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Abstract 
 

 

Nanostructured boron-doped diamond (BDD) electrodes present an exciting opportunity for 

advancing electrochemical technologies that require high chemical stability and enhanced 

surface activity. While micro- and nanostructured approaches on carbon-based electrodes have 

been well documented, precise control over morphology and its influence on electrochemical 

performance remains insufficiently understood. Furthermore, the application of nanostructured 

BDD electrodes for reactions such as furfural (FF) oxidation, is largely underexplored. This 

project aimed to address these gaps by investigating how electron beam lithography (EBL), 

combined with surface termination treatments can enhance the electrochemical properties of 

BDD electrodes for sustainable chemical applications.  

Three EBL-BDD electrode designs were fabricated with varying structure densities to 

investigate the influence of surface morphology on electrochemical performance. Material 

characterisation by scanning electron microscopy (SEM) and laser Raman spectroscopy 

confirmed successful growth of nanocrystalline BDD films across all structures. 

Electrochemical characterisation in KNO3 solution, demonstrated substantial improvements in 

double-layer capacitance (Cdl) with the highest performing electrode, EBL D-05, exhibiting a 

Cdl value 50.6 times greater than the average f-BDD reference. Surface area analysis further 

validated these findings, with relative effective surface area indicating up to a 25-fold increase 

over f-BDD. Oxygen termination treatments were also explored, with ozone treatment proving 

to be most effective relative to the hydrogen-terminated reference.  

Preliminary application testing for FF oxidation was conducted in acidic media. The EBL D-

22 electrode displayed promising activity, with an anodic peak at 1.6 V vs. Ag/AgCl, 

confirming catalytic activity towards FF oxidation.   
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1. Introduction 
 

1.1. Microstructured Electrodes 

 

The term microstructured electrodes encompasses electrodes designed with specific engineered 

features on the micro- to nanoscale that significantly enhance the physical, chemical, and 

electrochemical properties of the electrodes. A notable example of successful microstructured 

electrodes is those based on diamond which uses its unique properties to enhance 

electrochemical performance, particularly when doped to induce conductivity.  

 

Atomically flat boron-doped diamond electrodes (f-BDD) were among the first substrates used 

for developing diamond electrodes, and these remain a prominent material choice in 

electrochemical research and application due to their low background current and wide 

working potential window.1 Grown on single-crystal silicon wafers, the f-BDD layer has a flat, 

uniform topography achieved through post-fabrication polishing. Although numerous 

applications for f-BDD electrodes have long been identified, achieving optimal efficiency 

requires strategies to maximise the electrochemically active surface area. One effective 

approach to this is the miniaturisation of electrode structures to the nanoscale—which is 

inherently challenging to achieve.2 An example of this is to combine the desirable qualities of 

f-BDD and grow boron-doped diamond (BDD) on substrates with large surface areas. This 

method not only amplifies electrochemical performance across a variety of applications but 

also introduces the possibilities for harnessing the potential of diamond in electrochemical 

systems.
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1.2. Diamond in Electrochemistry 

1.2.1. Diamond Properties 

 

 
Figure 1.1: The structure of diamond in both (a) ball and stick form and (b) chemical structure. 

 

Diamond possesses a tetrahedral symmetry, formed by two interlinked face-centred cubic 

lattices. (Fig. 1.1) Each carbon atom is covalently bonded to four neighbouring carbon atoms, 

creating a very strong tetrahedral lattice that lacks delocalized π-electrons, which would 

otherwise increase reactivity.3 To allow for tetrahedral symmetry, the carbon atoms undergo 

sp³ hybridisation, where the 2s electrons are promoted to the 2p orbitals, enabling the formation 

of strong covalent bonds with bond angles of 109°. Consequently, all carbon atoms in diamond 

are sp³ hybridized. The distinction between diamond and graphite lies in the stacking sequence 

of their atomic layers: cubic diamond follows an ABCABC stacking sequence, whereas 

hexagonal graphite exhibits an ABABAB stacking arrangement, as illustrated in Figure 1.2.4 

 

 

Figure 1.2: Schematic diagrams of the crystal structures of cubic symmetry diamond structure 

(ABCABC) and hexagonal symmetry graphite structure (ABABAB) taken from Ref. 4. 
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In chemical vapour deposition (CVD) diamond, the cubic structure of diamond is the most 

common form of diamond grown due to its thermodynamic stability and lower energy barriers. 

The cubic structure can be visualised as infinite layers of the planes with Miller indices {111} 

and/or {100} seen in Figure 1.3.5 The {111} and {100} facets are the most common among 

the four low-index crystallographic planes typically observed in synthetically grown diamond 

under varying conditions.6–8  

 

 

Figure 1.3: Simple visualisations of the {100} and {111} planes of crystal diamond taken from      

Ref. 5. 

 

The strong covalent bonds of the diamond structure make it one of the hardest known materials, 

exhibiting high resistance to abrasion, mechanical degradation, and a high Young’s modulus. 

Additionally, the absence of delocalised 𝜋-electrons in its lattice contributes to the diamond’s 

resistance to oxidation and corrosion further enhancing its durability and chemical stability.9,10 

Electrodes with a diamond surface, particularly BDD, exhibit high inertness and smoothness 

due to fewer surface functional groups, which minimises the likelihood of adsorbance of 

fouling contaminants. This anti-fouling property contributes to consistent electrochemical 

performance over time.11 Due to these properties, the synthetic growth of diamond for use in 

electrochemical and other appliances has become widely popular.  

 

1.2.2. Electrochemical Performance 

 

Diamond’s large energy gap between the filled valence and empty conduction bands means 

that electrons cannot easily be excited into the conduction band. There are also no free charge 

carriers, electrons or ‘holes’, to allow for the flow of electric current. Therefore, undoped 

diamond is considered to be an electrical insulator.12  

{100} {111} 
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Figure 1.4: Potential windows of different common electrodes. Redrawn using data from Ref. 13. 

 

The electrochemical potential window is the range of applied potential differences that 

encompasses the electrochemical redox reactions of interest. For diamond electrodes, this is 

wider than that of any other material due to its extreme inert nature which minimises unwanted 

electrochemical reactions at the surface, allowing for a broader range of voltages without 

suffering significant background current. (Fig. 1.4)13 This window encompasses most 

electrochemical reactions within the potential range -1 to +1.8 V. Furthermore, diamond 

electrodes exhibit extremely low background, therefore the baseline signal is very stable across 

a wide range of potentials.  

 

1.2.3. Band Gap Theory 

 

The band gap (Eg) of a material pertains to the energy difference between the valence band 

(VB) and the conduction band (CB). The VB is the highest range of electron energies where 

electrons are normally present at absolute zero temperature. When electrons are thermally 
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excited, they move from the VB to the CB. The size of Eg and the electrons in the CB directly 

influence a material’s electrical conductivity.14 Conductors, typically metals, have an 

overlapping or non-existent band gap of ≈ 0 eV allowing the free movements of electrons 

resulting in high electrical conductivity. Semiconductors have a band gap of  0.1-3 eV, small 

enough that electrons can be thermally or optically excited from the VB to the CB, giving 

controllable conductivity that can be enhanced by doping. Insulators have a large band gap 

above 3 eV that prevents electrons from easily promoting to the CB making these materials 

poor electrical conductors. Intrinsic diamond is an example of an insulator with a wide band 

gap of 5.5 eV.15 

 

1.2.4. Semiconductors 

 

 

Figure 1.5: The effect of B doping on the band gap of diamond. Without the acceptor level, to make 

diamond conductive electrons would need to be excited from the valence band to the conduction band 

across 5.5 eV but the acceptor level greatly decreases this gap to only 0.37 eV for electrons to jump 

and give a conducting material. 

 

Semiconductors specifically are highly tuneable and can be engineered for electronic and 

electrochemical applications. A common method to modify conductivity is extrinsic doping 

whereby impurities are intentionally added into electrically active sites within the lattice of a 

material.16 Conductivity is enhanced by introducing additional charge carriers that reduce the 

material’s effective band gap. An n-type semiconductor involves doping with elements with 

extra electrons than the bulk atoms and enhancing conduction via these extra electrons being 

located in a ‘donor’ band situated just below the CB. Thus, it takes little energy to excite these 

electrons from the donor band into the empty CB, from where they can move freely throughout 
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the material, i.e. electrical conduction. A p-type semiconductor is created by doping with 

elements that have fewer valence electrons than the bulk atoms, resulting in an empty ‘acceptor 

band’ located just above the VB. Again, little energy is now needed to excite electrons from the 

full VB into this acceptor level. Having lost electrons, the VB is now no longer full, and 

therefore the remaining electrons can now freely move through the VB enabling electrical 

conduction. In this case, the lack of electrons or ‘holes’ in the VB are considered to be the 

majority carriers.17 Boron (B) is the most practical dopant when substituted in diamond to a 

low concentration. It alters the material’s electronic properties without having significant effect 

to the structural lattice and performance of the electrodes. The addition of B in place of carbon 

atoms, forms an impurity level of acceptors with a shallow activation energy of 0.37 eV above 

the VB as seen in Figure 1.5.18  

 

Following doping with B, diamond transitions from an insulator to a p-type semiconductor.  

With very low B doping, the B atoms are quite far apart and can be considered as almost 

isolated in the lattice. In this case, hopping conduction takes place, where holes are directly 

transferred between B impurities, bypassing the valence band, and has been observed in 

literature in both single and polycrystalline diamond films.19,20 At higher doping levels, the 

acceptor band covers the entire material, and conduction occurs through the movement of holes 

in the valence band, and the conduction becomes metallic. Despite the introduction of some p-

type conductivity, BDD maintains a wide electrochemical potential window in aqueous 

solutions, typically ranging from -1.35 V to +2.3 V.21 This is attributed to the chemical stability 

of diamond itself.  

 

The introduction of B also alters the morphology of the CVD diamond surface via the 

individual crystal facets. At lower concentrations the crystal structure exhibits an equal ratio of 

both {100} and {111} facets. As the B concentration increases to higher ppm levels the {111} 

facets tend to dominate over the {100} facets.22 Furthermore, a higher concentration of B 

typically results in the formation of rougher or rounder diamond crystal facets suggesting a 

deterioration in crystal morphology. Increased B concentration in the gas phase during CVD 

also decreases gas-phase H species, therefore etching of sp2 carbon by H atoms becomes less 

effective, leading to higher sp2 defects on the diamond surface, particularly at grain boundaries. 

Subsequently, a doping limit has been suggested of 30,000 ppm B/C ratio before B begins to 

diminish diamond quality.23  
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1.3. Fabrication Approaches for High Surface Area BDD Electrodes 

 

The current fabrication of nanostructured BDD electrodes with large surface areas can be 

broadly classified into two approaches: top-down etching and bottom-up growth.24 Top-down 

processing involves the etching of the diamond layer while bottom-up processing involves 

direct growth of diamond layers onto pre-structured substrates.  

 

1.3.1. Top-Down Etching 

 

Reactive Ion Etching  

 

Reactive ion etching (RIE) is an advanced technique pioneered by Hosokawa et al. that utilises 

capacitively or inductively plasmas to etch the surface of a substrate.25 Ions are accelerated by 

the electric field within the plasma, driving them to collide with the substrate and remove 

surface material. By combining chemical and physical etching mechanisms, RIE allows for the 

precise removal of material layers, enabling intricate nanostructured patterns on the substrate. 

