties of the electrode may be 

incorrectly interpreted. It is essential during growth that NDC is minimized as it acts 

to increase capacitive currents and decrease the solvent window. We found complete 

removal of NDC after growth using aggressive acid cleans, acid cycling and diamond 

polishing impossible. Although hydrogen-termination can mask the NDC signature in 

the solvent window and lower capacitive currents, this is not a practical procedure for 

improving sensitivity in electroanalysis. For the optimal pBDD electrode, cleaning 

with alumina polishing was found to be an effective way to produce well-defined, 
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stable and reproducible surfaces, which support fast (reversible) HET for Fe(CN)6
4-/3- 

electrolysis. This is the first time this has been reported at an NDC-free oxygen-

terminated surface. Finally, the hydrogen terminated surface at lapped (polished) 

electrodes was shown to be electrochemically unstable, an effect which was 

exacerbated at extreme potentials.  
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3.1 Introduction 

Carbon electrodes continue to be the subject of intensive investigation, given their 

importance in many fields ranging from sensors,1, 2 to fuel cell catalyst supports.3-5 A 

significant body of research is dedicated to understanding how material properties 

control electrochemical characteristics, for both inner and outer sphere redox couples, 

in order to optimise electrode performance.6-9 BDD is an important member of the 

carbon electrode family, which is being employed increasingly in electrochemical 

applications.2, 10-12 In contrast to the vast majority of all other carbon electrodes, BDD 

is the only carbon electrode, in its purest form, which does not contain sp2 carbon. 

This leads to extremely interesting electrochemical properties,13, 14 such as the widest 

potential window of all carbon electrodes, low background currents and an increased 

resistance to electrochemical fouling,2, 15-17 making it particularly attractive for use in 

electroanalysis.  

Depending on the growth conditions employed, both thin and thick films can be 

grown, where the grain size of the growth face typically increases with film thickness. 

During growth it is also possible to vary the boron dopant density [B] of the material, 

and hence electrical properties, by controlling the concentration of boron in the gas 

phase.18-23 At high [B], it is easier to synthesise poly- (or nano-) crystalline material 

than single crystal BDD.24 Hence the vast majority of electrochemical applications 

focus on this material, which is typically synthesised using the CVD method. 

As crystallographic orientation influences the amount of boron taken up,25 poly- (or 

nano) crystalline material has a boron content which varies heterogeneously. As for 

other carbon materials, such as carbon nanotubes, the growth conditions also 

determine the quality of the resulting material, in terms of the sp2-sp3 ratio.26-28 For 
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BDD, sp2 carbon, residing either at grain boundaries or within the grain itself, can 

affect electrochemical performance.  

As CVD growth occurs in a hydrogen rich atmosphere, the majority of studies tend to 

focus on hydrophobic hydrogen-terminated BDD electrodes, often referred to as, “as 

grown”.29-31 However, the hydrogen-terminated layer on intrinsic diamond, in the 

presence of water, is now known to support surface conductance.32,33 Furthermore, 

although the hydrogen-terminated surface is stable over many months in air, the 

surface can gradually oxidise.31, 34, 35 In contrast, oxygen-termination (as described in 

section 1.2.2) does not result in a measurable surface conductivity.  

In this paper we explore the effect of [B], sp2 carbon content, and different pre-

treatment processes on the electrochemical response of both inner and outer sphere 

electron transfer mediators at oxygen terminated pBDD electrodes. In this way we 

provide a benchmark for other researchers wishing to work with oxygen-terminated 

pBDD electrodes with material properties which show fast heterogeneous electron 

transfer (for outer sphere redox couples over a wide potential range) whilst 

maintaining as low as possible background signals with the widest extended solvent 

window characteristics. We also investigate and compare the electrochemical stability 

of lapped (~ nm roughness) oxygen and hydrogen-terminated pBDD electrodes over 

different electrochemical potential ranges. 

3.2 Results and Discussion 

3.2.1 BDD Characterisation 

In order to explore the factors which affect the electrochemical response and stability 

of oxygen-terminated pBDD, seven different electrodes, of defined area (1 mm 

diameter) from various sources spanning a range of diamond morphologies, boron 
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content and quality were investigated. Studies initially focused on freshly cleaned 

surfaces. Prior to electrochemical analysis, the material structure, electrical properties 

and NDC carbon content of samples used in this study were characterised using SIMS, 

resistivity measurements, FE-SEM and micro-Raman, and  are summarised in below 

in Table 3.1. Quoted capacitances are calculated from measured geometric areas. 

Electrode Source [B] 

(boron atoms 

cm-3) 

Resistivity 

(Ωcm) 

sp2  

signature 

Solvent  

Window 

(V) 

Capacitance 

(µFcm-2) 

A NRL 9.2 × 1016 40700 No 4.11 2.9 (± 0.1) 

B E6 2.0 × 1018 87.9 Yes 3.89 8.5 (± 0.5) 

C NRL Mid 1019 41.55 No 3.67 3.3 (± 0.3) 

D E6 1.9 × 1020 0.061 Yes 3.53 11 (± 0.5) 

E E6 3.0 × 1020 (av) 

1.9 × 1020 (lo) 

4.7 × 1020 (hi) 

0.053 No 3.60 6.5 (± 0.4) 

F as-

received 

O-term 

Condias 1.9 × 1020 - Yes 2.30 

1.43 

3.9 (± 0.4) 

23 (± 0.5) 

G as-

received 

O-term 

ADT 1.6 × 1021 - Yes 1.38 

- 

153 (± 3) 

381 (± 8) 

 

Table 3.1 – Material and electrochemical characteristics of pBDD electrodes from various sources. 

The electrodes fall into two main categories where the designations low, med, high 

and very high in parentheses refer to the relative boron concentration, freestanding 

microcrystalline pBDD films, electrodes A (low) – E (high) increasing in average [B] 

from 9.2 × 1016 (electrode A) - 3 × 1020 (electrode E) all > 200 µm thick) and thin film 

microcrystalline pBDD on niobium substrates, the latter denoted by (thin). Figure 3.1 

shows the grain structure revealed by in-lens secondary electron FE-SEM images for 

the seven pBDD electrodes. Electrodes A (low) –E (high) have all been lapped,36 to 

reveal a surface roughness of < 5 ± 0.5 nm rms, as determined by AFM (data not 
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shown). The thinness of electrodes F (high, thin) and G (very high, thin) means they 

cannot be polished; they have as-grown surface rms roughnesses of 1.9 ± 0.4 µm and 

9.3 ± 0.4 nm respectively, determined by white light interferometry (data not shown). 

 

Figure 3.1 - In-lens FE-SEM images of pBDD electrodes A – G (a – g respectively). 

Of the freestanding electrodes, A (low) is the thinnest at 210 µm and thus has the 

smallest grain size ranging from 100 nm to 1 µm. In contrast, B (low-mid) is the 

thickest at 880 µm with grain size from 7 to 100 µm, whilst C (mid) is 380 µm thick 

with grain size in the range 2 to 25 µm.  While the thickness of electrodes D (high) 

and E (high) are similar at ca. 635 µm and contain similar [B] (Table 3.1), the 

randomly orientated grain structure is different (Figure 3.1 (d) and (e)). This is due to 

differences in the pressure, power density and source carbon concentrations of the 

growth plasma as well as the deposition temperature of the substrate.37  Previous FE-

SEM work on pBDD material of a similar boron dopant density to electrodes D (high) 

and E (high) showed that the dark regions correlated with more highly boron doped 

regions. By inference this is also most likely true for electrodes B (low-mid) and C 

(mid).38  

Average [B] was determined by SIMS for each electrode, apart from C (mid) which 

was previously reported to have an average [B] of mid 1019 boron atoms cm-3.29 For 



63 

 

sample E (high) the grain size meant it was also possible to take SIMS measurements 

in both the high and lower doped grains, showing a greater than ×2 difference in [B] 

(Table 3.1). Electrical sheet resistivity measurements were only possible for the 

freestanding electrodes, as the thin film electrodes reside on a conducting support. 

Importantly, a clear trend of decreasing resistivity with increasing average [B] is 

observed (Table 3.1).22 The resistivity and SIMS data indicate that electrodes D - F 

are just above the metallic threshold (D (high) and F (high, thin) have the same doping 

level),18, 39 whilst A (low) – C (mid) are in the semiconducting region.20, 40 G (very 

high) is doped (1.6 × 1021 boron atoms cm-3) strongly into the metallic regime.  

Micro-Raman spectroscopy was used to investigate the sp3-sp2 content of the seven 

electrodes and also provide further qualitative information on [B].  Figure 3.2 shows 

typical micro-Raman spectra taken at a wavelength of 514.5 nm for electrodes A–G, 

(a-g) respectively. All spectra are representative of many (n = 7) recorded in different 

locations.  Figure 3.2 (d) and (e) contain two spectra as it was possible to interrogate 

both the high (black line) and low (red line) doped grains of electrodes D (high) and 

E (high).  The diamond zone centre optical phonon peak, attributed to sp3 carbon 

bonding, is obvious in all spectra, occurring at ~ 1332 cm-1 for electrodes A (low) – C 

(mid), whereas a shift to lower wavenumbers is observed for electrodes D (high) – G 

(very high, thin), especially in the darker (FE-SEM) grains, consistent with higher 

[B].41  Asymmetric deformation and attenuation of the sp3 peak, is also observed for 

electrodes D(high) – G(very high), a feature attributed to a Fano-type interference 

between the discrete zone centre optical phonon and a continuum of electronic 

excitations, typically seen at [B] > 1020 boron atoms cm-3.42-44  Broad features at ca. 

500 cm-1 and 1220 cm-1 are seen only for electrodes D (high) – G (very high), and are 

more prominent in the higher doped grains (D (high) and E (high)). These peaks have 
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also been reported in the literature for other BDD materials when [B] is in the range 

1020 – 1022 atoms cm-3.39  

NDC such as graphite and amorphous carbon, is typically seen in polycrystalline BDD 

between 1400 to 1600 cm-1.45 Within the resolution of micro-Raman, electrodes C 

(mid) and E (high) show no evidence of NDC, whereas electrodes B(low-mid), D 

(high), F (high, thin) and G(very high, thin) all show NDC features, as highlighted in 

the higher resolution inset of Figure 3.2 (b) and Figure 3.2 (d), (f) and (g). NDC 

features are easier to see in spectra associated with the metallic electrodes D (high), F 

(high, thin) and G (very high, thin) due to the attenuation of the sp3 peak as a result of 

high boron uptake. The least doped electrode A (low) shows a high background, most 

likely due to luminescence, which can mask the presence of NDC.46, 47 Note, for 

electrodes A (low), B (low-mid) and D (high) even after diamond polishing and 

stringent acid cleaning, NDC is still present. Interestingly, the NDC signal in electrode 

D (high) appears only to be prominent in the higher doped grains, as shown in Figure 

3.2 (d) and in Raman maps, reported in section 4.2.2, where it is also clear the NDC 

is prominent within the grain and not just at boundaries.  These higher doped, lower 

quality grains constitute less than half the surface (as determined from FE-SEM). In 

contrast, single point Raman measurements and Raman mapping of electrode E (high) 

shows no evidence of sp2 content within any grain. 
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Figure 3.2 - Typical Raman spectra for the seven pBDD electrodes A-G (a – g respectively) recorded 

at room temperature with a 514.5 nm laser. The insets in spectra a, b and c are zoom-ins of the sp2 

(NDC) region, (d) and (e) show Raman spectra for the low doped (red) and higher doped (black) grains. 

3.2.2 pBDD Background Electrochemical Processes 

Solvent windows for electrodes A (low) - G (very high) were recorded in 0.1 M KNO3 

(pH = 6.5) at a scan rate of 100 mV s-1 and compared against a commercially available 

2 mm diameter disk Pt and 3 mm diameter disk GC electrode, as shown in Figure 3.3, 

where the CVs have been vertically offset for clarity.  This is further emphasised in 

Figure 3.4, where CVs of electrodes D (high) and E (high), along with Pt and GC, are 

plotted on the same graph. The electrochemical process of water decomposition (for a 

given pH) defines the solvent window, where hydrogen and oxygen evolution takes 

place at cathodic and anodic extremes, respectively. Here we define the anodic and 

cathodic potential limits as the potential at which a current of 0.4 mA cm-2 is passed 

for water electrolysis, as documented in Table 3.1. For Pt and GC due to the high 

background processes (> 0.4 mA cm-2) it was not possible to quote a solvent window 

using this definition. 
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Figure 3.3 - CVs in aerated 0.1 M KNO3 recorded at a scan rate of 0.1 V s-1 over the potential range 

(a) -2 V to 2V (where CVs have been vertically offset for clarity) and (b) -0.07 V to 0.07 V vs. SCE, for 

(i) 1 mm diameter electrodes A (black), B (red), C (blue), D (pink) and E (green) and (ii) electrodes F 

(brown) and G (orange), as-grown (dashed) and acid-cycled (solid). Also shown is the response for 

platinum (light green) and glassy carbon (light blue). Note the difference in current density scales 

between (a) and (b) and also (bi) and (bii). 
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Figure 3.4 - CV in 0.1 M KNO3 recorded at a scan rate of 0.1 V s-1 for electrodes D (blue), E (red), 

glassy carbon (green) and platinum (purple). The CVs have been plotted on different scales and 

vertically offset for clarity. 

For freestanding pBDD electrodes A (low) – E (high), two trends are apparent; firstly 

all show wider potential windows than Pt and GC (Figure 3.3 (ai) and (aii), Table 3.1 

and Figure 3.4). Secondly, as [B] increases, the solvent window can be seen to 

decrease slightly (Table 3.1 and Figure 3.3 (ai)).45 Electrode A (low), which contains 

the lowest [B], and has the highest resistivity, exhibits the widest solvent window, 

especially in the cathodic region, due to the limited number of charge carriers, 

especially at negative potentials.  To be efficient, water electrolysis requires the 

presence of catalytic sites on the electrode surface (inner sphere electron transfer).48, 

49 Water electrolysis is hindered at metallic pBDD electrodes, D (high) and E (high), 

compared to GC and Pt, most likely due to a lack of available binding sites on the 

oxygen-terminated surface to mediate HET.50  On Pt and GC, both unfilled d-orbitals 

and reactive quinine-like groups are present, respectively, enabling more efficient 

(better binding) water-electrode interactions.51, 52 Interestingly, the presence of NDC 

in electrode D (high) is not sufficient to significantly affect the width of the solvent 
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window, as it shows a similar solvent window to negligible NDC electrode, E (high).  

However, while the CVs for electrodes A (low) – C (mid) and E (high) appear 

featureless between -1.5 V and +1.5 V, electrode D (high) does show evidence of a 

reduction peak between -0.7 and -0.95 V (Figure 3.3 (ai) inset), most likely due to 

NDC impurities providing catalytic sites for oxygen reduction. Similar responses have 

been reported for pBDD electrodes which contain sp2 carbon.29, 53 

For the thin film electrodes, as-grown electrode F (high, thin) shows a wider solvent 

window than G (very high, thin). Features are evident in the CV for electrode F at +1.4 

V and -0.95 V (Figure 3.3 (aii) inset) which increase significantly in magnitude and 

shift to more kinetically facile potentials of +1.15 V and -0.91 V, after potential 

cycling in acid, due to the increased presence of oxygen containing redox active NDC 

impurities.28, 54 This is also observed to a greater extent for electrode G. These 

processes were greater in magnitude for the first acid cycle, decreasing with 

subsequent cycles (data not shown) until a constant response was observed (data in 

Figure 3.3 (aii)), indicative of a decrease in NDC content.29, 55 However not all NDC 

was removed. Acid cycling was found to decrease the solvent window of both 

electrodes (Table 3.1).  

From Raman, although the NDC content of electrode F (high, thin) appears similar to 

that of the highly doped grains in electrode D (high), the currents associated with 

NDC-driven electrochemical processes are almost a factor of ten greater at electrode 

F. Although electrode F is rougher than D (roughness factor ~ 3.5) this is unlikely to 

account for the order of magnitude increase. Instead, we attribute the difference to the 

fact that over half the surface of electrode D contains lower doped and importantly, 

negligible NDC containing grains. In contrast, no area of electrode F was found to be 

NDC free on the scale of the micro-Raman measurement.  Finally, for the highest 
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doped electrode (G), both as-received and oxygen terminated, the solvent window is 

not as wide as that for glassy carbon (Table 3.1).  

Capacitance values, C, of 2.9 (± 0.1) µF cm-2, 8.5 (± 0.5) µF cm-2, 3.3 (± 0.3) µF cm-

2, 11 (± 0.5) µF cm-2 and 6.5 (± 0.4) µF cm-2 were determined from the CV data 

presented in Figure 3.3 (bi) for the pBDD electrodes A-E respectively at 0 V vs. SCE 

in 0.1 M KNO3 using, C = i/2vAgeometric,where i is the current, v is the scan rate and 

Ageometric the geometric electrode area. The measured values are all lower than that 

measured at the GC and Pt electrodes, 24 (± 2) µF cm-2 and 35 (± 3) µF cm-2, 

respectively. This is likely to originate from the lower local density of states for pBDD 

compared to classical electrode materials,56 and a significant reduction in surface 

driven redox processes, especially in the case of negligible NDC content. By 

comparing the capacitance values measured at the three NDC-free pBDD electrodes, 

A (low), C (mid) and E (high), it can be seen that increasing boron content acts to 

increase the measured capacitance, most likely due to an increasing LDOS. Based on 

boron content alone, electrodes B (low-mid) and D (high) have higher capacitance 

values than expected. We attribute this to the presence of NDC.  

Thin film electrode F (high, thin) gave significantly higher capacitance values after 

oxidation (23 (± 0.5) µF cm-2) via acid cycling, as opposed to when as-grown (H-

terminated: 3.9 (± 0.4) µF cm-2), again most likely due to revealing a significant 

number of oxygen containing redox active surface groups. Although a similar affect 

was seen with the highest doped electrode G (very high, thin) the capacitance values 

are abnormally high for both as-received and acid cycled; 153 (± 3) µF cm-2 to 381 (± 

8) µF cm-2. Very large capacitances at heavily doped BDD has been previously 

observed and attributed to NDC content,57 however, as the Raman spectrum for 

electrode G does not indicate significantly high sp2 content we speculate that the 
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material may contain cracks and pinholes not visible in FE-SEM,58 or boron carbide 

phases which adversely affect the electrochemical response.59 Unfortunately the 

Raman signature of boron carbide is likely to be masked by features associated with 

BDD.60 

3.2.3 pBDD Outer-Sphere Redox Processes 

To assess the performance of the seven pBDD electrodes, the electrochemical CV 

characteristics were recorded for three outer-sphere redox active species, whose 

formal potentials, E0’ cover a wide potential range, all reported with respect to a SCE 

reference electrode.  These include IrCl6
2-/3- (E0’ = 0.67 V), FeCp2CH2N(CH3)3

+/2+ 

hereafter referred to as FcTMA+/2+ (E0’ = 0.35 V) and Ru(NH3)6
3+/2+ (E0’ = -0.16 V) as 

shown in Figure 3.5 (a) (freestanding pBDD) and Figure 3.5 (b) (thin film pBDD).  

The peak to peak separations, ΔEp, for each pBDD electrode are shown in Table 3.2.  

