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SUMMARY

This thesis investigates the properties of boron-doped diamond (BDD) electrodes, ad-
vances their applications, and develops innovative fabrication strategies, aiming to ad-
dress key challenges in enhancing their performance and scalability. BDD has emerged
as a versatile material for sensor applications due to its wide electrochemical potential
window, exceptional chemical stability, and biocompatibility. The research presented in
this dissertation is structured to investigate the relationships between material proper-
ties and electrochemical behavior, to assess critical factors influencing electrode perfor-
mance, and to develop innovative fabrication techniques for practical applications.

Chapter 1 provides a comprehensive introduction to electrochemical sensors and the
unique advantages of BDD electrodes, outlining their synthesis, material characteristics,
and the factors affecting their electrochemical responses. This chapter also highlights
the gaps in current research and establishes the objectives for the study, focusing on
understanding microstructural variations, evaluating the role of sp2 carbon and boron
doping, and innovating manufacturing techniques.

Chapters 2 and 3 delve into the material properties of BDD and their impact on elec-
trochemical activity. Chapter 2 investigates the heterogeneity in polycrystalline BDD
electrodes by mapping of the boron distribution, crystal orientation, and localized elec-
troactivity, utilizing advanced characterization techniques such as Raman spectroscopy
and scanning electrochemical microscopy. Chapter 3 examines the role of sp2 carbon
content in non-enzymatic electrochemical sensing applications, focusing on the detec-
tion of the biologically relevant molecule glucose. These studies underscore the influ-
ence of boron doping levels and grain structure on electrode performance, providing
insights for optimizing material properties.

Chapter 4 shifts attention to the fabrication of single-crystal BDD electrodes through
heteroepitaxial growth. This chapter emphasizes the advantages of single-crystal struc-
tures in achieving uniform doping and superior electrochemical characteristics, ad-
dressing the limitations of polycrystalline BDD. The potential for these electrodes to
improve sensor performance in detecting complex organic molecules is also explored.

In Chapter 5, the focus transitions to innovation in BDD electrode fabrication. A
novel approach using inkjet printing is presented, enabling scalable and precise man-
ufacturing of BDD sensor chips. This method optimizes ink composition, substrate
preparation, and printing resolution, resulting in miniaturized sensor platforms with
comparable performance to commercially available ones. The chapter highlights the
potential of this technique to advance the practical deployment of BDD-based sensors
in field applications.

Finally, Chapter 6 concludes the dissertation by summarizing the key findings and
discussing the broader implications of the research. An outlook on future directions
is provided, including recommendations for refining single-crystal BDD growth tech-
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niques and exploring new applications in biosensing and environmental monitoring.
This thesis contributes significantly to the understanding and development of BDD elec-
trodes, paving the way for their enhanced adoption in advanced electrochemical sensing
technologies.



SAMENVATTING

Deze dissertatie onderzoekt de materiaaleigenschappen van boor-gedoteerde diamant
(BDD)-elektroden, draagt bij aan de ontwikkeling van hun toepassingen en introduceert
innovatieve fabricagestrategieën, met als doel belangrijke uitdagingen in prestaties en
opschaalbaarheid aan te pakken. BDD is wordt gezien als een veelzijdig materiaal voor
sensorapplicaties dankzij zijn brede elektrochemische venster, uitzonderlijke chemische
stabiliteit en biocompatibiliteit. Het onderzoek in deze dissertatie is gestructureerd om
de relaties tussen materiaaleigenschappen en elektrochemisch gedrag te onderzoeken,
kritische factoren te evalueren die de prestaties van de elektroden beïnvloeden, en inno-
vatieve fabricagetechnieken te ontwikkelen voor praktische toepassingen.

Hoofdstuk 1 biedt een uitgebreide introductie tot elektrochemische sensoren en de
unieke voordelen van het gebruik van BDD-elektroden. Het bespreekt de synthese, ma-
teriaaleigenschappen en factoren die hun elektrochemische respons beïnvloeden. Dit
hoofdstuk benadrukt ook de hiaten in huidig onderzoek en formuleert de doelstellingen
van de thesis, met een focus op het begrijpen van microstructurele variaties, de rol van
sp2-koolstof en boordotering, en het innoveren van fabricagetechnieken.

Hoofdstukken 2 en 3 verdiepen zich in de materiaaleigenschappen van BDD en hun
impact op de elektrochemische activiteit. Hoofdstuk 2 onderzoekt de heterogeniteit in
polykristallijne BDD-elektroden door de verdeling van boor, kristaloriëntatie en lokale
elektroactiviteit in kaart te brengen met geavanceerde karakterisatietechnieken zoals
Ramanspectroscopie en scanning elektrochemische microscopie. Hoofdstuk 3 onder-
zoekt de rol van het sp2-koolstofgehalte in niet-enzymatische elektrochemische senso-
rapplicaties, met een focus op de detectie van het biologisch relevante molecuul glucose.
Deze studies benadrukken de invloed van boordoteringsniveaus en korrelstructuur op
de prestaties van de BDD-elektroden, wat waardevolle inzichten biedt voor het optima-
liseren van de materiaaleigenschappen.

Hoofdstuk 4 richt zich op de fabricage van enkelkristallijne BDD-elektroden via
hetero-epitaxiale groei. Dit hoofdstuk benadrukt de voordelen van enkelkristalstructu-
ren bij het bereiken van uniforme doping en superieure elektrochemische eigenschap-
pen, waarmee de beperkingen van polykristallijne BDD-elektroden worden aangepakt.
De potentiële verbeteringen van deze elektroden bij de detectie van complexe organi-
sche moleculen worden ook onderzocht.

In Hoofdstuk 5 wordt een innovatie in de fabricage van BDD-elektroden behandeld.
Een nieuwe benadering met behulp van inkjetprinting wordt gepresenteerd, waarmee
een schaalbare en precieze productie van BDD-sensorchips mogelijk wordt gemaakt.
Deze methode optimaliseert de inkt samenstelling, substraat voorbehandeling en prin-
tresolutie, wat resulteert in miniatuur sensoren met prestaties die vergelijkbaar zijn met
commercieel verkrijgbare sensoren. Dit hoofdstuk belicht het potentieel van deze tech-
niek om de praktische toepassing van BDD-gebaseerde sensoren in veldtoepassingen te
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bevorderen.
Tot slot vat Hoofdstuk 6 de belangrijkste bevindingen samen en bespreekt het de bre-

dere implicaties van het onderzoek. Er wordt een toekomstperspectief geschetst, inclu-
sief aanbevelingen voor het verfijnen van groeitechnieken voor enkelkristallijne BDD-
elektroden en het verkennen van nieuwe toepassingen in biosensing en milieumonito-
ring. Deze dissertatie levert een belangrijke bijdrage aan het begrip en de ontwikke-
ling van BDD-elektroden en effent het pad voor hun verbeterde adoptie in geavanceerde
elektrochemische sensortechnologieën.
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1
INTRODUCTION

This chapter provides an overview of the fundamental properties of BDD electrodes and
their application in electrochemical sensing. It highlights the limitations of existing re-
search and identifies three key research objectives: understanding localized variations in
electrochemical activity, evaluating the impact of sp2 carbon content and boron doping,
and innovating BDD electrode fabrication through ink-jet printing. These objectives form
the foundation for subsequent chapters, each addressing specific aspects of BDD electrode
performance and fabrication.
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1.1. ELECTROCHEMICAL SENSORS

S ENSORS have shaped our everyday lives owing to the world’s growing need for quick,
inexpensive, and trustworthy information. In broad terms, sensors are used as tools

to detect events or changes in our environment. Of particular interest are electrochemi-
cal sensors, which are devices that detect analytes through electrical responses induced
by chemical reactions. At their core, they operate by using electrodes as sensing elements
[1]. When an analyte comes into contact with the electrode, it triggers a specific chemical
reaction, leading to measurable electrical changes, such as variations in current, poten-
tial, or resistance. This direct induction of an electrical response by a chemical change
enables the precise and rapid monitoring and analysis of various chemical substances.

Electrochemical sensors, known for their high sensitivity, rapid response times,
portability, and low cost, have found widespread applications in fields such as envi-
ronmental monitoring, industrial process control, agricultural analysis, safety surveil-
lance, and healthcare. In environmental monitoring, they can detect pollutants in water,
such as heavy metal ions and organic contaminants [2, 3]. These sensors assess envi-
ronmental quality accurately and swiftly by measuring the current changes produced
by pollutants reacting at the electrodes. In the field of industrial process control, elec-
trochemical sensors are utilized for real-time monitoring of chemical reactions and
substance concentrations on production lines, ensuring process stability and product
quality. These sensors allow companies to adjust production parameters in real time,
enhancing production efficiency and product quality [4]. For agriculture, the applica-
tion of electrochemical sensors aids in achieving precision farming. They can detect
soil pH, nutrients, and harmful substances, providing a scientific basis for precise fertil-
ization, irrigation, and soil improvement, thus enhancing crop yield and quality [5–7].
In the field of safety monitoring, electrochemical sensors play a vital role in detecting
hazardous gases (such as carbon monoxide or hydrogen sulfide) in homes and public
places [8, 9]. These sensors respond quickly, issuing timely alerts to prevent potential
health risks or safety incidents.

In healthcare, electrochemical sensors especially showcase their distinctive advan-
tages. They are widely used to detect various biomarkers, chemicals, and ions, crucial
for disease diagnosis, monitoring, and management. The range of detection includes,
but is not limited to, cholesterol, cardiac markers (such as troponin and creatine kinase),
infectious viruses, levels of electrolytes like potassium, sodium, calcium, and chlorine,
as well as the pH of blood and other bodily fluids, exhaled gases, and blood glucose [10–
17]. Among these, blood glucose monitoring is one of the most well-known applica-
tions of electrochemical sensors. They are used for monitoring blood glucose levels in
diabetes patients, helping them manage their condition and prevent hyperglycemia or
hypoglycemia. Particularly in the application of continuous glucose monitors, electro-
chemical sensors are revolutionizing the lives of diabetes patients. They operate as small
sensors attached to the person’s body and wirelessly transmit data to the patient’s phone
or other devices [18–20]. This real-time monitoring avoids the need for frequent finger-
prick tests, significantly improving the patient’s quality of life.

A schematic of a continuous electrochemical sensor placed on the skin is shown in
Fig. 1.1 (a). Although these electrochemical sensors may differ in appearance, their core



1.1. ELECTROCHEMICAL SENSORS

1

5

G

G

G

G G

Potentiostat

CE WE RE

(a) (b) (c)

ER

EI
Time

Potential

ER

EI Epc

Epa

ipc

ipa

Figure 1.1: (a) A continuous electrochemical sensor mounted on the human skin; (b) The three-electrode
system with working electrode (WE), counter electrode (CE), reference electrode (RE) and potentiostat; (c)
Cyclic voltammetry with potential-time excitation signal (top image) and cyclic voltammogram for a reversible
Ox+ne− ↔ Red reaction (lower image).

operating principle revolves around the use of a three-electrode system, consisting of
a working electrode (WE), reference electrode (RE), and a counter electrode (CE), as
shown in Fig. 1.1 (b). This system facilitates the flow of current between the WE and
CE while maintaining a constant potential at the RE. The surface area of the CE should
be much larger than that of the working electrode to prevent reactions on the WE from
being restricted. Each electrode in the three-electrode system is connected to a poten-
tiometer, ensuring that, with the coordination of a low-impedance ammeter and a high-
impedance voltmeter at the counter electrode, no current passes directly through the RE,
aiming for precise control and measurement of current and potential during the electro-
chemical reaction process [21].

A wide variety of materials can be used as the working electrode, ranging from met-
als such as gold, silver, and platinum to non-metals like graphene, conductive diamond,
and glassy carbon [22, 23]. As the counter electrode, platinum wires or meshes are popu-
lar and also gold and graphite are frequently used. The RE contains a stable redox couple,
with the concentration of each soluble component being saturated within the reference
electrode to ensure its potential remains constant. Common REs include the saturated
calomel electrode and the Ag/AgCl electrode [24]. The three electrodes are inserted into
the same electrolyte solution, typically containing aqueous ionic salts (e.g., sodium chlo-
ride or potassium nitrate) to prevent ohmic drop.

In many cases within electrochemical sensors, pseudo-reference electrodes can be
used in place of traditional REs, especially when the internal conditions of the electro-
chemical cell are known. Pseudo-reference electrodes, such as silver [25, 26], although
not maintaining a constant potential, have predictable potential changes that occur with
variations in the internal temperature or pH of the electrochemical cell, allowing for ac-
curate studies of the system under a broader range of experimental conditions. Based
on the signal transduction and detection mechanisms of electrochemical sensors, tech-
nologies are primarily categorized into potentiometry, voltammetry, and conductometry
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[27]. Potentiometric sensors, in which the potential between two electrodes is measured
using a high-impedance voltmeter, are widely used for on-site rapid testing due to their
simple operation, high selectivity, and cost-effectiveness. In contrast, voltammetric sen-
sors, which probe the current response of a chemical under an applied potential differ-
ence using a potentiostat, exhibit unique advantages in the quantitative analysis of an-
alytes because of their superior sensitivity and faster response time. Additionally, there
are sensors that detect changes in resistivity and capacitance, such as chemiresistors
and capacitive sensors. These technologies identify and measure analytes by assessing
changes in the impedance at the electrode interface [28].

Potential scanning technology is a cornerstone in the field of electrochemical re-
search, with cyclic voltammetry (CV) being one of the most commonly utilized tech-
niques. Starting from an open circuit potential (OCP) where no reaction occurs, an ini-
tial potential (EI) is applied to the WE—typically at a stage where no electrochemical
reaction occurs. The voltage at the working electrode is linearly altered from EI at a pre-
determined scan rate (V/s) towards a designated reverse voltage (ER), chosen based on
the reaction being predominantly influenced by mass transfer. In linear scan voltam-
metry, the scan concludes upon reaching ER, whereas CV extends the scan to ER before
reversing direction back to the start, thus completing a cycle in the voltammogram. This
cyclic process, starting from the EI, involves linear scanning in both anodic (oxidation)
and cathodic (reduction) directions, leading to electron transfer and characteristically
producing CV waveforms as shown in Fig. 1.1(c). As the potential is negatively driven
from OCP, the rate of electron transfer (ET) in the reduction direction increases, caus-
ing an increase in current flow. Peaks form in the CV at maximum currents (ip) for both
anodic and cathodic scans, known as ipa and ipc, respectively [29].

The peak-to-peak separation between ipa and ipc, ∆Ep, is approximately 59 mV at
T = 298 K for a reversible single-electron redox process [21], indicating fast electron
transfer and thermodynamic equilibrium at the electrode surface. In contrast, under
kinetic control, where the electron transfer rate is slower than mass transport, ∆Ep be-
comes larger, reflecting deviations from ideal reversibility. For macroelectrodes, a subse-
quent decline in current is typically observed after reaching the peak current (ip), due to
the limited mass transport rate of redox species that cannot sufficiently replenish those
consumed at the electrode surface—highlighting diffusion-controlled behavior.

Under the assumptions of semi-infinite planar diffusion and negligible electron-
transfer kinetic limitations, the peak current observed in a diffusion-controlled cyclic
voltammogram can be described by the Randles–Ševčík equation (Equation 1.1):

ip = 0.4463nF AC

(
nF vD

RT

)1/2

(1.1)

where:

• n equals the number of electrons transferred,

• F is Faraday’s constant (96485C/mol),

• A is the total surface area of the electrode (cm2),

• C is the volume concentration of the electroactive species (mol/cm3),
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• v is the scan rate of the potential (V/s),

• D is the diffusion coefficient of the electroactive species (cm2/s),

• R is the molar gas constant (8.3145J/mol ·K),

• T is the temperature (K).

The current observed is a combination of two processes occurring at the electrode
surface: Faradaic and non-Faradaic processes [21]. Faradaic processes involve the re-
duction and oxidation of chemical species in solution through electron exchange at the
electrode interface. In contrast, non-Faradaic currents do not involve charge transfer
across the interface but stem from changes at the electrode/solution interface. Exam-
ples of non-Faradaic processes include the capacitance of the electrode material and
the formation of the electric double layer.

1.2. BORON-DOPED DIAMOND (BDD): SYNTHESIS AND ITS

UNIQUE ADVANTAGES TO ELECTROCHEMICAL SENSING

The application of boron-doped diamond (BDD) as an electrode material in electro-
chemical sensors has rapidly increased over the past 20 years [30]. BDD electrodes are
known for their broad electrochemical activity window, enabling their operation over a
vast range of potentials without water electrolysis. This feature significantly reduces the
influence on background and capacitive currents, leading to a cleaner signal output [31].
Moreover, these electrodes are characterized by exceptional chemical and mechanical
stability, making them highly resistant to chemical corrosion and physical wear. Such
durability proves invaluable for their sustained use over time. In the application of elec-
trochemical analysis, BDD electrodes are known for achieving low detection limits and
exhibiting excellent low-fouling capabilities, which are critical for maintaining analyt-
ical consistency and reliability [32]. Additionally, the strong biocompatibility of BDD
electrodes highlights their appropriateness for electrochemical sensing tasks related to
human health, marking them as a beneficial choice in the field [33, 34].

Natural diamonds are optically transparent, extremely hard, have unique insulat-
ing features, a broad range of semiconductor behavior, and are highly resistant to elec-
tricity [35, 36]. The transformation of diamonds into functional electrodes is achieved
through the process of doping, specifically with boron. The incorporation of boron
atoms into the diamond lattice introduces additional holes, thereby serving as charge
carriers. When doping levels are significantly increased (> 1020 B atoms cm−3), reach-
ing electrically conductive or “metal-like” BDD, the energy levels created by the doping
merge with the diamond’s valence band. This integration results in the valence band
being partially occupied by electronic energy levels, ensuring the movement of charge
carriers (holes) and preserving high conductivity.