The patterns are formed through the use of a mask which serves as a physical barrier to ensure 

only exposed regions of the substrate are etched away by the reactive plasma. The use of RIE 

with diamond began with using a CF4/O2 plasma, enabling the formation of porous diamond 

films.26 Further development introduced metal nanoparticles such as Ni acting as micro-masks 

to form nanopillars/wires.27 In studies involving BDD films, a boron-doped oxygen plasma 

was used to fabricate spiked structures onto the film surface.28 

 

Figure 1.6: Mechanism for the fabrication of diamond nanowires from Ni nanoparticles using RIE 

redrawn from Ref. 29. 
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Nanowires 

 

Diamond nanowires can be fabricated by a top-down approach involving f-BDD substrates and 

an etching mask from metal, boron or nanodiamond particles deposited onto the substrate 

surface, as demonstrated by Nebel et al.29, (Fig. 1.6). The nanowires are generated by the 

reduction of large systems to a small size usually through the use of RIE. An example of 

vertically aligned diamond nanowires synthesised using nanodiamond particles as masks can 

be seen in Figure 1.7.28 Recent developments of nanowires on free-standing BDD film offer a 

solution to the damage caused by the RIE process leading to loss of adhesion of the film and 

substrate.30 RIE involves bombarding the substrate with energetic ions which can lead to 

mechanical stress and erode material at the interface which reduces contact and adhesion. The 

development of nanowires on free-standing BDD film provide a more stable structural 

approach that minimises adhesion loss by creating a more mechanically flexible structure that 

distributes mechanical forces more effectively and provide stronger anchoring points for the 

film.  

Figure 1.7: SEM image of vertically aligned BDD nanowires using diamond nanoparticles as masks 

taken from Ref. 28. 

 

VACNTs  

 

Vertically aligned carbon nanotubes (VACNTs) are arrays or “forests” of carbon nanotubes 

(CNTs) grown to stand perpendicular to a substrate surface. The CNTs can be single-walled 

(SWCNTs) or multi-walled (MWCNTs). Zou et al. developed the “forest” technique resulting 

in ‘tepee’ structures from electrospray deposition seeding of nanocrystalline BDD for field 
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emission purposes, (Fig. 1.8).31 This technique is often favoured over SWCNTs for their 

enhanced strength, resilience, and durability. Their layered structure provides greater 

mechanical robustness and thermal stability for applications requiring high resistance to 

formation. In electrochemical applications, the VACNTs have surface areas 450 times greater 

than flat diamond and a capacitance of between 150-450 times greater than flat diamond 

counterparts.32 

 

Figure 1.8: Top view (a) and (b) and tilt-view (c) and (d) SEM images of VACNT forests taken from 

Ref. 31 

 
However, VACNTs are prone to oxidation or degradation under harsh electrochemical 

conditions particularly when using high electrochemical potentials. Furthermore, achieving a 

uniform and adherent diamond layer on these structures is technically challenging due to the 

alignment and nanoscale dimensions of the VACNT forests.  

 

Black Silicon 

 

Black silicon (bSi) is a nanostructured form of silicon wafers that have been engineered via a 

RIE technique to possess an enhanced surface area due to nanoscale features such as needles, 

cones or spike-shaped structures. As a result of the nanoscale features, the wafers appear 

black.33 The use of RIE to engineer the spikes of bSi surface was first introduced by Jansen et 

al.34 and involves the use of micro masks to etch the silicon wafer into thin needles as seen in 

Figure 1.9. The density of the silicon needles can be controlled by factors such as the 

composition of the gas phase and the temperature at which they are engineered.  
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Figure 1.9: SEM image of bSi columns after a coating of BDD. 

 

The resulting bSi substrates are coated with BDD by a selected CVD technique and produce 

uniform ‘black diamond’ (bD) electrodes with a relative effective surface area of approximately 

97 times greater than that of f-BDD electrodes and a double-layer capacitance of approximately 

50 times that of f-BDD electrodes.35 

 

Electron Beam Lithography  

 

Further high-resolution techniques have been developed to increase the surface area of 

substrates for diamond deposition. Electron beam lithography (EBL) is an innovation created 

to produce surface patterns at the nanoscale through the modification of scanning electron 

microscope (SEM) technology.36 EBL for the specific application of high-performance 

diamond electrodes is part of new advances in combining nanotechnology and lithographic 

methods for electrode design. The technique employs a finely focused Gaussian electron beam 

(e-beam) to etch pre-determined patterns directly onto a substrate with high precision through 

several critical steps. The substrate - typically a Si wafer - is spin-coated with a thin film of 

electron-sensitive resist. The e-beam is directed across the resist-coated substrate under 

vacuum to reduce gas scattering. The e-beam interacts with the resist, altering its physical or 

chemical properties to create a latent image where exposed areas become chemically or 

structurally different from unexposed ones. These alterations change the solubility of the resist: 

in a positive resist, exposed regions become more soluble, while in a negative resist, unexposed 

regions become less soluble in the developer solution. During development, the solvent 

selectively dissolves the exposed patterned fragments (positive-tone resist) or unexposed 
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remaining areas (negative-tone resist). This creates a patterned layer of resist on the surface. A 

metal layer is deposited onto the substrate, and during the lift-off process both the resist layer 

and excess metal are then removed through a lift-off process using a chemical wash or burnt 

off using a plasma ‘ash’ process. The desired pattern is then transferred into the substrate by an 

anisotropic etching process, typically RIE.37 

 

In terms of top-down approaches, the combination of EBL and RIE has become a leading 

technique for achieving high-resolution patterning in recent years.38 For nanostructuring Si 

substrates prior to the deposition of BDD films, RIE in combination with EBL typically 

employs fluorine-based gases such as SF6 and CHF3, which generate reactive fluorine species 

that form volatile silicon fluorides for efficient material removal. In addition, inert gases such 

as Ar are often incorporated to enhance physical sputtering effects and improve etch profile 

anisotropy.39,40 However, production of EBL samples can have high operating costs and low 

processing times that necessitate a very stable environment.41 Nevertheless, it remains a highly 

precise nanofabrication method, particularly for creating uniform nanoscale columns to 

enhance surface area.  

 

1.3.2. Bottom-up growth  

 

Seeding 

 

The seeding of a substrate for diamond deposition enhances nucleation density and ensures 

uniform diamond growth on the substrate. Studies indicate that a higher seed density 

accelerates the coalescence of the diamond film.42 Seeding involves the deposition of 

nanoparticles of diamond onto a substrate, which serve as seed crystals for future diamond 

growth.43 Different seeding techniques are currently utilised in the process of diamond 

fabrication. One method, mechanical abrasion, involves polishing the substrate with 

nanodiamond particles to form surface defects, a process first introduced in the 1980s.44 A key 

advantage of this method is its simplicity and cost-effectiveness. Another technique is 

ultrasonic abrasion, whereby the chosen substrate is immersed in a colloidal suspension of 

nanodiamond particles and subjected to ultrasonication to disperse the nanodiamond particles 

uniformly across the substrate surface.45 The primary benefit here is the ability to achieve 
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uniform seeding density, which is essential for high-quality diamond film growth. Both 

methods optimise diamond nucleation for multiple applications.  

 

Electrospray 

 

For nanocrystalline diamond (NCD), such as the diamond grown on EBL Si, abrasion 

techniques can be too aggressive for the extremely small diamond grains. Therefore, the 

electrospray seeding method is more appropriate. This method operates by applying a 

significant potential difference between the grounded substrate and suspension of a 

nanoparticle (in this case nanodiamond) in a volatile liquid, e.g. water or methanol. Due to the 

potential difference, the suspension experiences a strong electrostatic force, which causes it to 

vaporise into droplets and rapidly accelerate in the direction of the substrate.46 The droplets 

deposit onto the substrate surface without causing surface damage, and evaporate, leaving the 

nanodiamond particles behind. This approach ensures a high nucleation density, even over 

complex 3D topography such as needles, creating an optimal foundation for subsequent 

diamond film deposition through CVD.47 

 

1.4. CVD: Chemical Vapour Deposition 

 

The fabrication of diamond electrodes has been made possible by the development of diamond 

CVD.48 The CVD process was first patented by William G. Eversole in 1962 for the growth of 

diamond on seed crystals.49 The described deposition takes place as: 

 

CH4 ↔ C(diamond) + 2H2 (1.1) 

CH4 ↔ C(graphite) + 2H2 (1.2) 

 

The reason for favoured diamond deposition (eqn (1.1)) over graphite (eqn (1.2)) is the specific 

pressure conditions where diamond is metastable with respect to graphite. The CVD method 

was developed by Eversole to include hydrogen in order to preferentially remove graphitic 

(sp²) carbon during diamond deposition, preventing graphite co-deposition. However, the 

diamond growth rates achieved in these early experiments were extremely low and unsuitable 

for industrial applications. Subsequent advancements, including the effective generation and 
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use of atomic hydrogen in the deposition process, significantly increased growth rates and 

enabled the use of a wider variety of substrate materials. 

 

A deposition model for the CVD process for diamond growth begins with the activation of the 

diamond surface. This activation is facilitated by the removal of surface-bonded hydrogen by 

atomic hydrogen generated in situ through the dissociation of molecular hydrogen. 

Dissociation of precursor gases CH4 and H2 is activated by an energy source such as heat or 

reactive plasma methods generating reactive species of atomic hydrogen, methyl radicals and 

hydrocarbons. Dissociation of H2 is seen in Figure 1.10a. 

 

 

Figure 1.10a: Mechanism for the dissociation of H2 gas in situ. 

 

This forms surface carbon radicals that serve as the foundational sites for subsequent carbon 

addition, (Fig. 1.10b). 

Figure 1.10b: Mechanism for the removal of hydrogen from surface carbon. 

 

Also, in the gas phase, H atoms abstract H from methane to produce methyl radicals, CH3. The 

hydrocarbons are dissociated into smaller reactive species such as acetylene or methyl radicals 

which chemically bond to the exposed carbon radicals contributing carbon atoms for the 

formation of the diamond film, (Fig. 1.10c). 

 

Figure 1.10c: Mechanism for the addition of methyl radical to activated surface carbon radical.50,51 

 

Diamond crystals grow in specific orientations of close-packed layers (e.g. {111} or {100} 

planes) dependent on substrate material and growth conditions. Carbon atoms continue to bond 

to existing diamond lattice sites and thereby a thin diamond film is formed on top of the 
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substrate. Research has established CH3 radicals serve as the primary precursors for diamond 

film growth and therefore the growth process is highly reliant on methane concentration.52,53 

 

1.4.1. Chemical Vapour Mixture 

 

The CVD technique focuses on the two principal discoveries that diamond could be grown 

beyond its range of thermodynamic stability and that hydrogen is critical to the consistent 

inhibition of permanent graphite nucleation and removal of non-diamond carbon.54 Research 

into the use of atomic hydrogen in the gas mixture during growth was first published by 

Fedoseev et al. from work initiated by Valentin Varnin.55 During diamond growth from carbon, 

atomic hydrogen plays a crucial role by selectively etching away graphite from the deposited 

carbon. This process occurs as atomic hydrogen is generated near the surface of the growing 

film, ensuring the formation of high-purity diamond.56 Atomic hydrogen also stabilises residual 

sp3 bonds on the diamond surface, facilitating orderly, layer-by-layer growth. Without this 

stabilisation, the diamond surface would revert to the graphite structure.57 

 

Many CVD processes use a CH4/H2 source gas mixture for the production of diamond films 

with a 100:1 H2-to-CH4 ratio.58,59 When boron is introduced into the gas mixture in the form of 

B2H6 as a dopant, various boron-containing species (BHx x = 0-2), are generated. These species 

incorporate into the growing diamond film either through a low energy BHx+1 intermediate or 

via direct abstraction, both facilitated by atomic hydrogen.60 

 

1.4.2. Microwave Plasma-Enhanced Chemical Vapour Deposition 

 

Microwave plasma-enhanced chemical vapour deposition (MWCVD) is a specialised 

technique use to deposit thin films of diamond onto substrates. It uses microwave energy 

(excitation frequency 2.45 GHz) to generate a high-density plasma ball above a desired 

substrate. The plasma dissociates molecular hydrogen into atomic hydrogen and 

simultaneously activates hydrocarbon species leading to diamond deposition.61 Microwaves 

are introduced to the reaction chamber through a specialised quartz window, which acts as a 

transparent medium for the electromagnetic waves. These microwaves transmit energy to the 

gas mixtures, ionising the gases and igniting the plasma. As the microwave power increases, 

the size of the plasma ball expands, and the temperature on the substrate surface also rises.62
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The concept was initially demonstrated by Kamo et al at NIRIM in Japan with the NIRIM-type 

reactor.63 Since then, it has undergone advancements as illustrated in Figure 1.11, which 

depicts a schematic of an ASTeX-type CVD reactor.64 It was developed by Bachmann et al. to 

give the resulting apparatus.65 This design addressed and resolved many of the limitations 

prevalent in the NIRIM design.66 

 

Figure 1.11: Schematic diagram of a MWCVD setup taken from Ref. 65. 