 

Figure 3.5 - CVs performed with 1 mm diameter disc pBDD (a) electrodes A (black), B (red), C  (blue), 

D (pink) and E (green) and (b) electrodes F (brown) and G (orange), with an as-grown (dashed) or 

oxygen-terminated (solid) surface, at a scan rate of 0.1 V s-1 for (i) the oxidation of 1 mM IrCl6
3-, (ii) 

the oxidation of 1 mM FcTMA+ and (iii) the reduction of 1 mM Ru(NH3)6
3+ in 0.1 M KNO3. 
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pBDD Electrode 1 mM IrCl6
2-/3- 

Ep (mV) 

1 mM FcTMA+ 

Ep (mV) 

1 mM Ru(NH3)6
3+/2+ 

Ep (mV) 

A (R = 51.8 kΩ) 554 (±9) 589 (±7) 642 (±6) 

B (R = 1119 Ω) 80 (±6) 105 (±6) 615 (±8) 

C (R = 180 Ω) 69 (±3) 72 (±9) 212 (±9) 

D (R = 0.48 Ω) 62 (±2) 

k0
app ≥ 0.1 

62 (±3) 

k0
app ≥ 0.1 

68 (±4) 

k0
app  = 0.04 

E (R = 0.43 Ω) 61 (±2) 

k0
app ≥ 0.1 

61 (±2) 

k0
app ≥ 0.1 

65 (±2) 

k0
app  = 0.06 

F;    As-received 

O-term 

76(±2) 

84.5 

64 (±3) 

60.5 

66.5(±4) 

55.5 

G;   As-received 

O-term 

67.5 (±2) 

72.5 

63.5 (±2) 

60.5 

66 (±2) 

95 

 

Table 3.2 - Summary of electrochemical characteristics of the seven different pBDD electrodes, all 

performed in 0.1 M KNO3 

For electrodes A (low) –E (high), for the mediators IrCl6
3-, FcTMA+ and Ru(NH3)6

3+, 

the lowest doped electrode A shows the largest ΔEp (and smallest peak currents, ip) 

which increases in value, with a corresponding decrease in ip, as the formal potential 

of the redox species becomes more negative. This is further exacerbated by increasing 

the concentration of the redox species (data not shown), reflective of the p-type 

semiconducting nature of electrode A. A similar trend is seen for the higher doped 

semiconducting electrodes B (low-mid) and C (mid), except the observed ΔEp values 

are smaller.  

For electrodes D (high) and E (high), the ΔEp values are very close to reversible for 

all three redox mediators investigated, irrespective of the potential range. This 

indicates that these electrodes are doped sufficiently to behave as metal-like 

electrodes, as even in the negative potential window, where charge depletion effects 
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dominate for semiconducting electrodes there are a sufficient number of charge 

carriers available to maintain efficient HET. 

3.2.4 Finite Element Simulations 

A finite element model to simulate CVs at a 1 mm diameter disk pBDD electrode as a 

function of k0 and electrode resistances using Butler-Volmer kinetics was constructed 

using COMSOL Multiphysics 4.3 (COMSOL AB, Sweden). Typically, triangular 

mesh elements were used in each simulation with the greatest mesh resolution at the 

pBDD boundaries. The following equation was solved to describe diffusion within the 

2D-axisymmetric geometry: 

 

2 2

2 2

1i i i i
i

c c c c
D

t r r r z

    
   

    
  (3.1) 

where ci (mol cm-3) and Di represent the concentration and the diffusion coefficient of 

species i (FcTMA+
, Ru(NH3)6

3+, IrCl6
3-), t is the time, r is the radial distance from the 

center of the electrode and z is the distance normal to it. Di was assumed to be identical 

for both oxidation states of the redox species. The model was used to simulate the 

current at the pBDD electrode by solving the diffusion equation for the geometry 

depicted in Figure 3.6 subject to the boundary conditions summarised in Table 3.3. 
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Figure 3.6 - Geometry used for simulation of CV at pBDD electrodes 

Label  
Boundary 

Type 

Co-ordinates 

(R,Z) / mm 
Equation 

1 Electrode (0,0) – (0.5,0) 

 f b b

c
D k c c k c

z


   


 

 b b f

c
D k c c k c

z


   


  

Ru(NH3)6
3+ 

IrCl6
3- and 

FcTMA+ 

2 Glass-sheath (0.5,0) – (30,0) 0 .c n  

3 Bulk solution (30,0) – (30,30) 
bc c  

4 Bulk solution (30,30) – (0,30) 
bc c  

5 
Axis of 

symmetry 
(0,30) – (0,0) 0 .c n  

 

Table 3.3 - Summary of the boundary conditions used for the simulation of the pBDD electrode current. 

In Table 3.3, cb represents the concentration of the electroactive species in bulk 

solution and R and Z are the co-ordinates parallel to the electrode and normal to the 

electrode respectively.  Butler-Volmer kinetics (equations (3.2) and (3.3)) were used 

to describe HET kinetics at the pBDD electrode/solution interface as follows: 
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RT

   
  

 
  (3.3) 

where kf is the forward and kb is the back rate constant for the electron transfer process, 

k0 is the standard rate constant, α is the transfer coefficient (which is assumed as 0.5 

in these experiments), n is the number of electrons involved in the reaction, F is 

Faraday’s constant and η is the overpotential.  The overpotential is the applied 

potential – the half wave potential, where the half wave potential is given as IrCl6
2-/3- 

= +0.67 V, FcTMA+/2+ = +0.35 V and Ru(NH3)6
3+/2+ = -0.16 V, experimentally 

determined against a SCE. i is the current and Rint is the intrinsic material resistance.  

For metal-like pBDD electrodes, Rint represents the intrinsic resistance of the material 

(R1) calculated from electrical resistivity measurements.  For the semiconducting 

pBDD electrodes, Rint is the sum of the bulk electrode resistance R1 (measured in air) 

and the potential dependent interfacial resistance due to charge 

depletion/accumulation effects (R2). 

A range of apparent HET rate constants, k0
app, were simulated and fitted against the 

experimental CVs. For the metallic electrodes D (high) –G (very high, thin), an ohmic 

drop term due to the resistance of the diamond material, R1, was incorporated into the 

model, calculated as R1 = ρ l/A, where ρ = diamond sheet resistivity, l = diamond 

thickness and A = electrode cross sectional area. Table 3.2 shows the best fit k0
app 

values for the different redox mediators for electrodes D and E. 

From the simulations k0
app values are estimated to be  0.1 cm s-1 for IrCl6

3- and 

FcTMA+
,  with slightly lower values of 0.04 (± 0.002) cm s-1 (D) and 0.06 (± 0.002)  
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cm s-1 (E) for Ru(NH3)6
3+, which may be due to its lower self-exchange rate constant, 

kexc, of 4 × 103 M-1 s-1. These values compare favourably to HET reported rate 

constants on GC electrodes7, 8 and demonstrate it is possible to produce sufficiently 

doped diamond electrodes, which although have a lower LDOS than a metal electrode, 

can support fast HET. Moreover, this data shows it is not necessary to employ very 

high doping levels, i.e. > 1021 B atoms cm-3 (> 1 in 100 C atoms replaced with B), or 

incorporate NDC, to achieve fast HET rates with BDD.61 Note that in the literature, 

higher doped boron electrodes have been shown to demonstrate higher catalytic 

activity than lower doped electrodes, however Raman indicates a significantly higher 

NDC content, which is most likely the cause of the increased electroactivity.62  

The CV data for the thin film metallic electrodes F (high, thin) and G (very high, thin) 

for both as-received and oxygen-terminated surfaces are shown in Figure 3.5 (b). 

While comparable ΔEp values to electrodes D (high) and E (high) are recorded, the 

effect of the larger background currents (Figure 3.3) on the faradaic response is clearly 

seen, especially after oxygen-termination. Hence we did not attempt to quantify k0
app 

for electrodes F and G. 

For semiconducting electrodes, charge depletion/accumulation is dependent on the 

electrode potential which will affect the CV response.63 This was modelled using a 

potential dependent resistance term, R2 given by equation (3.4): 

 
 

2 ' 1

' 1
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  (3.4) 

E is the applied potential (restricted to the range  1.5 V).  has dimensions -1,  χ 

and γ have dimensions of V and n’ ( 1) is dimensionless. Note if n’1, R2  (1/) 
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and is potential independent. Unlike metals, the amount of available charge carriers at 

the semiconductor-electrolyte interface is dependent upon applied potential. For a p-

type semiconductor the majority charge carriers (holes) are depleted upon the 

imposition of a negative potential, forming a gradient from the interface into the bulk 

semiconductor, the space charge region. Equation (3.4) allowed the use of a working 

curve that could be adjusted to model this phenomenon. A typical potential dependent 

resistance curve is shown in Figure 3.7 for the lowest boron doped electrode, A, 

depicting how resistance is assumed to increase at more negative potentials.  

 

Figure 3.7 - R2 curve used for electrode A, where  = 7×10-6, χ = 1.5, γ = 10 and n’ = 1.3. 

Figure 3.8 (a) and (b) show, as an example, the best fit of simulated (red) and 

experimental (black) CVs for the oxidation of 1 mM FcTMA+ (k0
app = 2 × 10-3 cm s-1) 

and reduction of 1 mM Ru(NH3)6
3+ (k0

app = 6 × 10-4 cm s-1) respectively at electrode 

A, recorded at a scan rate of 100 mV s-1. 
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Figure 3.8 - The best fit simulated (red) and experimental (black) CVs for (a) oxidation of FcTMA+ 

(ko
app = 2 × 10-3 cm s-1) and (b) reduction of Ru(NH3)6

3+ (k0
app = 6 × 10-4 cm s-1) respectively at the 

lowest doped semiconducting electrode A, where R1 = 52 kΩ and R2 varies with potential as shown in 

Figure 3.7. 

3.2.5 Hydrogen and Oxygen Termination, Stability and Surface Sensitive 

Processes 

To explore the electrochemical response and more importantly stability of hydrogen-

versus oxygen-terminated surfaces, CV measurements were recorded using both 

lapped semiconducting pBDD electrode B (dopant density 2 × 1018 B atoms cm-3) and 

metallic pBDD electrode (E). The outer sphere redox couple Ru(NH3)6
3+ was 

employed as its formal potential is sufficiently in the band gap region, see above, to 

show very different electrochemical characteristics for the two differently doped 

electrodes (Figure 3.5). Electrode E (high) was chosen for these studies as E shows 

the optimal characteristics of all “metal-like” electrodes investigated in terms of 

minimal NDC, widest solvent window and lowest capacitive currents. 

Figure 3.9 (a) shows CVs recorded at hydrogen- (dashed) and oxygen- (alumina 

polished; solid line) terminated electrodes B (black line) and E (red line). For electrode 

E (high), ΔEp is independent of whether the surface is hydrogen- or oxygen-

terminated, however hydrogen-termination of electrode B (low-mid) results in a 
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significant decrease in ΔEp from 615 mV to 140 mV, suggesting a significant increase 

in the rate of HET. Although hydrogen-termination does not alter the intrinsic bulk 

resistance of the diamond, it does cause the density of charge carriers to increase, as 

holes form in an accumulation layer at the diamond surface, decreasing the potential 

drop across the depletion layer, resulting in the observed increase in HET.64-66  

It has been shown that the application of very positive potentials (a few volts vs. SCE) 

in acidic media is sufficient to almost completely convert from a hydrogen- to an 

oxygen-terminated surface.67 However, it was of interest here to investigate the 

electrochemical stability of the hydrogen-terminated layer under potential conditions 

and less extreme pH conditions more akin to conventional electrochemical 

measurements, in order to verify whether hydrogen-termination of semiconducting 

electrodes was a viable route for increasing HET. In order to do this, electrochemical 

studies focused on hydrogen-terminated semiconducting electrode B with Ru(NH3)6
3+ 

in 0.1 M KNO3 (pH = 6). 

 

Figure 3.9 - CVs performed with pBDD 1 mm diameter disc electrode B; acid cleaned oxygen-

terminated surface (solid black), freshly hydrogen-terminated surface (dashed black) and similarly E; 
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acid cleaned oxygen-terminated surface (solid black), freshly hydrogen-terminated surface (dashed 

green) at a scan rate of 0.1 V s-1 for the electrolysis of 1 mM Ru(NH3)6
3+ in 0.1 M KNO3. 

Figure 3.10 (a) shows the redox behaviour of 1 mM Ru(NH3)6
3+ over the potential 

ranges  ± 0.6 V, ± 0.7 V, ± 0.9 V and ± 1 V versus SCE, where the first CV of five, 

for each potential range is shown. The first CV recorded is in agreement with the CV 

data shown in Figure 3.9, however after just five potential cycles, the second CV 

shown displays a slight decrease in ip and increase in ΔEp (154 mV), which is 

exacerbated with repeated scanning especially as the potential range is slowly 

increased by 100 mV each five cycles. This effect was not seen for the oxygen-

terminated surface.  

 

Figure 3.10 – CVs performed with electrode B in a solution of 1 mM Ru(NH3)6
3+ 0.1 M KNO3 where; 

(a) the potential has been cycled (5 times) between increasingly extreme potentials of ± 0.6, ± 0.7, ± 

0.8, ± 0.9 and ± 1 V  between subsequent scans and (b) the potential has been cycled from ± 1.5 V in 

0.1 M KNO3 between subsequent scans. 

These data indicate that the surface termination is slowly being converted from 

hydrogen to oxygen; an effect which is exacerbated as the potential is increased. 

Importantly, we show conversion occurs at even relatively mild applied potentials in 

close to neutral pH conditions, which can lead to possible mis-interpretation in HET 

data, if not accounted for. Figure 3.10 (b) shows the effect of potential scanning 
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between ± 1.5 V in 0.1 M KNO3 on a freshly hydrogen-terminated electrode B (low-

mid). After just three potential cycles the resulting CV now closely resembles that of 

the oxygen-terminated surface. Hence, although hydrogen-termination can 

significantly improve the HET capabilities of a semiconducting BDD electrode it is 

not an electrochemically stable surface and even the application of mild potentials will 

cause deterioration. Unfortunately, re-hydrogen-terminating the surface is non-trivial 

and can only be done reliably through exposure to hydrogen plasma or through 

hydrogen dosing.64 This data, and the CV data presented in Figure 3.5, also highlight 

that the redox couple Ru(NH3)6
3+ is the most appropriate to use when assessing the 

HET properties of an unknown [B] BDD oxygen-terminated electrode. This is due to 

its high sensitivity to the electrical properties of pBDD and outer sphere 

characteristics. 

3.2.6 pBDD Surface Sensitive Redox Processes 

Surface sensitive HET processes will also be strongly influenced by the surface 

termination of the electrode. Studies focused on differently oxygen-terminated metal-

like lapped electrode, E with two different redox couples thought to be surface 

sensitive Fe(CN)6
4-/3- 68, 69 and Fe2+/3+.70  For highly doped pBDD, HET kinetics of 

Fe(CN)6
3-/4- are reported to be slower at oxygen- than hydrogen-terminated pBDD 

surfaces.30, 71-73  It has been suggested that oxygen functional groups inhibit HET of 

Fe(CN)6
3-/4- due to blocking of adsorption sites.30, 74  Alternative theories75 consider it 

is the negative charge on oxygen containing groups which repel the negatively charged 

redox species. In contrast, studies by McEvoy have shown mechanical cleaning to 

mildly improve the kinetics for Fe(CN)6
3-/4-, thought to be due to hydrocarbon 

contaminant removal.76  Some forms of anodic pre-treatment have also been shown to 

improve HET kinetics.74, 77 The differences in the BDD literature also highlight the 
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fact it is vitally important when measuring HET to carefully assess the material and 

surface properties so comparative assessments between different group’s 

measurements can be made. 

Several methods exist for oxygen-termination including boiling in acid,33, 78 alumina 

polishing, exposure to oxygen plasma,79 photochemical oxidation,73 reaction with 

oxygen at high temperatures,80 and probably the most common anodic polarisation.81 

Here we use two contrasting procedures, alumina polishing, commonly used by 

researchers as the electrode cleaning step prior to electrochemical measurement and 

anodic polarisation in acid. Figure 3.13 (ai) shows CVs for 1 mM Fe(CN)6
3-/4- in 0.1 

M KNO3 with electrode E, at a scan rate of 0.1 V s-1 oxygen terminated via (red) 

alumina polishing and (black) anodic polarisation for 60 s at 3 V vs. SCE in 0.1 M 

H2SO4. These are representative of at least n = 20 measurements on freshly prepared 

electrodes.  

Alumina polishing electrode E results in a near reversible response for Fe(CN)6
3-/4- 

electrolysis (ΔEp of 65 mV), although this was not tested at higher scan rates. Taking 

into account electrode size, and comparing all studies in the literature, this represents 

the fastest reported HET kinetics for this couple at an oxygen-terminated pBDD 

electrode. In contrast, after anodic polarisation, the effect on the CV behaviour is 

dramatic, with ΔEp increasing in value from near reversible to 500 mV, and the 

currents falling in magnitude, indicative of significantly reduced HET.   

To investigate further, XPS was performed on the two oxygen-terminated surfaces. 

Figure 3.11 shows typical C1s XPS spectra for alumina polished (i) and anodically 

polarised (ii) pBDD electrodes recorded at (a) room temperature and after elevation to 

(b) 300 oC and (c) 500 oC. A wide XPS survey scan, Figure 3.12, showed no 

aluminium, indicating the surface had been cleaned of all alumina particles.  The data 
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for all spectra was fitted using Lorentzian-Gaussian peaks after a Shirley background 

subtraction to investigate the chemical environments in which carbon is present at the 

surface.  

 

Figure 3.11 - C1s XPS spectra for pBDD electrode E at (a) room temperature and upon heating to (b) 

300 oC and (c) 500 oC for an (i) alumina polished and (ii) anodically polarised surface with peak fitting 

where the grey line is the experimental data, coloured peaks are fittings and the black is the overall fit. 

 

Figure 3.12 - Survey XPS spectra for the alumina polished pBDD surface at room temperature. 

For the room temperature alumina polished surface, Figure 3.11 (ai), the largest 

component (peak 1) found at 284.6 eV can be attributed to sp3 C-C present in the 
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diamond bulk; all other component peaks are given relative to this one. Higher binding 

energies have been associated with carbon in the form of adsorbed hydrocarbons (+0.6 

to +0.9 eV) and different forms of oxidation e.g. alcohol C-OH and ether C-O-C (+1 

to 2 eV), carbonyl C=O (+2.9 to 3.8 eV) and carboxyl COOH (+3.7 to 4.3 eV).76, 82-85 

These assignments suggest the presence of C-OH and C-O-C groups (peak 2), as well 

as C=O groups (peak 3).  Peak 6 at lower energies (-1 to -2.1 eV) can be assigned to 

sp2 C-C, where reconstruction of the diamond surface, especially at the polycrystalline 

grain boundaries, may give rise to π bonding. Although no evidence of sp2 was seen 

in the Raman spectra, XPS is a much more sensitive surface technique.  

To gain further insight, XPS was also performed after heating to elevated 

temperatures, as shown in Figure 3.11 (bi) and (ci) respectively. Peak 3, associated 

with ketonic (C=O) functional groups, decreases significantly after heating to 300 oC 

(7% of peak 1) and is almost completely removed after heating to 500 oC (3% of peak 

1). In contrast peak 2 (ethers and alcohols) appears stable at these temperatures. This 

is in agreement with reports which show that C=O groups are more weakly bound to 

the surface than C-O-C groups and are thus more easily removed at lower temperatures 

(100-400 oC).86 Importantly, the XPS spectra after heating to 500 oC, resembles that 

of an in-situ annealed single crystal,87 indicating the high quality of this electrode 

material. 

These peak assignments can also be applied to the anodically polarised XPS spectra 

in Figure 3.11 (ii), which at room temperature are dramatically different to the alumina 

polished surface.  The main sp3 C-C peak 1 has shifted slightly to a lower binding 

energy of 284.2 eV, indicating charging effects or a change in the valence band 

position. Peak 2 is a much larger component of the C1s spectra (107% of peak 1) 

compared to the alumina polished surface.  Increases in peak 2 have previously been 
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observed after anodic treatment, but to varying degrees.87, 88 A significant tail at the 

higher binding energies (peaks 3 – 5, spanning +2.2 to +5.4 eV) indicates the presence 

of highly oxidised carbon functional groups such as COOH and even polycarbonate 

groups (41% of peak 1).84, 89  Upon heating to 300 oC, a decrease in peaks 3-5 (26% 

of peak 1) is observed, and also peak 2 (64% of peak 1), with further decreases after 

heating to 500 oC. For this surface, the data suggests that many of the carbon-oxygen 

groups are only weakly adsorbed to the surface, and may even be present in an 

adsorbed layer. At 500 oC, the surfaces of the two differently prepared electrodes give 

similar XPS spectra.   