The development of BDD electrodes was a gradual achievement. In 1954, re-
searchers at the General Electric Company broke new ground with the High-Pressure
High-Temperature (HPHT) method for creating synthetic diamonds, setting the stage
for subsequent innovations [37]. The emergence of Chemical Vapor Deposition (CVD)
technology, closely linked to the production of BDD, represented a significant break-
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through. Initiated in the early 1980s by researchers like John Angus, CVD diamond
research quickly gained momentum [31]. The CVD method involves breaking down
carbon-rich gases at high temperatures to deposit diamond films onto substrates. The
precision in controlling impurity levels and film thickness offered by CVD technology
has markedly improved the electrical and electrochemical characteristics of the result-
ing materials. These enhancements have expanded the range of applications for BDD
electrodes, including their use in electrochemical sensors.

The synthesis of BDD by the CVD technique starts with the preparation of a substrate,
which is cleaned and placed inside a vacuum chamber. The selection of the right sub-
strate is crucial for maintaining stability under the conditions used to grow the diamond
material. Preparing the substrate surface through methods like abrasion, seeding with
diamond nanoparticles, or applying an electrical bias plays a key role in increasing the
number of nucleation sites. This, in turn, helps in the effective formation of diamond.

The CVD process unfolds through several main steps: gas phase preparation, energy
excitation, and the combined actions of deposition and doping. Carbon-rich precur-
sor gases, notably methane, blended with excess hydrogen, create the reactive environ-
ment, with boron sources added to the mix as doping agents. Energy excitation, typically
achieved using hot filaments or plasma, facilitates the breakdown of these gases, releas-
ing active boron and carbon species. These species (particularly atomic/molecular rad-
icals) subsequently adhere to the substrate, culminating in the formation of a diamond
film. The integration of boron atoms within the diamond’s structure imparts p-type
semiconductor properties to the film. While the Hot Filament CVD (HFCVD) method
enjoys widespread adoption among commercial BDD electrode producers for its scala-
bility [38], the use of Microwave Plasma CVD (MWCVD) [39] is widespread in academia.
The plasma-based approach enables the attainment of superior phase purity and expe-
dited growth rates of diamond [38].

The grain size in BDD films is dictated by a number of factors, including the dura-
tion of growth, temperature, pressure, gas mixture, and the incorporation of inert gases
like argon. BDD films are classified into ultra-nanocrystalline, nanocrystalline, micro-
crystalline, and single-crystal categories, each defined by its grain size and exhibiting
distinct characteristics essential for specific applications. The crystal orientation, no-
tably the (111), (110), and (100) directions, plays a crucial role in boron incorporation
and doping efficacy, underscoring the significance of achieving uniform doping across
(polycrystalline) diamond.

During the synthesis of BDD, sp2-bonded carbon growth occurs at the grain bound-
aries, although it may also arise during individual growth phases. The occurrence of
sp2 carbon is especially pronounced in ultra-nanocrystalline and nanocrystalline BDD,
where the boundary density far exceeds that in microcrystalline BDD. As the concen-
tration of boron increases, the challenge of preventing sp2 carbon formation intensifies.
When the conditions for growing diamonds are kept stable, the size of the diamond crys-
tals and the thickness of the overall diamond film grow with increased growth time. By
setting just the right conditions for growing microcrystalline BDD (especially a high ratio
of hydrogen to methyl radicals), it is possible to create nanocrystalline BDD thin films
that have less sp2 carbon [40]. Interestingly, ultra-nanocrystalline and nanocrystalline
films, which are typically very thin (less than a few microns), stick to the surface they are
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grown on, making them easier to handle. On the other hand, the thicker microcrystalline
films (hundreds of microns and beyond) can be detached from their growth substrate,
and are often used as free-standing BDD electrodes.

For growing single-crystal BDD (SC-BDD) using CVD, employing single-crystal di-
amond substrates promotes homoepitaxial growth. These substrates are typically pre-
pared through the HPHT method. In the synthesis of SC-BDD via CVD, understanding
the growth mechanism is crucial for refining electrode growth conditions to reduce de-
fect density and impurity levels. While the body of research work on SC-BDD may not
be as advanced as its polycrystalline counterpart, progress in growth techniques has led
to the production of large-area SC-BDD, owning wide advantages compared with poly-
crystalline BDD [41–43].

1.3. BORON-DOPED DIAMOND (BDD): MATERIAL PROPERTIES

AND THEIR EFFECTS ON ELECTROCHEMICAL RESPONSE

BDD is considered a designer material [44]. Depending on the growth method and sub-
sequent treatment of the BDD, the resulting material properties can vary significantly
among different BDD electrodes. To understand the material attributes of the BDD elec-
trodes and to derive useful comparisons between data in the literature, four main ma-
terial parameters of the electrode should be considered: boron doping level, sp2 carbon
content, crystal orientation, and surface termination. This section provides an overview
of reported approaches to controlling these material parameters as well as the effects
that these factors have on the electrochemical response of the BDD electrode.

1.3.1. BORON DOPING LEVEL

The bandgap-width of diamond is 5.47 electron volts (eV) at 300 K [45], rendering it
highly electrically insulating. Boron atoms have atomic radii very close to those of car-
bon atoms, allowing them to substitute carbon atoms and integrate well into the dia-
mond lattice. Boron atoms possess only three valence electrons, whereas carbon atoms
have four. This creates holes in the diamond lattice, serving as charge carriers and en-
abling electrons to jump from one atom to another, thus facilitating conductivity.

The conductivity of BDD increases with the concentration of boron doping. Ekimov
et al. reported that low boron concentrations (n = 1017–1019 cm−3) impart p-type semi-
conductor characteristics to diamond with an activation energy of approximately 0.35
eV [46]. Continuing to increase the boron doping level in the material exhibits hopping
transport characteristics until the doping level exceeds 1020 cm−3, achieving metal-like
conductivity near room temperature. In most research involving BDD electrochemical
sensing, the boron doping level used is typically higher than 1020 cm−3 [47].

For determining the boron doping level in the BDD electrode, secondary ion mass
spectrometry (SIMS) offers extremely high sensitivity and accuracy, making it the most
common analysis method [47]. SIMS works by bombarding the BDD electrode surface
with a focused high-energy ion beam, causing atoms on the BDD surface to be ejected,
some of which are ionized into secondary ions. These secondary ions are then separated
by a mass spectrometer and identified based on their mass-to-charge ratio (m/z), en-
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abling precise determination of the boron concentration in the sample. Recent studies
have also confirmed that Raman spectroscopy can be used to accurately estimate the
boron doping of BDD [48, 49]. Boron atoms integrate into the diamond crystal lattice
and alter the vibrational modes (phonons), which leads to a red shift (lower frequency)
and broadening of the Raman spectral peaks. The introduction of boron causes inter-
actions between phonons and free carriers, producing Fano resonance, which results
in asymmetric peak shapes in the Raman spectrum. By analyzing these changes, par-
ticularly the shift, broadening, and asymmetry of the zero-phonon line (ZCP) and the
phonon density of states (PDoS) peaks, the boron atomic concentration can be accu-
rately estimated [48].

For SC-BDD, the boron doping level can also be estimated by measuring the charge
carrier density through Mott-Schottky plots (the reciprocal of the square of capacitance,
1/C 2, versus the potential difference between the electrode and electrolyte) in an elec-
trolyte solution. Due to the minimal impurities in SC-BDD, the charge carrier density
obtained from Mott-Schottky plots closely approximates the true boron doping levels.
However, in polycrystalline BDD, which contains numerous defects and impurities that
trap many charge carriers, the number of charge carriers involved in electron transfer
is lower than the corresponding hole numbers derived from SIMS for assessing boron
doping levels. Therefore, the measurement of charge carrier density merits attention,
as even with consistent boron doping levels, other factors such as grain size, crystal ori-
entations, and grain boundary densities can cause variations in the electrode surface’s
charge carrier densities, influencing its electrochemical performance differently [50, 51].

The boron doping level significantly influences the performance of BDD as an elec-
trode in electrochemical sensing applications. Most current studies on boron doping
levels utilize BDD with varying boron concentrations, achieved by controlling the ratio
of boron source gas to carbon source gas during the CVD growth process [52]. However,
increasing the concentration of boron source gas in the reactant gases tends to decrease
the growth rate of BDD grown via CVD [51, 53, 54], which may be due to the boron in-
corporation mechanism and the presence of boron interfering with the preferred sites
for carbon attachment [55]. Another aspect directly related to the boron doping level
is the surface morphology of BDD. Numerous studies have pointed out that, with the
increase in the concentration of boron source gas during the CVD growth process, sig-
nificant changes occur in the BDD’s surface morphology, including a reduction in grain
size and an increase in grain boundary densities [51, 52, 54, 56, 57]. This is attributed to
the excessive boron doping, where an abundance of boron atoms congregates near the
boundaries, inducing more structural defects that hinder the growth of diamond grains.
Additionally, more boron atoms lead to a considerable amount of secondary nucleation
and facilitate the emergence of twinning phenomena on the diamond surface, thereby
decreasing the average grain size [47, 54].

1.3.2. SP2 CARBON CONTENT

In electrochemical applications, particularly for electrochemical sensing, electrodes
with higher boron concentrations are often preferred due to their enhanced electrical
conductivity and the high density of charge carriers on the electrode surface. However,
as mentioned above, heavy boron doping under commonly used growth conditions
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leads to an increase in grain boundaries. It is at these boundaries that sp2-bonded car-
bon impurities are commonly found. These sp2 carbon sites typically exhibit properties
similar to those of glassy carbon electrodes and possess electrochemical activity [58, 59].
It should be noted that highly doped BDD with negligible sp2 carbon content can also
be achieved by optimizing MW-CVD growth conditions [60].

The properties of BDD as an electrode material are primarily defined by two critical
factors: the boron doping level and the sp2 carbon content. As highlighted in the first
paragraph of section 1.2, compared to conventional electrodes, BDD electrodes exhibit
broader water potential windows and lower background currents. This is attributed to
the catalytically inert nature of BDD’s sp3-bonded carbon surface, which lacks the cat-
alytic sites necessary for the inner-sphere ET reactions of water electrolysis. On the other
hand, the sp2 carbon is more conductive, enhancing local current density on the elec-
trode surface and facilitating water molecule electrolysis [47]. Therefore, the width of
the BDD water potential window is often determined by the content of sp2 carbon. In
many polycrystalline BDD systems grown under standard conditions, increased boron
doping leads to smaller BDD grains, a higher density of grain boundaries, and a greater
amount of sp2 carbon, which narrows the water potential window [61].

In electrochemical sensor applications, it is widely recognized that BDD electrodes
with higher doping levels are more effective. Previous studies have shown that increasing
the boron doping level enhances the electrochemical sensitivity for various analytes, in-
cluding dopamine, ascorbic acid, organic molecules with a benzene ring (phenol, hydro-
quinone, catechol, and resorcinol), uric acid, and nitrate [52, 57, 62, 63]. However, there
is no consensus on the impact of sp2 carbon on the performance of BDD in electrochem-
ical sensing. The presence of sp2 carbon in BDD has been considered an inherent issue
in electrochemical applications due to a reduction in the water potential window and
an increase in background current, potentially affecting the limit of detection [64, 65].
Nonetheless, some studies have suggested that adding sp2 carbon impurities to highly
doped BDD is beneficial for applications requiring electrode activity [59, 66]. Isolating
the effect of sp2 carbon on electrochemical sensor applications has been challenging.
This is because altering growth conditions to study the sole impact of sp2 carbon can
also affect other factors, such as surface roughness and boron doping level.

1.3.3. CRYSTAL ORIENTATION

Beyond boron doping level and sp2 carbon content, the crystal orientation of BDD also
significantly affects the electrochemical performance. For polycrystalline BDD elec-
trodes, noticeable differences in electrochemical properties among various grain orien-
tations are often observed. Revealing the relationship between grain orientation and
electrochemical behaviour is crucial for fully realizing the potential of BDD in various
applications, especially in electrochemical sensors. To this end, Pleskov et al. prepared
(111)-, (110)-, and (100)-oriented single-crystal BDD electrodes through homoepitaxial
CVD growth with the same boron/carbon ratio in the gas phase [67]. Electrochemical
studies showed that in the [Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+ redox systems, the elec-
trochemical activity of the three electrodes decreased in the following order: (111) > (110)
> (100). The variation in the electrochemical activity across crystal orientations was at-
tributed to the varying boron incorporation efficiency during the CVD process, which
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decreased in the same following order: (111) > (110) > (100) [67]. During the CVD pro-
cess, using the same boron/carbon ratio in the gas phase, the boron concentration on
(111) surfaces is about an order of magnitude higher compared to the (100) orientation
[68, 69]. This higher boron dopant density present on the (111) facet was further con-
firmed by Ando et al., who successfully characterized the electrochemical properties of
different facets of a single BDD particle, revealing significantly faster electron-transfer
kinetics on the (111) facet compared to the (100) facet [70]. Consequently, boron atoms
are distributed unevenly across the polycrystalline BDD surface, creating domains with
varying doping levels, thus leading to a mosaic of conductivities (ranging from insulating
to semiconducting to metal-like) and electrochemical activities.

Pleskov et al. concluded that the electrochemical kinetic differences between dif-
ferently oriented diamond crystal faces can be eliminated if the acceptor concentration
(boron) in the electrodes is the same [67]. They prepared (111)- and (100)-oriented
single-crystal BDD electrodes with similar doping levels and compared the electron
transfer kinetics within the [Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+ redox systems, indicat-
ing that the crystallographic orientation had a negligible effect [67].

In addition to studying single-crystal BDD electrodes with different grain orien-
tations, researchers have used scanning electrochemical microscopy (SECM) to more
directly investigate the impact of different grain orientations on the electrochemical
properties of polycrystalline BDD surfaces. SECM microelectrode probes scan the BDD
electrode surface, recording current signals at different positions to precisely measure
local variations in surface electrochemical reactions. This technique provides high-
resolution images of electrochemical activity, revealing the heterogeneity of BDD elec-
trode surfaces. Holt et al. were the first to report SECM imaging of BDD electrodes using
[Ru(NH3)6]2+/3+ and they found that not all parts of the electrode exhibited electro-
chemical activity [71]. Even on the polished surface of heavily doped BDD electrodes
(2×1020 B cm−3), predominantly insulating and electrochemically non-active areas were
observed [71]. SECM images suggested that the conductive and electrochemically active
sites were primarily located at grain boundaries. Wilson et al. also studied highly doped
BDD electrodes (5 × 1020 B cm−3) using SECM and observed similar electrochemical
heterogeneity on the BDD surface [72]. They attributed the variation in boron uptake
among individual grains to the uneven boron doping levels at grain boundaries, result-
ing in different electrochemical performances. However, they did not find a significant
enhancement of conductivity at the grain boundaries [72].

Holt et al. were the first to report SECM of BDD electrodes using [Ru(NH3)6]2+/3+
and they found that not all parts of the electrode exhibited electrochemical activity [71].
Even on the polished surface of heavily doped BDD electrodes (2×1020 B cm−3), regions
exhibiting strongly suppressed electron-transfer activity were observed [71], rather than
truly electrically insulating behavior. It should be noted that such observations were
reported in early SECM studies, and later work on highly doped BDD electrodes has sug-
gested more homogeneous electron-transfer behavior at the micrometer length scale.

By adjusting various parameters during the CVD preparation process, such as sub-
strate temperature, gas composition, and film thickness, a predominantly (111)-oriented
BDD electrode surface can be achieved [73–75], enhancing the electrode’s surface activ-
ity. Dettlaff et al. prepared a new type of highly oriented (111) textured boron-doped
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diamond electrode using deuterium-rich microwave plasma CVD instead of a hydrogen
chemistry [76]. This highly oriented diamond surface exhibited improved boron doping
and activation, while the crystals displayed enhanced electron carrier acceptance and
donation, accelerating ET in electrochemical processes. Therefore, for the application
of BDD electrodes in electrochemical sensors, controlling the crystal surface orientation
of the electrode is crucial.

1.3.4. SURFACE TERMINATION

Surface termination is the fourth key factor determining the electrochemical properties
of BDD electrodes. Unlike boron doping level, sp2 carbon content, and crystal orienta-
tion, the surface termination can be relatively easily altered through chemical reactions.
This ease of modification makes it convenient for optimizing BDD electrodes for elec-
trochemical sensor applications. However, it is important to recognize that surface ter-
minations might change during practical use, potentially deviating from the intended
design. Therefore, understanding the types of surface terminations, methods to modify
them, and their specific effects on electrochemical properties is crucial for the effective
application of BDD electrodes in electrochemical sensors.

Newly prepared BDD electrodes typically have a hydrogen-terminated surface,
as they are manufactured in a hydrogen environment through CVD. This hydrogen-
terminated surface can remain stable for weeks to months, largely depending on the
electrode’s frequency of use in electrochemical experiments, and eventually transitions
to oxygen termination [77].