 

However, there are a couple of major drawbacks to the MWCVD technique. First, the 

restrictions on substrate size by the plasma size. Scaling up to cover large substrates is possible 

but challenging and can lead to non-uniform deposition or require high microwave power.67 

Secondly, at higher plasma power levels the plasma tends to become unstable, and the quartz 

window may be damaged.  

 

1.4.3. Hot Filament Chemical Vapour Deposition 

 

Hot filament chemical vapour deposition (HFCVD) is a technique involving a refractory metal 

filament, typically of tungsten or tantalum, heated to a temperature > 2000ºC above a chosen 

substrate. The hot filament fragments the gas mixture of methane and hydrogen to deposit a 

diamond film onto the surface of the substrate. The substrate itself is heated from above by 

radiant heat from the filament and a separate heater below which allows the substrate to be 
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maintained at a controlled temperature. The specific technique was first fabricated by 

Matsumoto et al.68 and developed upon preceding vapour deposition apparatuses from 1969 

proposed by McNeilly and Benzing and Chauhan et al.69–71 HFCVD is one of the most common 

methods of diamond nucleation due to its comparative ease and inexpensive equipment. A 

schematic diagram of the equipment set up for HFCVD can be seen in Figure 1.12.72 

 

Figure 1.12: Schematic diagram of a HFCVD set up taken from Ref. 72. 

 

HFCVD allows precise control over the deposition process, resulting in high-quality, single or 

polycrystalline diamond films with low defect density. Subsequently, HFCVD has been seen 

to produce conformal and uniform coatings of diamond on multiple different substrates with 

high surface areas, high capacitance values and high stability.73,74 It is particularly effective for 

introducing dopants such as boron to produce doped diamond electrodes that are electrically 

semiconductive. However, diamond growth via HFCVD is relatively slow, ranging from 0.2 to 

1.0 μm/h.75 Studies have shown that increasing the temperature of a Ta filament to 3000 °C in 

a CH4/H2 (5%) gas mixture can achieve significantly higher growth rates of up to 17.9 μm/h.76 

Nonetheless, in terms of industrial applications, MWCVD or high-pressure high-temperature 

(HPHT) methods with faster growth rates are generally preferred.  
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1.5. Electrode Characterisation and Analysis 

1.5.1. Scanning Electron Microscopy 

 

SEM is a powerful imaging technique used for very high-resolution study of the surface 

structure, composition, and morphology of materials. It works on a nanometre to micrometre 

scale to produce images at 300,000 – 500,000× magnification.77, 78 In the context of micro- and 

nanostructured diamond electrodes, it can be used to visualise the specific structure of the 

substrate before and after diamond deposition through micrographs to ensure successful 

diamond film formation and uniformity.  

1.5.2. Laser Raman Spectroscopy 

 
Laser Raman spectroscopy is an analytical technique that provides information about the 

molecular structure, chemical composition, and phase of a sample. This non-destructive 

technique requires minimal to no preparation and places few restrictions on the sample size. It 

utilises inelastic scattering of photons to analyse the vibrational modes of molecules or 

materials. Raman spectroscopy is especially advantageous for samples involving carbon, due 

to its capability to differentiate between carbon allotropes, each of which exhibits a unique 

Raman signature. The Raman spectrum of pure diamond (sp3 carbon  bonds only) features a 

characteristic line at 1332.5 cm-1, corresponding to the vibrational modes of the two 

interpenetrating cubic sublattices.79 A higher number of defects leads to a shorter phonon 

lifetime and a broader line width. As the boron concentration in the diamond matrix increases, 

the diamond sp3 peak shifts towards lower wavenumbers and broadens.  

 

Non-carbon diamond (sp2) gives rise to G and D peaks, corresponding to ordered and disorder 

sp2 carbon, respectively. In crystalline graphite, the G peak, which signifies an ordered 

structure, appears at 1575 cm-1, while the D peak, associated with disorder, is observed at 1355 

cm-1.80 When the crystallite size is reduced to the nanoscale, the matrix becomes increasingly 

disordered. A prominent peak at 1150 cm-1 is frequently observed in CVD-synthesised NCD 

films and is considered to originate from sp2-hybridised trans-polyacetylene-like structures 

located at grain boundaries and interfaces.81 
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1.5.3. Electrical Conductivity  

 

The electrical conductivity of a film indicates how easily free charge carries can move through 

a material under an electrical field. Assessing the electrical conductivity of diamond provides 

insights into the influence of boron doping to a semiconductor. This analysis helps determine 

whether the resulting film is an n-type or p-type semiconductor.  

 

1.5.4. Double Layer Capacitance 

 

Carbon-based materials, such as diamond, store energy through non-Faradaic charge separation 

at the electrode-electrolyte boundary. This process is achieved by physical adsorption of ions 

onto the electrode surface, leading to the formation of an electrical double layer (EDL). 

Consequently, the electrochemical double layer capacitance (Cdl) arises as a result of this 

interfacial charge accumulation. Therefore, Cdl is a non-Faradaic process, and values are the 

current response purely due to capacitive charging and not from oxidation or reduction 

reactions. The EDL consists of two parallel layers of positive and negative charge, one on the 

metal electrode surface and one dispersed in the solution. (Fig. 1.13) 

 

 

Figure 1.13: The electrical double layer drawn with information from Ref. 82. (pg. 13)  
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The first layer consists of molecules adsorbed to the electrode surface and is known as the inner 

Helmholtz plane (IHP). The second layer comprises solvated ions and is known as the outer 

Helmholtz plane (OHP).82 Ions that remain solvated may only approach as close as the OHP. 

The solvation layers of the adsorbed ions, however, can create a barrier that interferes with 

further ion adsorption and charge transfer. The effect is more pronounced in electrodes on the 

micro- and nanoscale, as the high surface area enables a greater density of adsorbed species. 

At higher external potentials the barrier layer can become more prominent resulting in a non-

linear increase in capacitance.83,84 

 

The Cdl  is influenced by the real (effective) surface area of the electrode, as increased surface 

roughness and porosity provide a larger area for charge accumulation, resulting in a higher Cdl 

value. This capacitance arises purely from electrochemical double-layer charging (capacitive 

current). This is particularly significant in electrochemical systems, such as sensing, where a 

larger Cdl improves sensitivity by increasing the interfacial area available for charge separation. 

While Cdl is physically governed by the real (effective) surface area, it is conventionally 

reported normalised to the geometric surface area (𝐴𝑔) of the electrode, which represents the 

projected, two-dimensional area without accounting for surface roughness or porosity. Cdl is 

typically expressed in units of μF cm-2 and is determined using the average capacitive current 

(𝑖𝑎𝑣   in A) at V = 0, the scan rate (𝑣  in V s-1) and 𝐴𝑔  (in cm2), as shown in eqn (1.3), in 

conjunction with cyclic voltammetry (CV) measurements.  

 

𝐶𝑑𝑙  =  
𝑖𝑎𝑣

𝑣𝐴𝑔
 

(1.3) 

 

Surface termination plays a crucial role in enhancing the Cdl of CVD diamond electrodes. 

Hydrogen-terminated electrode surfaces typically exhibit lower capacitance due to their 

hydrophobic nature and limited ion adsorption. Oxygen-terminated surfaces have increased 

surface polarity and therefore increased Cdl. Specific functionalisation enhances the electrode 

electrochemical performance by at least 9 times.85 Gas-phase methods such as O2 plasma 

treatment, ozone treatment in air by ultraviolet light irradiation, and liquid-phase methods such 

as thermal treatment in strong acid and electrochemical oxidation, are commonly used for 

oxygen termination of electrodes produced 
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by CVD.86–89 O2 plasma treatment can terminate surfaces in very short periods between 1 and 

60 seconds without significant effect upon surface morphology.86 Ozone treatment offers 

gentle, controlled and uniform oxygen termination for delicate electrode structures.87 Strong 

acid treatment is frequently used for complex structures since it is liquid phase and therefore is 

more likely to modify the entire surface area of the electrode maximising hydrophilicity. It is a 

low-cost procedure that can also remove resist residues left over from CVD coating.88  

 

The Cdl of f-BDD has been observed to range from 2.9 μF cm-2 (single-crystal) to 10 μF cm-2 

(polycrystalline).35,90 In contrast, micro- and nanostructured carbon-based electrodes exhibit 

higher Cdl due to the increased electrochemically active surface area.91–93 Given its direct 

correlation with electrode surface area and interfacial charge storage, measuring and optimising 

Cdl is essential for advancing high-performance electrochemical devices based on 

nanostructured diamond materials. In micro/nanostructured electrodes, capacitance influences 

impedance and noise levels. Excessive capacitance can lead to sluggish response times, while 

small capacitances can reduce signal strength.94 Achieving an optimal balance is crucial for 

designing high-performance electrodes for electrochemical applications.  

 

1.6. EBL-BDD Electrode Applications 

1.6.1. The Water Hydrolysis Reaction 

 
Global demand for a reliable and environmentally conscious fuel source is rapidly increasing 

with population growth and efforts to reduce CO2 emissions in alignment with the Paris 

Agreement.95 The electrochemical splitting of water, or water hydrolysis reaction, represents a 

fundamental process in the development of sustainable hydrogen energy sources through the 

conversion of water into H2 and O2 gas via the hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER) respectively. The HER produces hydrogen gas at the cathode via a 

sequence of possible steps, which differ depending on the electrolyte. In acidic media, there 

are two possible reaction steps: the Volmer step (eqn (1.4a)) followed by either the Heyrovksy 

step, involving electrochemical desorption (eqn (1.4b)), or the Tafel step, involving chemical 

recombination (eqn (1.4c)), to produce hydrogen gas.96
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In alkaline media, there are two possible slightly modified reaction steps due to the lower 

availability of protons. The Volmer step which now involves water molecule dissociation (eqn 

(1.5a)) followed by the Heyrovsky step to generate hydrogen gas and hydroxide ions (eqn 

(1.5b)) or followed by the chemical Tafel step as shown in eqn (1.4c).97 

 

 

Both the HER and OER require highly robust and efficient electrode materials to overcome 

kinetic barriers and ensure long-term operational stability.98 BDD has attracted considerable 

attention due to the unique electrochemical properties detailed in Section 1.2 – most notably, 

the exceptionally wide potential window which allows for HER and OER operated at elevated 

voltages, accommodating the associated high overpotentials but without compromising 

electrode stability.99 However despite these advantages, its intrinsic catalytic activity towards 

the water hydrolysis reaction remains relatively low due to its inert nature. The addition of 

metal oxide nanoparticles introduces active catalytic centres that facilitate charge transfer at 

the electrode-electrolyte interface. Incorporating both CuO and ZnO nanoparticles onto BDD 

electrodes has demonstrated notable improvements concerning the HER and OER, 

significantly reducing the required overpotentials and therefore energy losses.100 This 

enhancement highlights the potential of surface-modified BDD electrodes for sustainable 

hydrogen production, addressing the growing need for efficient and cost-effective water 

hydrolysis technologies. Moreover, nanostructuring the BDD electrodes provides an effective 

approach to further reduce operational costs. By increasing the electrochemically active surface 

area, nanostructured BDD electrodes can achieve higher catalytic efficiency for more 

economically viable hydrogen production.