Given that we obtain reversible HET for Fe(CN)6
4-/3- at our alumina polished surface, 

the concentration of ketonic, ether and alcohol groups on this surface are not sufficient 

to hinder HET of this mediator. However, as soon as more oxidised groups are 

introduced e.g. COOH (which are also likely to be present for electrodes containing 

non negligible NDC) and the concentration of ether and alcohol groups significantly 

increase, the effect on HET is dramatic, resulting in Fe(CN)6
4- - surface interactions 

which slow down HET. Note that we can rule out any possible electronic factors 

associated with not the material not being sufficiently doped. This data also re-

emphasises that the Fe(CN)6
4- couple should be treated with caution when being used 

to assess the HET properties of an electrode.90 Finally, simply alumina polishing an 

anodically treated surface, resulted in the attainment of reversible HET for Fe(CN)6
4-.  

Further investigations employed the classic inner-sphere redox couple Fe2+/3+. Figure 

3.13 (aii) shows CVs for the oxidation of 1 mM Fe2+ in 0.1 M HClO4 at a scan rate of 

0.1 V s-1 for (red) alumina polished and (black) anodically polarised, electrode E. ΔEp 

at the alumina polished electrode was 803 mV, which decreased to 472 mV upon 

anodic pretreatment. This increase in HET is likely to be due to the increased presence 
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of functional groups such as carbonyls (including COOH), which favourably mediate 

HET for this couple.7, 68 Also visible in Figure 3.13 (aii) is the presence of a small peak 

which is unresolved on top of the main CV, for both surfaces, at 0.47 V (red line) and 

0.46 V (black line). Tentatively we attribute this feature to different rates of HET at 

different facets (see Figure 3.1 (e)) on electrode E. 

 

Figure 3.13 - (a) CVs performed with 1 mm diameter disc electrode E after alumina polish (red) and 

anodic pretreatment (black) for the oxidation of (i) 1 mM Fe(CN)6
4- in 0.1 M KNO3 and (ii) 1 mM Fe2+ 

in 0.1 M HClO4. (b) CVs for the oxidation of 1 mM Fe2+ in 0.1 M HClO4 after 5 s treatment at either -

1.5 V (green) or 2 V (blue) for the (i) alumina polished (black) and (ii) anodically polarised electrode 

(black). 

For both surface treatments it was essential to verify the electrochemical stability of 

the lapped oxygen terminated surface as this is a key requirement in electroanalysis. 

This was achieved by repeatedly scanning (10 cycles per day) the electrode, in 1 mM 

Fe2+ in 0.1 M HClO4, over the potential range -0.3 V - +1.4 V versus SCE for a week. 

Both electrodes were found to give very stable responses (ΔEp values deviated by no 
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greater than ± 12 mV). We found that only by applying more extreme anodic/cathodic 

potentials was it possible to affect the CV response. For example, as shown in Figure 

3.13 (bi), when starting with an alumina polished surface, applying cathodic 

potentials, -1.5 V for 5 s in 0.1 M HClO4 (ca. 15 µC passed), had no effect on the CV 

(ΔEp of 802 mV), however, 2 V for 5 s in 0.1 M HClO4 (ca. 15 µC passed), caused 

ΔEp to decrease from 803 mV to 475 mV, as the surface approaches a surface 

functionality more akin to that obtained with the anodic treatment.   

In the case of the anodically polarised surface as shown in Figure 3.13 (bii) further 

anodic polarisation, 2 V for 5 s in 0.1 M HClO4, gives no change in the response, as 

to be expected, however, cathodic polarisation, -1.5 V for 5 s in 0.1 M HClO4 results 

in a small increase in ΔEp from 472 mV to 564 mV.  Importantly, for both surfaces, 

provided the applied potential is not run out too far negative or positive, both forms of 

surface termination are stable. 
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3.3 Conclusion 

In order to produce pBDD oxygen-terminated electrodes suitable for electroanalysis, 

and exploiting attributes such as low background currents, wide solvent window, high 

stability and reproducibility, it is essential the material properties of the electrode are 

carefully optimised. Firstly, the material must demonstrate metal-like conductivity. 

Electrical measurements demonstrated this was achieved at average [B] > 1020 boron 

atoms cm-3. Although lower [B] results in larger solvent windows and lower 

capacitances, the smaller number of charge carriers available at more negative 

potentials, due to the p-type semi-conducting nature of the electrode, result in sluggish 

HET kinetics for redox couples with formal potentials in the band gap (e.g. 

Ru(NH3)6
3+), which is undesirable. Significantly faster HET for Ru(NH3)6

3+ 

electrolysis at semi-conducting electrodes can be obtained by hydrogen-terminating 

the surface. However, as HET was shown to decrease as the electrode was subjected 

to successive potential cycles, exacerbated as the potential was increased; the 

hydrogen-terminated lapped surface appears to be electrochemically unstable 

Second, it is essential no evidence of NDC in either the Raman spectra or the solvent 

window is observed. In the latter, NDC content is confirmed due to the presence of 

NDC oxidative currents and/or an oxygen reduction signal, in near neutral pH aqueous 

solutions. In general, the more NDC present, the smaller the solvent window and 

higher the NDC driven surface currents. As hydrogen-termination can significantly 

mask NDC-like features in the solvent window, as well as decreasing capacitive 

currents, it is important to consider this affect when using CV to assess NDC content 

of as-grown i.e. H-terminated electrodes. Note as we found it impossible to remove 

NDC completely, post-growth, by either diamond polishing or cycling (or boiling) in 

acid, growth must be carefully controlled to minimise NDC.   
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Thirdly, it is essential [B] content is optimised. Even though BDD contains a lower 

density of states than a metal it is not necessary to use extreme doping levels e.g. > 1 

×1021 B atoms cm-3, as increased [B] results in slightly narrower solvent windows, 

higher capacitance and can increase the likelihood of NDC incorporation. We found 

oxygen-terminated pBDD electrodes with an average [B] ~ 3 × 1020 boron atoms cm-

3 (negligible NDC content), recorded the lowest capacitive currents (~ 6 F cm-2), 

widest solvent windows and achieved fast (reversible) HET for a wide range of outer 

sphere redox couples, on the experimental timescale provided by a 1 mm diameter 

electrode scanned at 100 mV s-1.  

For the surface sensitive redox couples, Fe(CN)6
3-/4- and Fe2+/3+, it is possible to 

drastically influence HET simply by changing the method of oxygen-termination. In 

particular, for the optimal electrode material employed, alumina polishing of the 

lapped surface promoted near reversible HET for Fe(CN)6
3-/4-, the fastest reported 

HET for this couple to-date at an oxygen-terminated pBDD electrode. In contrast 

anodic polarisation resulted in a significant reduction in HET. Less dramatic effects 

were seen with the redox couple Fe2+/3+, although oxidation of Fe2+ was favoured on 

the anodically polarised surface. XPS analysis suggested a higher prevalence of 

oxygen functional groups such as carbonyl and carboxyl groups on the anodically 

polarised surface, and increased levels of ether and alcohol groups, thought to be 

responsible for the significant decrease in HET for Fe(CN)6
4- and slightly increased 

HET for Fe2+. Temperature dependant XPS studies revealed the alumina cleaned XPS 

surface to be high quality, containing only monolayer oxygen functionalities. Most 

importantly, for both methods of oxygen termination, the CV responses for e.g. Fe3+/2+ 

were found to be stable over repetitive cycles, over a week of testing. 
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4 Electrical and Raman Studies of pBDD 

 

Further characterisation of samples A – E was performed in this chapter with Raman 

mapping and electrical measurements. Samples A – C are moderately doped (9.2 × 

1016 – 6 × 1019 cm-3) and displayed large changes in resistivity at different 

temperatures, whereas samples D and E (2 – 3 × 1020 cm-3) showed only small changes.  

Theoretical data showed a satisfactory fit to experimental plots of resistivity vs. 

reciprocal temperature for all samples, validating the obtained values of boron 

concentration. The heavily doped samples (D and E) showed small activation energies 

of around 0.03 – 0.04 eV, and were deemed effectively metallic at room temperature.    

Raman mapping was performed on samples D and E to assess the heterogeneity of 

boron concentration and the presence of NDC. The zone centre optical phonon peak 

occurring at ~ 1332 cm-1 diminishes with increasing amounts of boron and a broad 

feature at 1500 cm-1 becomes larger with more NDC. Maps were constructed from 

many spectra across the pBDD surface by recording the areas of these two features, a 

similar structure to that seen in FE-SEM was observed when assessing boron 

concentration for both D and E. Sample D showed evidence of NDC, which correlated 

well with areas of higher boron, this was not seen in sample E indicating negligible 

amounts of NDC. 
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4.1 Conductivity of BDD 

Intrinsic diamond is a semiconductor that possesses a very large band gap of 5.5 eV,1 

this large separation between electrons in the valence band and holes in the conduction 

band renders diamond insulating at room temperature. Doping with impurity atoms 

allows the creation of an extrinsic semiconductor which may display appreciable 

conductivity at room temperature.2 The conductivity processes in pBDD are somewhat 

complex and are dependent upon factors such as; acceptor concentration (NA in cm-3), 

donor concentration (ND in cm-3), temperature and the presence of traps and scattering 

sites such as grain boundaries.   

4.1.1 Conduction Mechanisms in semiconducting BDD 

The conductivity of a semiconductor is given by the following relation; 

 
n pnq pq      (4.1) 

where σ is conductivity in Ω-1cm-1, n is the number of electrons in the conduction band 

in (cm-3), p is the number of holes in the valence band in (cm-3), q is the elementary 

charge in C, µn and µp are the respective mobilities of electrons and holes in cm2V-1s-

1. For a boron-doped semiconductor NA >> ND; p >> n (at temperatures where electrons 

can be permanently excited to acceptors) therefore; 

 ppq    (4.2) 

The concentration of holes available in the valence band, p, in a partially compensated 

p-type semiconductor may be calculated with the following idealised equation;3 

 
  *

3/2

2

2 2
expD B A

A D a B

p N p m k T E

N N p g h k T

   
         

  (4.3) 
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where ND and NA are the concentrations of donors and acceptors in cm-3 respectively, 

ga is the degenerescence level of the acceptor state, m* is the effective mass of a hole 

in kg, and all other symbols have their usual meanings. As temperature increases the 

number of available ‘holes’ in the valence band increases, this is caused by thermal 

promotion of electrons into bound acceptor states leaving behind holes in the valence 

band. At sufficiently high temperatures the concentration of holes in the valence band 

will reach saturation such that;3 

 
A Dp N N    (4.4) 

This is illustrated in Figure 4.1 where p is calculated from equation (4.3); values for 

NA, m* and EA were 1 × 1019 cm-3, 6.83 × 10-31 kg and 0.37 eV respectively, ND is 

varied to produce different compensation ratios.  

 

Figure 4.1 – Theoretical hole concentration calculated from equation (4.3) as a function of temperature 

at different compensation ratios. 

The mobility of charge carriers in a semiconductor will also vary with temperature,  

with increased temperatures causing more carrier scattering due to lattice vibrations, 
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therefore reducing mobility.4 The variation of mobility with temperature for a 

semiconductor is given by;5 

 300
300

s

phonon

T
 



 
  

 
  (4.5) 

where µ300 is the mobility at 300 K in cm2V-1s-1 and s is a dimensionless parameter 

that describes the variation of µphonon with T. At low temperature impurity scattering 

becomes significant and limits mobility. 

4.1.2 Conduction in Heavily BDD   

The aforementioned description of conductivity only describes the movement of holes 

in the valence band and is not satisfactory for higher levels of boron doping, where it 

has been shown that other conductivity mechanisms contribute.6 Studies by Fritzsche 

et al7-9 have suggested that there are three main conductivity mechanisms in doped 

germanium that operate at different temperatures and doping levels. These 

conductivities may be combined to yield the total conduction, which is given by;10 

 31 2
1 2 3exp exp exp

B B B

EE E

k T k T k T
   

      
       

     
  (4.6) 

where the subscripts of σ and E denote the conductivities and the activation energies 

of the three conduction mechanisms respectively. The same type of conduction 

mechanisms have been proposed for BDD, equation (4.6) has been used by Collins,6 

Inushima11 and Visser12 to explain variable temperature resistivity measurements. The 

first conductivity term, σ1, is due to the movement of holes in the valence band, σ2 is 

thought to arise from conduction in an acceptor band, although there is discussion into 

the existence of this mechanism.11 The third conductivity term, σ3, is due to hopping 
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between ionised and neutral boron atoms, finally at boron dopant levels above the 

metallic threshold (3 × 1020 cm-3) metallic type conduction occurs.11 The band 

structure of semiconductor undergoing a metal-insulator transition is shown 

schematically in Figure 4.2.13 Impurity energy levels in an extrinsic semiconductor 

begin to coalesce at high doping levels, forming an impurity band when these 

impurities are close enough such that their wavefunctions overlap. This half-filled 

impurity band splits into two separate bands forming an ‘effective’ band gap, (c). Upon 

further doping these two bands begin to merge and a metal-insulator transition occurs, 

(d).13  

 

Figure 4.2 – Schematic of the metal-insulator transition in a semiconductor upon p-type doping at 0 K, 

yellow shading represents states filled with electrons.13  
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The effect of dopants on the activation energy of silicon have been studied by Pearson 

and Bardeen,14 with adjustment this relation may be applied to BDD. The activation 

energy at a given boron concentration (where [B] ~ NA-ND) may be approximated with 

the following equation;15  

 
8 1/30.37 6.7 10A AE N     (4.7) 

where the value 0.37 corresponds to the ionisation energy of boron in diamond in eV 

and the coefficient of NA is a collection of other terms. This is shown graphically in 

Figure 4.3, where EA is observed to sharply drop around a boron concentration of ~ 2 

× 1020 cm-3. 

 

Figure 4.3 – Theoretical variation of activation energy with boron concentration for diamond 

calculated from equation (4.7). 
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4.1.3 Conductivity Measurements at Variable Temperature 

Lagrange et al5 suggested a method of obtaining information about scBDD samples, 

such as µ and ND, by measuring the resistivity of a sample at various temperatures, 

without the need for Hall mobility measurements. The second conductivity term (σ2) 

described above in section 4.1.1 is not considered for this calculation, the total 

conductivity can therefore be expressed as;5 
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where NV is the density of states of the valence band in cm-3, and N0 is a collection of 

other terms in cm-3K-3/2.  

The resistivities (ρ = 1/σ) of semiconducting samples used in this thesis were measured 

at various temperatures as described in section 2.3.2, these samples are; A, B and C. 

Experimental data were fit with equation (4.8), yielding a curve whose shape is 

dictated by the various parameters in equations (4.9), (4.10) and (4.11). The solver 

function in Microsoft Excel was used as a means to optimise these parameters so that 

a good fit to experimental data was obtained. Due to the large number of parameters 



100 

 

however, certain constraints were required in order to avoid seemingly good graphical 

solutions providing unrealistic parameters. 

The degenerescence level of the acceptor state, ga, was set at 4 and the N0 term was 

set to 3.4 × 1015 cm-3, both of these parameters are non-adjustable for the purposes of 

this fit, values for NA were supplied by SIMS. Values calculated from equation (4.7) 

were used as starting values for EA, though many authors12, 15, 16 have reported a wide 

range of values that deviate from the curve presented in Figure 4.3. The s parameter 

was initially set to 1.5, though this is reduced to 0 for samples with high concentrations 

of boron, ND was set at a value of 1 × 1016 cm-3 unless otherwise stated. This was 

chosen as a reasonable value of the donor concentration as Element Six Ltd. have 

demonstrated the ability to grow intrinsic diamond with ND << 1016 cm-3
.   

For the purposes of this data, equation (4.5) was used to calculate mobility as a 

function of temperature, however mobility may be considered to comprise two 

different components based on two different scattering mechanisms; scattering from 

phonons and also from impurity atoms. The following general relation therefore may 

be considered;17 

 
1 1 1

phonon impurity  
    (4.12) 

where µ is some general mobility and the subscripts denote scattering due to phonons 

and impurity atoms respectively. The term µphonon will decrease with increasing 

temperature, at high impurity concentrations however mobility becomes temperature 

independent.18 The value of the s parameter in equation (4.5) therefore describes the 

sensitivity of temperature dependent scattering, a value of 0 dictates that scattering is 

temperature independent.  
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The experimentally determined resistivities of samples A, B and C are plotted against 

reciprocal temperature in Figure 4.4, Figure 4.5 and Figure 4.6 respectively, model 

curves from equation (4.8) are also plotted, error bars lie within data symbols. The 

results of fitting equation (4.8) to experimental values for these samples are 

summarised in Table 4.1 

 

Figure 4.4 – Resistivity versus reciprocal temperature of sample A, experimentally determined (black 

symbols) and theoretically calculated values (red line).   



102 

 

 

Figure 4.5 – Resistivity versus reciprocal temperature of sample B, experimentally determined (black 

symbols) and theoretically calculated values (red line).   

 

Figure 4.6 - Resistivity versus reciprocal temperature of sample C, experimentally determined (black 

symbols) and theoretically calculated values (red line).   
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Sample µ300 (cm2V-1s-1) EA (eV) s NA (cm-3) ND (cm-3) 

A ~ 7 ~ 0.36 1.5 9 × 1016 1 × 1016 

B ~ 31 ~ 0.30 1.5 2 × 1018 1 × 1016 

C ~ 4 ~ 0.27 0 6 × 1019 1 × 1017 

 

Table 4.1 – Parameters affording the best fit to data for semiconducting pBDD samples; s, NA and ND 

are fixed values for each sample. 

Mobilities at 300 K are in the range from 4 – 31 cm2V-1s-1, with the highest value 

belonging to sample B. These mobilities are considerably lower than values for 

intrinsic single crystal CVD diamond, which have been reported to range from 2000 

– 2250 cm2V-1s-1 and up to 3800 cm2V-1s-1.19, 20 These values drop substantially with 

increasing boron content.21, 22 Hole mobilities in pBDD are lower than scBDD due to 

carrier scattering at grain boundaries,23 the highest reported (room temperature) carrier 

mobility for pBDD doped with a boron concentration of approximately 5 × 1017 cm-3 

is ~ 70 cm2V-1s-1.24 The mobilities presented here are as expected lower than this value. 

They are similar to values reported by Zhang et al25 of between 9.7 – 2.8 cm2V-1s-1. It 

is interesting to note that the sample with the highest mobility (B) does not have the 

lowest concentration of boron, which would be unexpected if only scattering due to 

impurity atoms was operating. Scattering due to grain boundaries also occurs and 

boron doping is not uniform across all polycrystalline diamond. This will vary with 

average grain size, where films with larger grains (less boundaries) are expected to 

have less grain boundary scattering.26 Sample B is the thickest film (860 µm) and 

contains grains far larger than those of A and C, this causes less scattering due to grain 

boundaries and increases the overall mobility.    

Sample A, Figure 4.4, displays very high resistivity which is strongly dependent on 

temperature (note the units of the scale). This is due to its low boron concentration, as 
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temperature is increased more holes are thermally excited into the valence band 

thereby increasing conductivity. The activation energy of ~ 0.36 eV is close to that of 

the boron acceptor ionisation energy (0.37 eV).  

Data for samples B and C, Figure 4.5 and Figure 4.6 respectively, show a similar trend 

of decreasing resistivity with increasing temperature as was observed in sample A. 

The resistivities of B and C are similar in the measured temperature range despite there 

being more than order of magnitude difference in boron doping, this could be 

explained by the fact that sample B has a higher mobility. The activation energies for 

these samples are lower than that of A, reflecting the increase in [B] and movement of 

the bottom of the acceptor band towards the top of the valence band. A reasonable fit 

to data for sample C could only be achieved by increasing ND to 1 × 1017 cm-3 and 

changing s to 0. The latter suggests that the mobility of carriers in this sample is 

temperature independent over the range studied.   

The resistivities of samples D and E, which contain high concentrations of boron, were 

also assessed at various temperatures and are plotted in Figure 4.7. Experimental 

resistivity data was fit with equation (4.8) as before, using the solver function in 

Microsoft Excel to modify the adjustable parameters in order to obtain the best fit, 

these values are listed below in Table 4.2. The s parameter was set to 0 due the high 

concentration of boron in these films.  
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Figure 4.7 – Resistivity as a function of temperature for samples D (red) and E (blue). Experimental 

values are plotted as symbols and theoretical values calculated from equation (4.8) are solid lines. 