There are three common methods to achieve a hydrogen-terminated surface: heat-
ing the BDD electrode in a hydrogen atmosphere, where high-temperature hydrogen re-
acts with the BDD surface to remove oxides and other non-hydrogen functional groups
[78]; placing the BDD electrode in a hydrogen plasma reactor, where the high reactivity
of hydrogen atoms and ions under plasma conditions effectively removes surface oxides
and other functional groups, replacing them with hydrogen atoms [60]; and a simpler
method, cathodic reduction hydrogenation, where the electrode’s surface condition is
directly related to the applied electrochemical conditions, especially the concentration
of H+ ions and the applied negative potential. More precisely, using a solution with a
lower pH value and more negative potential results in an increased degree of surface
hydrogenation [79]. It should be emphasized that, under electrochemical conditions
accessible to standard potentiostats, cathodic reduction does not fully hydrogenate the
BDD surface but instead produces partial hydrogen termination, which has been shown
to be sufficient for activating BDD electrodes for electrochemical measurements [80].
The third method has shown high practical value in electrochemical research, especially
for electrochemical sensing studies, where a reproducible and sufficiently hydrogenated
surface termination is crucial. Thus, conducting a standard pretreatment of the elec-
trode before every electrochemical sensing experiment can make the results more reli-
able and reproducible. Intentional transitioning from H-termination to O-termination
can be done by various techniques, including boiling in acid, alumina polishing, expo-
sure to oxygen plasma, photochemical oxidation, reacting with oxygen at high tempera-
tures, and anodic polarization [81–84].

The impact of surface termination on the electrochemical properties of the BDD
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electrode is evident. First, the surface termination influences the wettability of the
electrode. Freshly prepared BDD, just coming out of the CVD reactor, is hydrogen-
terminated. At this stage, the BDD surface exhibits hydrophobic properties, with a water
contact angle reaching up to 90° [85]. This hydrophobicity helps reduce surface con-
tamination by making it difficult for organic substances to adhere to the hydrophobic
surface, thereby keeping the electrode clean and enhancing its stability and lifespan
in electrochemical sensor applications [86]. When the hydrogen terminations on the
electrode surface are converted to oxygen terminations, the contact angle decreases,
making the BDD electrode surface more hydrophilic. This increased hydrophilicity im-
proves the wettability and contact efficiency of the electrolyte solution on the electrode
surface, enhancing its sensitivity in electrochemical sensor applications.

Furthermore, when the BDD electrode surface is hydrogen-terminated, the energy
levels of both the valence band and conduction band are raised. Since the conduction
band level is above the vacuum level, it creates a negative electron affinity, which means
electrons can escape from the surface more easily. The increased ET efficiency facili-
tates faster kinetics in inner-sphere redox processes, thereby enhancing reaction rates.
In contrast, oxygen termination lowers the valence and conduction band energy levels,
resulting in positive electron affinity. This makes it more difficult for electrons to escape
from or be injected into the BDD surface, reducing the efficiency of ET between the elec-
trode and redox species. Consequently, the kinetics of inner-sphere redox processes slow
down, leading to a decrease in reaction rates [87, 88].

When considering the applications of BDD electrodes in electrochemical sensors,
it is natural to favor a more conductive surface. Specifically, hydrogen-terminated sur-
faces are preferred over oxygen-terminated ones because they facilitate more efficient
ET. Higher conductivity leads to faster response to applied voltage and improved sig-
nal transmission efficiency in the sensors. For instance, Ivandini et al. studied the ap-
plication of hydrogen-terminated and oxygen-terminated BDD electrodes in the elec-
trochemical detection of oxalic acid [89]. They observed a distinct oxidation peak on
the hydrogen-terminated BDD electrode, while no peak was detected on the oxygen-
terminated electrode [89]. However, for electrochemical sensors, in addition to requir-
ing high electron transfer kinetics, selectivity is also crucial. In this regard, Tryk et al.
investigated the ability of BDD electrodes to detect dopamine in the presence of ascor-
bic acid [90]. They found that dopamine and ascorbic acid oxidized at nearly the same
potential on hydrogen-terminated surfaces, but the oxidation potential of ascorbic acid
shifted significantly on oxygen-terminated surfaces, allowing for their separate detec-
tion. Therefore, in practical applications of electrochemical sensors, the choice of sur-
face termination depends on the analyte to be detected. It requires consideration of not
only higher ET efficiency but also factors like selectivity, background current, and limit
of detection to determine the optimal surface termination [90].

1.4. RESEARCH OBJECTIVES

The overarching aim of this research is to advance the understanding of BDD electrodes
in electrochemical sensing and to contribute to innovations in BDD manufacturing for
sensor applications. The following three specific objectives have been formulated:
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• To investigate the localized variations in electrochemical activity of polycrystalline
BDD electrodes. This objective focuses on the heterogeneity in microstructure-
electroactivity relationships of BDD. Using techniques like scanning electron mi-
croscopy (SEM), Raman spectroscopy, and SECM, this study will map out how
crystallographic orientation, sp2 carbon content, and boron doping influence the
electrochemical response. The objective ties into the literature’s gap regarding
how surface features like crystal orientation impact local electrochemical activity,
a crucial factor for improving sensor performance.

• To assess the effect of critical properties (such as sp2 carbon content and boron
doping) on the efficacy of BDD electrodes in electrochemical sensing applications.
This objective builds on the first by comparing single-crystal and polycrystalline
BDD to examine their potential in detecting biologically relevant molecules like
glucose and dopamine. The research will focus on understanding how different
levels of sp2 carbon and boron doping affect catalytic activity and anti-fouling
properties. The outcomes will provide insights into optimizing BDD electrodes
for real-world applications in biosensing.

• To innovate the fabrication of BDD sensing chips through inkjet printing technol-
ogy. This objective aims to explore the use of inkjet printing for the production of
BDD electrodes, optimizing ink composition, substrate preparation, and printing
resolution. A comparative study will evaluate the electrochemical performance
of inkjet-manufactured BDD against commercially available screen-printed ver-
sions. This approach addresses the existing limitations in manufacturing scalable,
high-performance BDD sensor chips.

These objectives will provide a comprehensive understanding of the relationships
between the material properties of BDD and their electrochemical behaviour, thereby
contributing to the development of more efficient and scalable BDD-based electro-
chemical sensors.

1.5. RESEARCH OUTLINE

Chapter 1 of this thesis primarily focuses on reviewing existing literature on the fun-
damental properties of BDD electrodes. This chapter extensively discusses the use of
BDD electrodes in electrochemical sensing and addresses the limitations found in previ-
ous studies related to BDD sensor electrodes. From a thorough review of past literature,
three key research objectives are identified. The detailed research methods and results
are presented in Chapters 2, 3, 4, and 5, each based on a published journal paper. Due
to this structure, some repetition, especially in chapter introductions, is unavoidable.

Chapter 2 examines the first research objective: the heterogeneity of polycrystalline
BDD electrodes. The electrodes studied were thick, freestanding BDD with both pol-
ished nucleation and growth surfaces. Various mapping techniques were used for visual
representation of the heterogeneity in both microstructure and electroactivity. SEM was
used to show the morphology of different electrode areas. Electron backscatter diffrac-
tion (EBSD) created orientation and boundary maps, identifying and quantifying pri-
mary and secondary twinning. Raman imaging mapped the distribution of sp3 and sp2
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carbon, along with boron dopants on the BDD surface. Additionally, SECM mapping
with an outer-sphere redox couple, FcMeOH+/0, was performed on the polished growth
surface of the BDD electrodes to identify conductive and electrochemically active ar-
eas. Combining EBSD, Raman, and SECM mapping revealed the local electrochemical
activity in relation to surface features like crystal orientation, twin boundary, and com-
position.

Chapters 3 and 4 systematically delve into the second research objective. Chapter
3 focuses on the influence of sp2 carbon content in BDD on its electrochemical prop-
erties as an electrode material, using BDD surfaces of varying thickness to control sp2

carbon levels and electrochemical methods to confirm them. The research in Chapter 3
is centered on the effect of sp2 carbon towards the non-enzymatic electrochemical de-
tection of glucose. Chapter 4 involves synthesizing large-area (1 cm2) and heavily doped
([B] > 1021 cm−3) (100)-oriented single-crystal BDD electrodes using heteroepitaxial
growth. Three single-crystal diamond samples with different surface morphologies
were prepared, and the electrochemical properties of BDD layers grown on these het-
eroepitaxial diamond quasi-substrates were investigated and compared to conventional
polycrystalline BDD. Cyclic voltammetry in solutions with supporting electrolyte (0.1
M KNO3) and two redox probes was used to assess critical electrochemical character-
istics, while SECM was employed to probe the electrochemical activity distribution of
the single- and polycrystalline BDD surfaces. Finally, the various heteroepitaxial single-
crystal BDD electrodes were tested with complex organic molecules like dopamine and
anthraquinone-2,6-disulfonate (AQDS) to evaluate their sensing potential and anti-
fouling properties.

Chapter 5 explores the third research objective, focusing on a novel fabrication pro-
cess for BDD electrochemical sensor chips. A bottom-up approach for BDD sensor chip
production is described, involving selective-area seeding via direct inkjet printing of
nanodiamond particles. The seeding process, using a research inkjet printer, was op-
timized, focusing on the composition of the homemade diamond ink, substrate pre-
treatment, and printing parameters. The inkjet-seeded substrate underwent an MWCVD
growth step to form miniaturized thin-film BDD working and counter electrodes. Sil-
ver ink was then inkjet-printed to complete the three-electrode sensor chip with a reli-
able reference electrode. The electrochemical performance of the new chip-based BDD
electrodes was tested with redox markers and various organic molecules, including glu-
cose, ascorbic acid, uric acid, dopamine, and tyrosine, and compared with commercial
screen-printed BDD electrodes.

Finally, in Chapter 6, the conclusions of this research are outlined, and an outlook on
future research is provided.
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gies amplified with 2d carbon nanomaterials for electrochemical sensing of food pol-
lutants in water and soils”, Chemosphere 296, 133974 (2022).

7M. Nadporozhskaya, N. Kovsh, R. Paolesse, and L. Lvova, “Recent advances in chemical
sensors for soil analysis: a review”, Chemosensors 10, 35 (2022).

8C. Duc, M. L. Boukhenane, J. L. Wojkiewicz, and N. Redon, “Hydrogen sulfide detection
by sensors based on conductive polymers: a review”, Frontiers in Materials 7, 556223
(2020).

9S. You, G. Li, Z. Fan, X. Li, L. Fu, and W. Wu, “Nanotechnology-assisted sensors for
the detection of carbon monoxide: a review”, International Journal of Electrochemical
Science 18, 100314 (2023).

10M. Amiri and S. Arshi, “An overview on electrochemical determination of cholesterol”,
Electroanalysis 32, 1391–1407 (2020).

11R. D. Crapnell, A. G. M. Ferrari, N. C. Dempsey, and C. E. Banks, “Electroanalytical
overview: screen-printed electrochemical sensing platforms for the detection of vi-
tal cardiac, cancer, and inflammatory biomarkers”, Sensors & Diagnostics 1, 405–428
(2022).

12P. Pirovano, M. Dorrian, A. Shinde, A. Donohoe, A. J. Brady, N. M. Moyna, G. Wallace, D.
Diamond, and M. McCaul, “A wearable sensor for the detection of sodium and potas-
sium in human sweat during exercise”, Talanta 219, 121145 (2020).

13M. T. Ghoneim, A. Nguyen, N. Dereje, J. Huang, G. C. Moore, P. J. Murzynowski, and C.
Dagdeviren, “Recent progress in electrochemical ph-sensing materials and configura-
tions for biomedical applications”, Chemical Reviews 119, 5248–5297 (2019).

14S. Das and M. Pal, “Review—non-invasive monitoring of human health by exhaled
breath analysis: a comprehensive review”, Journal of the Electrochemical Society 167,
037562 (2020).

15H. Teymourian, A. Barfidokht, and J. Wang, “Electrochemical glucose sensors in di-
abetes management: an updated review (2010–2020)”, Chemical Society Reviews 49,
7671–7709 (2020).

16B. P. Kunnel and S. Demuru, “An epidermal wearable microfluidic patch for simultane-
ous sampling, storage, and analysis of biofluids with counterion monitoring”, Lab on
a Chip 22, 1793–1804 (2022).

https://doi.org/10.1002/elsa.202100184
https://doi.org/10.1002/elsa.202100184
https://doi.org/10.1021/ar010066e
https://doi.org/10.3390/mi14122188
https://doi.org/10.3390/mi14122188
https://doi.org/10.1016/j.chemosphere.2022.133974
https://doi.org/10.3390/chemosensors10010035
https://doi.org/10.3389/fmats.2020.00215
https://doi.org/10.3389/fmats.2020.00215
https://doi.org/10.1016/j.ijoes.2023.100314
https://doi.org/10.1016/j.ijoes.2023.100314
https://doi.org/10.1002/elan.201900669
https://doi.org/10.1039/d1sd00041a
https://doi.org/10.1039/d1sd00041a
https://doi.org/10.1016/j.talanta.2020.121145
https://doi.org/10.1021/acs.chemrev.8b00655
https://doi.org/10.1149/1945-7111/ab67a6
https://doi.org/10.1149/1945-7111/ab67a6
https://doi.org/10.1039/d0cs00304b
https://doi.org/10.1039/d0cs00304b
https://doi.org/10.1039/d2lc00183g
https://doi.org/10.1039/d2lc00183g


1

18 1. INTRODUCTION

17D. P. Ghumra, N. Shetty, K. R. McBrearty, J. V. Puthussery, B. J. Sumlin, W. D. Gardiner,
B. M. Doherty, J. P. Magrecki, D. L. Brody, T. J. Esparza, J. A. O’Halloran, R. M. Presti,
T. L. Bricker, A. C. M. Boon, C. M. Yuede, J. R. Cirrito, and R. K. Chakrabarty, “Rapid
direct detection of SARS-CoV-2 aerosols in exhaled breath at the point of care”, ACS
Sensors 8, 3023–3031 (2023).

18D. Olczuk and R. Priefer, “A history of continuous glucose monitors (CGMs) in self-
monitoring of diabetes mellitus”, Diabetes Metabolic Syndrome: Clinical Research
Reviews 12, 181–187 (2018).

19J. I. Joseph, “Review of the long-term implantable senseonics continuous glucose mon-
itoring system and other continuous glucose monitoring systems”, Journal of Diabetes
Science and Technology 15, 167–173 (2020).

20D. J. DeSalvo, N. Noor, C. Xie, S. D. Corathers, S. Majidi, R. J. McDonough, S. Polsky,
R. Izquierdo, N. Rioles, R. Weinstock, K. Obrynba, A. Roberts, F. Vendrame, J. Sanchez,
and O. Ebekozien, “Patient demographics and clinical outcomes among type 1 dia-
betes patients using continuous glucose monitors: data from t1d exchange real-world
observational study”, Journal of Diabetes Science and Technology 17, 322–328 (2023).

21A. J. Bard and L. R. Faulkner, Electrochemical methods: fundamentals and applications,
2nd ed. (John Wiley Sons, 2001), p. 864.

22F. Terzi, L. Pigani, and C. Zanardi, “Unusual metals as electrode materials for electro-
chemical sensors”, Current Opinion in Electrochemistry 16, 157–163 (2019).

23A. C. Power, B. Gorey, S. Chandra, and J. Chapman, “Carbon nanomaterials and their
application to electrochemical sensors: a review”, Nanotechnology Reviews 7, 19–41
(2018).

24G. A. East and M. A. D. Valle, “Easy-to-make Ag/AgCl reference electrode”, Journal of
Chemical Education 77, 97 (2000).
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2
UNRAVELLING

MICROSTRUCTURE-ELECTROACTIVITY

RELATIONSHIPS IN FREE-STANDING

POLYCRYSTALLINE BORON-DOPED

DIAMOND: A MAPPING STUDY

In this work, four mapping techniques were applied to study the relationship between lo-
cal electroactivity and surface characteristics of free-standing polycrystalline BDD. Scan-
ning electron microscopy, electron back-scatter diffraction, Raman mapping, and scan-
ning electrochemical microscopy were used to probe morphology, grain orientation, com-
position, and local electrochemical activity, respectively. Both nucleation and growth sur-
faces of BDD were investigated, providing insights into the highly heterogeneous nature of
polycrystalline BDD. Boron dopants were found to be non-uniformly distributed, with the
highest electrochemical activity recorded on the heavily doped (111) crystal orientation. In
contrast, the (100)-oriented facet showed non-conductive behavior. Increased boron and
sp2 carbon contents in boundary regions were observed, but these did not enhance electro-
chemical activity, implying that boron atoms in intergrain areas are inactive. These find-
ings highlight the importance of considering crystal orientation and boron doping when
designing and evaluating polycrystalline BDD for micro- and nanoscale applications.

The contents of this chapter have been published in:

• Z. Liu, S. Baluchová, Z. Li, Y. Gonzalez-Garcia, C. E. Hall, and J. G. Buijnsters, “Unravelling microstructure-electroactivity

relationships in free-standing polycrystalline boron-doped diamond: A mapping study,” Acta Materialia 266, 119671 (2024).
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2. UNRAVELLING MICROSTRUCTURE-ELECTROACTIVITY RELATIONSHIPS IN

FREE-STANDING POLYCRYSTALLINE BORON-DOPED DIAMOND: A MAPPING STUDY

2.1. INTRODUCTION

Since its introduction some four decades ago, polycrystalline BDD has found extensive
application in various fields including electroanalysis, development of novel electro-
chemical (bio)sensors [1, 2] and electrochemiluminescence systems [3], water treatment
processes and mineralization of pollutants [4–6], electrosynthesis [7], electrocatalysis
[8], and electrochemical energy storage [9]. Such wide spread of the BDD-based elec-
trodes can be ascribed to their sp3-hybridized carbon nature resulting in exceptional
properties such as superior chemical and mechanical stability, wide potential window,
low capacitive and background currents, reduced susceptibility towards corrosion and
(bio)fouling, and biocompatibility [1, 10–12]. Moreover, BDD electrodes possess an ad-
justable electrical conductivity [13, 14] and surface termination [15, 16], representing
two key material properties with major influence on electrode performance and appli-
cability. Other parameters affecting the BDD characteristics are the fraction of grain
boundaries with associated content of non-diamond (sp2) carbon [13, 17, 18], surface
finish [19–21] and crystallographic orientation [15, 22, 23].