 

 

𝐻+ + 𝑒− ⇌  𝐻𝑎𝑑𝑠  (1.4a) 

𝐻+ + 𝑒− + 𝐻𝑎𝑑𝑠 ⇌  𝐻2 (1.4b) 

2𝐻𝑎𝑑 ⇌  𝐻2 (1.4c) 

𝐻2𝑂 +  𝑒− ⇌ 𝑂𝐻− + 𝐻𝑎𝑑𝑠 (1.5a) 

𝐻2𝑂 + 𝑒− + 𝐻𝑎𝑑𝑠 ⇌ 𝑂𝐻− + 𝐻2 (1.5b) 
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1.6.2. Furfural Oxidation 

 

Furfural (FF) is a valuable chemical feedstock of furan derivatives, currently generated in a 

large abundance. As of 2021, the global annual FF production was estimated over 300 kilotons, 

with China accounting for approximately 70% of the total output.101 FF is produced through 

the acid hydrolysis of hemicellulose-rich biomass residues, in which mineral acids such as HCl 

or H2SO4 catalyse the depolymerisation of pentosans present in lignocellulosic biomass (LCB) 

into pentose sugars. These sugars then undergo acid-catalysed dehydration to yield FF.102 This 

LCB is globally available in large quantities and serves as a sustainable biofuel 

alternative.103,104 Biomass valorisation presents a viable strategy to reduce dependence on fossil 

fuels for production of chemicals and materials. Transforming substances such as FF into useful 

products is crucial for sustaining environmental longevity. The presence of an aldehyde 

functional group in FF enables its further valorisation into higher-value chemicals via 

sustainable pathways such as oxidation reactions. The oxidation of FF leads to the major 

products furoic acid (FCA), maleic acid (MA), 5-hydroxy-2(5H)-furanone (HFN), and 

furandicarboxylic acid (FDCA), all of which are value-added chemicals (Fig. 1.14).105 FCA 

has many applications including its use as another sustainable precursor for bio-based 

polymers.106 Maleic acid is a similarly important intermediate for the various industrial 

products of surface resins and pharmaceuticals.107,108 HFN has demonstrated potential as a 

versatile intermediate in the synthesis of both pharmaceutical and agrochemical 

compounds.109,110 Finally, while FDCA is predominantly synthesised from 5-

hydroxymethylfurfural (HMF) the route via FF presents a significantly more cost-effective and 

sustainable alternative for commercial-scale production.111 This is primarily due to FF’s large 

production volumes from LCB which are abundant and inexpensive feedstocks. In contrast, 

HMF requires more refined carbohydrate sources. Various approaches have been explored with 

most starting with the relatively simple oxidation of FF to 2-furoic acid offering an easier 

pathway than that of HMF.112–114 
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Figure 1.14: Furfural oxidation to furoic acid (FCA), maleic acid (MA), 5-hydroxy-2(5H)-furanone 

(HFN), and furandicarboxylic acid (FDCA). Redrawn from information in Ref. 105.

 

Oxidation of FF electrochemically offers a sustainable and energy-efficient alternative to 

conventional thermal oxidation methods, which typically require high temperatures and 

pressures.115 In contrast, electrochemical oxidation operates under milder conditions and 

allows for direct utilisation of renewable electricity.116 Given that the oxidation of FF is a 

surface-dependent process, utilising large surface area BDD electrodes enhances the number 

of available active sites for FF adsorption and subsequent oxidation reactions. Furthermore, the 

inherent chemical stability and wide potential window of BDD electrodes makes them ideally 

suited for operation in alkaline media, while their excellent resistance to corrosion and 

oxidative degradation ensures chemical stability in acidic media.  

 

1.6.3. Electrochemical Sensing 

 

Besides generating fossil fuel alternatives, BDD electrodes have emerged as highly promising 

materials for electrochemical sensing applications, owing to their unique combination of 

electrochemical properties. Particularly, the remarkable mechanical and chemical stability of 

BDD enables sensitive and selective detection of a broad range of analytes under harsh 

conditions, including extreme pH environments and high anodic potentials.117,118 Furthermore, 

the wide potential window of BDD electrodes allows for the detection of heavy metals, 

pharmaceutical compounds, and neurotransmitters in aqueous environments. For heavy metals 
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such as Pb, Ni, Cd, and Hg, BDD electrodes facilitate efficient anodic stripping voltammetry, 

owing to the low background currents and ability to operate at high anodic potentials of BDD 

without interference from water oxidation.119,120 Similarly, BDD electrodes have proven 

effective in the electrochemical detection of pharmaceuticals, including antibiotics and non-

steroidal anti-inflammatory drugs, as their oxidation typically necessitates high overpotentials 

when using conventional electrodes.121,122 Moreover, the detection of biologically relevant 

neurotransmitters namely dopamine, serotonin, and epinephrine benefits significantly from the 

stable electrochemical behaviour of BDD which minimises electrode fouling.123–125 This allows 

for distinct peak separation even in complex aqueous matrices.  

 

1.7. Scope of the Project 

 

This project aims to optimise the surface area of boron-doped nanocrystalline diamond 

electrodes to achieve a high double-layer capacitance for optimised electrochemical 

performance, while maintain fast electrode response times essential for practical applications. 

The primary objective will be to develop high surface area electrode through a combination of 

top-down etching and bottom-up growth techniques mentioned in this section – namely, RIE 

and EBL to define nanoscale features, followed by HFCVD to grow conformal BDD films. By 

employing these complementary techniques, the study aims to increase the geometric surface 

area of BDD electrodes, thereby improving their capacitance, charge store capabilities, and 

overall electrochemical efficiency.  

 

Three distinct EBL-BDD electrode designs will be fabricated to investigate the relationship 

between surface morphology and electrochemical performance. Following fabrication, the 

electrodes will be characterised and subsequently tested electrochemically by measuring 

double-layer capacitance (Cdl) in KNO3 solution at a scan rate of 100 mV s-1 over a potential 

range of -0.1 V to 0.1 V (vs. Ag/AgCl). The results will provide critical insights into the 

effectiveness of the nanostructuring approach for measurable improvements in capacitive 

behaviour. In addition to baseline electrochemical characterisation, the study will explore the 

development of the application potential of the newly grown high surface area BDD electrodes 

for the electrochemical oxidation of FF, a key biomass-derived platform chemical. Preliminary 

FF oxidation experiments will be conducted in acidic media to assess oxidative activity of the 

EBL-BDD electrodes, with the objective of generating valuable products such as furoic acid 
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and maleic acid. Although these initial trials will be performed without the inclusion of addition 

catalytic specific, they will serve to evaluate the intrinsic activity of the BDD surface.  
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2.    Experimental 
 

2.1. EBL-Si Substrate Preparation 

 

The Si substrates were prepared from 100 mm diameter, highly conductive p-type B-doped 

{100} oriented Si wafers, with a thickness of 500 µm and an electrical resistivity range of 

0.001-0.005 Ω·cm.  These wafers were sectioned into 10 × 10 mm samples using an Oxford 

Lasers laser cutting system. Following cutting, the samples were cleaned with isopropanol 

(IPA) to remove surface particulates generated during processing. Black Si wafers used in this 

study were supplied by Lam Technology.  

 

2.2. EBL-Si Etching Process 

 

The etching process took place in the School of Physics University Cleanroom by Pisu Jiang 

and Andrew Murray. EBL-Si substrates were fabricated using a multi-step top-down etching 

approach. A positive-tone e-beam poly(methyl methacrylate) (PMMA) 950 A4 resist was spin 

coated on top of the initial Si substrates and then subsequently baked at 180 ℃ for 60 seconds. 

EBL was then implemented using a Raith Voyager EBL System with a 50 kV electron beam, 

defining precise nanoscale patterns in the resist.  

 

Following EBL, the patterned substrates underwent chemical development with methyl 

isobutyl ketone : isopropanol (MIBK:IPA) (1:3 ratio) for 60 seconds and IPA for 30 seconds, 

followed by an ultrapure water rinse to remove exposed PMMA and reveal the desired pattern 

while leaving behind the unexposed resist. A 60 nm layer of Ni metal was deposited onto the 

PMMA resist and exposed Si substrate using thermal evaporation at a pressure of 5  10-6 mbar. 

Following deposition, a selective lift-off process was performed using acetone to dissolve the 

PMMA resist and remove the Ni on top of it, leaving only the patterned Ni directly on the Si 

surface behind. The final etching step was carried out using SF6 and CHF3 gas RIE on the Si 

substrates themselves for 2 minutes and 2 seconds, employing an Oxford Instruments 

PlasmaPro 100 Cobra ICP-RIE Etch System with a 20-30 W radio frequency (RF) bias power. 

Following the RIE process, the substrate was subjected to a 5-minute H2SO4 surface cleaning 
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step to remove the residual Ni mask, leaving the final EBL-defined Si structure. The process 

can be seen in Figure 2.1. 

 

 

Figure 2.1: Schematic representation of the etching process used in the School of Physics University 

Cleanroom. 

 

For the design of the pattern, three distinct parameters were chosen, dictated by the thickness 

of the Si pillars (T) and the pitch (P) - the distance from the centre of one pillar to the centre of 

the next one: (1) T = 200 nm, P = 600 nm, (2) T = 200 nm, P = 800 nm, and (3) T = 200 nm, P 

= 1000 nm. This created three EBL-Si designs: (1), T200 P600, (2) T200 P800, (3) T200, 

P1000. Visualisation of the parameters can be seen in Figure 2.2. Each design was selected 

according to previous work in the University of Bristol Diamond Lab which found that pillars 

with T < 200 nm were too thin and prone to collapse, while those with P <500 nm were too 

closely spaced leading to the subsequent diamond growth completely filling in the gaps 

between the pillars. Observations were confirmed using SEM, with images provided in 

Appendix 5.1. 

 

Figure 2.2: The parameters used for each EBL design: pitch (P) and thickness (T) 
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2.3. HFCVD 

 

Prior to the seeding process, 10 drops of detonation nanodiamond (DND) in 45 ml methanol 

was subjected to ultrasonication for 3 hours to deaggregate the particles and achieve a uniform 

nanoparticle dispersion. The etched EBL-BDD samples were then seeded using this 

suspension. The process was repeated 3 times to ensure that nanoparticles uniformly covered 

the entire surface of the sample. The seeded samples were then placed into a HFCVD reactor 

and heavily-boron-doped diamond was deposited under standard CVD conditions: 20 Torr 

pressure, Ta filament heated to 2400 K, the substrate has a temperature of approximately 1150 

K, and applied current of 25 A (through 3 filaments) with a 1% CH4/H2 gas mixture (200 sccm 

H2, 1 sccm CH4)+ 0.67 sccm 5% B2H6 95% H2 mixture, with the atomic ratio B/C in the gas 

phase 33,500 ppm. Prior to BDD deposition, the chamber was cleaned with acetone followed 

by IPA. 3 Ta filaments were placed 3 mm above the surface of the samples. Following various 

trial and error tests, it was found that uniform and sufficient coating of NCD occurred after 55 

minutes of growth. Following growth, the B2H6 and CH4 gases were switched off, and only H2 

gas was kept in the chamber for a further 2 minutes to give an H-terminated diamond surface.  

 

EBL D-05 (P600) was previously fabricated by Kisty Mao in the Diamond Lab in June 2024, 

with BDD growth conducted for 30 minutes in the HFCVD reactor until a sufficient coating of 

NCD was achieved.  