 

Sample µ300 (cm2V-1s-1) EA (eV) s NA (cm-3) ND (cm-3) 

D ~ 7 ~ 0.03 0 2 × 1020 1 × 1016 

E ~ 7 ~ 0.04 0 3 × 1020 1 × 1016 

 

Table 4.2 – Adjustable parameters of equations (4.9) and (4.10) used to obtain best fit for experimental 

data of heavily boron doped samples. 

Around the metallic threshold of 2 - 3 × 1020 cm-3, only a weak dependence of 

resistivity with temperature is expected, above this value conductivity is expected to 

decrease with increasing temperature.5 It can be seen in Figure 4.7 that both samples 

display a temperature dependent resistivity, with higher temperatures reducing 

resistivity. This temperature dependence is very small however, and at 300 K KBT ≈ 

26 meV which is similar to the activation energies presented here, these samples are 

therefore deemed to be effectively metallic. Due to their polycrystalline nature a range 

of different boron concentrations are present throughout each sample, NA values noted 
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in Table 4.2 represent an average over several grains. Experimentally derived 

activation energies therefore may represent an EA maximum attributed to the lower 

doped grains. It is surprising however that sample D seems to display a slightly smaller 

activation energy than sample E, despite the latter containing a higher boron 

concentration. It is known from Raman spectroscopy that sample D contains non-

negligible amounts of sp2 carbon, which may contribute to a decrease in the overall 

resistivity and possibly skew data derived from resistivity measurements as the 

material in not exclusively BDD. 

4.2 Micro-Raman Spectroscopy 

4.2.1 Raman Spectroscopy of BDD 

Raman spectroscopy is a useful tool for studying BDD, as it yields information about 

crystalline quality, boron concentration and the presence of sp2 bonded carbon. The 

latter is of particular importance in electrochemistry as it has detrimental effects on 

electrode response such as; increased capacitance, narrower solvent window and 

sensitivity to species such as dissolved oxygen. The presence of sp2 bonded carbon is 

easily identified with Raman spectroscopy, appearing as a broad feature around 1500 

cm-1. Raman is also useful for qualitatively assessing the extent of local boron doping 

by observing the zone centre optical phonon (sp3) peak at 1332 cm-1; the features 

arising from sp2 incorporation and boron doping are shown in Figure 4.8 (a) and (b). 

The spectrum in (a) shows an area of sample D that contains a relatively low boron 

concentration and no detectable sp2 bonded carbon, whereas in (b) a large peak due to 

the presence of sp2 carbon has appeared and the peak at 1332 cm-1 has been attenuated 

indicating a relatively high boron concentration.    
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Figure 4.8 – Raman spectra of sample D showing a) non-sp2 carbon containing region and b) region 

with pronounced sp2 carbon signature. 

4.2.2 Mapping the Heterogeneity of pBDD  

A Raman study was undertaken to assess the heterogeneity and sp2 content of two 

heavily doped pBDD samples, D and E. pBDD will incorporate boron at different rates 

for different crystal faces during growth, such that (111) > (110) > (100).27 This can 

easily be seen as contrast between grains in SEM using an in-lens secondary electron 

detector, where areas of higher boron content appear as dark regions and vice versa. 

Figure 4.9 is a typical SEM image of a heavily doped pBDD sample, the heterogeneity 

across the sample is clearly observed.    

 

Figure 4.9 – SEM of heavily doped pBDD recorded with an ‘in-lens’ secondary electron detector.  
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It is known that boron doping has a profound impact on the Raman spectra of diamond. 

The zone centre optical phonon peak in intrinsic diamond is situated at a Raman shift 

of 1332 cm-1, its shape is described by a Lorentizian function.28 Upon heavy boron 

doping however several changes to this peak occur; a shift to lower wavenumbers, an 

attenuation of peak height/area and a change in lineshape. These changes in Raman 

spectra may be used to map a surface.29   Additionally, a feature at ~ 600 cm-1 appears  

which also shifts to lower wavenumbers with increased boron doping,30 analysis of 

this feature was only shown to be quantitative for 2 × 1020 < [B] < 1022 cm-3.31   

Raman spectroscopy was performed over a 20 µm × 20 µm area (400 µm2) for samples 

D and E, a spectrum was recorded for every 1 µm2. The areas of the peaks at 1332 and 

~ 1500 cm-1 were recorded for sample D and are plotted in Figure 4.10 as an image. 

Peak area is plotted on a colour scale, with the highest values represented with red and 

the lowest values with blue.     

 

Figure 4.10 – Raman maps of sample D showing; a) variation in sp3 region peak area and b) variation 

in sp2 region peak area. 

It can be seen that the boron concentration is not uniform and varies between different 

grains, as is seen in SEM. Interestingly in sample D, there appears to be a correlation 

between boron concentration and sp2 carbon, indicating that the diamond quality 
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suffers (more sp2) at higher boron concentrations. The blue areas in Figure 4.10 

correspond with the non-blue areas in Figure 4.10 (b), whereas areas of relatively low 

boron concentration seem to contain no detectable sp2 carbon.   

Raman maps of sample E were recorded and are plotted in Figure 4.11, the same 

procedure was used as described above for sample D.    

 

Figure 4.11 - Raman maps of sample E showing; a) variation in sp3 region peak area and b) variation 

in sp2 region peak area. 

A variation in boron content was again seen across the region studied, though for this 

sample there seems to be less variation within grains on the same colour scale. 

However, in contrast to sample D no correlation between areas of relatively high boron 

content and sp2 carbon is observed. The map in Figure 4.11 b) appears to be very 

uniform, this is because of the negligible amounts of sp2 carbon present which are not 

detectable by Raman in this study. 
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4.3 Conclusion 

Further characterisation of pBDD has been performed by electrical resistivity 

measurements and Raman spectroscopy. The resistivities of semiconducting samples 

showed a strong temperature dependence, resistivity decreases as temperature 

increases due to an increased number of available charge carriers. Heavily doped 

samples doped with 2 – 3 × 1020 atoms cm-3 of boron were also assessed in this way; 

resistivity was found to be weakly temperature dependent. Calculated curves were 

successfully simulated, the fit to experimental data showing validity of the theoretical 

models used. It is known that carrier mobility is dependent upon factors such as 

impurity atom concentration, grain size and sample thickness; at high boron 

concentrations, hole mobility was assumed to be temperature independent. 

More information could be gleaned by performing resistivity measurements over a 

larger temperature range and by performing Hall measurements to extract hole 

mobilities. The results presented here though do confirm the semiconducting or 

metallic nature of the samples used and the electrical properties are consistent with 

literature values.  

The heterogeneity of boron incorporation and sp2 content of samples D and E were 

assessed with Raman spectroscopy. At high boron concentrations the peak located at 

1332 cm-1 is attenuated and its area diminishes, the area of the feature at around 1500 

cm-1 is indicative of non-diamond carbon content. By plotting these areas as contrast 

in an image the variation of boron doping and sp2 content can be seen. Both samples 

displayed a heterogeneous distribution of boron which is expected for polycrystalline 

diamond films. In sample D a correlation of high boron concentration and sp2 carbon 
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was observed, no such correlation was seen in sample E indicating that the latter is of 

higher quality and more suitable for electrochemical analysis.     
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5 High Temperature Electrochemistry                                                                                                                                                                                  

 

The effects of temperature on the electrochemical response of pBDD are investigated 

in this chapter, under isothermal and non-isothermal conditions. A glass sealed pBDD 

electrode was employed in the former, where a water bath apparatus was used to 

control the temperature of the solution. A thin (200 µm) pBDD sample mounted in a 

custom made cell was utilised in non-isothermal experiments, a laser was used to apply 

heat pulses to this electrode during voltammetric experiments. 

Bulk solution heating in isothermal experiments introduced appreciable convection 

into the system. CVs displayed steady state-like shapes under these conditions in 

addition to increased peak currents that could not be reproduced with calculated 

values. These effects were more pronounced at higher temperatures and slower scan 

rates. A Pt UME was tested in the same manner, however it was shown that limiting 

currents could be predicted suggesting that the increased rate of convection under this 

regime is still not significant compared to diffusion for a small (25 µm) electrode.  

Pulsed laser heating was used to rapidly heat a thin pBDD electrode in synchronous 

with voltammetric experiments. The Ru(NH3)6
2+/3+, FcTMA+/2+, IrCl6

2-/3- and Fe2+/3+ 

couples were examined with this technique, all showed a response under pulse heated 

conditions. Ru(NH3)6
2+/3+ showed a large current enhancement in the cathodic 

direction, whereas the effects of heating diminished the recorded current in the anodic 

direction for FcTMA+/2+.   
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5.1 Introduction 

The effect of temperature in electrochemistry is of great importance1, 2 yet most 

electrochemical experiments are performed at, or very near to, room temperature (ca. 

25 oC). This is surprising since temperature, T, is a key variable in many 

thermodynamic equations that describe various processes in electrochemistry such as 

entropy, enthalpy and Gibbs free energy (S, H and G respectively).3 Temperature can 

also be used to drive many chemical and physical processes at faster rates, due to 

energetic barriers becoming more easily overcome or reaction mechanisms changing.4 

Being able to arbitrarily vary temperature as an independent variable in an experiment 

gives rise to the technique known as thermoelectrochemistry, which spans a broad 

range of experimental conditions. 

Electrochemistry involves the study of many different processes and mechanisms, 

many with their own temperature dependence.5 At the simplest level, the situation can 

be broken down into a two-step process; mass transport of species towards the 

electrode followed by electron transfer. The former describes the movement of 

electrochemically active molecules in solution; whilst the latter describes processes 

that occur at the electrode/electrolyte interface, in particular charge transfer. 

Whichever is the slowest step governs the overall reaction rate, hence the rates of 

electron transfer and mass transport, relative to one another, must be carefully 

considered in an electrochemical experiment. Importantly, both will be affected by 

temperature.6 Concerning mass transport, an increased temperature will act to increase 

the rates of both convective and diffusive flux; the former through induced thermal 

gradients7 and the latter due to a decreased solvent viscosity.8  



116 

 

Temperature also has an impact upon the HET rate for an electrochemical reaction. If 

this electron transfer is considered using transition state theory (TST), it is assumed 

that an energy barrier must be overcome and a transition state achieved in order for 

the (forward or backward) reaction to proceed. The rate constants that describe the 

forward and backward reactions, kf and kb respectively, are assumed to take an 

Arrhenius form, equations (5.1) and (5.2); 
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where 𝐴𝑓 and 𝐴𝑏 are the pre-exponential factors for kf and kb respectively, ∆𝐺𝑐
‡
 and 

∆𝐺𝑎
‡
 are the energy barriers for reduction and oxidation and all other symbols have 

their usual meanings. 

At equilibrium, kf and kb are equal to each other; this is called the HET standard rate 

constant k0. At other potentials the rate constants may be stated relative to k0, from 

which the Butler-Volmer equation may be derived, equation (5.3).9 
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where i is the current, F is the Faraday constant, 𝑓 = 𝐹/𝑅𝑇, A is the electrode area in 

cm, CO(0,t) and CR(0,t) are the surface concentrations of the oxidised and reduced 

forms of the redox couple at time t respectively, α is the transfer coefficient (often 

assumed to be 0.5, unless known explicitly), and E0׳is the formal electrode potential.   
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A relation between the rate of HET and temperature may also be drawn by considering 

Marcus theory, where k0 varies exponentially with reciprocal temperature; as 

temperature increases so does k0, equation (5.4)10. 
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where Kp is the precursor equilibrium constant, κel is the electronic transmission 

coefficient and νn is the frequency factor, though for the purposes of this discussion 

these terms may be collected into a single constant. 

Equations (5.1) (5.2) and (5.4) are all of a similar form, that of an Arrhenius 

expression, a more general form of this equation may be given as; 

 exp AE
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RT

 
 
 


    (5.5) 

where k is the rate constant of some general reaction, A is a pre-exponential factor and 

ΔEA is the activation energy for the reaction. Examination of this equation reveals that 

as the absolute temperature increases, the entire bracketed term becomes smaller and 

therefore less negative. Taking the exponential function of a decreasingly negative 

number (as T increases) results in a larger value of k. Thus it is expected that the rate 

of HET of an electrochemical reaction will increase with temperature, assuming no 

other appreciable conflicting factors are present such as an appreciable increase in 

electrode resistance.  

5.1.1 Continuously Heated Voltammetry  

An obvious way to perform high temperature electrochemical measurements is to heat 

the entire solution of interest isothermally and conduct experiments in the usual 

manner. The advantages of this method are that it is experimentally simple to set up 
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and perform, as well as mimicking processes that may occur at elevated temperatures, 

such as chemical reactions inside a nuclear reactor11 or fuel cell technology12, 13. If a 

high pressure system is used in conjunction with high temperature then the 

temperature of water (for example) can be raised above 100 oC, enabling solution 

based experiments to be undertaken in aqueous solution under conditions that exceed 

the boiling point of water.14, 15  

Continuous heating of the entire solution however, may lead to unintentional time-

dependant thermal gradients, resulting in the movement of species due to convection. 

This is undesirable as mass transport in the system can then be difficult to predict 

quantitatively. It is also important to consider possible thermal degradation of the 

electroanalyte molecule of interest, as some species may be thermally unstable16 for 

prolonged periods. Experiments performed under these conditions may last several 

hours as heating using a water bath containing a large volume of water (greater than 1 

dm3) is relatively slow. 

Isothermal experiments are useful for initial studies of a given system, as the cell 

temperature (including that of all electrodes) can be controlled and known to be 

constant throughout the experiment. Data gathered can then be used in situations 

where the system temperature is not known. Isothermal studies have been used to 

perform electrochemical experiments at a variety of temperatures to elucidate 

thermodynamic quantities such as ΔH, ΔS and ΔG of a system. Fundamental equations 

relating thermodynamic state functions and temperature are given in equations (5.6) 

and (5.7):17 

 
o oG nFE     (5.6) 
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From which equation (5.8) may be obtained, since Eo and ΔGo are both independent 

of pressure: 
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Examination of equation (5.8) reveals a close relationship between potential, 

temperature and entropy; the change in potential of an electrochemical cell due to a 

change in temperature is proportional to the entropy of the reaction in question. The 

potential of an electrode versus a given reference will shift with a change in 

temperature, this ‘temperature coefficient’, β, of an electrode is intimately connected 

with the thermodynamic state functions; values typically have been found to range 

from ± 2.4 mVK-1.18 Examples of experiments carried out in an isothermal system 

include; calculation of diffusion coefficients,19 investigation of methanol 

electrochemistry in fuel cell technology20 and determining the temperature coefficient 

of the calomel electrode potential.21   

5.2 Pulsed Voltammetry 

CV is certainly the most significant and widely used technique in the field of 

electrochemistry, whereby a potential varying linearly with time is applied to an 

electrode and the resulting current flowing through it is recorded. More insight into a 

particular electrochemical system can be gained however, by the implementation of 

techniques involving more sophisticated excitation potential waveforms where the 

free energy of the reaction is perturbed abruptly. DPV is an electrochemical technique 
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that employs the use of potential pulses superimposed onto a potential staircase. The 

resulting waveform is depicted in Figure 5.1; where labels A, W and S denote the pulse 

amplitude, pulse width and step size respectively. Two current samples are taken, the 

first occurring just before the start of each pulse, τ', and the second just before the end 

of each pulse, τ. The difference between the two is taken and plotted against potential 

to construct a voltammogram. This subtraction leads to a cancelling out the non-

faradaic (capacitive) currents (in the main) as the capacitive currents at τ' and τ are 

very similar. DPV can be used analytically to achieve better limits of detection than 

CV, typically going down to approximately 10-7 M.5  

 

Figure 5.1 - Schematic of potential waveform applied during a DPV experiment including, current 

samples are taken at τ’ and τ respectively. 

Assuming that only the oxidised or reduced form of redox mediator is present initially, 

O and R respectively, then the peak potential, Ep, and peak current, ip, may be 

calculated from equations (5.9) and (5.10):22, 23 
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where ΔE is the pulse amplitude (A in Figure 5.1 and σDPV is a parameter given by 

equation (5.11): 
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Experimental data is plotted against theoretical data in order to test the validity of 

equation (5.11) at different pulse amplitudes, Figure 5.2. It can be seen that there is 

good agreement between experiment and theory at lower values of pulse amplitude, 

however these data appear to begin to diverge at increasingly large values of ΔEp. 

 

Figure 5.2 – a) DPV of pBDD in 0.5 mM FcTMA+ 0.1 M KNO3 at pulse amplitudes from 10 mV (smallest 

peak) to 100 mV ( largest peak) and b) comparison of peak currents from a) (black symbols) and 

theoretical values (red symbols).  

5.2.1 Pulse Heated Voltammetry 

By combining pulsed voltammetry with heated voltammetry, pulsed 

thermoelectrochemistry can be conducted. During the pulsed heating method, the 

temperature of an electrode (typically working) is changed with an external stimulus 

as a function of time. As a result the bulk temperature of the solution is unchanged, 
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only the working electrode experiences any change. This leads to the creation of a 

non-isothermal system where a temperature gradient is present. In contrast to 

isothermal heating, this methodology allows direct investigation of a single electrode 

without the need for two half cells and a salt bridge. Any thermodynamic information 

gathered corresponds only to the electrode heated.  

A requirement of this method is that the electrode and solution near the interface can 

be heated and cooled sufficiently quickly. Typical pulse times range from ca. 5-50 ms, 

although very short laser pulses (10-12 s) have been used for electrical double layer 

studies.24 The use of pulsed heating is beneficial in several ways: it helps avoid thermal 

decomposition of the redox mediator as the bulk solution is not heated, convection can 

be avoided provided the timescale is fast enough and temperatures can be achieved 

that exceed the boiling point of the solvent. As the temperature sits at these values for 

only brief periods of time bubbling due to boiling is avoided.25 

Pulsed high temperature voltammetry requires two separate perturbations, electrical 

and thermal, the former as in typical voltammetry and the latter to administer the 

temperature change. The electrical perturbation can be applied easily, and arbitrarily 

quickly, with the use of a commercially available potentiostat. The heating may be 

applied indirectly by using an external heater or directly by using the working 

electrode itself as the heater. Methods to achieve pulsed heating have included: (i) 

utilising a Pt working electrode as a resistive heating element,25 (ii) microwave 

radiation to deliver energy to a small volume of solution adjacent to the electrode,26 

(iii) radio frequency (RF) radiation to induce heating eddy currents in metal 

electrodes27 and laser irradiation.28, 29. Induced thermal gradients render theoretical 

treatment of transport processes difficult at large stationary electrodes, due to the 

relatively slow rate of diffusion to the electrode. However, effects of convection can 
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be avoided, or rather accounted for, by moving to a system with increased and defined 

mass transport; e.g. electrodes with small dimensions such as micro-wires25 and the 

rotating disk electrode (RDE).30 A planar sensor type construction has also been 

successfully used,31 the unusual geometry of this electrode is that of a circular-arc 

shape. 

A specific type of thermoelectrochemistry utilising pulsed heating, known as 

Temperature Pulse Voltammetry (TPV), has been described by Gründler.31 TPV is 

analogous to DPV, described in section 3.1.2, except that the former uses temperature 

to perturb the free energy of an electrochemical system, whereas the latter uses 

potential. This technique will hereafter be referred to as differential temperature pulse 

voltammetry (DTPV), as this includes a description of the subtractive nature of this 

technique, and TPV when no current subtraction is applied. For TPV the peak current 

of each transient is plotted against potential to construct a voltammogram. 