In principle, all factors listed above are governed by conditions defined during the
chemical vapor deposition (CVD) process that is typically used for the BDD synthe-
sis. Boron doping is accomplished from the gas phase by adding a boron-containing
compound, such as diborane, trimethyl borane, trimethyl borate or boron trioxide, into
the CVD reaction chamber with the source gases, i.e., carbon-containing gas (typically
methane) and hydrogen [10]. Depending on the boron amount, either semi-conductive
or metal-like conductive BDD electrodes can be prepared; a threshold for metallic type
conductivity was determined to be 1 − 3 × 1020 atoms cm−3 [24, 25]. Consequently,
the boron doping level influences the heterogeneous electron transfer kinetics at the
electrode-electrolyte interface, which is then manifested in the recorded responses (po-
tential positioning and signal intensity) of studied redox-active molecules [13, 14].

Notably, boron integrates within the diamond lattice in a non-uniform way. It has
been shown that the amount of boron incorporated varies between the differently ori-
ented diamond crystal faces and increases in the following order: (100) < (110) < (111)
[26]. Using the same boron-to-carbon ratio in the gas phase during the CVD process re-
sults in approximately one order of magnitude higher boron concentration in the (111)
surface, compared to the (100) orientation [27, 28]. Consequently, boron atoms are het-
erogeneously distributed across the polycrystalline BDD surfaces, which generates do-
mains of various doping levels and thus conductivity (possibly spanning from insulating
to semiconducting to metal-like) and electrochemical activity [29, 30]. Recently, Ando et
al. investigated the electrochemical properties of (100) and (111) crystal facets of isolated
single BDD microparticles using the nanoscale reactivity mapping technique [31]. The
results revealed significantly faster HET kinetics, and thus higher activity, on the (111)
facet, compared to the (100) facet and such difference was ascribed to the higher boron
dopant density present on the (111)-oriented crystal [31].

Further, the CVD process is of non-equilibrium nature, which results in the forma-
tion of various structural defects, such as twinned crystal domains with correspond-
ing twin boundaries [32, 33]. Via the formation of twin boundaries, the diamond lat-
tice effectively manages accumulated stress created by the incorporation of impurities
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(boron dopant) during the CVD growth [33]. Notably, (111) orientations are prone to
easily formed twinning and defects [34], which is in contrast to (100) faces typically con-
taining fewer structural defect sites [35]. Several researchers have claimed preferential
accumulation of boron dopant at such defective sites and at twin, or in general, grain
boundaries [33, 36, 37]. Others, though, have reported no enhanced boron doping at the
inter-grain regions [38], which also serve as sites for the enrichment of sp2 carbon impu-
rities possessing electrocatalytic activity [39]. These factors undoubtedly contribute to
significant non-uniformity across the polycrystalline BDD electrode surfaces. Evidently,
surface heterogeneities considerably influence the concentration and mobility of charge
carriers at the BDD electrode surface and their effect is often manifested by differences
in electrochemical activity.

Several attempts have been made to address BDD heterogeneity using a range of
techniques including electrogenerated chemiluminescence [40], cathodoluminescence
[30], photoluminescence and micro-secondary-ion mass spectrometry [41], scanning
transmission electron microscopy and electron energy-loss spectroscopy [33], Raman
spectroscopy and imaging [36, 38], scanning electrochemical microscopy (SECM) [29,
30, 39], conductive atomic force microscopy (AFM) [30, 39], and impedance imaging
[37, 42]. However, contradictory results and conclusions have been reported in the lit-
erature: Bard et al. [39] investigated differently doped polycrystalline BDD electrodes
([B] ranging from 2×1017 to 2×1020 atoms cm−3) using conductive AFM and SECM and
claimed that their surfaces are predominantly insulating with non-uniformly distributed
conducting areas creating “hot spots” of electrochemical activity. Also, grain bound-
aries were identified as high conductivity regions, where boron atoms are possibly ac-
cumulated [39], which agrees with the findings acquired by local impedance imaging
presented in [37]. In contrast, works by Macpherson & Unwin et al. [29, 30, 43] indicated
that the entire surface of highly doped (~5×1020 atoms cm−3) polycrystalline BDD elec-
trodes is electrochemically active; however, local heterogeneities in electroactivity (more
vs. less conducting regions) were identified and correlated with the facet-dependent
variations in boron doping level. This was concluded from SECM-based surface analy-
ses which also did not reveal any enhanced conductivity nor increased electroactivity at
grain boundaries [29, 30, 43].

Apparently, unravelling direct and conclusive links between particular variations in
BDD surface characteristics and localized electrochemical activity continues to be a
challenge. Therefore, this work aims to gain deeper understanding on the heterogeneity
of self-supported, polycrystalline BDD electrodes. They possess, in general, so-called
nucleation and growth surfaces, which can be either in their “as-deposited” or polished
state. In this work, the polished nucleation and growth surfaces as well as the cross-
section area of the free-standing, polycrystalline BDD material were subjected to thor-
ough investigation using several techniques. Scanning electron microscopy (SEM) was
used to analyze the morphological characteristics and electron back-scatter diffraction
(EBSD) was applied to create orientation and boundary maps of the individual elec-
trode regions, which allowed for the confirmation and quantification of primary and
secondary twins. Raman spectroscopic imaging was employed to map the distribution
of sp3 (diamond) and sp2 (non-diamond) carbon as well as boron dopants throughout
the different BDD surfaces. Moreover, the polished growth surface of the BDD electrode,
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the most commonly employed in electrochemical studies, was subjected to SECM map-
ping experiments to probe its conductive and electrochemically active areas using an
outer-sphere ferrocenemethanol (FcMeOH+/0) redox couple. The exclusive combina-
tion of EBSD, Raman and SECM mapping, performed on a single electrode, allowed to
illuminate the interplay between local electrochemical activity and investigated surface
characteristics, including crystal orientation, grain (twin) boundaries, boron doping,
and carbon phase composition.

2.2. EXPERIMENTAL

2.2.1. PREPARATION OF FREE-STANDING BDD ELECTRODES

Two free-standing ~700 µm thick BDD electrodes with a boron content of ~3×1020 cm−3

and a resistivity of 0.50mΩm were sourced from Diafilm EP Grade BDD (Element Six,
UK) and acquired from Mintres B.V. (The Netherlands). Both BDD samples were syn-
thesized by Element Six using a proprietary microwave plasma CVD process, the spe-
cific details of which are not publicly available. The growth and nucleation surfaces of
the first BDD electrode (1.5×1.5 cm2) were mechanically polished until a surface mean
roughness of <10 nm was achieved. In the case of the second BDD electrode (1.0×0.5
cm2), resulting from the fragmentation of a larger sample, only the cross-sectional area
was chem-mechanically polished and analyzed, while its growth and nucleation surfaces
were preserved in “as-deposited” state and were not exposed to any measurements.

Prior to use, both studied BDD samples were firstly ultrasonicated in acetone, iso-
propanol, and deionized water (5 min in each medium) and subsequently acid cleaned
by boiling for 5 min in a mixture composed of concentrated HCl, H2SO4, and HNO3 in a
ratio of 2:2:3, which resulted in clean and stable oxygen-terminated surfaces. Finally, the
electrodes were extensively rinsed with deionized water and dried with compressed air.

To ensure performing various measurements (SEM, EBSD, Raman and SECM map-
ping) on the same location within the polished growth BDD surface and to enable their
correlation, a reference cross with lines of 30 µm in width was laser cut on the sample.

2.2.2. MICROSCOPIC AND SPECTROSCOPIC MEASUREMENTS

The surface morphology, crystal orientation, and grain boundary information of the
processed BDD electrodes were acquired using an SEM operating at a 15 kV acceler-
ating voltage (JEOL JSM6500F, Japan) and equipped with an EBSD detector (Helios G4
PFIBUXe, Thermo Fisher Scientific, USA). EBSD orientation maps were created using
the OIM Analysis software (EDAX, USA), which evaluated the recorded Kikuchi diffrac-
tion patterns. The grain boundaries were identified as regions where the angular misori-
entation between two contiguous crystalline grains exceeds 2°. In addition, primary and
secondary twinning boundaries were classified based on the distinct crystallographic
parameters. Specifically, primary twinning boundaries exhibit a misorientation defined
by a <111> rotational axis coupled with an angular deviation ranging from 58° to 62°. In
contrast, secondary twinning boundaries are identified by a <110> rotational axis with
an associated misorientation angle spanning from 36.9° to 40.9° [44]. X-ray diffraction
(XRD) analysis was performed using a Bruker D8 Advance diffractometer with a Bragg-
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Brentano geometry and a Lynxeye XE position sensitive detector using CuKα radiation.
Surface roughness was determined from AFM measurements with a JPK Nanowizard 4
(Bruker, USA) in tapping mode with silicon tips over a scanned area of 100×100 µm2.
Raman spectra were acquired with a Horiba LabRAM HR (Japan) device equipped with
a solid state Cobolt FandangoTM laser operating at 515 nm wavelength (Hübner Photon-
ics, Germany). Raman imaging was performed using a 100× objective with a spot size
of ∼ 300 nm and a step size of 1 µm; during the surface mapping, the full spectra in the
range from 200 to 1800 cm−1 for each point were recorded and stored. As-recorded Ra-
man spectra were used without any background correction to compose Raman intensity
maps corresponding to the dominant spectral features. Particularly, the width and the
intensity of the peak located at ∼ 1330 cm−1 and the band intensity at ∼ 1550 cm−1 were
evaluated and employed for Raman imaging.

2.2.3. ELECTROCHEMICAL MEASUREMENTS

Cyclic voltammograms of FcMeOH+/0 redox probe were recorded on the polished
growth surface of the polycrystalline BDD working electrode, placed in a lab-made
PTFE cell, using an Autolab PGSTAT 128N controlled by Nova 2.1 software (Metrohm,
The Netherlands). A conventional three-electrode configuration was completed with
a platinum counter electrode (5.7 cm long wire) and a silver-silver chloride reference
electrode (both ALS Co Japan).

SECM measurements were performed using a Scanning Electrochemical Worksta-
tion Model 370 (Ametek Scientific Instruments, USA). A Pt microelectrode probe, sealed
in a glass tube, with a 10 µm diameter tip was employed as a working electrode; the ratio
of the radius of the insulating glass sheath to the radius of the Pt disk (RG) was 5. The
cell was completed with a reference Ag/AgCl (3 M KCl) electrode and a Pt wire serving
as the counter electrode. The SECM was operated under feedback mode using 1 mM
FcMeOH+/0 (in 0.1 M KNO3) as a redox mediator. The redox potential of +0.5 V, selected
based on cyclic voltammograms recorded with the same set-up, was applied at the Pt
electrode to oxidize this mediator, while the BDD electrode was kept under open circuit
potential (OCP). The SECM map of the polished growth BDD surface was recorded in an
area of 100 × 80 µm2 with a scanning rate of 2 µm s−1 and a tip-substrate distance fixed
to 2 µm. Besides, approach curves were recorded to probe the electrochemical nature
of the individual spots (six in total) located at the polished growth BDD surface, i.e., to
identify whether they are active or inactive. The Pt probe tip carefully approached to the
substrate (BDD) in the feedback mode at a rate of 0.1 µm s−1. Curves were displayed
using normalised current (I) and distance (L). I corresponds to the ratio between the
measured probe current (iT ) and the steady-state current (iT∞) recorded far from the
substrate. L represents the ratio between substrate-to-probe tip distance (d) and the
tip radius (r ). All cyclic voltammetry (CV) and SECM measurements were conducted at
room temperature (23 ± 1 °C).

2.2.4. CHEMICALS

Ferrocenemethanol (97%), potassium nitrate (≥99%), sulphuric acid (95 – 98%), hy-
drochloric acid (37%), nitric acid (70%), isopropanol, and acetone were purchased from
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Figure 2.1: (a) SEM image, (b) EBSD map visualizing crystalline orientation, and (c) grain boundary map ac-
quired from the cross-section of the free-standing, polycrystalline BDD electrode.

Merck and used as-received. Deionized water (resulting resistivity of >18.0 MΩ cm), pu-
rified with a LWTN Genie A system (Laboratorium Water Technologie Nederland), was
used to prepare all aqueous solutions.

2.3. RESULTS AND DISCUSSION

2.3.1. SEM AND EBSD ANALYSIS

The morphological characteristics of the polycrystalline BDD samples were observed us-
ing SEM, whereas crystal orientation and grain boundary maps were imaged based on
the EBSD measurements. The cross-section area of the BDD material was probed and is
depicted in Fig. 2.1. The nucleation side consisting of smaller grains is visualized at the
bottom of the images. As the images progress to the top, larger crystals can be clearly
identified. The columnar structure typical for the CVD diamond growth was visualized
by SEM (Fig. 2.1(a)), while EBSD mapping revealed a rich mixture of crystal orientations
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Figure 2.2: (a, d) SEM images, (b, e) EBSD maps visualizing crystalline orientation (with a colour map), and
(c, f) grain boundary maps acquired from the polished (a-c) growth surface and (d-f) nucleation surface of the
free-standing, polycrystalline BDD electrode.

(Fig. 2.1(b)). Grains either possessing or leaning toward (100), (110) and (111) orienta-
tions are clearly observed in Fig. 2.1(b) across the entire sample cross-section area. No
preferential development of a specific orientation along the growth direction (i.e., from
nucleation toward growth surface) can be distinguished. Further, the boundary map
displayed in Fig. 2.1(c) shows a significant number of grain boundaries (marked as black
lines) as well as primary and secondary twin boundaries (in red and green colour) whose
quantity was estimated to be 19 % and 12 %, respectively. Such twinning operations are
a typical feature of columnar crystal growth of the polycrystalline diamond.

The same coupled SEM/EBSD analysis was conducted on the polished nucleation
and growth surfaces of the BDD material; the obtained micrographs and maps are vi-
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Figure 2.3: Grain size distribution histograms for the polished (a, b) growth and (c, d) nucleation surface ex-
pressed by (a, c) area fraction and (b, d) number fraction. Data are plotted as a function of grain size (µm) and
ASTM grain size number, respectively [45]. Grey dashed lines represent the fitting curves.

sualized in Fig. 2.2. The SEM images clearly show that the growth surface consists of
crystals of different dimensions including relatively large grains up to several tens of
microns in diameter, while on average smaller grains down to ∼ 1µm are identified on
the nucleation surface. This is further supported by the histograms provided in Fig. 2.3,
which show the distribution of the diamond grain sizes within the individual surfaces.
The growth side includes grains whose diameter widely ranges between 4 and 53µm,
whereas the grain size range is narrower on the nucleation surface, where the largest
crystals do not exceed 10µm in diameter. As can be further derived from the dashed fit-
ting curves in Fig. 2.3(a, c), the most prevailing grain size on the growth and nucleation
BDD surface (i.e., in terms of area fraction) is located at∼ 26µm and∼ 6µm, respectively.

The EBSD orientation maps (Fig. 2.2(b, e)) demonstrate that the majority of both
growth and nucleation surfaces consist of (110) orientation with a small contribution
from (100) and (111) to the overall surface textures. This is presumably related to the
fact that <110> is the direction of the fastest growth [46]. Similarly, previous works also
reported on the dominance of (110) orientation over (100) and (111) in polycrystalline
(doped) diamond, in the form of both a thin film (thickness of ≤ 0.5µm) [21] and a free-
standing electrode (thickness of several hundred µm) [46, 47]. Besides, EBSD enabled to
visualize the boundary maps for the polished growth and nucleation surfaces (Fig. 2.2(c,
f)); the latter contains much more grain boundaries due to the smaller grain sizes, where
sp2-hybridized carbon typically resides [17, 48]. Primary and secondary twins between
the crystallites on the nucleation surface represent a fraction of 29 % and 14 % of all grain
boundaries, respectively. In contrast, a higher fraction of primary twin boundaries, i.e.,
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(a) Growth surface 

(c) Growth surface 

(b) Nucleation surface 

(d) Nucleation surface 

Figure 2.4: (a, b) XRD patterns and (c, d) XRD rocking curve scans of the (220), or (110), crystalline planes
recorded on the (a, c) polished growth side and (b, d) nucleation side of the free-standing BDD electrode. The
curves in (c, d) include Gaussian fitting (black lines) and values of full width at half maximum (FWHM).

44 %, was found on the polished growth side (Fig. 2.2(a)), however, the secondary twins
occur with a similar incidence of 13 %. Noticeably, thicker and darker grain boundaries
recognized in the SEM image of the growth surface were identified as primary twins in
the boundary map (marked by red arrows in Fig. 2.2(c)), while thinner and lighter bound-
aries appeared as ‘regular’ grain boundaries (marked by black arrows in Fig. 2.2(c)).

Further, the recorded XRD patterns, shown in Fig. 2.4(a, b), display small peaks be-
longing to (111) and (311) planes, and importantly, a very sharp and intense signal for
the (220), or (110) plane. This thus confirms the significant prevalence of the (110) ori-
entation on both polished and nucleation BDD surfaces, which is well in line with the
EBSD mapping analysis discussed above. Moreover, the XRD rocking curve scans were
acquired for the (110) plane of both the growth and nucleation sides, see Fig. 2.4(c, d).
The curves are very broad (with FWHM > 10°) which indicates that the BDD surfaces are
not sharply (110) textured. Besides, the relatively large grains (see Fig. 2.3) contribute to
intense reflections, which cause the rocking curves not to have the character of a smooth
line, but involve wide, irregular ‘features’.