 

A second set of electrodes (f-BDD-01, f-BDD-02, f-BDD-03) were prepared as the control for 

electrochemical tests. Flat Si wafers were seeded by mechanical abrasion with nanodiamond 

dust and BDD was grown for 6 h under the same conditions as above to give three f-BDD 

electrodes with microcrystalline surfaces. While these electrodes are referred to as ‘flat’ 

diamond in this work, the surface is not perfectly smooth and exhibits a natural roughness 

arising from the morphology of the different diamond crystallites.  
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2.4. Film Characterisation 

 

Following deposition, analysis was performed on all BDD samples using a JEOL JSM-IT300 

scanning electron microscope operating at an accelerating voltage of 15 kV. Laser Raman 

spectra were recorded at room temperature with a Renishaw 2000 laser Raman spectrometer 

using green laser excitation (514 nm). Measurements were calibrated using a reference single-

crystal diamond and a centre of 1332 cm-1 was chosen.  

 

2.5. Electrochemical Analysis 

 

2.5.1. Chemicals 

 

Chemical reagents used in electrochemical testing were all of analytical grade. The chemicals 

used were: potassium nitrate KNO3 (≥99%, Honeywell); sulfuric acid H2SO4 (95%, Thermo-

Fischer Scientific); and furfural FF (99%, Sigma-Aldrich). Standard 0.1 M and 0.5 M stock 

solutions of KNO3 and H2SO4, respectively, were prepared. All solutions were prepared using 

ultrapure water obtained with a Millipore Milli-Q system (18.2 MΩ cm at 25 C).  

 

2.5.2. Electrodes 

 

Both EBL-BDD and f-BDD electrodes were prepared for electrochemical analysis as the 

working electrode using a copper back-plate inside the electrode holder seen in Figure 2.3.  

The holder had a 4 mm2 radius hole (geometric area of the electrode) to allow for direct contact 

between the electrolyte and electrode. This design prevented conduction through the Si 

substrate. Gallium-indium eutectic was used to provide the electrical interface between the 

back-plate and the electrode. To avoid leaking through the connection between the arm of the 

holder and the holder itself, polytetrafluoroethylene (PTFE) tape was applied. The reference 

electrode used was Ag/AgCl submerged in a 3.0 M KCl solution. The counter electrode used 

was glassy carbon. 
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Figure 2.3: Image of the electrode holder used for f-BDD and EBL-BDD samples. The electrode 

holder was provided by Alex Black. 

2.5.3. Apparatus 

 

Both EBL and f-BDD electrodes were analysed electrochemically via cyclic voltammetry (CV) 

using a potassium nitrate aqueous solution (0.1 M) with a μAutolab Type III potentiostat at 

room temperature. NOVA 2.1.6 software was used for data collection and analysis. 

Electrochemical tests were conducted in a glass three-electrode cell containing the electrolyte 

solution (100 mL), the BDD working, reference, and counter electrode, (Fig. 2.4). All CV tests 

of electrochemical performance, prior to application testing, were performed between the 

potential range -0.1 to 0.1 V, at a scan rate of 100 mV s-1.  

 

 

Figure 2.4: (a) The electrochemical cell. Left: Ag/AgCl reference electrode; centre: BDD working 

electrode in electrode holder designed by Alex Black; right: glassy carbon counter electrode. (b) 

μAutolab Type III potentiostat and computer set up. 
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Following CV testing, only the highest performing EBL-BDD electrode of each design was 

selected for further calculations and comparison to the control, f-BDD. This selection was 

based on Cdl values leading to the final choice of EBL-BDD electrodes: EBL D-05 (T200 

P600), EBL D-22 (T200 P800), and EBL D-15 (T200 P1000).  

 

2.5.3. Oxygen Termination Treatment 

 

Samples were oxygen-terminated for electrochemical analysis by three different methods, two 

gas phase and one liquid phase: (i) ozone treatment using a Jetlight UVO cleaner for 25 

minutes, (ii) 95% sulfuric acid (H2SO4) + 6.3 g potassium nitrate (KNO3) treatment boiled at 

493 K for 2 hours, and (iii) oxygen (O2) plasma treatment for 20 seconds using a converted 

SEM Edwards S150A Sputter-Coater.  

 

2.5.4. Furfural Oxidation 

 

Since this was just a preliminary trial of an application, the most stable EBL-BDD electrode 

(EBL-22 T200 P800) was chosen for oxidation of FF. For these tests the electrode was 

connected to conductive wire using conductive silver paint covered by epoxy resin. The entire 

electrode was then covered by Teflon tape with a 7 mm2 hole (geometrical surface area of the 

electrode). The electrode was first evaluated for activity for FF oxidation using the set up in 

Section 2.6.3. Electrochemical tests were conducted using 0.5 M H2SO4 as the blank 

electrolyte. To the 100 mL 0.5 M solution of H2SO4, 25 mM of FF was then added. CVs were 

performed between potentials -1.2 and +2.5 V at a potential scan rate of 100 mV s-1 to test for 

the electrode activity for furfural oxidation.  
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3. Results and Discussion 
 

3.1. Material Characterisation 

3.1.1. Determining the HFCVD Growth Time (SEM) 

 

Visualisation of the electrode surface was achieved by SEM for both material characterisation 

and to investigate the effect of HFCVD growth time on the morphology of the electrodes. 

Initially, a 30-minute growth time was decided according to previous work by the Bristol 

Diamond Lab. Laser Raman spectra indicated that a 30-minute growth time on similarly 

nanostructured BDD was the optimal for sufficient NCD growth as evidenced by the 

diminishing intensity of the second-order Si peak. Longer deposition times (45 and 60 minutes) 

resulted in highly diminished second-order Si peaks suggesting BDD films had potentially 

grown excessively thick. This overgrowth could increase mechanical stress and therefore 

reduce conductivity. Due to its supplementary nature these spectra have been provided 

elsewhere (App. 5.2).  

 

 

Figure 3.1: SEM images of (a) EBL D-05, (b) EBL D-22, (c) EBL D-15 after 30 minutes of growth 

time in the HFCVD reactor. 

 

Figure 3.1 shows SEM images of the EBL-BDD surfaces after this initial 30-minute coating. 

Table 3.1 reflects the diamond film thickness and gap between each of the BDD-coated Si 

pillars. For EBL BDD electrodes EBL D-22 and EBL D-15, the diamond film thickness reached 

a maximum of 140 nm. Based on established literature indicating that increased BDD film 

thickness enhances electrochemical performance, a baseline minimum diamond film thickness 

of 150 nm was decided necessary before electrodes were tested for electrochemical 

performance.126 As a result, further coating was carried out to achieve the desired film thickness 
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and optimise the electrochemical properties of the electrodes. For the EBL-BDD electrode EBL 

D-05, 30 minutes provided a sufficient diamond film thickness of  >150 nm and this electrode 

was deemed suitable for electrochemical testing. This is presumed to be due to the phenomenon 

whereby B diffuses into the walls of the HFCVD reactor and later diffuses back into the gas 

mixture during deposition due to the increase in temperature and pressure, causing increased, 

unexpected doping.127 As mentioned in Section 2.3, EBL D-05 was grown prior to the deep 

cleaning of the inside of the HFCVD reactor in June 2024. Consequently, a shorter growth time 

was reasonable as residual B from previous depositions may have led to a higher concentration 

of B in the gas phase, thereby accelerating the growth of CVD BDD. Although the diamond 

film thickness of the EBL D-05 electrode was adequate, exceeding the target minimum at 173 

nm, the narrow inter-pillar spacing of just 62 nm raised concern regarding electrolyte 

accessibility. The confined geometry could restrict the full utilisation of the available electrode 

surface area, giving an underestimation for Cdl in future testing. Consequently, although 

increasing the density of nanostructures theoretically enhances surface area and capacitance, 

precise control over diamond film thickness is crucial in narrow pitch EBL structures. 

Excessive growth can lead to the connection of adjacent pillars, which not only reduces the 

effective surface area but also eliminates the purpose of the nanostructure design. 

 

Table 3.1: Diamond film thickness and the gap between the nanostructured pillars after 30 minutes 

diamond growth. 

Electrode Diamond Film Thickness / nm Gap Between Pillars / nm 

EBL D-05  173 62 

EBL D-22 140 341 

EBL D-15 122 556 

 

Figure 3.2 presents the EBL-BDD designs, EBL D-22 and EBL D-15, after a growth time of 

55 minutes. The corresponding film thickness and inter-pillar spacing for these structures are 

summarised in Table 3.2. A minimum diamond film thickness of 171 nm revealed the 

development of sufficient BDD film thickness as deposition time increased. A growth time of 

55 minutes in an HFCVD reactor aligns with previous findings by Simon et. al that significant 

growth of NCD is found after 50 minutes.128  
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Figure 3.2: SEM images of (a) EBL D-22 and (b) EBL D-15 after 55 minutes of growth time in the 

HFCVD reactor. 

 
The reduction of inter-pillars gaps for both the EBL D-22 and EBL D-15 electrodes suggested 

increased lateral growth of the BDD film along sidewalls while still maintaining substantial 

distance to prevent coalescence between pillars to maintain open pathways for electrolyte flow.   

 

Table 3.2: Diamond film thickness and the gap between the nanostructured pillars after 55 minutes 

diamond growth. 

Electrode Diamond Film Thickness / nm Gap Between Pillars / nm 

EBL D-22 253 122 

EBL D-15 171 466 

 

The significant difference in BDD growth between 30 and 55 minutes could be accredited to 

the process mentioned above whereby B diffuses out of the walls of the reactor into the gas 

mixture. Furthermore, growth rate in an HFCVD reactor has been observed to not be strictly 

linear, due to an initial nucleation period during which BDD growth does not immediately 

occur. Instead, this phase is characterised by the formation of diamond nucleation sites on the 

substrate which act as the foundation for subsequent crystal growth. Once sufficient nucleation 

has occurred the diamond film then begins to form, and the growth rate increases before 

stabilising.129 

 

SEM images confirmed the growth of nanocrystalline BDD on the surface of the EBL-Si 

substrates and that films were continuous over the entire surface of the Si pillars. However, 

measurements for both diamond film thickness and inter-pillar spacing estimated based on 

SEM imaging are subject to limitations in resolution and contrast, introducing potential 

uncertainties in subsequent surface area calculations.  
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3.1.2. Investigating Boron Concentration (Laser Raman) 

 

Visible laser Raman spectra taken of the EBL-BDD electrodes seen in Figure 3.3 suggested 

all samples exhibited the characteristic peaks of BDD thin diamond films. The peak at 1300 

cm-1 reflected the first-order phonon mode of sp3 diamond carbon. This peak shifted from the 

characteristic 1332 cm-1 due to boron incorporation and nanostructuring effects. The B peak at 

1220 cm-1 is a key signature of synthesised BDD associated with a disorder-induced mode 

caused by boron in the diamond lattice. A second-order Si peak can be seen at 950 cm-1 caused 

by the EBL-Si substrate beneath the EBL-BDD. For both EBL D-05 and EBL D-15 the 

diamond peak is slightly more intense than the Si peak suggesting that the EBL-Si substrate 

was adequately coated in BDD. Since the BDD films were relatively thin, measuring only 170-

255 nm, this likely explains the prominence of the Si peak. For EBL D-22, the Si peak appeared 

more intense than the diamond peak which may be attributed to the limited thickness of the 

BDD films or incomplete coverage of the EBL-Si, particularly at the base of the Si pillars. 