5.2.2 Material Considerations 

The majority of high temperature studies have been performed on metal electrodes 

such as platinum and gold. Metals are an obvious choice as they have been routinely 

used in electrochemical studies for many years and are well understood, metals also 

have high electrical and thermal conductivities. However, metal electrodes may not 

always be suitable for electroanalysis at high temperatures due to the formation of 

oxides,27 and have been found to become more labile.25 Glassy carbon fibres are not 

robust enough for high temperature electrochemistry, as they have been found to fail 

with simultaneous heating and electrical polarisation.32 A suitable material for 

performing high temperature electrochemistry therefore must possess high electrical 
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and thermal conductivity, and perform well electrochemically at elevated 

temperatures.  

pBDD has emerged as an important material in the field of electrochemistry due to its 

truly unique properties such as; wide potential window, extreme chemical stability, 

and low background currents. In addition, pBDD also possesses a very high thermal 

conductivity, ca. 600 Wm-1K-1
 at 300 K33 for comparison the thermal conductivity of 

copper is ca. 400 Wm-1K-1.34 This property makes pBDD an excellent choice for high 

temperature electrochemistry, utilising the electrode itself as a thermal conductor to 

direct thermal energy towards the electrode/solution interface. In the current method, 

heat is applied to the non-solution face of pBDD disk and must propagate through the 

sample to reach the electrochemical interface, therefore a higher thermal conductivity 

is favourable. Additionally, the potential window of a solvent is found to decrease at 

elevated temperatures possible due to an increase in the rate of solvent electrolysis,25 

making the wide potential window of pBDD even more desirable.  
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5.3 Results and Discussion 

5.3.1 Continuous Heating 

CVs at a pBDD disk electrode (sample H, Element Six Ltd) of diameter 1 mm 

fabricated as described in section 2.2.1 were recorded in a solution of 1 mM FcTMA+ 

in 0.1 M KNO3 at different temperatures ranging from 15 oC to 75 oC (as described in 

section 2.5.1 at scan rates of 10, 25, 50 and 100 mV s-1 as shown in Figure 5.3 (a), (b), 

(c) and (d) respectively. It is immediately apparent that changing the solution 

temperature has an effect on the recorded CVs, at all scan rates. However, the extent 

of the change depends on the scan rate employed, with the largest changes seen for the 

slowest scan rate, as shown in Figure 5.3 (a). Firstly, the current increases with 

increasing temperature, secondly the shape of the CVs move from peak shape, to 

steady state and finally, the CVs in the limiting current region show fluctuations, 

especially at the higher temperatures. 

An increase in current (i) at higher temperatures is due to an increase in mass transport 

or flux (j) of species to the working electrode, as described by equation (5.12)9.  

 i nAFj   (5.12) 

Where n is the number of electrons transferred, A is the electrode area in cm2 and F is 

the Faraday constant (96485 C mol-1). The mass transfer coefficient, kt, which 

describes the rate of mass transport for a diffusion limited process is given in equation 

(5.13): 

 
*t

i
k
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   (5.13) 
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Note, by increasing the voltage scan rate the diffusion layer thickness is decreased, 

leading to a steeper concentration gradient and therefore an increase in flux. A faster 

scan rate therefore leads to a larger peak current and also a larger value of kt.   

 

 

Figure 5.3 - CVs of pBDD  macroelectrode in 1 mM FcTMA+, 0.1 M KNO3 from 15oC (black) to 75 oC 

(olive) in increments of 10 oC performed at (a) 10 mV s-1, (b) 25 mV s-1, (c) 50 mV s-1 and (d) 100 mV 

s-1.    

At the slower scan rates and higher temperatures, the shape of the CV changes from 

peak-shaped to steady state. Under quiescent conditions, a diffusion-only controlled 

peak shaped CV is expected for this size electrode coupled with the use of a fast 

electron transfer redox couple i.e. FcTMA+,35 with a limiting current given by the 

Randles-Sevcik equation.9 
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Where 𝑖𝑝 is the peak current, R is the molar gas constant (8.314 m2 kg s-2 K-1 mol-1), D 

is the diffusion coefficient of analyte, 𝐶∗ is the bulk concentration of analyte, 𝜐 is the 

scan rate and all others symbols have their usual meanings. 

Solvent viscosity and diffusion of analyte species are both affected by temperature, 

with increasing temperatures leading to a decrease in viscosity36 and an increase in the 

rate of diffusion. The relationship between D, and T, is given by equation (5.15), the 

Stokes-Einstein equation.37 

    / 6bD k T r   (5.15) 

Where kb is the Boltzmann constant, η the dynamic viscosity of solution and r is the 

hydrodynamic radius of diffusing species. By substituting equation (5.15) into 

equation (5.14) the T terms cancel, though ip is still dependent upon η which is a 

function of temperature. 

By using equation (5.15) to theoretically determine D for FcTMA+ at the seven 

different temperatures, it is possible to predict the expected increase in ip from 

equation (5.14) based on D changes alone. Values of dynamic viscosity were 

calculated using an equation derived from a large set of data values.36 To determine r, 

for FcTMA+ a literature value38 of 7.6 x 10-6 cm2 s-1 was used for D at 22 oC, allowing 

rearrangement of equation (5.15) to determine r. The calculated value of r (0.3 nm) 

was assumed to be temperature independent for the temperature range used. The 

Stokes-Einstein relationship has been used successfully by Bard et al15 in comparing 

experimentally determined and theoretically calculated diffusion coefficients for 

hydroquinone and iodide in aqueous solution. However, Trevani et al39 found that r 
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decreases with increasing temperature for FeSO4, the authors ascribe this to speciation; 

the concentration of FeSO4(aq) increases relative to the concentration of Fe2+(aq). 

Experimental data taken from Figure 5.3 are examined in Figure 5.4, where measured 

peak current (ip) values are compared against theoretical values. It is apparent that as 

the solution temperature is increased the theoretical and measured peak current values 

become increasingly divergent, this divergence is exacerbated at the lowest scan rates. 

This divergence is attributed to thermal convection (introduced by non-uniform 

heating causing turbulence) in the system which is unaccounted for in equations (5.14) 

and (5.15). This represents the limitations of using a hot water bath to heat bulk 

solution; heat cannot be applied perfectly uniformly. 

At the slower scan rates and the higher temperatures the CVs in Figure 5.3 approach 

a steady-state due to the sufficiently high mass transport rates generated in the system 

due to convection; the timescale is now appropriate for these effects to become 

evident. However as the data in Figure 5.3 (a) shows (pink and dark green lines) mass 

transport is uncontrolled as evidenced by the fluctuations in the limiting current.  
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Figure 5.4 – Theoretical (red symbols) and measured (black symbols) peak currents of pBDD 

macroelectrode in 1 mM FcTMA+, 0.1 M KNO3 at different temperatures. Performed at scan rates of 

(a) 10 mV s-1, (b) 25 mV s-1, (c) 50 mV s-1 and (d) 100 mV s-1. 

At the fastest scan rates of 50 mV s-1 and 100 mV s-1, the peak potentials at which 

oxidation and reduction of FcTMA+/2+ occur, shift with temperature. At 50 mVs-1 and 

100 mV s-1, both oxidation and reduction potentials shift to less positive values with 

increasing temperature and then start to shift back to more positive potentials as the 

temperature is increased further. As has been discussed earlier, a shift in peak potential 

is expected at elevated temperatures due to a change in entropy. Quantitatively 

assessing this peak shift becomes complicated however as all three electrodes in 

solution will be affected to a different extent, shifting by different amounts as they 

each have a different temperature coefficient. The peak to peak separations, ΔEp, are 

also seen to change with temperature. For a perfectly reversible system, ΔEp is equal 
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to 2.303RT/nF (59 mV at 298 K); therefore ΔEp will increase by approximately 2 mV 

for every increase in system temperature of 10 oC. Values of ΔEp from Figure 5.3 are 

compared against theoretical values and are tabulated in Table 5.1.   

Temperature (oC) Theoretical ΔEp (mV) 100 mVs-1 ΔEp (mV) Difference (mV) 

15 57 66 9 

25 59 68 9 

35 61 72 11 

45 63 74 11 

55 65 77 12 

65 67 79 12 

75 69 82 13 

 

Table 5.1 - Comparison of theoretical and experimentally determined peak separations of a 1 mm 

pBDD electrode in 1 mM FcTMA+ 0.1 M KNO3 at different temperatures. 

At 25 oC the system displays a ΔEp of 68 mV, which is indicative of a fairly reversible 

reaction; values of 59 mV have never been observed on this grade BDD employed 

herein. As the system temperature is increased however, the disparity between 

experimental and theoretical ΔEp increases, possibly suggesting that the reaction is 

becoming less reversible.  It must be considered, however, that the measurement of 

peak positions and separations is reliant upon the CV being under purely diffusive 

control. This is certainly not the case for scan rates of 10, 25 and 50 mV s-1 and not 

strictly true for 100 mV s-1 at higher temperatures as evidenced by Figure 5.4. 

Observation of peak potentials therefore may not be a robust method for assessing 

reversibility under isothermal heating conditions. 

Experiments utilising the same setup were performed with a platinum disk 

ultramicroelectrode (UME) of diameter 25 μm, results are shown in Figure 5.5. Rates 

of diffusional mass transport are much higher at disk UMEs (larger value of kt) 
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compared to disk macroelectrodes due to hemi-spherical diffusion.40 The diffusion-

limited current, ilim, for a disk UME is given by:22  

 lim  4 *i nFaDC   (5.16)  

Where a is the electrode radius in cm and all other symbols have their usual meanings.  

Theoretically predicted diffusion limited currents, equation (5.16), are plotted vs. 

experimental values at different temperatures (22 oC, 55 oC and 65 oC) for two 

different scan rates; 10 mV s-1 and 100 mV s-1, Figure 5.6. Very good agreement can 

be seen between theoretical calculations and experimental data collected at 10 mV s-

1, with increasing solution temperature, in contrast to the data presented in Figure 5.3 

for the macroelectrode. This is due to the fact that the diffusional flux is almost an 

order of magnitude higher for the microdisk than the macroelectrode, kt = 7.5 ×10-3 

cm s-1 for the former and 8 x 10-4 cm s-1 for the latter at 100 mV s-1. Despite the 

presence of thermal convection the diffusional flux (small diffusion layer) is high 

enough not to show a significant effect. Experimental data collected at 100 mV s-1 also 

follows the same theoretical trend fairly well, although there is a slight deviation. 

Investigation of Figure 5.5 (b) though reveals hysteresis in the CVs performed at 100 

mV s-1, making accurate quantitative analysis slightly more unreliable. The half wave 

potential, E1/2, is seen to shift in the negative direction with increasing temperature, 

indicating that this redox couple with a platinum electrode possesses a negative 

temperature coefficient, this effect is discussed in more detail in section 5.3.4. 

In summary, the data indicates that over a long timescale (160 s for a 10 mV s-1 scan) 

continuous solution heating introduces an appreciable amount of convection into the 

system. Its effect on the resulting electrochemical response depends on the diffusional 

mass transport coefficient for the electrode/redox couple system under investigation. 
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For electrodes with high diffusional flux, i.e. UMEs, the effects of thermally induced 

convection can be significantly minimised and the experimentally observed currents 

are in good agreement with those predicted using equations (5.14) and (5.16). As the 

temperature increases E1/2
 moves to less positive potentials due to the respective 

temperature coefficients of the working, reference and counter electrodes. For larger 

electrodes the deviation from the predicted currents is more significant, especially at 

the slower scan rates where the diffusional flux is smaller and the experimental 

timescale is longer.   

 

Figure 5.5 -  CVs of Pt UME in 1 mM FcTMA+, 0.1 M KNO3 at temperatures of; black 23 oC, red 32 

oC, green 50 oC, blue 60 oC and cyan 72 oC performed at scan rates of a) 10 mVs-1 and b) 100 mVs-1.   
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Figure 5.6 – Comparison of theoretically calculated limiting currents (black line) vs. experimentally 

determined limiting currents of 1 mM FcTMA+, 0.1 M KNO3 at 10 mVs-1 (red symbols) and 100 mVs-1 

(blue symbols). 

5.3.2 Non-Faradaic and Background Processes 

TPV was initially performed in the absence of a redox mediator in order to observe 

the effects of temperature on an electrochemical system where no faradaic processes 

take place. Observed currents in this regime are due to capacitive charging of the 

electrode/solution interface as no faradaic charge transfer takes place. A solution of 

0.1 M KNO3 (Sigma-Aldrich) prepared from Milli-Q water (Millipore Corp) was used. 

TPV was performed on the pBDD cell electrode at different laser powers; this is shown 

in Figure 5.7 and Figure 5.8. Experimental parameters were as follows: scan rate, 100 

mVs-1; laser pulse width, 10 ms; potential step, 0.25 mV and sampling rate, 400 s-1. 

The interval between each sample is 2.5 ms, with one 10 ms laser pulse corresponding 

to 4 data points as seen in Figure 5.8.   
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Figure 5.7 – a) TPV of pBDD in 0.1 M KNO3; black line no laser heating,  red line 27.5 W  with a pulse 

width of 10 ms, scan rate of 100 mVs-1, b) expanded view. 

 

Figure 5.8 – TPV of pBDD in 0.1 M KNO3 at different laser powers of; black joined symbols 0 W, red 

joined symbols 5 W, green joined symbols 15 W and blue joined symbols 27.5 W.   

It is immediately apparent that heating the electrode influences its electrochemical 

response, even in the absence of a redox mediator. An expanded view of a single 
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transient displaying individual samples is shown in Figure 5.8.  Upon inspection large 

current transients can be seen that correspond with a single laser pulse; the current 

rapidly rises to a value greater than zero and then begins to fall. It is worth noting that 

the largest change in current is observed during the first 2.5 ms of the laser being on. 

This is indicative of a very fast event, possibly much faster than the potentiostat can 

resolve, i.e. less than 2.5 ms. For the remaining 7.5 ms the current is seen to decay 

back towards its starting value. After the laser pulse is switched off however, a 

negative current transient is observed that appears to follow the same trend as the 

previous transient, albeit at a lower magnitude and opposite polarity. Higher laser 

powers and hence larger temperature changes produce bigger current transients, 

Figure 5.8.  

These non-faradaic current transients occur due to a disruption of the electrical double 

layer with a sudden change in temperature, requiring a certain relaxation time for the 

system to reach equilibrium. Picosecond time-resolved surface-enhanced infrared 

absorption spectroscopy (SEIRAS) has been used to investigate the potential jump at 

a laser heated electrochemical interface.24 A rapid laser induced potential jump was 

observed, occurring only ca. 200 ps after a 35 ps laser pulse ascribed to the rapid 

heating of a water layer near to the electrode surface (< 10 nm), which changes the 

orientation, and hence dipole moment of the water molecules. Laser induced 

temperature jump experiments have also been performed on a Pt foil electrode.41, 42 

The sudden change in open cell potential is described as a consequence of three 

processes; a junction potential created between the hot electrode and cold connecting 

wire, the change in the potential drop across the electrical double layer caused by 

changing dipole moments of water molecules and a change in potential due to the 

Soret effect. It is thought that this sudden change in potential creates a charging current 
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due to a change in capacitance of the electrical double layer, producing a current 

transient. 

TPV with large potential steps (10 mV) and low sampling rates (10 samples s-1) was 

also performed with the same experimental setup, Figure 5.9; current transients are 

not seen at low sampling rates. It can be seen that heating the working electrode has a 

pronounced effect on the solvent window, with increased heating reducing the solvent 

window. At higher laser powers both water oxidation (anodic currents) and water 

reduction (cathodic currents) are seen to occur at lower overpotentials, indicating that 

these reactions occur more easily at elevated temperatures. 

 

Figure 5.9 – Low sampling rate TPV of 0.1 M KNO3 at 100 mV s-1, laser powers of; black 0 W, red 5 

W and blue 12.5 W. 



137 

 

5.3.3 Experimental Determination of Solution Temperature Close to the 

Electrode 

The temperature of the electrode surface cannot accurately be measured explicitly due 

to the relatively short time scale of the applied heat pulses (10-50 ms). However, the 

temperature of the region near to the electrode can be found implicitly by measurement 

of the open circuit potential (OCP) of the cell, as this will change according to the 

temperature coefficient of the cell. Continuous heating experiments were first 

conducted to determine the temperature dependence of the OCP of a redox couple with 

a pBDD electrode; this experiment is described in detail in section 2.5.1. OCP is 

measured and plotted as a function of the temperature difference between the two 

electrochemical cells, Figure 5.10. The data is fitted with a linear trend and the gradient 

of this line is equal to the temperature coefficient of the redox couple being studied, 

for the case of the Fe(CN)6
2+/3+couple with a pBDD electrode β = - 1.62 mV K-1. This 

value is in excellent agreement with the literature value of -1.6 mV K-1.43  
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Figure 5.10 – Measured OCP between two 1 mm pBDD electrodes in separate equimolar solutions of 

0.5 mM K3[Fe(CN)6] + K4[Fe(CN)6] in 0.1 M KNO3 versus temperature difference. 

Knowledge of the temperature coefficient of a redox couple allows determination of 

the temperature change experienced by the electrode/solution interface during heating, 

as the OCP between two pBDD electrodes will vary when a difference in temperature 

is present. Non-isothermal experiments with laser heating were performed and are 

detailed in section 2.5.2. Data are plotted in Figure 5.11 that show how the OCP 

between two pBDD electrodes of the same dimensions varies as one of the electrodes 

is selectively heated.  Before the laser pulse occurs, both electrodes remain at the bulk 

solution temperature, Tbulk, therefore the temperature difference between electrodes is 

zero (ΔT = 0 oC). As the laser pulse strikes, the measured OCP rapidly increases in 

magnitude (becomes more negative for this couple), and continues to do so for the 

duration of the heat pulse (10 ms). The OCP attains a maximum at 10 ms and then 

quickly falls as the laser is turned off, relaxing back towards its initial value.  By using 

the temperature coefficient calculated previously, these OCP values can be converted 

into interfacial temperature rises, which are shown on the right hand axis of Figure 
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5.11. Higher laser powers result in larger temperature changes, data for all laser 

powers are tabulated in  

Table 5.2. 

 

Figure 5.11 – Measured OCP between a non-heated and laser-heated pBDD electrode as a function of 

time at different laser power in an equimolar solution of 0.5 mM K3[Fe(CN)6] + K4[Fe(CN)6] in 0.1 M 

KNO3.  The associated temperature rise is shown on the right hand axis using β = 1.62 mVK-1. 
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Laser Power 

(W) 

OCP (mV) Energy Input 

(mJ) 

ΔT (oC) 

2.5 -6.9 25 4.3 

5 -11.5 50 7.1 

7.5 -15.8 75 9.8 

10 -20.0 100 12.3 

12.5 -24.7 125 15.2 

15 -28.8 150 17.8 

17.5 -33.9 175 20.9 

20 -38.7 200 23.9 

22.5 -42.8 225 26.4 

25 -47.4 250 29.3 

27.5 -50.3 275 31 

30 -54.8 300 33.8 

 

Table 5.2 – Measured OCP values with associated temperature rises after 10 ms of laser heating at 

different laser powers in an equimolar solution of 0.5 mM K3[Fe(CN)6] + K4[Fe(CN)6] in 0.1 M KNO3.   

5.3.4 Electrochemical Characterisation of System  

TPV experiments investigating faradaic processes were performed with a well-known 

outer-sphere redox couple,44 Ru(NH3)6
3+/2+, in order to understand the nature of TPV 

and how various parameters affect the electrochemical response. The effects of mass 

transport become important as in order to take part in electron transfer, the mediator 

must first move towards the working electrode. An expanded view of a single TPV 

current transient acquired at different pulse times at a laser power of 25 W is shown 

in Figure 5.12, where individual samples are displayed. Data for this plot were taken 

from the potential which gave the largest TPV peak, which is different for each pulse 

time, and are plotted against time with an arbitrarily chosen starting point. 
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Figure 5.12 - Expanded view TPV at 25 W of pBDD in 1 mM Ru(NH3)6
3+ 0.1 M KNO3 at different laser 

pulse lengths. 

The largest current transient is seen for the longest heating pulse of 10 ms, transients 

at shorter pulse times reach a lower value as the electrode is heated for less time; these 

data are presented in Table 5.3. It can be concluded then that higher temperatures result 

in a larger current rise during TPV.  