In the rest of the study, a smaller area of 100×100µm2 localized in the upper right
corner of the SEM/EBSD images of the polished growth BDD surface was selected for
further investigation (see yellow dashed square in Fig. 2.2(b)). A detail of the EBSD ori-
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Figure 2.5: (a) Crystal orientation map obtained by EBSD including oriented unit cells (“cubes”) for various
selected spots and (b) atomic force micrograph of the same area on the polished growth surface of the free-
standing, polycrystalline BDD electrode.

entation map for the chosen region, along with the oriented unit cells for several spots
of interest, is provided in Fig. 2.5(a). In addition, Fig. 2.5(b) displays the correspond-
ing topographic AFM image, where a notable difference in polishing ‘efficiency’ can be
recognized as minor height variations of individual diamond grains. In particular, (110)-
oriented crystals were smoothed down by polishing more effectively than the grains hav-
ing (111) orientations, which protrude from the surface. Markedly, (111)-oriented crys-
tals are harder to polish, even though they appear to be most heavily boron-doped (see
below Section 2.3.2). Typically, though, higher impurity (boron) content leads to dete-
riorated wear resistance, as previously reported in [49]. Observed differences in wear
resistance in the present study translated into local variations in the surface topography,
however, the averaged surface roughness of the polished growth side of the polycrys-
talline BDD is very low at a level of ca 6 nm.

2.3.2. RAMAN ANALYSIS

Non-destructive Raman spectroscopy was used to assess the composition of the pol-
ished growth surface of the BDD electrode, which is most commonly subjected to elec-
trochemical measurements. The same area previously examined by SEM/EBSD was an-
alyzed by Raman mapping to find the correlation between on the one hand the morphol-
ogy and crystal orientation and on the other hand the content of boron dopants and sp2

carbon impurities. In particular, six different spots were identified in the EBSD orienta-
tion map, depicted in Fig. 2.6(a), and labelled with numbers 1–6 for easier description:
1, 2 – green, 3 – pink, and 4 – purple crystals leaning towards (110), (100), and (111) ori-
entations, respectively; 5, 6 – twin boundaries.
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Figure 2.6: (a) EBSD orientation map and (b)-(d) corresponding Raman maps of the polished growth surface
of the free-standing, polycrystalline BDD electrode based on: (b) ZCP peak intensity, (c) ZCP peak width, and
(d) G peak intensity. (e) Raman spectra recorded at the six different spots indicated in (a). (f) Respective
zoomed-in ZCP diamond peaks where the dashed line follows a trend of peak downshift with increasing boron
concentration. The orange arrow points to the Raman shift value (i.e., 1332 cm−1) of an undoped single-crystal
diamond sample.
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RAMAN MAPPING OF THE POLISHED GROWTH SURFACE

Fig. 2.6(b)–(d) presents a series of Raman spectral maps derived from (b) the diamond’s
zone-center phonon (ZCP) peak intensity, (c) the ZCP peak width, both indirectly related
to the boron doping, and (d) the G peak intensity associated with the presence of non-
diamond (sp2) carbon. The position, width and intensity of the diamond’s ZCP line (at
∼1330 cm−1 in Fig. 2.6(e)) are affected by the lattice structure, strain, and incorporated
boron impurities. Particularly, with increasing boron content, the ZCP peak gradually
decreased in intensity, broadened and shifted toward a lower wavenumber [38, 43, 50].
This is demonstrated in Fig. 2.6(f), showing in detail the ZCP peak extracted from the
Raman spectra acquired from the six selected locations within the investigated BDD re-
gion.

The Raman map of the ZCP line intensity in Fig. 2.6(b) correlates very well with the
SEM image (see top right corner in Fig. 2.2(a)) and EBSD orientation map (Fig. 2.6(a)),
and allows to identify all individual crystals. Notably, the line intensity in the map varies
by almost a factor of 16 between the darker and brighter areas. The former ones, repre-
sented predominantly by spot 4 (purple crystal with (111) orientation) and spots 5 and 6
(twin boundaries), signalize lesser diamond (sp3) content and simultaneously increased
amount of boron and/or non-diamond (sp2) carbon. In contrast, the brightest regions
in the ZCP line intensity Raman map are mostly associated with (110)-faceted diamond
crystals (e.g., spots 1 and 2 in Fig. 2.6(a)).

Fig. 2.6(c) depicts the Raman map constructed from the ZCP peak width, which can
be used to indirectly determine the uptake of boron dopants within the investigated re-
gion [50]. However, it must be emphasized that the ZCP peak recorded by Raman spec-
troscopy is generally affected by the quantity of all defects, including the ones unrelated
to boron incorporation [51]. Particularly, two types of areas of brighter contrast sig-
nalizing wider ZCP peaks, and thus possibly higher boron doping, were identified and
were found complementary to the darker regions in the previous map constructed from
the ZCP peak intensity (Fig. 2.6(b)): (i) spot 4 in the EBSD map representing a (111)-
oriented crystal, which agrees with previous works reporting higher boron incorpora-
tion efficiency for the (111) crystals, compared to the (110)- and (100)-oriented facets
[26–28], and (ii) twin (grain) boundaries, including spots 5 and 6. This also supports pre-
vious studies claiming on enrichment of boron atoms at twin boundaries [33, 36] whose
formation represents a highly effective coping mechanism for stress induced in the di-
amond lattice due to the impurity incorporation. Thus, our Raman mapping strongly
indicates that boron atoms are non-uniformly distributed across the BDD electrode sur-
face.

The third Raman map, shown in Fig. 2.6(d), was created based on the intensity of the
G-band, a broad Raman signal centred at around 1547 cm−1, whose origin is associated
with the presence of sp2 (non-diamond) carbon [52]. The highest intensity regions cor-
respond to twin (grain) boundaries, where sp2 carbon is, indeed, expected to reside [48].
Simultaneously, these areas are presumably enriched by incorporated boron atoms, as
suggested by the Raman map shown in Fig. 2.6(c). Similar detection of predominant
non-diamond carbon at sites showing increased boron concentration was made in [38].
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RAMAN SPECTRA OF THE POLISHED GROWTH SURFACE

Individual Raman spectra recorded at the six different spots indicated in the EBSD map
(see Fig. 2.6(a)) are displayed in Fig. 2.6(e). Naturally, the spectra differ depending on
boron concentration ([B]) and presence or absence of sp2 carbon phase. However,
the common feature for all spectra is the diamond’s ZCP line located in the range of
1327–1330 cm−1, which is simultaneously the most pronounced signal. Magnification
of this Raman peak is provided in Fig. 2.6(f) to clearly show its asymmetric and broad-
ened line shape. As already mentioned, the ZCP line is downshifted from the expected
position of a reference single-crystal undoped diamond (1332 cm−1; indicated by the
orange arrow in Fig. 2.6(f)). The differences in signal intensity and downshifts ranging
from 2 to 5 cm−1 imply surface areas of various boron doping level. This is supported by
the [B] values determined using the Raman analysis tool thoroughly described in [53, 54]
and available at [55]. This fitting tool, developed for highly B-doped diamond (i.e., [B] >
5×1019 cm−3), was used over the range from 1100 cm−1 to 1500 cm−1 as it is based on
the analysis of two characteristic Raman peaks located at ∼1200 cm−1 and ∼1330 cm−1

attributed to the Fano-shaped maximum of phonon density of states and zone-centre
phonon (ZCP) line of highly doped BDD, respectively. Importantly, both the position
and the width of the ZCP (diamond) peak, which were proved to be proportional to the
boron concentration [53], are considered in the fitting tool, among other parameters.
Notably, for the selected spots in the investigated region of the polished growth surface,
[B] spans over one order of magnitude from 7.0×1019 to 6.1×1020 atoms cm−3; all values
are listed in Fig. 2.6(e). This range accurately covers the average [B] value declared by
the manufacturer (i.e., 3×1020 cm−3).

For spots 1–3, also low-intensity peaks are present at ca 610, 925 and 1045 cm−1,
which are typical characteristics for BDD with boron doping levels in the range of
1018–1020 cm−3 [38, 56], corresponding well with the boron estimation ([B]) above.
Lastly, the G peak at 1547 cm−1 only arises in the Raman spectra acquired from twin
boundaries, denoted as spots 5 and 6.

RAMAN MAPPING OF THE CROSS-SECTION AREA

The exact same cross-section area, previously visualized using SEM and EBSD tech-
niques (see Fig. 2.1), was subjected to Raman imaging. Fig. 2.7 displays two Raman maps
which were created based on the intensity of the ZCP peak and the G band associated
with the presence of sp3 and sp2 carbon, respectively. The mapping was not performed
in one run but divided into smaller sections to avoid problems associated with overall
cross-section non-uniformity and laser focusing. Note that the very edge (∼10 µm) of
the lower nucleation side was affected by the sample preparation procedure, which ap-
pears as a ‘grey strip’ in the Raman images, and thus no conclusions can be made on this
area.

The acquired Raman maps demonstrate distinctive columnar growth of a polycrys-
talline diamond microstructure, which is consistent with the observations based on the
SEM and EBSD images presented above. Also, the Raman maps of the cross-section area
are quite complementary. For example, bright areas of the highest ZCP peak intensity
in Fig. 2.7(a) are simultaneously the least intense in Fig. 2.7(b), and vice versa. The ZCP
peak intensity varies by a factor of ∼24 across the cross-section area, which indicates
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Figure 2.7: Raman maps of the cross-section area of the BDD electrode based on the intensity of the (a) ZCP
peak (sp3 carbon) and (b) G peak (sp2 carbon).

heterogeneous character of the BDD material across the whole film thickness. Such
variations and particularly a decrease in intensity can be ascribed to the incorporation
of boron dopants and/or the presence of sp2 carbon phase. This is consistent with the
trends observed for the polished growth surface of the BDD electrode.

SCANNING ELECTROCHEMICAL MICROSCOPY (SECM) MEASUREMENTS

Next, the surface probe technique SECM, in its feedback mode, was employed to map the
electrochemically active regions on the polished growth surface of the BDD electrode.
The effect of topography on the obtained signals could be completely neglected as AFM
measurements (see Fig. 2.5(b)) confirmed that the roughness of the investigated surface
is at the nanometer scale. This allowed to conduct SECM mapping in constant-height
mode, while using a Pt probe (10 µm tip diameter) in a solution of redox marker, 1 mM
FcMeOH+/0 (in 0.1 M KNO3), with applied Pt tip potential of +0.5 V (vs. Ag/AgCl). The
SECM map was recorded in the exact same area as the EBSD orientation and Raman
maps to draw correlation between local electrochemical activity and surface texture and
composition, respectively.

The FcMeOH+/0 redox probe was selected based on its outer-sphere character of
electron transfer, which is insensitive to surface characteristics, including termination
and extent of oxidation. The CV curve of FcMeOH+/0 recorded on the polished growth
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(b)(a)

Figure 2.8: Cyclic voltammograms of 1 mM FcMeOH+/0 in 0.1 M KNO3 recorded on (a) the polished growth
surface of the BDD electrode and (b) a Pt microprobe (10 µm in diameter) used in SECM measurements.

surface, shown in Fig. 2.8(a), displays a well-developed pair of redox peaks with a peak-
to-peak separation value of 0.21 V. At the applied tip potential, oxidation of FcMeOH0 to
FcMeOH1+ occurs at the Pt probe as verified, prior to the SECM measurements, by per-
forming CV experiments; a representative CV is shown in Fig. 2.8(b). Also, information
on the steady-state current, iss of 2.8 nA, was extracted from the CV. The scanned poly-
crystalline BDD substrate was kept under OCP conditions, thus no potential control was
implemented.

The SECM map is shown in normalized current scale in Fig. 2.9(b) and displays non-
uniform distribution of electrochemical activity across the investigated region with cur-
rents detected by the Pt probe (iT ) ranging from 2.7 nA to 5.5 nA. In general, a ratio of
iT /iss < 1 reflects suppressed feedback relative to bulk conditions; however, this criterion
alone does not imply electrically insulating behavior and must be interpreted by com-
parison with the response above a truly insulating surface. In the recorded image, only
one spot, denoted as “3” (around 15 µm in diameter), exhibited a strongly reduced feed-
back current, indicative of markedly hindered electron-transfer kinetics. This spot cor-
responds to a crystal with orientation leaning towards the (100) plane (see Fig. 2.9(a) and
Fig. 2.2(b)). It was also the only spot for which approach curves displayed near-negative-
feedback behavior, as shown in Fig. 2.9(c), despite having an estimated boron concen-
tration of [B] ∼1 × 1020 cm−3 (see Fig. 2.6(e)). This indicates that, although not truly
insulating, this region exhibits significantly lower electrochemical activity compared to
the surrounding grains. This implies that the effect of crystal orientation may have a
more dominant effect on the electrochemical response than the boron concentration. A
similar remark was made in the work of Ivandini et al., where equally doped (100) and
(111)-faceted single crystal BDD electrodes ([B] ∼4 × 1020 cm−3) were compared and
hindered electron transfer kinetics and peaks of lower intensity were recorded for redox
probes on the (100) facet, compared to the (111) crystal [15].

Nevertheless, the majority of the studied surface area showed iT /iss > 1, and thus
manifested electrochemically active and conductive behaviour, which was also con-
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Figure 2.9: (a) EBSD orientation map and (b) SECM map (100×80µm2) of the polished growth surface (same
area) obtained with a 10-µm diameter Pt tip in 1 mM FcMeOH+/0 (in 0.1 M KNO3), with a tip potential of +0.5 V
(vs. Ag/AgCl) and the BDD substrate kept under OCP. (c) Experimental probe approach curves recorded at the
six different spots, as indicated by the numbers in (a) and (b).
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firmed by probe approach curves performed at the remaining five spots demonstrating
positive feedback. Markedly, ‘less pronounced’ positive feedback was distinguished at
spot 1, which corresponds to the (110)-oriented crystal having, according to Raman
analysis, the lowest doping ([B] of 7×1019 cm−3) among the investigated sites. A clear
trend of gradual development of much more distinct positive feedback responses with
increasing boron contents (see corresponding values in Fig. 2.6(e)) can be identified in
Fig. 2.9(c), the only exception being spot 3, addressed above. However, when [B] exceeds
2×1020 cm−3, i.e., metallic threshold [24, 25], which is the case of spots 4, 5, and 6, the
recorded probe approach curves become very comparable. This is presumably caused
by the limited mass transfer rate of the redox marker to the Pt microprobe tip. As further
evident from Fig. 2.9, the highest electrochemical activity was recorded at spot 4, i.e., the
large crystal with (111) orientation and the highest boron concentration among the var-
ious grains (excluding the grain boundary regions). Local variations in electrochemical
activity between different BDD crystal facets were evidenced by SECM-based techniques
also in [29, 38, 43] and were correlated directly with differences in the local boron doping
levels. It was postulated that the higher boron concentration yields increased density of
states and electron transfer kinetics for outer-sphere redox probes [29].

Remarkably, twinning boundaries, exemplified by spots 5 and 6, showed no consid-
erable increase in electrochemical activity even though the inter-grain regions are un-
doubtedly enriched by boron and sp2 carbon. Apparently, such enrichment extracted
from a series of Raman maps (see Fig. 2.6) and [B] estimation does not translate into
enhanced electrochemical activity. This may be associated with the fact that Raman
spectroscopy is sensitive to the overall amount of defect(s), i.e., also defects unrelated to
boron incorporation into the diamond lattice can potentially affect the position, width
and intensity of the ZCP diamond peak. Both electrically active and non-active boron
atoms and other types of defects can contribute to the final ZCP lines displayed in Ra-
man spectra [51]. Our observations are consistent with several previous works employ-
ing SECM-based techniques to probe the electrochemical activity of the BDD surfaces,
in which no evidence confirming enhanced activity at grain boundaries was found [29,
30, 38, 43].

2.3.3. MICROSTRUCTURE-ELECTROACTIVITY RELATIONSHIPS

Polycrystalline BDD is characterized by a columnar grain structure and, consequently,
a highly non-uniform microstructure and composition is developed as a function of its
thickness, which is schematically displayed in Fig. 2.10. The distinctive columnar struc-
ture was visualized by SEM images as well as by EBSD and Raman maps. In addition, for
the cross-section area, EBSD revealed a mixture of crystal orientations and significant
number of grain and twin boundaries, while Raman mapping demonstrated variations
in intensities of ZCP (diamond) and G (sp2 carbon) peaks. All three characterization
techniques thus confirm heterogeneous character of the polycrystalline BDD material
across the whole film thickness.

Such heterogeneity naturally also translated into the characteristics of the polished
growth BDD surface, which was thoroughly investigated. The grains of various shapes
and sizes (up to tens of µm in diameter) possessed predominantly (110) orientation.
However, a portion of (100)- and (111)-oriented crystal facets was also identified. Dif-
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Figure 2.10: Schematic representation of the investigated features on the free-standing, polycrystalline BDD
electrode.

ferent crystal orientations affected the boron uptake by the individual grains, while the
highest incorporation efficiency was confirmed for the (111) crystals. Moreover, Ra-
man spectroscopy detected elevated amount of boron dopants in the boundary regions,
where also sp2 carbon phase was predominantly present (see Fig. 2.10). However, no ev-
idence of enhanced electrochemical responses was found for inter-grain regions despite
their enrichment in boron and sp2 carbon impurities; they are presumably residing in
their electrically ‘non-active forms’. In contrast, the most highly boron-doped (111) facet
demonstrated the most pronounced electrochemical activity. Nevertheless, the intensity
of the electrochemical responses cannot be ascribed only to localized boron doping lev-
els. In particular, (100)-oriented grains, despite having an average [B] of ∼ 1×1020 cm−3,
exhibited markedly reduced electrochemical activity, consistent with strongly hindered
electron-transfer kinetics. This strongly suggests that crystal orientation is a leading fac-
tor controlling the electrochemical responses.