Furthermore, both D and G graphitic (sp2 containing diamond-𝜋 bonds) peaks were visible in 

all spectra at 1355 cm-1 and 1575 cm-1, respectively. In BDD with a high level of doping, the 

broadening of peaks at 1220 cm-1 indicated a B/C ratio exceeding 400 ppm. Additionally, a 

broad peak at 500 cm-1 started to obscure the expected sharp 1st-order Si peak when the B/C 

ratio exceeds 1000 ppm.130 All EBL samples demonstrated a first-order Si peak at 520 cm-1 

(App. 5.3) suggesting a B/C ratio <1000 ppm. However, any spectra inclusive of this peak 

were negligible since all other informative peaks were dwarfed by the strong first-order Si 

peak. Despite this, all samples demonstrated the broad features at 1220 cm-1 suggesting a B/C 

ratio >400 ppm. This observation is likely due to the discrepancy between the high nominal 

B/C ratio of 33,000 ppm in the feed gas of the HFCVD reactor and the actual incorporation 

efficiency of B into the diamond lattice. Given that most of the B species are removed via the 

pump system, the effective B concentration in the deposited film is reduced to approximately 

1%, which accounts for the observed Raman response.  
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Figure 3.3: Laser Raman spectra of EBL D-05 (P600), EBL D-22 (P800), and EBL D-15 (P1000) 

BDD electrodes using 514 nm laser excitation. Each spectrum has been offset vertically for 

comparison 

 

Broadening features occurred due to Fano interference leading to asymmetrical shapes.131 The 

scattering of phonons as a result of grain boundaries in NCD shortens the lifetimes of the 

phonons leading to broader Raman lines.132 The peaks in NCD are wider compared to MCD 

due to the higher grain boundary density per volume. Consequently, the spectra provided 

evidence supporting the successful synthesis of heavily B-doped NCD films. 
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3.2. Electrochemical Performance 

 

The reliability of all measured Cdl values was influenced by instrumental precision, particularly 

with respect to the potentiostat resolution and baseline drift. Care was taken to minimise this 

effect by ensuring stable temperature conditions, degassing the electrolyte with Ar prior to 

measurements, and maintaining a clean electrode surface between scans.  

 

3.2.1. Effect of Oxygen Termination Pre-Treatments 

 

As mentioned in Section 1.6.4, surface modification of electrodes post-CVD is crucial for 

optimal performance in aqueous electrolyte solutions. Therefore, to enhance the contact 

between the EBL-BDD and f-BDD electrodes and the electrolyte solution, samples were pre-

treated by oxygen termination which altered the charge-transfer kinetics and increased 

wettability by ensuring a hydrophilic electrode surface. A CV was recorded before and after 

each oxygen termination treatment of EBL-BDD electrodes of design P600 to assess the 

efficiency of each treatment method. There were notable increases in Cdl following all oxygen-

termination treatments. The resulting CVs revealed a significant difference between the H2SO4 

(AOT) and O2 plasma (AOP) treatment in comparison to the ozone (AOZ) treatment, (Fig 3.4).  

 

 

Figure 3.4: CV of EBL BDD samples of the T200 P600 design after different oxygen treatments: O3 

(AOZ); H2SO4 (AOT); and O2 plasma (AOP) in comparison to a H-terminated electrode of the same 

design (H-T). 
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The Cdl values recorded for each oxygen treatment can be seen in Table 3.3. Among the 

methods evaluated, AOZ treatment demonstrated significantly greater effectiveness, achieving 

a Cdl value of 794.2 µF cm-2 relative to the Cdl value of the H-terminated reference electrode of 

30.8 µF cm-2. This improvement notably exceeded the improvements observed for both the 

AOP and AOT treatments. AOZ was considered most effective due to problems with the other 

two treatments. Concentrated H2SO4 is a strong oxidiser and may be too aggressive for thin 

BDD films such as those fabricated for this report. Other strong acids have been seen to alter 

the crystal morphology of BDD following anodic polarisation leading to a decrease in 

electrochemical activity.133 Undoped diamond has been shown to undergo etch during AOP 

even at short exposure times of 60 seconds. Similarly, at a longer duration of 20 minutes, AOP 

has been reported to etch the surface of CVD diamond, despite the etching resistance provided 

by the incorporation of B within the film.134 This suggests that even at shorter durations, 

reactive oxygen radicals may still attack the carbon-carbon bonds in the diamond lattice, 

forming volatile compounds that desorb from the diamond surface, resulting in a thinner BDD 

film. AOZ is much gentler by comparison to these other two methods, oxidising the surface 

more uniformly without significant etching. However, these are suggestions based on the nature 

of each process and are not proven reasons as to why AOZ is most effective at improving the 

Cdl of EBL-BDD samples.  

 

Table 3.3: Double-layer capacitance values for each oxygen termination treatment. 

Oxygen Treatment Cdl / (µF cm-2) 

H-T 30.8 

AOZ 794.2 

AOT 155.3 

AOP 213.8 

 

3.2.2. EBL-BDD Double Layer Capacitance Performance 

 

CVs to evaluate electrochemical performance of EBL-BDD samples were recorded in the 

presence of background aqueous electrolyte solution (0.1 M KNO3) to gain the double-layer 

capacitive current. Figure 3.5 shows the CVs at scan rate 100 mV s-1 over the potential range 

of -0.1 V to 0.1 V (vs Ag/AgCl) for the most successful EBL-BDD sample of each design. All 
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EBL-BDD samples demonstrated the expected shape of a quasi-rectangle for interfacial 

double-layer charging.135 This is also indicative of a good electrode material for 

electrochemical double-layer capacitors. However, both EBL D-22 (P800) and EBL D-15 

(P1000) exhibited a slight slant in the current-voltage curves. This slanted behaviour, 

noticeable in both the forward and reverse sweeps, is characteristic of minor leakage currents, 

which deviate from the ideal behaviour. This is typically due to side reactions at the electrode 

surface. Trace impurities in the KNO3 electrolyte or adsorption of small amounts of 

contaminants could cause these small leakage currents. Although these defects manifested as a 

slant in the CVs, their impact on the Cdl of both electrodes is minimal. It does not interfere 

significantly with the peak current and although it may slightly distort the shape of the 

voltammogram, it does not compromise the representation of electrochemical performance 

extensively farther than slight discrepancies in the measured current which may have led to 

overestimations for the Cdl values.  

 

 

Figure 3.5: CV of each EBL BDD electrode in background electrolyte 0.1 M KNO3, 𝜈 = 100 mV s-1
 

 

The measured Cdl values for the EBL-BDD electrodes are summarised in Table 3.4. The EBL 

D-05 electrode exhibited the highest capacitance, reaching 794.2 µF cm-2. This represented a 

significant enhancement in comparison to other designs EBL D-22 and EBL D-15 with 404.3 

µF cm-2 and 87.3 µF cm-2. As mentioned in Section 1.5.4. the Cdl is proportional to the surface 

area of each electrode influenced by the pitch (P) of the electrode design. The trend in 
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capacitance strongly correlated with the pattern pitch of the nanostructures, where a reduced 

pitch (P600) yielded a higher density of nanopillars, and thus a larger electrochemically active 

surface area. The increase in surface area enhances charge accumulation at the electrode-

electrolyte interface in double-layer charging, directly contributing to the observed rise in Cdl 

value. These results clearly demonstrated that finer nanostructuring achieved through closer 

pitch designs significantly improved the electrochemical performance of BDD electrodes 

constructed by EBL.  

  

Table 3.4: Double-layer capacitance (Cdl) values for each EBL BDD electrode in µF cm-2 

 

 

 

 

 

 

 

In comparison to literature of similar BDD electrodes with structures on the nanoscale, the 

work of Lu et al., who developed three-dimensional porous BDD films via HFCVD, achieved 

a Cdl value of 17.54 mF cm-2. This provides an interesting benchmark for evaluating the 

performance of the EBL-BDD electrodes developed in this study. The much larger capacitance 

was attributed to the creation of densely interconnected porous networks that created an 

inherently higher effective surface area. However, it is important to consider that the fabrication 

method used to create this large surface area involves a template-free approach which does not 

offer the same degree of structural precision as EBL which could influence consistency across 

electrodes. This comparison emphasises a key trade-off between maximising surface area 

through high porosity and achieving precise structural control for future electrode optimisation. 

Comparable or lower capacitance values have been reported in other studies employing micro- 

and nanocrystalline diamond following the same approach to this study of improving surface 

area. Suman et al. found a Cdl value of 85.2 µF cm-2 for ultra-nanocrystalline diamond vertically 

aligned BDD nanopillars in 1 M Na2SO4 solution fabricated by Au mask-assisted RIE, similar 

to that of the EBL D-15 electrode.136 The difference in specific capacitance to better performing 

electrodes in this work can be attributed to the different electrolyte solution which may offer 

different ion mobility and double-layer formation characteristics since Na2SO4 is more 

Electrode Cdl / (µF cm-2) 

EBL D-05 P600  794.2 

EBL D-22 P800  404.3 

EBL D-15 P1000  87.3 
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commonly used for assessing supercapacitor capabilities. However, the substantial disparity in 

capacitance values suggest that structural factors are the dominate factor for the observed 

performance enhancement since all other factors are almost identical. These findings reinforce 

the value of EBL as a fabrication strategy for the development of high-performance 

electrochemical devices based on BDD. Additionally, Sartori et al. reported a Cdl value of 660 

µF cm-2 using laser-induced periodic surface structuring (LIPSS), aligning closely with the 

performance of the best-performing EBL-BDD electrode in this study. This similarity not only 

reinforces the validity of the capacitance values achieved here but underscores the effectiveness 

of both techniques in enhancing electrochemical performance through nanoscale surface 

texturing. Of particular interest, the slightly higher capacitance value of the EBL D-05 of this 

study suggests that, despite the efficiency of laser texturing, the deterministic nanostructuring 

of EBL provides a marginally more effective result.  

 

Based on the laser Raman results in Section 3.1.2, the discrepancies in capacitance between 

EBL D-05 and EBL D-22 may be attributed to the possible inconsistent coverage of BDD on 

the EBL D-22 electrode, which could have resulted in a significantly lower capacitance value. 

Both EBL D-22 and EBL D-15 are designed to have larger gaps between the pillars for future 

work involving metal deposition, and therefore the smaller capacitance is expected, due to the 

difference in surface area. However, these electrodes are designed for a different purpose than 

EBL D-05, and the difference in capacitance does not diminish their capability as efficient 

electrodes.  

 

3.2.3. Control f-BDD 

 

Control electrodes f-BDD-01, f-BDD-02, and f-BDD-03 were tested for electrochemical 

performance under the identical conditions to those used for the EBL-BDD electrodes, 

allowing for direct comparison. CV was performed in 0.1 M KNO3 electrolyte at a scan rate 

of 100 mV s-1 over a potential window of -0.1 V to 0.1 V (vs. Ag/AgCl). Figure 3.6 illustrates 

overlayed CVs of all three f-BDD electrodes where similar shapes were observed overall. 

However, minor deviations were noted, with signs of leaking resistance for both f-BDD-01 and 

f-BDD-02, as indicated by slight slanting of the voltammogram baseline. Despite this, all 

control electrodes produced voltammograms characteristic of capacitive behaviour for 

comparison with the EBL-BDD electrodes.  
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Figure 3.6: CV of each f-BDD electrode in background electrolyte 0.1 M KNO3, 𝜈 = 100 mV s-1. 

 

The Cdl values ranged from 28.9 to 7.0 μF cm-2 for the control microcrystalline samples f-

BDD-01, f-BDD-02, and f-BDD-03 in the presence of KNO3 as seen in Table 3.5. The 

reproducibility of the electrochemical measurements for the reference electrode was confirmed 

across three independent samples, though minor deviations were observed, likely due to slight 

variations in diamond film thickness and oxygen termination processes. To establish a reliable 

reference for comparison with the EBL-BDD samples, an average Cdl value was determined 

from each sample of 15.7 μF cm-2. As previously mentioned in Section 1.5.4, literature values 

for f-BDD typically range from approximately 3-10 μF cm-2.35,90,137 However, as reported by 

Baluchová et al., alternating B/C can significantly influence the geometric Cdl values for f-

BDD.138 Accordingly, the high B/C ratio used in this study is expected to contribute to the 

elevated average Cdl value observed.   