Pulse Time (ms) Energy Input (mJ) Current Rise (µA) 

0 0 0 

0.25 6.25 0.50 

0.5 12.5 1.84 

1 25 5.91 

2.5 62.5 10.81 

5 125 15.54 

10 250 16.40 

 

Table 5.3 – The observed current rise of TPV in 1 mM Ru(NH3)6 
3+, 0.1 M KNO3 for different laser pulse 

times.  
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The way in which a sampled TPV is constructed is shown in Figure 5.13, the 

experiment is performed as an entire sweep but is shown here as two separate sections 

of different starting directions for clarity, Figure 5.13 (a) and (b). A scan rate of 100 

mVs-1 was used with a potential step of 0.25 mV, which provides a sampling rate of 

400 samples per second. Raw data is collected by the potentiostat and is later sampled 

by taking every 40th point, which corresponds to the last sample taken at the end of 

each 10 ms laser pulse, Figure 5.13 (c) and (d) respectively. 

 

Figure 5.13 – TPV of pBDD in 1 mM Ru(NH3)6
3+ 0.1 M KNO3 black line 0 W,  red line 5 W; a) forward 

scan, b) backward scan, c) full scan and d) full scan (sampled data), all conducted at 100 mV s-1. 

There is an obvious difference in electrochemical response when the working 

electrode is heated as opposed to operating at ambient temperature conditions. For the 

reduction of Ru(NH3)6
3+, Figure 5.13 (a), a clear increase in cathodic current is 

observed with maximum values being achieved at the end of each pulse, when the 
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working electrode is at its maximum temperature. This observation could be explained 

by an increase in mass transport of analyte species from the bulk solution towards the 

electrode at an elevated temperature, which produces a larger current flow. However, 

the change in mass transport properties due to diffusion with increasing temperature 

is not enough to explain the resultant pulse heated CV with a redox mediator present. 

Calculations as performed in section 5.3.1 do not predict the magnitude of the current 

enhancement. The reverse scan is somewhat surprising; after sampling the data at the 

end of each laser pulse, the resultant reverse scan is produced that again produces a 

cathodic current. This is in contrast to a normal CV of a large electrode, where the 

opposite process occurs for a reversible redox couple, in this case the oxidation of 

Ru(NH3)6
2+ which should produce anodic currents.  

Sampled TPV data at various laser powers are shown in Figure 5.14 where three 

effects can be seen; there is an increase in cathodic current, the peak potentials shift 

towards more positive values and finally the wave becomes distorted at the highest 

laser power at large overpotentials. TPVs at laser powers higher than 22.5 W have 

been recorded but are omitted from Figure 5.14 as large amounts of distortion occur, 

possibly due to the high temperatures attained coupled with relatively large potentials 

causing bubbles to form of the electrode surface. This is thought to be a limitation of 

the construction of the electrode, as the edge of the Kapton mask that defines the 

electrode area provides nucleation points for bubbles to form. The peak currents of 

TPVs at different concentrations and peak potentials are both plotted against 

temperature in Figure 5.15 and Figure 5.16 respectively. 
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Figure 5.14 – TPV (sampled data) of pBDD in 1 mM Ru(NH3)6
 0.1 M KNO3 at laser powers of; 0 W, 

7.5 W, 12.5 W, 17.5 W and 22.5 W.   

 

Figure 5.15 – Peak current vs. laser power for Ru(NH3)6
3+ 0.1 M KNO3 at concentrations of; black 0.2 

mM, red 0.5 mM, green 1 mM and blue 5 mM. 
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Figure 5.16 – Shift of peak potential vs. laser power for pBDD in 1 mM Ru(NH3)6
3+ 0.1 M KNO3. 

Investigation of Figure 5.15 reveals an expected trend; measured peak currents 

increase with temperature and also increase linearly with concentration. The trend of 

increasing peak current with temperature as yet has not been found to comply with 

theoretical considerations, though use of a 2nd order polynomial produces a reasonable, 

if empirical fit to data. A clear shift in peak potential with increasing temperature is 

seen, the direction of the shift is positive. Data are fitted linearly and give a value of 

the temperature coefficient (β) for Ru(NH3)6
3+ as + 0.75 mVK-1. The first data point 

in Figure 5.16 is omitted during fitting as this is acquired with no laser heating and 

therefore is not a TPV but rather a CV derived value. Isothermal experiments 

conducted with a water bath provide a similar value of β of + 0.83 mVK-1 for 

Ru(NH3)6
3+.  

In order to explain the observed effects of heating, consideration must be given to the 

entropy of the redox system. As discussed previously in section 5.1, a temperature 

coefficient exists for a given electrode and redox mediator; a shift in potential occurs 

when there is a change in temperature. By rearrangement of equation (5.8) the entropy, 
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S, of a redox process can be calculated after a value of β has been obtained. S for 

Ru(NH3)6
3+ is + 72.4  JK-1mol-1 (from TPV), the positive nature of this quantity 

indicates that when ΔT > 0 the obtained TPV shifts along the potential axis in a positive 

direction. This is indeed observed experimentally as can be seen in Figure 5.14 and 

Figure 5.16.  

The effect of temperature on the current response of an electrode is greatly influenced 

by the potential at which the temperature pulse occurs relative to the equilibrium 

potential, Eeq, of the reaction. At values sufficiently far from the equilibrium potential 

(at the beginning or end of a TPV) any increase in current is due to the increase in 

diffusion coefficient as described previously in section 5.2.1. Near to the equilibrium 

potential however, the current response of an electrode to a temperature perturbation 

is much more dramatic. Near to Eeq TPV may be considered analogous to DPV; for 

the former the potential is changed indirectly through the temperature coefficient 

whereas for the latter the potential is deliberately varied. More specifically, DTPV is 

analogous to DPV as both techniques involve recording the difference in current 

sampled before and after each pulse, be it temperature or potential. The amount by 

which the potential shifts in (D)TPV is governed though by the temperature 

coefficient/entropy of the redox couple of interest.   

For the discussion of temperature effects on the middle portion of a TPV near to Eeq, 

it is convenient to define the case for heated and non-heated peak currents that result, 

ip,hot and ip,cold respectively. For the forward scan (reduction) of the Ru(NH3)6
3+/2+ 

couple, ip,hot increases in magnitude with laser power as it becomes increasingly 

negative. A somewhat naïve analysis of the reverse process indicates that ip,hot 

decreases in magnitude with laser power as a positive current is expected for an 

oxidation process, Figure 5.14. Upon closer inspection, it is clear that ip,hot follows the 
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same trend with increasing laser power for both the forward and reverse processes; the 

peaks become increasingly cathodic. This is also due to the temperature coefficient for 

the redox couple, the value of which is +0.46 mVK-1 for Ru(NH3)6
3+/2+. The positive 

sign for this value indicates that the ‘polarity’ of any current change will be cathodic. 

If the studied process is already cathodic in nature, then the application of temperature 

pulses interferes constructively, acting to reinforce the current signal and make it 

larger. If however the studied process is anodic in nature, then a temperature pulse will 

actually diminish the observed current signal, the peak may even reverse in polarity if 

the thermodynamic influence is substantial enough. This is precisely what is seen in 

Figure 5.14, the reduction of Ru(NH3)6
3+ is enhanced by temperature pulsing whereas 

the oxidation of Ru(NH3)6
2+ is diminished so much that it becomes cathodic. The 

reverse is also true for temperature coefficients that contain a negative sign, where 

anodic processes are favoured. 

It is useful to envisage a theoretical, ‘ideal hot CV’ when considering the observed 

TPV response; supposing that measured currents are larger due to faster diffusion 

(lower solvent viscosity) and Eeq is shifted along the potential axis, it is assumed that 

effects due to convection are negligible. This CV cannot be obtained with this 

technique but is used here to illustrate what would be observed if the diffusion 

coefficient and Eeq of analyte species could be increased arbitrarily without any other 

consequences. An example of this ideal hot curve is plotted in Figure 5.17 and 

compared to a CV that would be obtained under ambient conditions. The resulting 

TPV then may be understood as a convolution of these two curves, where current 

magnitudes of the ideal hot curve are plotted on the potential scale of the ambient 

curve. 
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Figure 5.17 – Idealised hot CV (red) compare against an ambient CV (black), the former possesses 

currents of a higher magnitude and is translated along the potential axis.  

Quantitative analysis of TPV has proven very difficult, and no satisfactory method has 

been found that correctly predicts the observed heated peak currents, although a 

qualitative assessment is still informative as it shows how the shape of a CV changes 

when heat is supplied to the system as a series of pulses, the resulting TPV. Valdes 

and Miller30 performed studies with a pulsed laser heated gold RDE, and derived 

expressions for the modulation current, Δi,  and associated quantities;  
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Where Δil,red is the change in limiting reduction current for an RDE, σ and ϵ are 

dimensionless quantities defined in equations (5.18) and (5.19) respectively,   is a 

dimensionless potential defined in equation (5.20) and γ is the mass diffusivity ratio 

parameter as defined in equation (5.21). ox

DE  and red

DE  are the activation energies 

associated with mass transport for the oxidised and reduced forms of analyte species 

respectively, oxD and redD  are the corresponding diffusion coefficients. 

The authors found that the extent of the thermal modulation was governed by the 

quantity σ, which is the ratio of entropic energy to activation energy for a mass 

transport limited process. By substituting typical numbers into equation (5.17) the 

effect of σ is clearly observed, Figure 5.18. The sign of σ is important, as a positive 

value leads to a negative modulation whereas a negative value leads to a positive 

modulation, with larger values causing more modulation. The sign of σ is controlled 

by the entropy of reaction, there is no effect of thermal modulation if σ is equal to 0. 
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Figure 5.18 – Results of analytical expression for thermal modulation for different values of σ. 

 

The above applies to the case of forced convection, where an RDE is used to enhance 

mass transport to the electrode. Some modification is therefore needed to make it 

applicable to a large stationary electrode, where peak type CVs are observed. Firstly, 

ip,red and ip,ox are used rather than il,red and il,ox and are calculated using the Randles-

Sevcik relationship. Secondly, equation (5.17) is used to calculate a normalised value 

of the modulation current, multiplication by Δip,red negates this normalisation. A 

function for Δi can therefore be obtained, when this function is combined additively 

with experimental CV data, and plotted on a real potential scale, an approximate TPV 

is produced, Figure 5.19. Data obtained with no laser heating are combined with the 

modulation function calculated from equation (5.17) to produce an approximate TPV 

as shown in Figure 5.19 (c). Whilst not ideal compared to real TPV data obtained at 

10 W, the approximate TPV nevertheless displays the same attributes; increased 

cathodic peak current for the forward process and an inversion of peak current for the 

backward process leading to a ‘double cathodic’ peak.   
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Figure 5.19 – Experimental and calculated TPVs of pBDD in 1 mM Ru(NH3)6
3+ 0.1 M KNO3; a) 

experiment at 0 W, b) calculated modulation, c) sum of 0 W experiment and calculated modulation and 

d) experiment at 10 W. 

5.3.5 Outer and Inner Sphere Redox Mediators  

 

Identical experiments to those above have also been performed with different outer-

sphere redox mediators, IrCl6
3-/2- and FcTMA+/2+, Figure 5.20 and Figure 5.21 

respectively. Upon inspection of the IrCl6 TPV, Figure 5.20, it can be seen that the 

peak current magnitude increases with increasing laser power, though this effect is not 

to the same extent as Ru(NH3)6
2+/3+; rather than the emergence of a ‘double anodic’ 

peak, the shape of the TCV changes to almost resemble that of a sigmoidal CV at 

higher laser powers. This marked contrast to results obtained with Ru(NH3)6
2+/3+

 is 

thought to be due to IrCl6 possessing a rather small value of β; isothermal experiments 

could not distinguish a value of β as the potential shifts were too small. A very small 
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temperature coefficient explains why little peak potential shift is seen in Figure 5.20, 

and also why peak current enhancements are far smaller than those of Ru(NH3)6
2+/3+. 

If β were equal to 0, then any enhancement in current, even near to Eeq, would only be 

due to increases in the diffusion coefficient of the mediator (assuming no convection).   

 

Figure 5.20 – TPV (sampled data) of pBDD in 1 mM IrCl6
 0.1 M KNO3 at laser powers of; 0 W (red 

curve) and from 5 W, to 22.5 W in increments of 2.5 W.   

 

TPV data for 1 mM FcTMA+ at different laser powers is shown in Figure 5.21, it is 

immediately apparent that a different response again to temperature, when compared 

to the previous redox mediators, is occurring. At potentials well beyond Eeq, a limiting 

current is attained that increases with increasing laser power, but near to Eeq the 

increased temperature serves to reduce the oxidation current of the forward scan. This 

can be seen in more detail in Figure 5.22; as the laser is turned on the current 

subsequently drops (becomes more cathodic) and remains low for the duration of the 

heat pulse (10 ms in total). In Figure 5.21 the curve with no laser heating is shown in 

red for clarity. For the case of FcTMA+/2+, at potentials near to Eeq, each heat pulse 
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acts to diminish the measured oxidation current. This type of response is expected for 

a mediator with a positive temperature coefficient; as Δi becomes increasingly 

negative (since σ becomes more negative, equation 5.18) any anodic current near to 

Eeq is diminished. This effect is more pronounced at higher laser powers, as evidenced 

by the complete loss of the forward (anodic) peak in Figure 5.21. This result suggests 

that FcTMA+ possesses a positive temperature coefficient, providing a current 

enhancement in the cathodic direction for both forward and backward peaks as is seen. 

Isothermal experiments to determine the value of β strangely revealed a negative shift 

with temperature and hence a negative temperature coefficient, although a value of + 

0.8 mVK-1 has been reported45 with a platinum UME for ferrocene. 

 

Figure 5.21 - TPV (sampled data) of pBDD in 1 mM FcTMA+ 0.1 M KNO3 at laser powers of; 0 W (red 

curve), 2.5 W, 5 W, 7.5 W, 10 W, 12.5 W, 15 W, 17.5 W, 20 W, 22.5 W and 25 W (highest curve at 0.7 

V).   
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Figure 5.22 – Expanded TPV transient of 1 mV FcTMA+ 0.1 M KNO3 at 20 W showing individual 

samples performed at 100 mV s-1. 

An inner-sphere redox mediator,46-48 Fe(II)SO4, was also used with TPV and is shown 

in Figure 5.23 (a). Inner-sphere mediators are more complicated than outer-sphere 

mediators as HET with the former is sensitive to the chemical nature of the electrode 

surface. The peak separation for this couple at ambient conditions is 741 mV, 

indicative of an electrochemical reaction that is not reversible (slow HET). 

Investigation of Figure 5.23 reveals several changes as laser power is increased; the 

forward (oxidation) peak becomes larger and tends towards a more steady state shape, 

the reverse (reduction) peak is initially reduced in magnitude but then begins to 

increase again, this peak also shifts towards more positive values. All three aspects 

(kinetic, thermodynamic, and mass transport) are affected by temperature and it is 

likely that these three processes will affect the shape the resultant TPV.          
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Figure 5.23 – a) TPV of pBDD (sampled data in 1 mM FeSO4, 0.1 M HClO4 at laser powers of; 0 W 

(smallest curve), to 22.5 W (largest curve) in increments of 2.5 W, b) expanded view of reduction peak 

shift at same laser powers increasing in the order; black, red, green, blue, cyan, magenta, yellow, dark 

yellow and navy. 

5.3.6 Finite Element Simulations 

In addition to experimental measurements, computer simulations using the finite 

element method were undertaken to assess the temperature of the pBDD electrode 

during laser heating. Finite element simulations were performed with a Dell Optiplex 

9010, Intel Core i7-3770 3.4 GHz computer with 32 GB RAM running Microsoft 

Windows 7 64-bit edition. The finite element modelling software used was Comsol 

Multiphysics 4.3b (Comsol AB, Sweden). Simulations utilised approximately 170,000 

triangular elements, with the highest resolution at the heated interface (element size of 

~ 1 µm). 

A 2D model geometry was built that contains a pBDD disk (domain 1) in contact with 

a body of water (domain 4), mounted onto perspex (domain 2) and held in place by 

Kapton (domain 3), Figure 5.24 (a) (not to scale). The model is axially symmetric 

about z = 0 (represented by a dashed line), as this reduces computation time. Each 

material is defined as a separate domain with its own material properties; specific heat 
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capacity (Cp), density (ρ), thermal conductivity (κ) and dynamic viscosity (η). Values 

for water are built into the software that describe these material properties at different 

temperatures, user added values were implemented for the pBDD disk, Kapton and 

perspex. 

A boundary heat source was used to simulate the laser pulse on the back face of the 

pBDD disk. The reflectance of the disk was assumed to be negligible so that the optical 

power of the incident radiation was equal to the heating power applied to the boundary. 

At time = 0, t0, a 10 ms heat pulse is applied to the pBDD disk and allowed to propagate 

through the model geometry as a function of time. The simulation used conjugate heat 

transfer physics, which contains equations for calculation of heat flux through both 

solids and fluids involving conductive and convective heat transfer, Table 5.4 and 

Table 5.5. Heat transfer equations are solved for each element at each time step to 

model the flow of heat in the system. Simulations are run to model 1 s of time, different 

laser powers are modelled by changing the boundary heat source power. The outside 

boundaries of the geometry were set to be thermally insulating, representing a closed 

system. Gravity, g, has an impact of the flow pattern (convection) of fluids under non-

isothermal flow conditions, a volume force (Fv) has been added to the fluid to account 

for this, Table 4. Indeed, gravity can cause natural convective effects in an 

electrochemical experiment performed in a static solution at room temperature when 

long timescales (typically greater than 20 s) are used with a macroscopic electrode.22  
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Figure 5.24 – Simulation geometry (not to scale) for a pBDD disk in contact with water; a) different 

simulation domains and b) different boundary edges.  
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Domain Material Properties Boundary Conditions 

1 Diamond Cp = (3.2T) – 474 

Jkg-1K-1 

ρ = 3500 kgm-3  

κ = 600 Wm-1K-1 

  0p

T
C k T

t



  


  

2 Perspex Cp = 1000 Jkg-1K-1  

ρ = 1160 kgm-3 

κ = 50 Wm-1K-1 

  0p

T
C k T

t



  


 

3 Kapton Cp = 1090 Jkg-1K-1 

ρ = 1420 kgm-3 

κ = 0.12 Wm-1K-1 

  0p

T
C k T
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4 Water Cp = 4184 Jkg-1K-1 

ρ = 1000 kgm-3 

κ = 0.58 Wm-1K-1 

η = 6th order 

polynomial 
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Table 5.4 – Boundary conditions of finite element simulation for a heated pBDD disk in water 

associated with domains from Figure 5.24 (a). 
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Physical 

Representation 

Boundary Edge(s) Boundary Conditions 

Axial Symmetry 1, 11 0u   

Thermal Insulation 1, 3, 4, 5, 6, 7, 8, 10, 

11, 12 

  0n T      

Boundary Heat Source 3   bT Q    n   

,totb

b

P
Q

A
   

No Slip Fluid Boundary 2, 9, 10, 12 0u    

 

Table 5.5 - Boundary conditions of finite element simulation for a heated pBDD disk in water associated 

with boundary edges from Figure 5.24 (b).  

The simulation is allowed to reside at an initial temperature of 25 oC for a short period 

before t0, the point at which the boundary heat source is applied; this is true for all 

domains and boundaries throughout the model. At t0 heating begins, representing a 

power input equal to that of the laser used in experiments, values used were 2.5 to 30 

W climbing in increments of 2.5 W. Simulations are run to model 10 ms of heating, 

with an additional 990 ms of cooling time, a total time of 1 s is modelled after t0. 

Modelled temperature in the centre of the pBDD disk at the solution interface is plotted 

against time and is shown in Figure 5.25 (a), the peak temperature attained is plotted 

against laser power in Figure 5.25 (b), along with values obtained experimentally as 

described in section 5.3.3. A maximum temperature is reached after 10 ms of heating, 

after this time the temperature falls rapidly, tending towards the initial system 

temperature of 25 oC. A large disparity exists between temperatures calculated 

experimentally and through simulations, possibly due to the unknown ‘sampling 

volume’ of OCP experiments. Another possible cause for the observed disparity is the 
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adhesive on the Kapton tape, which may have a specific heat capacity and thermal 

conductivity different from that of the tape itself.  This was not included in the model, 

as it is unlikely to affect the active electrode surface area temperature substantially.      