The crystal orientation of the individual BDD grains has been quite an overlooked
parameter in the literature, while much more effort has been devoted into the inves-
tigation of other (however, still important) factors such as boron doping, sp2 carbon
content, and surface termination. Only recently, the significant effect of crystal orien-
tation on the electrochemical behaviour of BDD electrodes has gained more attention.
In several previous works, differences between crystal orientations were ascribed to dif-
ferent boron incorporation efficiency and resulting doping levels [27, 30, 43]. However,
the more recent study comparing similarly doped (100)- and (111)-oriented BDD elec-
trodes proved the superiority of the (111) facet over (100), which was associated with
the different degrees of band bending and various thickness of space charge layer [15].
Further investigations at the atomic scale using low-temperature scanning tunnelling
microscopy (STM) revealed that the dependence of the electrochemical activity of BDD
electrodes on the crystal orientation originates from the boron-related deformation of
the diamond lattice structure [54]. Specifically, graphitized domains related to boron
incorporation were exclusively confirmed only in (111) facets, which could possibly ex-
plain their enhanced electrochemical activity, when compared to (100)-oriented crystals
[57]. Besides, (113), (115) and (118)-oriented BDD electrodes of comparable [B] mani-
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fested different electrochemical responses, which was ascribed to the effect of crystal
orientation and particularly to ‘(100)/(111) step’ density [22].

All in all, boron atoms were found to be non-uniformly distributed over the poly-
crystalline BDD surface, but their presence was not always directly linked with greater
electrochemical activity. Notably, next to boron concentration, crystallographic orien-
tation has been identified as one of the dominating factors that largely govern the local
electrochemical activity of the polycrystalline BDD electrodes.

This is expected to be true not only for thick, free-standing BDD electrodes but also
for BDD thin films, composed of grains with various crystal orientations. However, one
needs to be particularly careful to draw other parallel conclusions from the present study
for thin films, often with submicron- or even nano-crystalline structures. This is because
the scale of anisotropy and the resulting (doped) diamond’s properties are primarily de-
termined by the grain size, which in turn directs the amount of grain and twin bound-
aries. Markedly, as the diamond grains become smaller, the density of grain boundaries
increases, and the non-diamond (sp2) content becomes more prevalent [58, 59]. Be-
sides, a significant decline in doping efficiency was demonstrated for nanocrystalline
BDD thin films, compared to the microcrystalline ones, which was ascribed to the fact
that boron atoms incorporate in a significant manner in positions (such as grain bound-
aries) that do not contribute to the conductivity in the same way as boron dopants in-
corporated in the grains [59]. Therefore, all these factors and the interplay between them
must be carefully considered in order to unravel the micro/nanostructure-electroactivity
relationships within thin-film BDD.

2.4. CONCLUSION

Highly doped, free-standing polycrystalline BDD is a complex electrode material with
distinct columnar structure and uneven distribution of boron dopants across the whole
cross-section, which naturally manifest also in the characteristics and behaviour of the
BDD growth surface. The individual grains showed considerably different electrochem-
ical responses as a consequence of their various crystal orientations whose significant
impact is not only related to varying boron uptake efficiency but also to the inherent
structure of each individual facet. In our work, the highest doped (111)-oriented crystal
demonstrated the highest electrochemical activity, as probed by SECM results. However,
the averagely boron-doped (100) facet exhibited markedly reduced electrochemical ac-
tivity. This therefore implies that the local electrochemical activity of the BDD surface is
strongly grain dependent and the most significant factors governing the obtained elec-
trochemical responses are the (previously often neglected) crystallographic orientation
in addition to the boron doping level.

Besides, EBSD enabled to visualize the boundary regions at the polished growth sur-
face, where increased content of boron atoms and sp2 carbon was recognized by Raman
mapping. However, such enrichment in impurities did not translate into enhanced elec-
trochemical activity probed by SECM, which implies that boron atoms at the inter-grain
spots are predominantly of electrically inactive nature.

Finally, it is essential to consider all relevant material characteristics (i.e., grain size
distribution, presence of sp2 carbon, boron content, surface finish and surface termina-
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tion, and grain orientation) when working with, or designing, polycrystalline BDD elec-
trodes, but also thin-film BDD and single-crystal BDD. This is particularly important for
electrochemical applications where micro- to nano-meter scale phenomena are to be
monitored or exploited, such as in neural interfacing or in-vivo analysis.
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Schwarzová-Pecková, “Porous boron doped diamond for dopamine sensing: effect of
boron doping level on morphology and electrochemical performance”, Electrochim.
Acta 327, 135025 (2019).

14K. Schwarzová-Pecková, J. Vosáhlová, J. Barek, I. Šloufová, E. Pavlova, V. Petrák, and
J. Zavázalová, “Influence of boron content on the morphological, spectral, and elec-
troanalytical characteristics of anodically oxidized boron-doped diamond electrodes”,
Electrochimica Acta 243, 170–182 (2017).

15T. Ivandini, T. Watanabe, T. Matsui, Y. Ootani, S. Iizuka, R. Toyoshima, H. Kodama, H.
Kondoh, Y. Tateyama, and Y. Einaga, “Influence of surface orientation on electrochem-
ical properties of boron-doped diamond”, J. Phys. Chem. C 123, 5336–5344 (2019).

16S. Baluchová, A. Mamaloukou, R. H. J. M. Koldenhof, and J. G. Buijnsters, “Modification-
free boron-doped diamond as a sensing material for direct and reliable detection of
the antiretroviral drug nevirapine”, Electrochim. Acta 450, 142238 (2023).

17Z. Liu, A. F. Sartori, and J. G. Buijnsters, “Role of sp2 carbon in non-enzymatic electro-
chemical sensing of glucose using boron-doped diamond electrodes”, Electrochem.
Commun. 130, 107096 (2021).

18J. Anaya, S. Rossi, M. Alomari, E. Kohn, L. Tóth, B. Pécz, K. D. Hobart, T. J. Anderson,
T. I. Feygelson, B. B. Pate, and M. Kuball, “Control of the in-plane thermal conductiv-
ity of ultra-thin nanocrystalline diamond films through the grain and grain boundary
properties”, Acta Mater. 103, 141–152 (2016).

19Z. Liu, A. F. Sartori, and J. G. Buijnsters, “Role of sp2 carbon in non-enzymatic electro-
chemical sensing of glucose using boron-doped diamond electrodes”, Electrochem.
Commun. 130, 107096 (2021).

20J. V. Macpherson, “A practical guide to using boron doped diamond in electrochemical
research”, Physical Chemistry Chemical Physics 17, 2935–2949 (2015).

21M. Zelenský, J. Fischer, S. Baluchová, L. Klimša, J. Kopeček, M. Vondráček, L. Fekete,
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ROLE OF SP2 CARBON IN NON-ENZYMATIC

ELECTROCHEMICAL SENSING OF GLUCOSE

USING BORON-DOPED DIAMOND

ELECTRODES

Boron-doped diamond (BDD) is of increasing interest for applications in electrochemical
sensing. It is well known that the sp2 carbon content in BDD influences its electrochemical
properties as electrode material. In this work, evidence is provided that the surface sp2 car-
bon content plays a crucial role in the electrochemical sensitivity of BDD towards glucose.
Single-crystal BDD, freestanding polycrystalline BDD, and glassy carbon (sp2 carbon ref-
erence material) were examined by voltammetry. Neither single-crystal BDD, which is free
of sp2 carbon, nor pure sp2 glassy carbon could detect glucose in the range of 0.2–1.0 V. On
the other hand, glucose oxidation was observed on polycrystalline BDD, and with increas-
ing intensity with increase of sp2 carbon content. Thus, an optimum amount of (B-doped)
sp2 carbon in the BDD electrode is needed for best sensing performance. Understanding
this and being able to control the composition of BDD are not only important to glucose
detection but to any electrochemical sensing application involving BDD.

The contents of this chapter have been published in:

• Z. Liu, A. F. Sartori, and J. G. Buijnsters, “Role of sp2 carbon in non-enzymatic electrochemical sensing of glucose using

boron-doped diamond electrodes,” Electrochemistry Communications 130, 107096 (2021). DOI:10.1016/j.elecom.2021.107096

https://doi.org/10.1016/j.elecom.2021.107096
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3. ROLE OF SP2 CARBON IN NON-ENZYMATIC ELECTROCHEMICAL SENSING OF GLUCOSE

USING BORON-DOPED DIAMOND ELECTRODES

3.1. INTRODUCTION

Glucose detection and monitoring are extremely important procedures in healthcare
and in the lives of millions of people who suffer from diabetes around the world. The
World Health Organization has pointed out that the number of diabetic patients in-
creased from 108 million in 1980 to 422 million in 2014 [1]. This number is predicted to
grow to 578 million by 2030 [2]. Therefore, there is a continuous urgent need to develop
affordable and easy-to-use medical instruments for diabetics to monitor their blood glu-
cose levels. The main commercial products on the market at present are electrochemical
enzyme-based glucose sensors. However, the enzyme is easily inactivated by environ-
mental factors such as temperature, pH, and humidity [3], and its immobilization on the
electrode is complicated and time-consuming. All these factors lead to high cost, short
life, and insufficient stability [4] of the glucose sensors. Consequently, there is high de-
mand for the development of non-enzymatic glucose sensors to overcome the inherent
shortcomings of enzymatic detection [5–7]. Various metallic materials including pure
metals, metal alloys, metal hydrates, metal sulfides, metal nitrides, and metal oxides
have been studied for non-enzymatic glucose detection via oxidation [8–11]. However,
the glucose oxidation products will easily adsorb on the surface of the metallic electrode
and poison it.

BDD with its extreme electrochemical stability, low background current, wide poten-
tial window, resistance to fouling, and excellent biocompatibility [12], is recognised as an
ideal material for electrochemical sensing of glucose. In 2005, Lee and Park reported for
the first time that BDD electrodes can directly detect glucose without any modification
with enzymes or metallic catalysts [13]. A number of following studies reported on im-
proving the sensitivity of BDD towards glucose oxidation, such as by changing the boron
doping level, surface morphology and surface termination, by creating 3D structures or
by introducing metal-containing catalysts [14–16]. However, the influence of sp2 car-
bon, which mainly exists in the grain boundaries of BDD, has been little explored. It
is well known that changing the level of boron doping and/or changing the grain sizes
of the polycrystalline thin-film BDD material, the sp2 carbon content also changes. In
general, the more sp2 carbon content in the BDD electrode, the higher the conductivity
of the electrode, resulting in higher voltammetric background current and narrower wa-
ter potential window [17]. This was found to be unfavourable for glucose sensing [18].
On the other hand, BDD electrodes with higher sp2 carbon content behave as “active
anodes”, showing higher catalytic activity towards analytes (e.g., dissolved oxygen, pH,
and hypochlorite [19, 20]) that may be exploited for glucose sensing. Other contradic-
tory observations on the non-enzymatic detection of glucose using bare BDD electrodes
were reported as well. For example, Zhao et al. [21], Luo et al. [18], and Zou et al. [15]
reported that as-grown BDD can directly detect glucose, while Watanabe et al. [22] and
Dai et al. [23] reported no glucose oxidation signal on bare BDD electrodes. One of the
main difficulties in making sense of these reports lies in the fact that the BDD electrodes
used were fabricated under different processing conditions and had distinct grain sizes,
boron-doping levels, surface morphologies, substrates, and were potentially exposed to
different contaminants.

In this work, carefully prepared BDD model electrodes with defined microstructure
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and controlled amounts of sp2 carbon were employed for non-enzymatic electrochemi-
cal detection of glucose, in order to properly identify the role of sp2 carbon in the electro-
catalytic activity of BDD towards this molecule. Four substrate-free BDD electrodes with
distinct sp2 carbon content were prepared by microwave plasma chemical vapor depo-
sition (MWPCVD): including single-crystal BDD (boron content of 1.5×1020 atoms/cm3)
and freestanding polycrystalline BDD (boron content of 3×1020 atoms/cm3) with nucle-
ation side and both as-grown and polished growth surfaces. Linear sweep voltammetry
(LSV) was used and the peak current densities were derived for glucose concentrations
in the range from 0 to 15 mM.

3.2. EXPERIMENTAL

3.2.1. PREPARATION OF BDD ELECTRODES

Solid, freestanding BDD (FS-BDD) samples (15 × 15 mm2 in size, 0.7 mm thickness, and
boron content of 3×1020 atoms/cm3) originating from Diafilm EP Grade BDD (Element
Six, UK) were obtained from Mintres B.V. (The Netherlands). The respective growth (FS-
BDD-gr) and nucleation (FS-BDD-nucl) surfaces were used as received. The polished
surface (FS-BDD-pol) was obtained by chemical mechanical polishing of the growth sur-
face until a surface mean roughness (Sa) of ≈ 1.3 nm was reached.

Solid, freestanding BDD (FS-BDD) samples (15 × 15 mm2 in size, 0.7 mm thickness,
and boron content of 3×1020 atoms/cm3) originating from Diafilm EP Grade BDD (Ele-
ment Six, UK) were obtained from Mintres B.V. (The Netherlands). The respective growth
(FS-BDD-gr) and nucleation (FS-BDD-nucl) surfaces were used as received. The pol-
ished surface (FS-BDD-pol) was provided by the supplier and obtained by chemical me-
chanical polishing of the growth surface using a proprietary process until a surface mean
roughness (Sa) of ≈ 1.3 nm was reached.

A single-crystal BDD electrode was grown by MWPCVD using two steps as described
in Ref. [24], first the heteroepitaxial growth of undoped diamond on Ir/YSZ/Si(001), up
to ∼1 mm thickness, followed by growth of a ∼5µm thick B-doped layer after mechanical
polishing and cleaning by reactive ion etching (RIE).

3.2.2. BRIEF DESCRIPTION OF FS-BDD AND RESPECTIVE ELECTRODE SUR-
FACES

The grain structure of FS-BDD (Fig. 3.1) is highly non-uniform due to the growth pro-
cess. During the nucleation phase (‘nucleation surface’), small and randomly orientated
grains form at the interface with the substrate (see Fig. 2.2(d,e)). Crystallites with facets
favoured by the growth conditions then convert into large grains which are elongated
in the direction of growth (see Fig. 2.1). The ‘growth surface’ of 0.7-mm thick FS-BDD
is therefore characterized by large crystal facets and relatively high surface roughness.
When processed (‘polished surface’), a smooth but inhomogeneous surface of many ori-
entations is obtained.
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Figure 3.1: Schematic representation of the FS-BDD electrode. The respective growth (FS-BDD-gr) and nu-
cleation (FS-BDD-nucl) surfaces were used as received. The polished surface (FS-BDD-pol) was obtained by
chemical mechanical polishing of the growth surface until a surface mean roughness (Sa ) of ≈ 1.3 nm was
reached. (Figure adapted from [12].)

3.2.3. SURFACE CHARACTERIZATION

Scanning electron microscopy (SEM) characterization was done with a JEOL JSM-
6010LA setup at 15 keV. Atomic force microscopy (AFM) measurements were done using
a NaniteAFM system (Nanosurf AG) in tapping mode with silicon tips. The scanned area
was 50 × 50 µm2. The FS-BDD-gr surface was exclusively analyzed using a VHX-6000
digital microscope (Keyence) with an area of 1000 × 1000 µm2. A Horiba LabRAM HR
device equipped with an argon ion laser operating at 514 nm wavelength was used to
record Raman spectra with a spectral resolution of about 0.3 cm−1.

3.2.4. ELECTROCHEMICAL MEASUREMENTS

The electrochemical measurements were carried out at room temperature in a home-
built cylindrical PTFE cell (100 mL) using a classical three-electrode configuration. Elec-
trochemical measurements were performed using the various BDD samples as working
electrodes (WE), a 5.7-cm long platinum wire as counter electrode (CE, from ALS Co.),
and a RE-1B Ag/AgCl reference electrode (RE, from ALS Co.). The WE was mounted in
the PTFE cell from underneath, exposed to the solution by a circular aperture of 7.7 mm,
and sealed by a chemically resistant O-ring (Kalrez® Spectrum™ 6375, model AS568).
Electric contact to the single-crystal BDD electrode surface was achieved with conduc-
tive silver paint, applied from the four corners towards the backside, and contacted by
a copper disc wired to the potentiostat. For comparative electrode measurements, all
electrodes were cleaned and stabilized in the same way. This involved sonicating the
BDD electrodes in acetone, isopropanol, and DI water each for 5 min and running cyclic
voltammetry experiments in 0.1 M NaOH, at 0.1 V/s, from 0 V to 1 V for 20 cycles. In
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Figure 3.2: SEM images of the (a) single-crystal BDD, (b) FS-BDD-nucl, (c) FS-BDD-pol, and (d) FS-BDD-gr
electrode surfaces. The inset in (b) shows a magnified image of the same surface (scale bar 5 µm). A few
selected grains and grain boundaries are marked by yellow dashed lines.

addition, anodic oxidation for 1 hour at 5 V (vs. Ag/AgCl) was applied to the FS-BDD-pol
and FS-BDD-nucl samples prior to further electrochemical analysis.

The electrochemical experiments were controlled with aµ-AUTOLAB III potentiostat
(PGSTAT128N, Eco-Chemie, The Netherlands) running a Nova (Version 2.1.3) software.
LSV was done in 0.1 M NaOH aqueous solution without and with varying glucose con-
centration (in the range from 0 to 15 mM) at a scan rate of 0.1 V/s. The current densities
reported in this work were calculated using the O-ring defined geometric area corrected
with roughness (AFM measured).