 

Table 3.5: Double-layer capacitance (Cdl) values for each f-BDD sample giving an average value of 

15.7 µF cm-2 

Electrode Cdl / (µF cm-2) 

f-BDD-01  28.9 

f-BDD-02  11.3 

f-BDD-03 7.0 
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3.2.4. f-BDD vs. EBL-BDD 

 

For clarity, only the best-performing EBL-BDD electrode, EBL D-05, was considered for 

comparison to f-BDD (Fig. 3.7). f-BDD-01 was chosen for visual representation purposes, 

however calculations for comparison utilised the average Cdl value of 15.7 µF cm-2. There is a 

significant difference between the average Cdl of the f-BDD samples and the nanostructured 

EBL-BDD sample. This is expected since double-layer charging, and therefore Cdl, increases 

with larger surface areas, particularly in nanostructured electrodes.139  

 

 

Figure 3.7: CV of f-BDD-01 in comparison to EBL D-05 in background electrolyte 0.1 M KNO3, 𝜈 = 

100 mV s-1
 

 

Values seen in Table 3.6 show substantially higher Cdl values across all EBL-BDD samples 

and indicate that the Cdl of the most capacitive electrode (EBL D-05) is approximately 50.6 

times greater than that of f-BDD. This can be directly attributed to the enhanced effective 

surface area of the EBL-BDD electrodes as a result of their nanostructured design. Similarly, 

the EBL D-22 electrode recorded a Cdl value with a 25.8-fold increase over the f-BDD 

reference. While lower than EBL D-05, this performance still reflects effective utilisation of 

increased surface roughness and structured BDD in comparison to unstructured f-BDD. The 

EBL D-15 electrode, though displaying the lowest capacitive difference of the three structured 

designs, still achieved a 5.6-fold enhancement relative to the flat electrode. This result suggests 

that while increased spacing between the pillars reduced total surface area, it nonetheless 
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provided a substantial improvement over the unstructured counterpart, validating the 

effectiveness of even modest nanostructuring in enhancing electrode performance. The 

differences in Cdl highlights the crucial role of structural modifications to the electrode surface 

in electrochemical performance amongst BDD electrodes specifically.  

 

Table 3.6: Double-layer capacitance (Cdl) values for flat and nanostructured BDD electrodes, and their 

relative enhancement compared to flat BDD. 

 

 

 

 

 

 

 

 

The magnitude of the higher Cdl values for nanostructured or porous BDD electrodes in 

comparison to that for f-BDD is consistent with published findings where increased roughness 

and effective surface area improve electrochemical activity. Notably, research by May et. al 

demonstrated an exceedingly larger Cdl value for BDD-coated bSi of a magnitude of up to 220 

times in comparison to a commercial f-BDD electrode with a Cdl value of 2.9 µF cm-2.35 Aside 

from the significantly lower Cdl value used for the reference f-BDD electrode, which 

contributes to the disparity between the results found in this study and the study conducted by 

May et al., it is important to note that bD films vary significantly in structure and composition. 

These differences make accurate surface area quantification more challenging. Furthermore, it 

is difficult to ensure reproducibility across different bD electrodes due to unpredictable pillar 

formation. Therefore, while bD electrodes are reported to have promising capacitance 

enhancements, the EBL-BDD electrodes developed in this study demonstrate comparatively 

superior capacitive performance relative to bD, reflecting the effectiveness of nanostructuring 

uniform and reproducible electrodes. This also highlights the promise of EBL-BDD electrodes 

for electrochemical applications requiring advanced capacitive performance, particularly 

relative to other previously documented nanostructured electrodes. Knittel et al. reported an 

approximately. 80-fold increase in Cdl for nanostructured BDD electrodes relative to a flat 

diamond film.137 However, the reference flat electrode exhibited a relatively low Cdl value of 

6.5 µF cm-2 for comparison and, as stated previously, the present study used a higher 

Electrode Cdl / (µF cm-2) Cdl × f-BDD 

f-BDD 15.7 - 

EBL D-05 P600  794.2 50.6 

EBL D-22 P800  404.3 25.8 

EBL D-15 P1000  87.3 5.6 
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experimental average of 15.7 µF cm-2 for the flat electrode. Considering the difference, the 

nanostructured EBL-BDD electrodes in this work provided a more representative evaluation 

of the impact of nanostructuring, demonstrating a larger capacitive increase relative to 

comparable f-BDD values reported in the literature. 

 

Further reinforcing these findings, the study by Kondo et al. demonstrated a nanostructured 

porous BDD electrode fabricated via a two-step thermal treatment process, including 

microwave plasma-assisted chemical vapour deposition (MPCVD), which achieved a Cdl of 

140 µF cm-2 – an enhancement of around 40 times relative to as-deposited planar BDD. Kondo 

et al. employed a Si wafer substrate and a comparable atomic B/C ratio, enabling a direct and 

meaningful comparison with the findings of this report.140 The value of 140 µF cm-2 closely 

parallels the values seen in this study for the EBL D-15 and EBL D-22 electrodes and is notably 

exceeded by the EBL D-05 electrode. The better capacitance value can be attributed to the 

methodology differences between the methods of this study and those chosen by Kondo et al. 

Thermally induced porosity inherently suffers from less control over pore size distribution and 

surface uniformity in comparison to EBL structuring. This advantage likely contributed to the 

higher capacitance values observed, as uniform nanoscale pillar arrays provide optimised 

electrolyte accessibility. Therefore, this work demonstrates not only competitive but for the 

most capacitive electrode design, EBL D-05, superior performance to other nanostructured 

BDD systems reported in the literature.  

 

3.2.5. Determinations of Surface Area 

 

Geometric Surface Area 

On analysis of the electrochemical properties of BDD electrodes, the geometric surface area 

(𝐴𝑔) is crucial in calculating the Cdl in this report. A geometric surface area of 0.5 cm2 ( × 

(0.4 cm2)2) was calculated from the exposed area of the electrode holder shown in Figure 2.3 

and used for all BDD electrodes, providing a consistent reference for calculations.  

 

Actual Surface Area  

In addition to the geometric surface area used in Cdl calculations, the actual surface area 

(𝑆Actual) of each EBL BDD electrode must account for the additional surface contributed by 

the three-dimensional micro-structured features introduced by the EBL-Si template and 
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subsequent CVD-grown BDD layer thickness. 𝑆Actual  of the EBL BDD electrodes was 

calculated using eqn (3.1): 

 

𝑆Actual = (
10 × 106

𝑃
)2 × 2𝜋 (

𝑇

2
+ 𝐷) ×  𝐻 + (10 × 106)2 (3.1) 

 

where 𝑃 is the pitch of the EBL-Si pillars, 𝑇 is the thickness of each EBL-Si pillar, 𝐷 is the 

thickness of the BDD layer, and 𝐻 is the height of the EBL-Si pillars. This equation uses the 

planar surface area of the Si substrate in combination with the surface area contributed by the 

curved sidewalls of the pillars in each electrode design to obtain a more representative surface 

area estimation. By accounting for the nanostructured features of the EBL BDD electrodes, the 

actual surface area becomes significantly greater than the geometric projection used for 

simplified calculations (Table 3.7). These features provide an increased number of active sites 

for electrochemical reactions for improved electrode performance. The 𝑆Actual value for the 

reference f-BDD electrode has been normalised to 1 for comparative purposes.  

 

Table 3.7: Actual surface area (𝑆Actual) of each BDD electrode. 

Electrode 𝑆Actual / (1014 nm2) 

f-BDD 1 

EBL D-05 10.5 

EBL D-22 7.9 

EBL D-15 4.4 

 

 

In contrast to the normalised f-BDD reference, the nanostructured electrodes demonstrated 

marked increases in actual surface area, with the EBL D-05 design achieving the highest 𝑆Actual 

value of 10.5  1014 nm2 – a tenfold increase over the flat electrode. This can be attributed to 

the fine pitch and dense pillar arrangement, which maximises surface exposure to the 

electrolyte solution. The higher surface area naturally provides more active sites for charge 

accumulation, reflected in the higher Cdl value for EBL D-05. The gradual reduction in surface 

area from EBL D-05 to EBL D-15 reflects the initial design choice in pillar spacing, as larger 

gaps and pillars reduce the total accessible surface area. These findings provide quantitative 

support for the electrochemical performance quoted earlier in this study, where increased 

surface area is shown to play a critical role in elevating the double-layer capacitance of BDD 
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electrodes. The correlation between design parameters and resulting surface area underlines 

the tunability of EBL methods. 

 

Figure 3.8 provides a schematic illustration of the difference between 𝐴𝑔 and 𝑆Actual of the 

EBL-BDD electrodes when positioned in the electrode holder. The visual distinction in Figure 

3.8 highlights the importance of considering the actual surface area following Cdl calculations 

since reliance solely on the geometric area would lead to a significant underestimation of the 

potential of the electrodes.  

 

Figure 3.8: Visual representation of the geometric surface area (𝐴𝑔) and actual surface area (𝑆Actual) 

of EBL BDD electrodes when in the electrode holder (not to scale). 

 

Relative Effective Surface Area 

To quantitatively evaluate the impact of nanostructuring on the electrode surface properties, an 

estimation of the relative effective surface area of each BDD electrode was determined based 

on the ratio of reference f-BDD to EBL-BDD Cdl values, as described previously in Table 7. 

The calculation used is shown in eqn (3.2): 

 

Relative Effective Surface Area =
𝐶dl,structured 

𝐶dl,flat
 × 𝐴𝑔 (3.2) 

 

The relative surface area provides a direct comparison of the electrochemically active surface 

between nanostructured electrodes fabricated via EBL and the f-BDD reference electrode, 

which has, again, been normalised to a value of 1. This approach allowed for the evaluation of 

𝑨𝒈 0.4 cm 

𝑺𝐀𝐜𝐭𝐮𝐚𝐥 
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how variations in nanostructuring parameters influence the available active area for 

electrochemical processes. The results for each electrode design are summarised in Table 8.  

 

Table 3.8: Relative effective surface area of each BDD electrode. 

Electrode Relative Effective Surface Area / (1014 nm2) 

f-BDD 1 

EBL D-05 25.4 

EBL D-22 12.9 

EBL D-15 2.8 

 

Significant enhancement in relative effective surface area was observed for the EBL BDD 

electrodes compared to the f-BDD reference. The EBL D-05 electrode exhibited the largest 

increase, with a relative effective surface area of 25.4  1014 nm2, indicating more than a 25-

fold improvement over the f-BDD electrode. This substantial enhancement is assumed to be 

attributed to the higher density and finer features of the nanostructure pattern, which increase 

both the number of active sites and the overall interfacial area available for electrochemical 

reactions. In comparison, the EBL D-15 electrode demonstrated a more modest increase, with 

a relative surface area of 2.8  1014 nm2, suggesting that while nanostructuring does enhance 

surface area, the extent is highly dependent on the specific parameters employed.  

 

The findings of Lee et al. report a threefold increase in effective surface area for BDD nanowire 

electrodes compared to planar BDD, as determined by CV measurements.141 This enhancement 

is closely aligned with the performance of the EBL D-15 electrode developed in this study. 

This similarity suggests that the level of nanostructuring achieved in EBL D-15 is comparable 

to the nanowire approach employed by Lee et al. However, the more advanced designs explored 

in this work, the EBL D-05 and EBL D-22 electrodes, demonstrated substantially greater 

enhancements than those reported by Lee et al. This comparison highlights the effectiveness of 

EBL in maximising surface area. The larger relative effective surface area of the EBL D-05 and 

EBL D-22 electrodes compared to both EBL D-15 and the nanowire electrodes can be attributed 

to a couple factors. The use of the EBL process enabled precise control over pattern density, 

allowing for a higher pillar density to increase the total active surface area. Furthermore, in 

nanowires, close-packed structures can shield sidewalls from electrolyte access. However, the 
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spacing between pillars is well-defined in EBL designs, which likely facilitated improved 

electrolyte diffusion. 

 

3.3. Furfural Oxidation 

3.3.1. Activity of EBL-BDD for Furfural Oxidation 

 
At present, there are no reported studies in the literature concerning the use of EBL-BDD 

electrodes for the oxidation of FF, providing no direct point for comparison for this novel 

application. Therefore, any anticipated electrochemical behaviour is largely based upon the 

performance of diamond and other carbon-based electrodes in acidic media, particularly in 

relation to the OER. All EBL-BDD designs and the control f-BDD were assessed for activity 

for FF oxidation in 25 mM FF in 0.5 M H2SO4 aqueous solution at a scan rate of 100 mV s-1. 