 

Figure 5.25 – Results of finite element simulations; (a) modelled temperature of centre of pBDD disk 

at solution interface vs. time and (b) peak temperatures attained at 10 ms; modelled data (black 

symbols) and experimental data from OCP experiments in section 5.3.3 (red symbols) vs. laser power.  
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5.4 Conclusion 

Electrochemistry at elevated temperatures has been performed with two different 

methodologies; continuous and pulsed heating, the former an example of an isothermal 

system and the latter a non-isothermal system. Continuous heating experiments were 

performed with a simple water bath setup where the entire system was heated 

(including all electrodes) for both 1 mm diameter disc macroelectrodes and 25 m 

diameter UMEs. For the macroelectrodes, mass transport was shown experimentally 

to be a product of both thermally induced convection and diffusion. In contrast the 

UMEs, with their higher rates of diffusion, were less affected by thermal convection. 

Hence mass transport was dominated by diffusion and as such enhancements in current 

due to a temperature induced higher diffusion coefficient could be calculated and 

found to be in good agreement with experiment.  

TPV experiments, were performed using different redox mediators; Ru(NH3)6
3+/2+, 

FcTMA+/2+, IrCl6
3-/2- and Fe2+/3+ at different heating conditions. Higher laser powers 

and therefore higher electrode temperatures produced an enhanced current response in 

TPV, resulting in current transients that correspond directly with each laser pulse. The 

largest enhancement was seen for the Ru(NH3)6
2+/3+ couple by up to a factor of 6 at a 

laser power of 22.5 W.  The enhancement in current for faradaic processes (redox 

mediator present) was many times larger than that for the case of non-faradaic 

processes. The choice of mediator also greatly influenced TPV results, with larger 

values of β producing larger current enhancements near to Eeq and also shifting the 

potential at which peaks occur. The sign of β dictated the direction of current 

‘enhancement’, increasing the recorded current for the forward scan of Ru(NH3)6
2+/3+ 

and decreasing the this is similar to performing DPV with a pulse amplitude of the 
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opposite sign of the applied potential staircase. When β is very small any current 

enhancement, even near to Eeq, was mainly a result of an increased diffusion 

coefficient.   

Computer simulation techniques were used as a method to infer the temperature of the 

electrode surface when heated with a laser pulse. The temperature of the pBDD 

solution facing surface rose to a maximum temperature of 114 oC after a 10 ms pulse 

time, this is common across all mediators studied as water is always used as the 

solvent.       
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6 Heated Stripping Voltammetry at a pBDD Electrode 

 

An all diamond structure was fabricated from sample E, as this was the highest quality 

material investigated in this thesis. Pulsed laser electrode heating was investigated in 

Chapter 5, and is used here with DPV to perform heated anodic stripping voltammetry 

(ASV).  

Initial experiments with a glass sealed pBDD in bulk heated solution showed an 

enhanced Pb stripping signal at elevated temperatures. Pulsed heating was then applied 

to the all diamond electrode mounted in the high temperature cell during the 

preconcentration step of ASV, a deposition potential of -1.4 V vs. Ag/AgCl was 

applied for 300 s. Heating the electrode during deposition in 5 µM Pb2+ solution 

greatly enhanced the stripping signal, a large amount of Pb deposits were seen on the 

electrode surface with FE-SEM, the particles showed a preference for more 

conducting regions. A second stripping peak appeared at a more positive potential 

when electrode heating was employed during deposition in a solution containing 50 

µM Pb2+, accompanying this were larger ‘flake-like’ structures on the electrode 

surface that were observed during FE-SEM.  

Electrode heating performed during the stripping step of ASV showed a shift towards 

a more negative potential. Continued deposition of Pb during the stripping step, 

facilitated by electrode heating, produced a larger signal which increased with laser 

power.    
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6.1 Introduction 

Stripping voltammetry is a widely used class of techniques in electrochemistry,1, 2 

whereby analyte species are deposited onto an electrode during a preconditioning step 

and subsequently stripped off. Of particular importance is the environmental 

monitoring of potentially harmful species such as heavy metals,3 which may 

contaminate water supplies and have adverse effects on aquatic organisms and even 

humans.4 BDD is an obvious candidate for monitoring of heavy metals due to its low 

background currents, lack of chemical reactivity, biocompatibility and resistance to 

fouling.5, 6 Both bare and nanoparticle modified7 BDD electrodes have been 

successfully utilised for heavy metal analysis using stripping voltammetry,8-10. The 

detection of non-metal species using stripping voltammetry has also been performed 

with BDD, where electroactive molecules such as rutin11 and aniline12 are first 

electrodeposited and then stripped from the BDD surface.  

The preconditioning step in ASV is achieved by applying a negative potential to the 

working electrode for a defined period, where metal species dissolved in solution are 

reduced and deposited onto the electrode. The amount of metal ‘collected’ during 

deposition depends on both the flux of species to the electrode during deposition and 

the metal electrodeposition electron transfer kinetics, and hence is influenced by 

factors such as; electrode size, electrode geometry, preconditioning time, metal 

concentration. During electrodeposition, mass transport can be enhanced by 

introducing forced convection into the system, with examples including; RDE,13, 14 

impinging jet,15, 16 and ultrasound.17, 18 By increasing the flux of species towards the 

electrode surface more material is deposited and subsequently stripped off, increasing 

the resultant signal and improving detection limits. 
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Mass transport may also be enhanced by introducing thermal convection into the 

system by means of electrode19, 20 and solution21 heating (isothermal). A temperature 

gradient is established between the electrode and bulk solution, resulting in forced 

convection. Many different electrode materials have been utilised in this field 

including graphite,22 carbon paste,23 bismuth24 and mercury.25, 26 It was found that 

much higher signal intensities (4-34 times larger for nucleic acids)23 could be achieved 

at elevated temperatures, which was attributed to the enhanced rate of flux of species 

towards the working electrode.  

BDD has been also used in conjunction with high temperature ASV, Prado et al27 

showed that isothermal solution heating could be used to facilitate lead deposition and 

improve detection limits, the stripping signal is found to increase by a factor of 10. It 

was found from chronoamperometric experiments that both the rates of mass transport 

and particle nucleation are increased upon heating, AFM analysis revealed larger but 

not notably more lead particles, however a distribution in particle size is observed 

indicating a progressive nucleation and growth mechanism.  Additionally, both 

deposition and stripping potentials of lead were found to be shifted towards more 

positive potentials under heated conditions. Furthermore, by utilising microwave 

heating close to the electrode, Compton et al28 found that the ASV of palladium on 

BDD could also be improved, a large shift from -0.4 V to +0.1 V in deposition 

potential was observed for this metal, the stripping peak height was increased by a 

factor of 3.    

From the literature it is known that there are great benefits to performing ASV at 

elevated temperatures, most notably a large increase in analytical signal. Experiments 

involving both bulk solution heating and electrode heating have been performed, with 

the latter affording more control. There have been relatively few studies of this type 
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on BDD, despite the potential of this material due to its singular properties for use in 

electroanalysis. In particular, the high thermal conductivity of BDD (600 Wm-1K-1) 

permits fast changes in electrode temperature with external heating. A laser was 

chosen as this external stimulus as heat can be applied in a fast a controlled way, 

whereby the laser is focussed onto the back face of the BDD and heat propagates 

through to the electrode/solution interface.  
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6.2 Room Temperature Studies 

6.2.1 Glass Sealed pBDD Electrode 

Preliminary CVs were recorded with a glass sealed pBDD electrode fabricated as 

described in section 2.2.1 (sample E) to establish the potential of lead deposition, in a 

solution containing 100 µM Pb2+ at a scan rate of 50 mVs-1; a typical CV is shown in 

Figure 6.1. For all studies described herein the supporting electrolyte concentration 

was 0.1 M KNO3. As can be seen at around -0.75 V the current starts to rise due to Pb 

electrodeposition and increases as the potential is scanned more negative (larger 

overpotential). On the return scan current crossover is seen indicating the presence of 

a nucleation and growth mechanism,29, 30 where the first lead deposits assist further 

deposition increasing the rate and producing a larger current.  

 

Figure 6.1 – CV of glass sealed pBDD electrode in 100 µM Pb2+ at a scan rate of 50 mVs-1, forward 

and return scans are coloured black and red respectively. 

All DPV experiments in this chapter employed the same preconcentration step, which 

consisted of applying -1.4 V to the working electrode for a time of 300 s. Initial DPV 
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experiments were conducted at room temperature (24 ± 2 oC) over  a range of different 

lead concentrations (1 – 100 µM), Figure 6.2. Parameters for the stripping step were 

as follows: pulse width, 50 ms; pulse period, 200 ms; pulse amplitude 50 mV; step 

size, 2 mV, as these have previously been established to provide reproducible results 

with pBDD.15 The largest signal is attributed to the highest concentration of Pb2+, this 

signal diminishes with lower concentrations as expected. A clearly defined peak is 

seen at between -0.62 to -0.72 V vs. Ag/AgCl and is due to the stripping of deposited 

lead back into solution. This shift towards more negative values at lower 

concentrations suggests a particle size dependent effect on stripping potential, as is 

seen for Ag nanoparticles.31 At the highest concentration (100 µM) an additional, 

smaller peak is seen at ca. -0.43 V vs. Ag/AgCl, this feature appears to be present at 

lower concentrations though not as a defined peak. It has been shown previously by 

Hutton et al, that the morphology of lead deposits on pBDD affect the potential at 

which Pb is stripped from the surface.15 The authors attribute the first peak to the 

stripping of lead nanoparticles and the emergence of the second peak (at more positive 

potentials) to a film-like deposit that occurs at higher concentrations. It has been 

shown by numerical simulations that the stripping behaviour of deposited metal is 

affected by morphology,32 whereby hemispherical particles with a relatively small 

surface interaction area are stripped off at lower overpotentials than that of film like 

morphologies with smaller particle sizes.        

Peak currents and peak areas are plotted in Figure 6.3 (a) and (b) respectively; a linear 

trend is observed in (b) at lower concentrations but not for (a). This is because 

measurement of peak area takes into consideration all features attributed to the 

stripping of lead which peak height does not. At higher concentrations a linear trend 
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it not observed for peak area, most likely due to the incomplete removal of lead 

deposits during stripping.         

 

Figure 6.2 – DPV of 1 mm pBDD (sample E) with varying concentrations of Pb2+ in 0.1 M KNO3. 

Experimental conditions; pulse width, 50 ms; pulse period, 200 ms; pulse amplitude 50 mV; step size, 

2 mV and deposition time 300 s. 

 

Figure 6.3 – Measured (a) peak currents and (b) peak areas with associated charges of DPV data from 

Figure 6.2. 
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6.3 Isothermal Studies 

Isothermal experiments were performed using the water bath setup described in 

section 2.5.1, the effects of continuous heating were tested with a glass sealed pBDD 

(sample E). Deposition and stripping parameters were the same as before, with the 

exception that the pulse width was reduced to 10 ms, thus allowing synchronisation 

with pulse heating in later experiments (section 6.4). Under these heated conditions, 

both deposition and subsequent stripping occur at elevated temperatures due to the 

inability of being able to change solution temperature with this methodology.  DPV 

was performed as described above at different temperatures and is shown in Figure 

6.4 for a lead concentration of 5 M.  

It can clearly be seen that solution heating has a substantial effect on the resultant 

stripping peak. As the temperature increases the charge associated stripping increases, 

as shown in Figure 6.5. This is indicative of either or both, an increased amount of 

lead deposited on the electrode surface or an improvement in the stripping efficiency 

of the deposits.  
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Figure 6.4 – DPV stripping of glass sealed electrode in 5 µM Pb2+ at various temperatures, heating is 

performed isothermally with a water bath apparatus. 

 

Figure 6.5 – Peak areas and associated charges of DPV in a solution of 5 µM Pb2+at various 

temperatures. 
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6.4 Non-Isothermal Studies 

6.4.1 All-Diamond Macroelectrode Sample Characterisation 

A robust electrode was required for lead stripping experiments, as the frequent 

cleaning procedures required to obtain a clean, lead free surface after lead deposition 

(anodic polarisation of 2 V for 600 s) were found to degrade the quality of the 

insulating Kapton tape used for electrode construction. All-diamond macroelectrodes 

were thus produced by Element Six in conjunction with Warwick using the following 

procedure. A circular piece of high quality pBDD (4 mm diameter, sample E) was 

laser machined to leave a protruding (~ 70 µm) disc of approximately 1 mm diameter 

in the centre. This was then acid cleaned as described in section 2.2.1 and returned to 

the supplier (Element Six Ltd.) for overgrowth. An etch was first performed with an 

oxygen plasma to further clean the surface and intrinsic diamond was then grown over 

the laser machined structure and lapped back to reveal a 1 mm BDD disc, as depicted 

in Figure 6.6. This all-diamond electrode was mounted into the high temperature cell 

described in section 2.2.3. Araldite (Rapid Electronics Ltd., U.K.) was used to seal the 

diamond into the perspex window.   
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Figure 6.6 – Schematic depiction of all diamond structure  (a) side view and (b) top down view;  

intrinsic and boron doped regions are represented with blue and black respectively. 

Electrochemistry, FE-SEM and Raman spectroscopy were used to assess the viability 

of this structure as an electrode, despite the quality of the original pBDD (sample E) 

it was unknown whether the intrinsic diamond would provide suitable insulation. CV 

was performed with the high temperature cell, which was filled with a solution 

containing the Ru(NH3)6
2+/3+ couple and is shown below in Figure 6.7, ΔEp is 66 mV 

in accordance with previous CV experiments performed with sample E in section 

3.2.3.  Crucially, the measured peak current is as expected (Randles-Sevcik equation) 

for the experimental parameters employed, which is ~ 2.3 µA is assuming a diffusion 

coefficient of 8.8 × 10-6 cm2s-1.  Hence the overgrown layer of intrinsic diamond serves 

as a suitable co-planar insulating layer to define a BDD electrode of diameter ~ 1 mm.  

Measurements in supporting electrolyte revealed a capacitance of ~ 11.6 µF cm-2, 

which is almost twice as high as that measured for sample E. Raman spectroscopy of 

the all diamond structure in both the intrinsic and BDD areas of the surface showed 

familiar features, as shown in Figure 6.8 including a peak at around 1332 cm-1 which 

is diminished and shifted to lower wavenumbers at high levels of boron doping.33 

Importantly no evidence of sp2 carbon was observed which could contribute to an 



176 

 

increased capacitance. Hence, the exact origin of this disparity is unknown, though 

could possibly be manifested from pinholes in the intrinsic layer allowing charge to 

build up.34  

 

Figure 6.7 – CV of all diamond structure in 0.88 mM Ru(NH3)6, 0.1 M KNO3 at 100 mVs-1 

 

Figure 6.8 – Raman spectrum of relatively higher (black line) and lower (red line) boron doped regions 

of the all diamond structure. 
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From SEM, the same grain structure observed in sample E was also present for the all 

diamond structure, Figure 6.9. Additionally, no regions displayed greater rates of 

charging during FE-SEM over the entire exposed BDD surface, suggesting that all 

intrinsic diamond covering the ~ 1 mm BDD disc structure had been removed during 

lapping. 

 

Figure 6.9 – In-lens SEM of all diamond structure. 

The temperature of the solution near to the electrode was measured implicitly as before 

in section 5.3.3, the measured OCPs and associated temperature rises are shown below 

in Figure 6.10. The temperature profiles of this all-diamond electrode are different 

from those of electrode H used in section 5.3.3, where the response of the all-diamond 

electrode is much slower than electrode H. This is thought to be due to the thickness 

of the all diamond structure (~ 500 µm), compared to 200 µm, increasing the time 

taken for heat to travel to the electrode/solution interface. TPV experiments were 

performed as before in section 5.3.5 with Ru(NH3)6
2+/3+ to assess the all diamond 

structure, Figure 6.11, where raw data is sampled to produce a TPV representing the 
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hottest part of each temperature pulse. The resultant TPV is dissimilar to examples 

seen before with the thinner diamond electrode H. 

Figure 6.10 shows that the thicker electrode displays a sluggish time response for both 

temperature rise and decay, as compared to Figure 5.11 (Chapter 5), for the thinner 

electrode, maximum temperature rises are listed in Table 6.1. As the heat lingers in 

the system between pulses, the transients do not decay back down to the original 

temperature, instead tending towards a steady state. The largest T is seen for the 

highest laser power i.e. 18.4 o C (at the peak of the transient) for 27.5 W which is less 

than 31 oC for the thin electrode at the same laser power. The corresponding TPVs for 

the different laser powers are shown in Figure 6.8, data is sampled as described in 

section 5.3  In contrast to the data in Figure 5.14 (Chapter 5), the TPVs tend more 

towards a steady-state again likely to be due to the sluggish temperature-decay profiles 

of the pulse.    

 

Figure 6.10 – Measured OCP between a non-heated and laser-heated pBDD electrode as a function of 

time at different laser powers in an equimolar solution of 0.5 mM K3[Fe(CN)6] + K4[Fe(CN)6] in 0.1 

M KNO3.  The associated temperature rise is shown on the right hand axis using β = 1.62 mVK-1.   
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Laser Power (W) OCP (mV) ΔT (oC) 

2.5 3.5 2.2 

5 6.3 3.9 

7.5 8.7 5.4 

10 11.3 7.0 

12.5 14.1 8.7 

15 16.8 10.4 

17.5 19.5 12.0 

20 22.1 13.6 

22.5 24.5 15.1 

25 27.2 16.8 

27.5 29.8 18.4 
 

Table 6.1 - Measured OCP values with associated temperature rises after 10 ms of laser heating at 

different laser powers in an equimolar solution of 0.5 mM K3[Fe(CN)6] + K4[Fe(CN)6] in 0.1 M KNO3. 

 

Figure 6.11 - TPV (sampled data) of all diamond structure in 1 mM Ru(NH3)6
2+/3+ 0.1 M KNO3 at 

various laser powers.  

6.4.2 Pulse Heated Deposition 

Two concentrations of Pb2+ (5 µM and 50 µM) were chosen to show the effects of 

electrode heating on metal deposition and subsequent stripping. These two 

concentrations are an order of magnitude apart, the lower of which is close to the 
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detection limit found with this electrode at ambient conditions for a deposition time of 

300 s. DPV is conducted in the normal manner, with pulsed laser heating being applied 

to the electrode during the deposition step. Heating is performed at 10 W with a 20 ms 

laser pulse with a pulse period of 200 ms, this is applied for the entire preconcentration 

step during which the bulk solution temperature may rise by ~ 5 oC as measured by a 

thermocouple.  

A DPV of metal stripping from a solution of 5 µM Pb2+ at ambient and heated (10 W) 

deposition conditions is shown in Figure 6.12. It can be seen that employing pulsed 

heating during metal deposition greatly enhances the subsequent stripping peak, where 

a slight peak shift towards a more positive potential is also observed. This is especially 

impressive as the thickness means the maximum temperature rises at the 

electrode/electrolyte interface are not as significant as for a thinner electrode.  The 

stripping peak area under heated deposition conditions is larger by a factor of 43 than 

that obtained under ambient conditions (7.5 × 10-9 and 3.2 × 10-7 Cs-1V). The presence 

of a larger stripping peak must be due to an increased amount of lead deposited onto 

the electrode surface during preconcentration, which thus requires a larger driving 

force (greater overpotential) for removal. 
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Figure 6.12 – DPV stripping of all diamond structure in 5 µM Pb2+ at ambient (black line) and 10 W 

heated (red line) deposition conditions. 

FE-SEM was utilised as a means of assessing lead deposited under ambient and heated 

conditions, enabling visualisation of the lead deposits. The same deposition procedure 

was followed as for Figure 6.12 except no stripping took place. The window of the 

high temperature cell was then removed and the electrode gently rinsed with ultra-

pure water to avoid the precipitation of KNO3 salt crystals. Very few particles were 

expected for the deposition of lead at ambient conditions in 5 µM Pb2+ solution (black 

line in Figure 6.12), as observed with SEM, with Figure 6.13 revealing a clean surface. 