3.2.5. CHEMICALS

The water used to prepare electrolyte solutions and clean glassware was deionized and
ultra-filtrated with a Millipore Milli-Q system (resistivity = 18.2 MΩ·cm and TOC < 5 ppb).
Sodium hydroxide (≥97.0%), glucose (≥99.5%), and sulfuric acid were purchased from
Merck. All chemicals were used without any further purification.
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Figure 3.3: Raman spectra of the various BDD electrode surfaces. The as-measured curves were normalized
relative to the diamond one-phonon line at 1332 cm−1.

3.3. RESULTS AND DISCUSSION

3.3.1. SURFACE CHARACTERIZATION OF BDD ELECTRODES

SEM images of the different BDD electrode surfaces were recorded before any treatment,
and they are shown in Fig. 3.2. A strong variation in grain size, surface roughness, and
boundary line density among the different samples was observed. The single-crystal
BDD surface (Fig. 3.2(a)) exhibits triangular features indicating small growth steps. It
presents a smooth surface (Sa ≈ 5.1 nm) and no misoriented crystals or twins can be
observed. The three SEM images in Fig. 3.2(b, c, and d) reveal very different features of
the various polycrystalline FS-BDD surfaces. The growth surface (Fig. 3.2(d)) shows rel-
atively large crystal facets (up to ∼60 µm in lateral size) and also some smaller grains
on top of them, resulting in a relatively high roughness (Sa ≈ 15 µm). The polished
surface (Fig. 3.2(c)) presents a much lower roughness (Sa ≈ 1.3 nm) and highlights the
non-uniform composition of the grain structure of FS-BDD, which is due to the growth
process. The nucleation surface (Fig. 3.2(b)) has the smallest average grain size (≈1 µm)
and consequently more boundaries. Also, a large number of voids between grains are
present (see inset of Fig. 3.2(b)).

Raman spectroscopic analysis (Fig. 3.3) was done to evaluate the crystalline quality,
boron incorporation and presence of sp2 carbon on the BDD electrode surfaces. The
intense sharp peak at 1332 cm−1 observed for all samples is assigned to sp3-hybridized
carbon. This diamond zone-centre phonon line is narrowest in the case of the single-
crystal BDD (FWHM ≈ 3.7 cm−1). The line width broadens in the order FS-BDD-gr <
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FS-BDD-pol < FS-BDD-nucl, which coincides with the decrease in average grain size of
the electrode surfaces and thus shorter phonon lifetime. The sp3 peak of FS-BDD-nucl
is strongly distorted, forming a separated branch around 1200 cm−1 due to the Fano res-
onance effect [25]. The broad bands observed between 450 and 600 cm−1 are attributed
to Raman scattering involving boron–carbon vibrations [26]. The G-band at around
1580 cm−1 is contributed from graphitic material (i.e., sp2-C) present in the grain bound-
aries of the BDD material [27, 28], and normalized G-band values (maximum value to 1)
are presented. The highest intensity is recorded on FS-BDD-nucl, because its boundary
density is highest. FS-BDD-gr with the largest average grain size and lowest boundary
density shows very minor G-band signal. An insignificant G-band signal was detected
on single-crystal BDD, indicating negligible sp2 carbon.

Furthermore, sp2 carbon content was also electrochemically measured with a more
surface-sensitive approach reported by Ayres et al. [29]. This method is based on the
electroactive quinone groups present on sp2 carbon sites. Due to the relatively large elec-
trode area and different electrochemical setup, the noise of the CVs within pH 2 buffer
solution was too high to detect the quinone oxidation peak at 0.420 V vs. SCE (0.465 V
vs. Ag/AgCl). However, quinone-related oxidation peaks (e.g., hydrogen peroxide elec-
trogenerated in the presence of quinone groups) were found in 0.1 M H2SO4 solution,
as shown in Fig. 3.4. The shape of the observed peaks suggests that the electrochemical
response is governed primarily by surface-associated redox sites rather than diffusion of
species from the bulk electrolyte. Normalized peak values (maximum value set to 1) are
shown. No oxidation peak was observed on single-crystal BDD. In the case of FS-BDD,
the peak currents increased in the order FS-BDD-gr < FS-BDD-pol < FS-BDD-nucl, re-
flecting an increasing density of electrochemically active sp2-related surface sites rather
than a purely diffusion-controlled response.

3.3.2. ELECTROCHEMICAL DETECTION OF GLUCOSE ON BDD ELECTRODES

The electrochemical sensing of glucose on the BDD electrodes was investigated using
LSV in 0.1 M NaOH solution with and without 15 mM glucose. In the absence of glu-
cose (Fig. 3.5(a)), no oxidation peaks were detected for all BDD electrodes in the range
from 0.2 to 1 V. In 15 mM glucose (Fig. 3.5(b)), oxidation peaks with increasing inten-
sity were detected with FS-BDD-gr, FS-BDD-pol, and FS-BDD-nucl at 0.72 V, 0.75 V, and
0.76 V, respectively, which coincide with the potentials previously reported for glucose
oxidation on thin-film and nanostructured BDD electrodes [13, 14, 18]. However, no ox-
idation could be observed at all with single-crystal BDD. Peak current densities of BDD
electrodes within 15 mM glucose solution versus normalized Raman G-band values (see
Fig. 3.3) and quinone-related oxidation peak values (see Fig. 3.4) are shown in Fig. 3.5(c).
There, it can be clearly seen that the glucose oxidation peak increased with the increase
of sp2 carbon content, indicating thus higher catalytic activity.

Fig. 3.6 shows the linear sweep voltammetry curves for various glucose concentra-
tions from 0 to 15 mM recorded with the four different BDD electrodes. It can be seen
that the curves from single-crystal BDD with different glucose concentrations overlap
each other, indicating that single-crystal BDD with its negligible sp2 carbon is not cat-
alytically active towards glucose oxidation. On the contrary, the three different FS-BDD
electrode surfaces do catalyse glucose oxidation, and an increase in peak currents was
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Figure 3.4: Quinone-related oxidation peaks for FS-BDD-nucl, FS-BDD-pol, FS-BDD-gr, and single-crystal
BDD, in 0.1 M H2SO4 solution, at a scan rate of 0.1 V/s.

observed with increase in glucose concentration. Noticeable differences in response are
evident though. There was a weak response towards glucose for FS-BDD-gr, which con-
tains a relatively small amount of sp2 carbon. The strongest response was found for
FS-BDD-nucl, which is also richest in sp2-bonded carbon.

In the sensitivity analysis, the response of the peak current density (ipa) with vary-
ing glucose concentration was analysed for all BDD electrodes. Results are shown in
Fig. 3.7. Because there is no apparent glucose oxidation peak on LSV using single-crystal
BDD, the corresponding peak current densities were taken at the selected potential of
0.75 V. The response towards glucose for the FS-BDD-gr is linear in the range from 2 mM
to 10 mM, which well covers the physiological range of 3–8 mM [14]. From a linear re-
gression fit (see Table 3.1), a sensitivity of 0.78 µA mM−1 cm−2 was derived. FS-BDD-pol
showed higher sensitivity of 1.37 µA mM−1 cm−2, while FS-BDD-nucl demonstrated the
highest sensitivity of 7.25 µA mM−1 cm−2 among all the BDD electrodes. The limit of
detection for each of the three FS-BDD surfaces was estimated at a signal-to-noise ratio
of 3, and is shown in Table 3.1. The likely explanation is that the relatively higher sp2

carbon content within FS-BDD-nucl contributes to the enhanced electrocatalytic activ-
ity towards glucose. Since pure sp2 carbon (glassy carbon) cannot detect glucose in the
range of 0.2–1.0 V (see Fig. 3.8 and previous work [30]), this enhanced catalytic activ-
ity could either originate from boron-doped sp2 carbon [31] or unsaturated catalytically
active sites located between grain boundaries and grains [32].
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Figure 3.5: Linear sweep voltammetry of the various BDD electrodes measured in 0.1 M NaOH solution: (a)
without glucose and (b) with 15 mM glucose. (c) Glucose oxidation peak current densities within 15 mM glu-
cose solution versus normalized Raman G-band intensity (bottom x-axis) and quinone-related oxidation peak
values (top x-axis), respectively.
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Figure 3.6: Linear sweep voltammetry of the various BDD electrodes measured in 0.1 M NaOH solution with
glucose concentrations in the range from 0 to 15 mM.

Figure 3.7: Peak current densities from the LSV curves of the various BDD electrodes in the range of 0–15 mM
glucose. Linear fitting lines in the range from 2 to 10 mM are shown.
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Figure 3.8: Linear sweep voltammetry of a glassy carbon electrode measured in 0.1 M NaOH solution with
15 mM glucose.

Figure 3.9: Quinone-related oxidation peaks for FS-BDD-pol and FS-BDD-nucl before and after anodic oxida-
tion, in 0.1 M H2SO4 solution, at a scan rate of 0.1 V/s.
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Table 3.1: Fitted data for the various FS-BDD electrode surfaces. Linear regression equations were derived from
the data shown in Fig. 3.7 in the range from 2 to 10 mM, ipa (µA) = a +bC , with b being the slope (sensitivity

in µA mM−1 cm−2) and C being the glucose concentration in mM. The limit of detection (LOD) for each of the
three FS-BDD electrode surfaces was estimated at a signal-to-noise ratio of 3.

Material α b (sensitivity) Correlation coefficient LOD

FS-BDD-gr 1.58 0.78 0.99 750 µM
FS-BDD-pol 3.95 1.37 0.98 250 µM
FS-BDD-nucl 6.53 7.25 0.99 50 µM

Figure 3.10: Linear sweep voltammetry performed with (a) FS-BDD-pol and (b) FS-BDD-nucl after 1-hour
anodic oxidation treatment. Glucose concentrations in the range from 0 to 15 mM in 0.1 M NaOH solution.

3.3.3. EFFECT OF SP2 CARBON REMOVAL ON GLUCOSE DETECTION

To prove the important role of sp2 carbon in BDD-based electrochemical sensing to-
wards glucose, FS-BDD-pol and FS-BDD-nucl were exposed to one hour anodic oxida-
tion at 5 V to remove sp2 carbon from the electrode surfaces [33]. It can be seen from
Fig. 3.9 that quinone-related oxidation peaks of FS-BDD-pol and FS-BDD-nucl disap-
peared after anodic treatment, thus indicating negligible sp2 was left. The linear sweep
voltammetry curves for various glucose concentrations and the corresponding peak cur-
rent densities recorded on FS-BDD-pol and FS-BDD-nucl after the anodic oxidation
treatment are shown in Fig. 3.10 and Fig. 3.11, respectively.

It can be seen from Fig. 3.10(a) that the LSV curves for FS-BDD-pol changed dras-
tically compared with the ones shown in Fig. 3.6(c), and, only when considering up to
5 µA cm−2, a weak current response can be observed with varying glucose concentra-
tion. The current response of FS-BDD-nucl after removal of sp2 carbon (Fig. 3.10(b)) was
reduced with even greater magnitude as compared with the curves in Fig. 3.6(d). Linear
regression of the peak current density vs. glucose concentration (Fig. 3.11) shows that
the sensitivity of FS-BDD-pol dropped from 1.37 to 0.62 µA mM−1 cm−2, and the sen-
sitivity of FS-BDD-nucl decreased by nearly 9 times from 7.25 to 0.78 µA mM−1 cm−2.
These results provide strong indication that (B-doped) sp2 carbon content is essential
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Figure 3.11: Peak current densities from the LSV curves of FS-BDD-pol and FS-BDD-nucl in the range of 0–
15 mM glucose before and after anodic oxidation.

for electrochemical sensing of glucose using BDD electrodes.

3.4. CONCLUSION

In this work, BDD electrodes with controlled amounts of sp2 carbon were systematically
studied for non-enzymatic electrochemical detection of glucose. It was found that glu-
cose oxidation on BDD electrodes is strongly affected by the surface sp2 carbon content.
Single-crystal BDD with negligible amount of sp2 carbon is catalytically inert towards
glucose oxidation. The FS-BDD electrode surfaces with different grain structures and
sp2-carbon content but equal boron-doping levels displayed different catalytic activities
towards glucose sensing. Glucose oxidation in 0.1 M NaOH enhanced with the increase
of the sp2 carbon content. FS-BDD-gr with a small amount of sp2 carbon showed a sensi-
tivity of 0.78µA mM−1 cm−2, and the sensitivity of FS-BDD-pol was 1.37 µA mM−1 cm−2.
The FS-BDD-nucl electrode with the highest sp2 carbon demonstrated the highest sen-
sitivity of 7.25 µA mM−1 cm−2. After removing sp2 carbon by anodic oxidation, the sen-
sitivities of FS-BDD-pol and FS-BDD-nucl dropped to 0.62 and 0.78 µA mM−1 cm−2,
respectively. Based on the above findings, we conclude that the electrocatalytic activity
towards glucose oxidation is dependent on the amount of sp2 carbon on the surface of
the electrode.
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HEAVILY BORON-DOPED DIAMOND GROWN

ON SCALABLE HETEROEPITAXIAL

QUASI-SUBSTRATES: A PROMISING SINGLE

CRYSTAL MATERIAL FOR

ELECTROCHEMICAL SENSING

APPLICATIONS

This work focuses on fabricating and characterizing three heteroepitaxial single-crystal
boron-doped diamond (SC-BDD) electrodes. The heteroepitaxy method enabled the syn-
thesis of large-area (1 cm2), heavily-doped (100)-oriented SC-BDD electrodes. Cyclic
voltammetry (CV) showed wide potential windows, low double-layer capacitance, and
near-reversible redox response. Scanning electrochemical microscopy highlighted ho-
mogeneously distributed activity, with minor performance differences linked to surface
morphology. Dopamine sensing demonstrated practical application potential, while en-
hanced fouling resistance was confirmed using anthraquinone-2,6-disulfonate. These
findings establish heteroepitaxial SC-BDD as a scalable and high-performance material
for advanced electrochemical applications.

The contents of this chapter have been published in:

• Z. Liu, S. Baluchová, A. F. Sartori, Z. Li, Y. Gonzalez-Garcia, M. Schreck, and J. G. Buijnsters, “Heavily boron-doped diamond

grown on scalable heteroepitaxial quasi-substrates: A promising single crystal material for electrochemical sensing applica-

tions,” Carbon 201, 1229–1240 (2023). DOI:10.1016/j.carbon.2022.10.023
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4.1. INTRODUCTION

Electrically conductive boron-doped diamond (BDD) is a remarkably versatile electrode
material [1], which has been extensively employed in numerous electrochemical appli-
cations, such as electroanalysis and (bio)sensors development [2, 3], pollutant degrada-
tion and waste-water treatment [4–7], electro-organic synthesis [8], electrocatalysis [9],
and electrochemical energy storage [10] as well as in “non-electrochemical” research
fields, including biomedicine and neuroscience [11, 12]. The unprecedented popularity
of BDD, particularly in electroanalysis, results from a large range of outstanding charac-
teristics, distinguishing BDD from other commonly employed carbonaceous and metal-
lic electrodes. These properties include exceptional chemical and mechanical stability,
resistance towards corrosion and (bio)fouling, wide working potential window, possibil-
ity of in-situ electrochemical activation, dopant-controlled adjustable conductivity, low
noise and background current, and biocompatibility [1, 2].

Notably, a vast majority of BDD electrodes produced and employed for sensor devel-
opment are of polycrystalline nature with diamond grains composed of various crystal
facets and with related grain boundaries. The polycrystalline BDD surface is thus inho-
mogeneous, and the following aspects must be considered carefully:

• The incorporation efficiency of boron dopant into the diamond layer is strongly
influenced by the crystallographic orientation of the growth facets; the uptake de-
creases in the following order: (111) > (110) > (100) [13, 14]. This naturally results
in heterogeneous doping and distribution of boron carriers within the BDD layer,
creating less or more conductive domains [15], influencing the diffusion field and
kinetics of electron transfer (ET) reactions.

• As-prepared BDD electrodes are hydrogen (H)-terminated with hydrophobic,
non-polar surfaces, which can be, however, converted into oxygen (O)-terminated,
and thus hydrophilic and polar surfaces [16, 17], by suitable (in-situ) pre-treatment
procedures. The conversion from H- to O-termination is, though, also affected by
the crystallographic orientation of the diamond grains as the propensity towards
oxidation differs between the individual grain planes: (110) facet was identified to
be more prone to oxidation than (100) and (111) facets [18].

• Non-diamond (sp2) carbon impurity typically resides in the grain boundary
phases [1, 17]. The presence of sp2 carbon impurities, more pronounced in heavily
doped BDD electrodes [19], is electrochemically indicated by narrowed potential
windows, increased background currents and higher proclivity towards adsorp-
tion [17, 20], which are all detrimental phenomena in electroanalysis.

The polycrystalline character of BDD thus significantly affects the electrochemical
properties, and consequently ET kinetics at the electrode–electrolyte interface. To study
the inherent electrochemical features of BDD, the above-mentioned factors contribut-
ing to its heterogeneity must be eliminated. This can be achieved by preparing and us-
ing a single-crystal (SC) form of conductive diamond with a well-defined surface com-
position and orientation. Until now, only a few studies have utilised and clarified the
performance of high-quality SC-BDD electrodes, while most attention has been paid to
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the crystallographic orientations which naturally occur in polycrystalline diamond, i.e.,
(100) and (111) [14, 21–24].