The EBL D-22 (P800) electrode exhibited the most stability and the only anodic peak for FF 

oxidation and therefore was selected for analysis and comparison to literature. CVs were 

performed to evaluate the electrochemical activity of EBL D-22 for FF oxidation in acid. 

Generally, FF oxidation in alkaline media is considered more favourable in comparison to 

acidic media however, since this was a preliminary trial and time was limited, the most readily 

available chemicals were used for experimentation. 

 

Figure 3.9: CV of 0.5 M H2SO4 and 0.5 M H2SO4 + 25 mM FF, 𝜈 = 100 mV s-1 with EBL D-22. 
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Figure 3.8 presents the CV of the EBL D-22 electrodes, covering both the higher potential 

region corresponding to the OER and lower potential region corresponding to the HER. The 

CV response in the presence of FF revealed a distinct anodic peak, the onset of FF oxidation 

and confirming catalytic activity towards this reaction. The well-defined peak at 1.6 V vs. 

Ag/AgCl provided clear evidence of the electrochemical conversion of FF. While literature on 

FF oxidation specifically using BDD electrodes is not currently available, as previously stated, 

this result for FF oxidation aligned closely with reported oxidation potentials of structurally 

similar compounds. Iniesta et al reported the electrochemical oxidation of phenol on BDD 

electrodes at 1.67 V vs. SHE in acidic media.142 The similarity in oxidation potentials between 

FF and phenol can be rationalised by their comparable aromatic structures and functional 

groups. This finding suggested that the EBL D-22 electrode successfully facilitated FF 

oxidation within the potential window -1.2 V to 2.5 V.  

 

Research on FF oxidation using both Pt and Au electrodes instead of BDD electrodes has been 

previously reported. Pt and Au both have high intrinsic activity for the OER reaction without 

the need for nanoparticles. Román et al. saw the onset of FF oxidation on Pt electrodes in acidic 

media between the potentials 0.8 V and 1.45 V before oxygen evolution.143 A separate research 

group led by Román found similar results on Au electrodes in acidic media with the onset of 

FF oxidation occurring between 0.8 V and 1.2 V.144 This lower potential range in comparison 

to the EBL D-22 electrode highlights a distinct advantage of metal electrodes in terms of energy 

efficiency, minimising parasitic oxygen evolution. The inherent chemical inertness and low 

intrinsic catalytic activity of diamond, where beneficial in other electrochemical applications, 

proved limiting in this study for FF oxidation when compared to other common noble metal 

electrodes that have relatively high catalytic activity. Without the presence of additional 

catalytic species, as was the case in preliminary experiments, only the EBL D-22 electrode 

exhibited electrochemical activity, highlighting the need for surface modification to enhance 

reactivity.  

 

Compared to the blank electrolyte (black line in Fig. 3.9), an increase in current density was 

observed for the solution containing FF (red line in Fig 3.9) confirming FF oxidation occurred 

at the electrode surface. This is likely due to the high surface area and enhanced charge transfer 

properties of EBL-BDD, as tests for f-BDD showed negligent activity for FF oxidation. (App. 

5.4) The demonstrated activity of EBL D-22 suggests its potential for applications in biomass-

derived chemical processing. The high chemical and electrochemical stability and robustness 
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of the BDD material makes it an excellent candidate for consistent sustainable electrochemical 

oxidation reactions when combined with an appropriate catalyst.  
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4. Conclusions and Future Work 

 

4.1. Conclusions 

 

Many different methods have been explored to optimise the surface area of BDD electrodes for 

electrochemical applications.24,27–32,73,137 This thesis successfully demonstrated the fabrication 

and electrochemical evaluation of nanostructured BDD electrodes prepared via the 

combination of EBL, RIE, and HFCVD. Through increasing growth times, three electrodes 

with distinct EBL electrode designs were achieved with appropriate thickness for 

electrochemical performance as confirmed by SEM imaging and laser Raman spectroscopy. 

Increased growth time significantly enhanced film thickness, while laser Raman analysis 

confirmed the successful boron incorporation within the diamond lattice. 

 

Oxygen termination treatments were found to play a crucial role in enhancing the 

electrochemical activity of the fabricated electrodes. Among the oxygen termination methods 

tested, ozone treatment (AOZ) was the most effective in enhancing electrochemical properties, 

achieving the highest Cdl value of 794.2 μ F cm-2. This improvement in comparison to a 

hydrogen terminated electrode was attributed to effective surface oxidation and minimised 

surface etching in comparison to harsher treatments O2 plasma (AOP) and H2SO4 (AOT), 

which may have led to partial degradation of the thin BDD films.  

 

Electrochemical characterisation in 0.1 M KNO3 revealed that nanostructuring significantly 

improved electrode performance. The EBL D-05 electrode design, featuring the highest density 

of nanopillars, exhibited the highest Cdl value of 794.2 μ F cm-2, highlighting the direct 

correlation between nanostructure density and electrochemical surface activity. Additionally, 

the EBL D-05 electrode exhibited a Cdl value approximately 50 times larger than the average 

experimental value recorded for the reference f-BDD electrode. Considering that literature-

reported values for f-BDD electrodes are often lower than those recorded experimentally in 

this study, relative comparisons to such references would result in an even more pronounced 

improvement, thereby further validating the effectiveness of the EBL-BDD electrodes.35,137 

While minor leakage currents were observed in two of the electrode designs, these did not 

significantly impact overall performance.  
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Analysis of the electrode surface area reinforced the significant enhancements achieved by 

nanostructured BDD in comparison to flat BDD. 𝑆Actual showed a 10.5-fold increase over the 

f-BDD reference. When considering Cdl values, the relative effective surface area demonstrated 

an even greater improvement, with the EBL D-05 electrode exhibiting a 25.4-fold increase 

compared to f-BDD. This underscores the importance of physically structuring as well as the 

electrochemical accessibility of the electrode surfaces.  

 

Preliminary FF oxidation trials indicated the potential for EBL-BDD electrodes to be used in 

biomass-derived chemical processing. The EBL D-22 electrode demonstrated clear 

electrochemical activity toward FF oxidation, exhibiting an anodic peak at 1.6 V vs. Ag/AgCl, 

aligning closely with literature reports for structurally similar compounds.141,142 The oxidation 

potential was higher than that observed for noble metal electrodes suggesting decreased 

efficiency of the EBL-BDD electrode in comparison.143,144 However, this initial result reflected 

the catalytic promise of the EBL-BDD electrode, particularly when considering future 

integration of nanoparticle catalysts. 

 

4.2. Future Work 

 
This study has demonstrated a relatively novel approach to increasing the surface area of BDD 

electrodes for electrochemical applications. Building upon these findings, several aspects of 

further investigation can be proposed to expand and refine the understanding of EBL-BDD 

electrochemical performance. In particular, future work should focus on evaluating additional 

electrochemical characteristics. To explore the potential for electrochemical sensing 

applications, further experiments using an electrolyte solution containing a standard redox 

probe, such as KCl with [Ru(NH3)6]3+, are recommended. Comparison of the resulting peak 

currents across each electrode design will provide insight into the relative electroactive surface 

areas and the effectiveness of the EBL nanostructuring approach. Peak separation (Ep) might 

also be examined to give insight into electron transfer kinetics. Single-crystal BDD electrodes 

have exhibited near-reversible redox behaviour, therefore investigations of nanostructured 

polycrystalline BDD electrodes could be particularly interesting.145 Further investigations 

should be conducted to assess the stability of the electrodes developed in this work. Varying 

the scan rate during CV testing would be useful to provide insights into the surface stability of 

the electrodes. The point of electrode degradation could be identified based on reductions in 
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peak currents or distortion of peak profiles. Long-term tests of multiple cycles would be 

beneficial to indicate long-term stability over extended operational periods.146 Such testing 

would determine the suitability of EBL-BDD electrodes for industrial applications.  

 

In terms of understanding the electrode surface morphology, additional imaging techniques 

should be employed to provide greater knowledge of the nanostructured features, the 

distribution of B within the diamond lattice, and the uniformity of diamond film coverage prior 

to CV testing. Atomic force microscopy (AFM) would give a high-resolution 3D topography 

of the BDD surface and combined with SEM can measure roughness with precision down to 

the nanoscale to properly observe the nanopillars of the EBL-BDD designs.128 Secondary ion 

mass spectrometry (SIMS) is highly sensitive to light elements such as B and could provide 

depth profiling of the B distribution throughout the BDD film.127   

 

The problems encountered during the BDD film deposition process should also be addressed,  

particularly the need for multiple sequential depositions using the HFCVD system. Issues such 

as variability in film quality and the potential introduction of defects between deposition 

sessions should be carefully investigated to enhance reproducibility across the same electrode 

designs. Additionally, greater attention should be directed towards mitigating leaking current, 

as evidenced by the ohmic behaviour in the CV profiles of the EBL D-22 and the EBL D-05 

electrodes presented in Figure 3.5. Proper sealing of the electrode holder and performing leak 

tests in ultrapure water before addition of the electrolyte should be done to identify leaking 

sources. Additionally, ensuring only the working electrode surface is exposed to the electrolyte 

and not the conductive Si base to avoid stray current paths is essential. Finally, iR compensation 

should be used via the potentiostat to reduce slanted baselines from solution resistance.  

 

For future work in FF oxidation, the confirmation of catalytic activity by the observed anodic 

peak at 1.67 vs. Ag/AgCl provides a foundation for further surface modifications to reduce the 

onset potential and improve energy efficiency for commercial use. The enhancement of BDD 

electrode catalytic activity through nanoparticle decoration has been successfully explored in 

prior studies.100 Furthermore, the high OER potentials characteristic of BDD electrodes are 

advantageous for electro-oxidation reactions, as it enables the generation of more OH radicals 

at the anode surface, thereby enhancing the oxidative capacity of the electrode compared to 

conventional electrodes.147 Building on these factors, future tests for FF oxidation should 

incorporate the decoration of nanoparticles, such as CuO and ZnO, to achieve electrochemical 
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activity for all electrode designs in this work. Metal deposition by way of Ni-Cu alloy is an 

alternative method to increase catalytic activity on the BDD surface and both the EBL D-22 

and EBL D-15 electrodes with larger pitches would be particularly suitable for this approach. 

Ni particles would also interact with BDD to form a porous structure increasing surface area 

further.148 Additionally, subsequent bulk electrolysis experiments to assess the performance of 

EBL-BDD electrodes in the selective valorisation of FF should be conducted, with the aim of 

producing desired high-value products efficiently and sustainably. These results can then be 

transferred to work in water splitting.  

 

This research has demonstrated that rational design and surface modification of BDD 

electrodes can significantly influence their electrochemical performance. The insights gained 

from this study provide a strong foundation for future advancements in BDD technology, 

specifically using HFCVD in conjunction with EBL programming. Potential applications 

include the oxidation of FF and water splitting for sustainable fuel production as well as organic 

pollutant degradation and electrochemical sensing. By continuing to refine electrode structures, 

surface treatments, and scalability, BDD electrodes can be further optimised for a wide range 

of electrochemical applications.  
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5. Appendix 
 
 

 

5.1.1. SEM images of EBL-Si with a) thickness (T) <200 nm and b) pitch (P) <500 nm. 

 

 

5.2. Visible laser Raman spectra for black diamond (bD) electrodes fabricated for different 

growth times from 15-60 minutes. 

 

a) b) 
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5.3. Visible Laser Raman spectra for each EBL-BDD electrode showing a significant first-

order Si peak. 

 

 

5.4.  CV of 0.5 M H2SO4 and 0.5 M H2SO4 + 25 mM FF, 𝜈 = 100 mV s-1 with EBL D-22  
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