However we cannot rule out the possibility that some particles are removed during 

rinsing.  

A much larger stripping peak is seen when pulse heated deposition is employed due 

more lead being deposited, this is thought to occur due to an enhanced flux towards 

the electrode caused by thermal gradients (convection) and an increased diffusion 

coefficient of Pb2+. This was observed microscopically as shown in Figure 6.14, where 

many particles are now observed on the pBDD surface. Interestingly, there is a 
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preference for particles to be deposited in the higher doped regions, which appear as 

darker areas when using the in-lens detector of SEM.35 From the FE-SEM there 

appears to be no evidence of deposition within the lighter doped areas (which are still 

above the metallic threshold), although for absolute confirmation the use of higher 

resolution techniques such as AFM would be required. Although the applied potential 

is significantly more negative than the potential at which Pb starts to deposit on the 

surface (~ -0.75 V), it must not be great enough to overcome the differences in local 

resistance of the surface due to different boron doping levels.36 To test this, a larger 

effective overpotential can be used, which drives the deposition process more. Despite 

achieving a near reversible CV in Ru(NH3)6 with this electrode (ΔEp of 66 mV at a 

scan rate of 100 mV s-1), it is possible that the electrical contact to the pBDD may have 

not been ohmic. If the contact became diodic in nature at a value around the lead 

deposition potential (– 0.7 V vs. SCE), it could account for the observation that lead 

is preferentially deposited on higher doped (more conducting) regions of the pBDD 

surface where any poor contact effects would be less pronounced.   

Using the same deposition conditions at ambient temperatures but using a different 

metal, one which has a less negative deposition potential (+0.1 V vs. Ag/AgCl), here 

silver, the FE-SEM image as shown in Figure 6.15 is observed. Electrodeposition of 

silver was performed in a solution containing 1 mM Ag+. Silver deposition can be seen 

to occur indiscriminately over the entire pBDD electrode, irrespective of boron dopant 

density, suggesting changes in boron dopant density can be overcome. The effect of 

preferential deposition of metals on pBDD has been observed by Colley et al37 for 

silver but using an applied potential of -0.2 V vs. Ag/AgCl and Compton et al 

depositing nickel nanoparticles.38 
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Figure 6.13 - (a) in-lens and (b) secondary electron SEM of all diamond structure after deposition in 5 

µM Pb2+at ambient conditions. 

 

Figure 6.14 – (a) in-lens and (b) secondary electron SEM of all diamond structure after 10 W heated 

deposition in 5 µM Pb2+.  
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Figure 6.15 – In-lens SEM of all diamond structure after ambient deposition in 1 mM Ag+. 

A DPV experiment investigating ambient and heated deposition (DPV stripping under 

ambient conditions) was also conducted in a solution containing 50 µM Pb2+ under the 

same conditions for 5 µM Pb2+ is shown in Figure 6.16. The same effect of electrode 

heating during deposition is seen at this higher concentration, namely an increased 

stripping peak area with heating at a potential of -1.4 V vs. Ag/AgCl. Interestingly, a 

second, larger peak is also seen appearing at more positive potential of -0.48 V vs. 

Ag/AgCl, most likely indicating a different morphology of deposited lead.  

The integrated area for the DPV under heated deposition conditions is 7.5 times larger 

than for ambient deposition (2.3 × 10-7, 1.8 × 10-6 Cs-1V), smaller than the previous 

enhancement at 5 µM Pb2+ possibly due to incomplete removal of all lead deposits. 

FE-SEM after deposition under ambient conditions (50 µM Pb2+) reveals Pb particles, 

deposited in regions of the pBDD containing more boron. These are similar to those 

seen in Figure 6.14 albeit with a lower density. FE-SEM conducted after heated 

deposition in 50 µM Pb2+ solution, is shown in Figure 6.18 and Figure 6.19, revealing 

significant deposition on the all diamond structure; these deposits were so extensive 
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that they were visible to the naked eye. Observation of Figure 6.18 shows two distinct 

types of deposit; small particles (~ 250 nm) and large ‘flakes’ (longest dimension ~ 2 

µm), but again both showing a preference for areas containing more boron. A higher 

magnification secondary electron image is presented in Figure 6.19, which clearly 

shows the difference in size and shape of these two types of lead deposit. The 

appearance of the peak at -0.48 V vs. Ag/AgCl is thus tentatively ascribed to the larger 

flake type deposits, as it was only observed when these deposits were witnessed in FE-

SEM. Occurrence at a more positive potential suggests dissolution from the flaked 

structures is not as energetically favourable as from the sub-micron sized particles.  

    

 

Figure 6.16 - DPV stripping of all diamond structure in 50 µM Pb2+ at ambient (black line) and 10 W 

heated (red line) deposition conditions. 
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Figure 6.17 - (a) in-lens and (b) secondary electron SEM of all diamond structure after deposition in 

50 µM Pb2+at ambient temperature. 

 

Figure 6.18 - (a) in-lens and (b) secondary electron SEM of all diamond structure after 10 W heated 

deposition in 50 µM Pb2+. 
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Figure 6.19 - Secondary electron SEM of all diamond structure after 10 W heated deposition in 50 µM 

Pb2+. 

6.4.3 Pulse Heated Stripping 

The effect of electrode heating on the stripping step of ASV was also investigated with 

DTPV, where the all diamond structure is subjected to pulsed laser heating after 

electrodeposition under ambient conditions. This is shown schematically in Figure 

6.20 where laser pulses are synchronised with potential pulses in the DPV waveform. 

DTPV parameters used throughout this section are as follows; pulse width, 10 ms; 

pulse period, 200 ms; pulse amplitude 50 mV; step size, 2 mV.  
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Figure 6.20 – Schematic of DPV experiment performed in parallel with pulsed electrode heating. 

Two solutions containing Pb2+
 at a concentration of 5 µM and 50 µM were used to 

perform these heated stripping experiments, mirroring experiments in section 6.4.2. 

The result of stripping at ambient (black line) and heated (red line) conditions for a 5 

µM solution of lead is shown in Figure 6.21. No apparent enhancement in stripping 

peak is seen when pulsed heating is employed, though a higher background current 

manifests which may mask any possibly increased signal. At this low concentration, 

and from FE-SEM in section 6.4.2, it is known that very little lead is deposited under 

ambient conditions, which is likely to be stripped off with little difficulty. Any 

potential benefit in stripping efficiency due to heating is therefore negligible at this 

concentration; indeed heating actually appears to increase the background current.  
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Figure 6.21 - DTPV stripping of all diamond structure in 5 µM Pb2+ at ambient (black line) and 10 W 

heated (red line) stripping conditions. 

Data for the 50 µM Pb2+ solution are shown in Figure 6.22 for ambient, 10 W heated 

and 20 W heated stripping conditions; black, red and green lines respectively. A 

familiar peak is seen at around -0.6 V vs. Ag/AgCl when stripping is conducted at 

ambient conditions, upon 10 W heating however this peak shifts to a more negative 

potential at approximately -0.65 V vs. Ag/AgCl thus requiring a lower overpotential 

for stripping. This may suggest that the act of heating the electrode aids the oxidation 

of lead solid back into solution. The height of this peak (red line) is very similar to 

that of stripping at ambient conditions (black line), though the former exhibits a larger 

area and hence charge so it may be assumed that more lead is being stripped off. 

Careful observation of the red line in Figure 6.22 at the starting potential of -1 V 

reveals an initial negative current suggesting that lead is still being deposited at the 

beginning of the so called ‘stripping step’. This seems reasonable based on 

experiments in section 6.4.2, where it was found that heating greatly increases the 
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deposition of lead. It follows that this continues under heated stripping conditions 

when the potential is more negative than the deposition potential of lead.  

A higher laser power of 20 W was used to intensify this effect, shown as the green line 

in Figure 6.22. Once again the peak occurs at a potential more negative than under 

ambient stripping conditions, however both the peak height and area are now larger 

than for the ambient and 10 W heated stripping conditions. A negative current of a 

greater magnitude than for 10 W is seen at the starting potential of -1 V again 

suggesting the continued deposition of lead, the stripping peak at this power is 

therefore larger as expected.     

 

Figure 6.22 - DTPV stripping of all diamond structure in 50 µM Pb2+ at ambient (black line), 10 W 

heated (red line) and 20 W heated (green line) stripping conditions. 
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6.5 Conclusion 

ASV of lead has been conducted on pBDD with DPV under both ambient and heated 

conditions. Preliminary experiments were performed in a continuously heated solution 

at different temperatures, utilising a water bath apparatus and glass sealed pBDD. It 

was shown that the stripping peak become larger at elevated temperatures, with bigger 

peak areas (i.e. charge) at higher temperatures. This suggests that heating acts to 

increase the amount of lead deposited on the surface, due to either (or both) an 

increased flux of species (thermal convection) and/or higher efficiency of the 

subsequent stripping step. 

A pulse heated electrode methodology was employed as described in Chapter 5, using 

a laser as a fast controllable heat source. An all diamond electrode was fabricated for 

these studies due to the rigour with which cleaning is required for lead removal. An 

anodic cleaning step of +2 V for 300 s was used between experiments. Experiments 

with this setup were divided into two sections; heating during deposition and heating 

during stripping. For both, a deposition potential of -1.4 V vs. Ag/AgCl was applied 

for 300 s, a laser pulse width of 20 ms was used for the former, whereas for the latter 

is was 10 ms. 

At a Pb2+ concentration of 5 µM a small stripping peak was observed at -0.68 V versus 

Ag/AgCl, the height and area of which became much larger upon heating, 43 times 

for the latter. FE-SEM observed a large increase in particle density with heated 

deposition, occurring preferentially at areas on the pBDD surface possessing a higher 

concentration of boron. An increase in peak height and area was also seen for ASV 

with a solution containing 50 µM of Pb2+, although the enhancement is not as large at 

this concentration. A second stripping peak at -0.48 V vs. Ag/AgCl occurs when 
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heated deposition is employed at this concentration, FE-SEM images show the 

presence of a different type of deposit, which are much larger and possess a ‘flake-

like’ structure. The stripping of these larger deposits have been attributed to the second 

peak at more positive potentials as each are only observed when the other is present. 

Experiments utilising electrode heating on the stripping step also show an effect of 

increased temperature. A shift towards a more positive potential for the stripping peak 

occurs upon pulse heating, probably due to the temperature coefficient of Pb2+ 

manifesting as a potential shift. The area of the heated stripping peak is larger than 

that obtained under ambient conditions because deposition continues to occur at an 

appreciable rate during the initial part of the stripping step. At a higher laser power of 

20 W this effect is intensified, causing a larger stripping peak. Any improvement in 

signal therefore seems to be largely due to an enhanced deposition step, rather than an 

improved stripping efficiency, though the latter could become more significant at high 

metal concentrations.  

Further experiments for this work would investigate the benefits of pulsed electrode 

heating on the limit of detection for a pBDD of this size, it is expected that lower 

concentrations of lead could be detected and quantified with carefully controlled 

heating conditions. Other metals besides lead could also be detected with this method, 

of interest would be the effect of heat on the detection of solutions containing more 

than one metal species, for example lead and cadmium. The potential benefit of 

heating during stripping could also be explored, by testing much higher concentrations 

of metal that are not completely removed under normal stripping conditions.       
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7 Conclusions 

Diamond grown by the CVD method is an extraordinary material, worthy of 

exhaustive study. Many BDD samples (A-H) were used in this thesis, grown by 

different suppliers and displaying a variety of characteristics such as boron 

concentration and electrical conductivity. BDD has emerged as an extremely useful 

tool for electrochemists, boasting properties unmatched by other electrode materials. 

Lower background currents can be obtained with pBDD owing to its low capacitance 

and lack of reactivity towards many chemical species, this is advantageous for 

electroanalysis where limits of detection and sensitivity are of great importance. 

pBDD also possesses a wide potential window in aqueous solvent, allowing 

electrochemistry to be performed on species not available to other electrodes due to 

the early onset of water reduction and oxidation. Additionally, pBDD is exceedingly 

hard and resistant to chemical attack, permitting the construction of electrodes that do 

not succumb to hostile environments such as acidic and basic media. Fast temperature 

changes can be achieved with pBDD as it possesses a very high thermal conductivity, 

higher even than copper. This high thermal conductivity can be exploited 

electrochemically, where pBDD can be rapidly heated and cooled whilst in contact 

with solution. Two different surface terminations may exist on diamond, which can 

affect the electrochemistry of BDD, as-grown samples are hydrogen terminated 

though an oxidation termination can be formed by various treatments. 

The aims of this thesis were to characterise a series of different pBDD samples 

displaying different properties for use in electroanalysis and exploit the thermal 

conductivity of pBDD for high temperature electrochemical applications. 
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SIMs was used to measure the average boron concentration of these samples, which 

ranged from 9.2 × 1016 – 1.6 × 1021 boron atoms cm-3, the amount of boron strongly, 

though not exclusively, affects the electrical conductivity of diamond which ranged 

from ~ 41000 to 0.05 Ωcm of the freestanding samples that could be measured. The 

roughness of lapped samples (A-E and H) was less than 5 nm as determined by AFM, 

samples present on a niobium substrate (F and G) could not be lapped and 

consequently had much higher surface roughnesses of 1.85 and 9.3 µm.   

In Chapter 3, FE-SEM was used to assess the grain structure of pBDD samples, thinner 

samples contained much smaller grains and thicker samples much larger grains, this 

structure is due to the way in which grains grow outwards during CVD growth. Grain 

sizes varied from 2 – 880 µm for the thinnest and thickest of the freestanding samples 

respectively. The contrast obtained in FE-SEM using the in-lens secondary detector 

showed areas of different conductivities in pBDD, which are indicative of boron 

concentration, this has been shown previously with conducting AFM (C-AFM).1 The 

heterogeneity of pBDD was further investigated in Chapter 4 with Raman mapping, 

two samples of similar dopant density (metallic) were used in this study. Areas of the 

diamond peak (~1332 cm-1) and non-diamond carbon feature (~ 1500 cm-1) were 

recorded for many spectra and plotted as an image.  For the sample that contained non-

diamond carbon, it was found that these phases correlated with areas of higher boron 

doping. The resistivities of moderately (A – C) and heavily doped (E and F) samples 

were investigated at various temperatures, samples A-C showed a large temperature 

dependent resistivity. The heavily doped samples (E and F) showed a very small 

variation of resistivity with temperature, and were deemed effectively metallic.   

The electrochemical response of pBDD samples varied considerably, with samples 

containing less boron resulting in resistance effects, lower currents and slower 
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kinetics. Although samples with lower boron concentrations produce wider solvent 

windows and lower capacitances, they are not suitable for electroanalysis.  The effect 

of low boron concentration on kinetics is more pronounced at redox mediators that 

oxidise and reduce at more negative potentials vs. a reference electrode, due to the p-

type nature of semiconducting BDD. In order to be useful as an electroanalytical tool 

BDD must be around the metallic threshold (2-3 × 1020 cm-3), much higher levels of 

boron doping serve to decrease the available solvent window, increase capacitance 

and make the incorporation of non-diamond carbon during growth more probable. 

Non-diamond carbon is detrimental to the electrochemical response of pBDD, the 

presence of which can be detected in Raman spectroscopy as a feature around 1500 

cm-1. Samples that suffered from incorporation of non-diamond carbon displayed 

larger capacitances and a narrower solvent window. It is essential therefore that a 

pBDD electrode must demonstrate metal like conductivity, contain negligible amounts 

of non-diamond impurities and not be doped with too much boron if it is to be used 

for electroanalysis.  Optimal results were achieved with sample E, which contained an 

average boron concentration of 3 × 1020 cm-3 and negligible non-diamond phases.    

Surface termination is important when performing electrochemical studies with BDD. 

A hydrogen termination provides a surface conductivity, allowing semiconducting 

samples to perform reasonably well, though this is not stable and performance 

diminishes with subsequent potentials scans. An oxygen termination is far more stable 

and should be applied to BDD prior to electrochemical studies. The method to produce 

an oxygen terminated surface drastically affected the electrochemistry of surface 

sensitive redox mediators; near reversible HET (highest reported to date for oxygen-

terminated pBDD) was observed for the Fe(CN)6
4-/3- couple after alumina polishing of 

sample E. Conversely, anodic polarisation reduced the rate of HET for sample E with 
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the same redox mediator. The reverse effect (yet less pronounced) was observed for 

the Fe2+/3+ couple, where anodic polarisation of sample E yielded faster HET than with 

an alumina polish treatment. 

XPS studies indicated a larger amount of carbonyl and carboxyl groups on the pBDD 

surface treated with an anodic polarisation, in addition to more alcohol groups. 

Alumina polishing was found to be a viable means of producing a clean, reproducible 

diamond surface, as shown by XPS conducted at different temperatures which showed 

no evidence of aluminium indicating complete removal of alumina particles.  

In Chapter 5, electrochemical experiments involving isothermal solution heating were 

conducted and showed an enhanced current response for the Ru(NH3)6
2+/3+ couple, this 

was attributed mainly to an enhanced rate of mass transport towards the electrode. 

Under heated conditions, CVs tended towards a steady state like response as 

temperature is increased, though fluctuations become apparent in the current trace for 

the slower scan rates at higher temperatures. Peak currents are calculated and were 

found to deviate from those measured experimentally, this disparity increases at 

slower scan rates suggesting that convection contributes significantly to the overall 

mass transport. Diffusion coefficients are calculated at different solution temperatures 

and found to agree with those found experimentally with a Pt UME, where the effects 

of convection are less pronounced. 

Non-isothermal experiments employed the use of a thin (200 µm) pBDD, a pulsed 

heated methodology was used for rapid heating and cooling of the pBDD electrode. 

OCP experiments implied that a temperature rise of around ~ 34 oC could be achieved 

in solution close to the electrode surface with a 10 ms laser pulse at 30 W, whereas 

finite element simulations suggested that the electrode surface itself may rise by ~ 86 

oC when subjected to the same laser pulse. The bulk solution temperature was largely 
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unaffected (ΔT < 1 oC) for the duration of experiments conducted in the non-isothermal 

regime (< 30 s). 

TPV experiments showed a very large increase in current for Ru(NH3)6
2+/3+ (~ 6 times 

for 22.5 W), in addition to a drastic change in shape as compared to a CV at non-

heated conditions. The emergence of a ‘double cathodic’ peak occurs due to the 

intrinsic temperature coefficient of Ru(NH3)6
2+/3+ which causes a shift to more positive 

potentials at higher temperatures.2, 3 This is analogous to performing DPV with a 

potential pulse of opposite polarity to the potential staircase. This effect was also seen 

to varying degrees for other redox mediators, the magnitude and sign of current 

enhancement is dependent upon the temperature coefficient of the studied species.  

In Chapter 6, ASV was conducted with a glass sealed pBDD electrode (sample E) at 

different solution temperatures, using the same water bath apparatus as Chapter 5. The 

area of the DPV stripping peak for this metal increased, up to a factor of ~ 4.5, when 

the solution was raised to 60 oC, indicating a greater amount of lead on the electrode 

surface. 

An all diamond structure was constructed (from sample E material) and employed in 

heated ASV experiments for the deposition and stripping of lead. Pulsed laser heating 

during the preconcentration step, and subsequent stripping step was performed 

separately in 5 µM Pb2+ solution. The former greatly enhanced the amount of 

deposited lead, as evidenced by FE-SEM, where deposition showed preferential 

nucleation in regions containing more boron. At a concentration of 50 µM Pb2+, laser 

heating produced ‘flake’ type structures approximately 2 µm long. A second peak was 

observed in DPV and was attributed to these flakes.  
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When pulsed laser heating was applied only during the stripping step, a shift in peak 

potential towards more positive values was seen, accompanied by a slight increase in 

peak area. This effect was exaggerated at a higher laser power of 20 W, though the 

increase in peak area is thought to occur simply due to an enhanced rate of metal 

deposition during the initial part of the stripping step. 
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