Substantially faster ET kinetics for [Ru(NH3)6]3+/2+ and [Fe(CN)6]3−/4− redox mark-
ers have been observed on (111) facet compared to (100)-oriented SC-BDD [22]. This
was explained by the fact that both SC-BDD electrodes were deposited using the same
B/C ratio, but due to the differences in boron uptake efficiency of (100) and (111) sur-
faces, the resulting boron concentration ([B]) in the diamond films varied by one order
of magnitude ([B] of 2×1018 cm−3 for (100) vs. 2×1019 cm−3 for (111)). Such variation in
doping level, and thus conductivity, naturally manifested in the obtained electrochem-
ical responses for tested redox couples. In another work, Pleskov et al. concluded that
identically doped (100) and (111)-oriented SC-BDD electrodes ([B] of 6×1018 cm−3) pro-
vided comparable ET kinetics of [Ru(NH3)6]3+/2+ and [Fe(CN)6]3−/4−, unaffected by the
crystallographic orientation [14]. However, Ivandini et al. [23] studied (100) and (111)-
faceted SC-BDD electrodes of higher boron doping (both facets contained [B] ∼ 4×1020

cm−3) and, despite the similar doping level, more sluggish ET kinetics and smaller peak
currents of [Ru(NH3)6]3+/2+ and [Fe(CN)6]3−/4− couples were recorded on (100) surface
in comparison with the (111) crystal. In this case, crystallographic orientation, par-
ticularly the difference in magnitude in band bending and the thickness of the space
charge layer, was identified as the main factor responsible for different electrochemical
behaviour of tested (100) and (111) SC-BDD electrodes [23]. Besides, less “conventional”
monocrystalline diamond facets such as (113), (115) and (118) have been recently pre-
pared and used as a substrate for SC-BDD deposition [25, 26]; among them, the highest
boron incorporation efficiency was confirmed for the (113) plane [25].

It is important to point out that all SC-BDD electrodes examined in these reports
were homoepitaxially grown on synthetic single-crystal diamond substrates with a size
of few mm2. Such limitation in the crystal size presents the major drawback of homoepi-
taxial growth and restricts the use of SC-BDD for electrochemical sensing and pollutant
degradation; particularly for the latter application satisfactorily high surface area is es-
sential. One promising approach to effectively tackle the size issue is to employ het-
eroepitaxy, in which epitaxial nucleation and growth of diamond is controlled upon the
surface of a different crystalline material [27]. Consequently, the selection of optimal
substrate and suitable nucleation method is crucial for successful fabrication of high-
quality heteroepitaxial diamond layers [27, 28]. The combination of iridium-based ma-
terials and bias-enhanced nucleation technique has been recognized as the most suit-
able for diamond heteroepitaxy and has resulted in the preparation of the free-standing
monocrystalline diamond wafer with a diameter of 9.2 cm by Schreck’s group [28]. The
same group investigated boron doping of heteroepitaxial SC diamond films and eval-
uated their composition, structure and functionality for the realization of competitive
electronic devices and sensors [29, 30].

In the present study, the diamond heteroepitaxy approach was applied for the
first time to synthesize large-area (1 cm2) and heavily-doped ([B] > 1021 cm−3) (100)-
oriented SC-BDD electrodes. BDD layers were grown on both on-axis and off-axis quasi-
substrates to study the impact of a small off-cut angle. A total of three SC-BDD samples
were prepared differing in their surface morphology. Scanning electron microscopy
(SEM), atomic force microscopy (AFM) and two-dimensional X-ray diffraction (2D XRD)
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were used for surface and crystallographic analysis. The electrochemical properties of
the BDD layers grown on heteroepitaxial diamond quasi-substrates were investigated
and compared to the performance of conventional poly-BDD. Cyclic voltammetry (CV)
was performed in solutions of a supporting electrolyte (0.1 M KNO3) and two redox
probes ([Ru(NH3)6]3+/2+ and [Fe(CN)6]3−/4−) to assess important electrochemical char-
acteristics such as the width of the potential window, double-layer capacitance (Cdl)
and peak-to-peak separation (∆Ep) values reflecting the rate of ET kinetics. Besides,
scanning electrochemical microscopy (SECM) was employed to probe the distribu-
tion of the electrochemical activity of the SC-BDD and poly-BDD surfaces. Finally, the
heteroepitaxial SC-BDD electrodes were subjected to voltammetric experiments with
more complex organic molecules, namely dopamine to evaluate their perspective for
sensing applications, and anthraquinone-2,6-disulfonate (AQDS) to demonstrate their
anti-fouling property.

4.2. EXPERIMENTAL

4.2.1. PREPARATION OF THE IR/YSZ/SI(100) SUBSTRATE

The preparation of the substrate used for heteroepitaxial diamond growth has been re-
ported in [29]. Briefly, pulsed laser deposition of a heteroepitaxial yttria-stabilized zirco-
nia (YSZ) film of several tens of nanometers thickness was carried out on a 3-mm thick,
4° off-axis Si(100) wafer (4 inch). Subsequently, a ∼150 nm thick single-crystal iridium
layer was grown using e-beam evaporation at 650 °C on the top of the YSZ film. To grow
a monocrystalline intrinsic diamond, the Ir/YSZ/Si(100) substrate was first subjected to
a bias-enhanced nucleation process in a microwave plasma-enhanced chemical vapor
deposition reactor (MWPCVD) by applying a bias voltage of −300V in an atmosphere of
3% CH4 in H2. Then, a ∼1.3 – 1.4 mm thick diamond layer was grown on the nucleated
Ir/YSZ/Si(100) stack in a high-power microwave setup at 150 – 200 mbar with a gas phase
consisting of 8% CH4 in H2 and several tens of ppm of N2.

4.2.2. FABRICATION OF HETEROEPITAXIAL SC-BDD LAYERS

Fig. 4.1 illustrates the preparation of the three heteroepitaxial SC-BDD electrodes using
the multi-layered stack (Fig. 4.1(a)). Prior to BDD growth, the YSZ/Si(100) was etched
away, the iridium layer was removed by mechanical polishing, and the wafer (4 inch)
was sliced by an IR laser into 1 × 1 cm2 pieces which resulted in free-standing single
crystal diamond samples, as depicted in Fig. 4.1(b). Then, the heteroepitaxial diamond
quasi-substrates were exposed to the following processing (Fig. 4.1(c)): For samples A
and B, 4° off-axis was preserved and the top (growth) side of sample A was polished (the
back side of both samples was already polished due to removal of iridium layer), while
sample C was polished on both sides to eliminate the off-axis angle. This also resulted
in a lower thickness of sample C than samples A and B (0.26 mm vs. 1.37–1.29 mm, re-
spectively). Finally, reactive ion etching was applied to remove polishing-induced crystal
damage that is known to cause the nucleation of dislocations in subsequent homoepi-
taxial growth steps.

As further shown in Fig. 4.1(d), the BDD layers were grown either on the polished
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Figure 4.1: Schematic displaying the fabrication of the three heteroepitaxial SC-BDD electrodes. (a) The lay-
ered stack was subjected to etching to remove YSZ and Si(100) and then to polishing to remove the Ir layer,
which resulted in (b) free-standing, heteroepitaxially grown intrinsic diamond with 4◦ off-axis (100) plane,
whose top and bottom views were visualized by a digital microscope. (c) The intrinsic diamond was further
processed: For samples A and B, 4◦ off-axis was preserved, and the top (growth) side of sample A was polished
(the back side of both samples was already polished due to Ir layer removal), while sample C was polished on
both sides to eliminate the off-axis angle. (d) BDD layers were grown either on the polished top side (samples
A and C) or the back side (sample B; flipped by 180◦ prior to BDD growth step) of the heteroepitaxial diamond
quasi-substrate. Prepared (100)-faceted SC-BDD electrodes (1 cm2) are shown in the picture (ruler with cm-
scale).

top side (samples A and C) or the back side (sample B) of the heteroepitaxial (100) dia-
mond quasi-substrate. The main difference between the top and back side of the het-
eroepitaxial diamond is the dislocation density, being higher on the back side (originally
interfacing the iridium layer) [31, 32]. To test if the increased amount of dislocations im-
pacts substantially the final electrode performance, both sides were used for the BDD
growth carried out under the following conditions: 1.1 kW microwave power, 750–850 °C
substrate temperature, 50 mbar pressure and 4 h growth duration, while the gas mixture
consisting of CH4 and trimethylboron diluted in H2 was carefully controlled to achieve
heavy boron doping of [B] > 1021 atoms cm−3. To be more specific, the BDD growth pro-
cess on the heteroepitaxial diamond pseudo-substrates was divided into three phases in
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order to achieve high boron doping levels:

A. 1 hour: 71 sccm H2, 8 sccm CH4, 320 sccm trimethylborane (TMB; 1000 ppm di-
luted in H2), 1 sccm CO2;

B. 1 hour: 0 sccm H2, 8 sccm CH4, 392 sccm TMB, 0.5 sccm CO2;

C. 2 hours: 0 sccm H2, 8 sccm CH4, 392 sccm TMB, 0 sccm CO2.

In phases (B) and (C), the hydrogen was introduced into the deposition chamber
along with the (diluted) TMB. As-produced SC-BDD electrodes will be labelled as SC-
BDD A, SC-BDD B and SC-BDD C, respectively, from here onwards.

As shown in Fig. 4.1, heteroepitaxial SC-BDD electrodes with dimensions of 1 × 1
cm2 were prepared, which already represents a significant improvement in size com-
pared to previously reported studies utilizing homoepitaxially grown SC-BDD (with an
area of a few mm2). This size of the electrodes was selected purely for practical reasons
(fitting into a home-built voltammetric cell); however, the herein reported heteroepitaxy
approach allows scaling up to even larger areas [28], if required by intended applications,
e.g., in wastewater treatment, electrosynthesis, and electrocatalysis.

4.2.3. SURFACE AND CRYSTALLOGRAPHIC CHARACTERIZATION

The surface morphology of the heteroepitaxial SC-BDD layers and poly-BDD was visu-
alized using a scanning electron microscope (JEOL JSM6500F) in a secondary electron
imaging mode operated at 15 keV. Surface roughness was determined from AFM mea-
surements performed with a JPK Nanowizard 4 in tapping mode using silicon tips over
a scanned area of 60 × 60 µm2. Raman spectra were measured with a Horiba LabRAM
HR device equipped with an argon-ion laser operating at a 514 nm wavelength. 2D XRD
patterns were recorded using a Bruker D8 Discover diffractometer with an Eiger 2500k
detector and CuKα radiation. Optical images of the top and bottom views of the free-
standing intrinsic diamond were taken with a digital microscope (VHX-6000, Keyence,
Belgium), and a photo of the final heteroepitaxial SC-BDD electrodes was captured using
an EOS M50 Canon camera.

4.2.4. ELECTROCHEMICAL MEASUREMENTS

Electrochemical measurements, including CV, differential pulse voltammetry (DPV),
and Mott-Schottky analysis, were carried out using an Autolab PGSTAT 128N equipped
with the FRA module and controlled by Nova 2.1 software (Metrohm, The Netherlands)
in a home-built cylindrical PTFE cell (100 mL). A standard three-electrode setup was
used in which an Ag/AgCl (3 M KCl) and a 5.7 cm long platinum wire (both obtained
from ALS Co, Japan) served as the reference and counter electrodes, respectively. The
heteroepitaxially grown SC-BDD samples and poly-BDD electrode were employed as
the working electrode. A free-standing poly-BDD sample (1.5 × 1.5 cm2, 0.7 mm thick-
ness, and [B] of 3× 1020 cm−3 [33]) originating from Diafilm EP Grade BDD (Element
Six, UK) was obtained from Mintres B.V. (The Netherlands). The growth side of the poly-
BDD subjected to examination was chemically mechanically polished until a surface
roughness of ∼5 nm was reached.
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The BDD-based working electrode was placed in the PTFE cell from underneath and
sealed by a chemically resistant O-ring (Kalrez® Spectrum™ 6375, model AS568), while a
geometrical area of 0.22 cm2 was exposed to the measuring solution. The current densi-
ties reported in this work were calculated using the O-ring defined geometric area. Since
the heteroepitaxial SC-BDD electrodes are only one-side doped, electric contact to the
doped surface was realized with conductive silver paint, applied from the four corners
towards the backside, and contacted by a copper disc wired to the potentiostat.

To ensure satisfactory surface cleanliness and repeatability of the measurements, all
BDD electrodes were cleaned and pre-treated in the same way. In the first step, BDD
electrodes were boiled for 5 min in an acid mixture prepared by mixing concentrated
HCl, H2SO4, and HNO3 in a ratio of 2:2:3, which generated a highly stable O-terminated
surface [34]. Previous studies showed that hydroxyl/ether (-C-O-H/-C-O-C) and car-
bonyl (>C=O) groups are the most abundant oxygen functionalities present on the ox-
idized (100)-oriented crystal facet [23, 35]. The second step involved ultrasonic cleaning
of the oxidized BDD samples in acetone, isopropanol, and deionized water, each for 5
min. Lastly, the electrodes were subjected to 20 consecutive CV scans in the potential
range from 0 V to +1.0 V in 0.1 M KNO3 at a scan rate of 0.1 V s−1 to stabilize the baseline.
At the beginning of every measuring day, the BDD samples were anodically treated and
renewed by applying a high positive potential of +2.5 V for 15 min in 0.1 M H2SO4.

Further, CVs were recorded in 0.1 M KNO3 in the potential range between 0 V and
+1.0 V, and the following equation (Eq. 4.1) was employed to estimate Cdl values:

Cdl =
∆I AV

Ag eom · v
(4.1)

where∆I AV (in A) is the average background current difference between the forward and
reversed scan at a potential of +0.5 V, Ag eom represents the geometric surface area (0.22
cm2), and v is the scan rate (0.1 V s−1).

To probe the anti-fouling property of the electrodes, CV experiments were performed
in a solution of 1 mM AQDS in 0.1 M HClO4 (n = 20, at a scan rate of 0.1 V s−1). Next, elec-
trodes were rinsed 5 times with deionized water to remove weakly adsorbed species. Af-
ter rinsing, the electrodes were immersed only in 0.1 M HClO4 (without AQDS) to repeat
the CV measurements. This set of experiments was performed not only with BDD-based
electrodes but also with a glassy carbon electrode (GCE, Ag eom of 0.20 cm2; obtained
from ALS Co, Japan) pre-treated by polishing on alumina slurry.

DP voltammograms were recorded using a pulse amplitude of +50 mV, pulse width
of 80 ms, potential step of 10 mV, and a scan rate of 20 mV s−1. The concentration
dependences were plotted from the average of four replicate DPV measurements for
each dopamine standard solution and evaluated by the least squares linear regression
method. Limits of detection (LOD) were calculated as a threefold and limits of quantifi-
cation (LOQ) as a tenfold of the standard deviation of the intercept, divided by the slope
of the corresponding calibration plot.

The Mott-Schottky (MS) plots were measured in 0.1 M KNO3 solution in the poten-
tial range from −0.4 V to +0.8 V at a frequency of 160 Hz, and subsequently, the Mott-
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Figure 4.2: (a) Simplified Randles equivalent circuit consisting of a solution resistance (RS) in series with a
parallel combination of a capacitance (Cp) and a film resistance (RF), used to extract Cp values from the
impedance data. (b) Mott-Schottky curves measured at a frequency of 160 Hz of ( ) SC-BDD A, ( ) SC-BDD
B, ( ) SC-BDD C, and ( ) poly-BDD. Red dashed lines indicate the range used for fitting.

Schottky equation (Eq. 4.2) was used to estimate charge carrier concentration (NA) [36]:

NA = −2

eε0εr A2 d(C−2
p )

dE

(4.2)

where e is an elementary charge, ε0 is the permittivity of vacuum, εr is the relative per-
mittivity of diamond material, A is the electrode area, and C−2

p is the capacitance ob-
tained at various potential values E . Cp values were evaluated from impedance data (1
Hz–25 kHz frequency range, 10 mV amplitude) fitted with the simplified Randles equiv-
alent circuit depicted in Fig. 4.2.

SECM measurements were conducted using a Scanning Electrochemical Worksta-
tion Model 370 (Ametek Scientific Instruments, USA) to evaluate the (in)homogeneous
distribution of electrochemical activity of the different BDD surfaces. A four-electrode
cell was used with a Pt microelectrode probe tip (10 µm diameter) and the BDD sam-
ples as working electrodes (WE1 - Pt and WE2 - BDD). The cell was completed with an
Ag/AgCl (3 M KCl) and a Pt wire serving as the reference and counter electrodes, respec-
tively. The SECM was operated under feedback mode using 1 mM [Ru(NH3)6]3+/2+ (0.1
M KNO3) as a redox mediator. The redox potential used for the reduction of the mediator
at the Pt microprobe tip was −0.4 V. At the same time, the BDD samples were polarized
at 0 V.

Approach curves were carried out to elucidate the electrochemical nature of the BDD
surface (active or inactive). The Pt probe tip was carefully approached to the substrate
(BDD surface) in the feedback mode at a rate of 0.1 µm s−1. Whether the reduced species
diffuse to an electrochemically active (conductive) or inactive (non-conductive) site on
the BDD electrodes, the Pt probe shows a positive or negative feedback response, re-
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spectively. The positive feedback results from the oxidation of the mediator at the con-
ductive sites. Curves were displayed using normalized current (I ) and distance (L). I
corresponds to the ratio between the measured probe current (iT ) and the steady-state
current (iT∞) recorded far from the substrate. L represents the ratio between substrate-
to-probe tip distance (d) and the tip radius (r ). The SECM maps of the BDD electrodes
were recorded in an area of 60 × 60 µm2 with a scanning rate of 5 µm s−1, while the
tip-substrate distance was fixed to 20 µm.

The electroanalytical measurements were carried out at room temperature (23 ± 1
°C). All reported potential values are referred to the Ag/AgCl electrode.

4.2.5. CHEMICALS

Hexaammineruthenium(III) chloride (≥98.0%), potassium hexacyanoferrate(II) trihy-
drate (≥98.5%), potassium nitrite (≥99.0%), sulphuric acid (95.0–98.0%), hydrochloric
acid (37%), nitric acid (70%), phosphate buffered saline (powder, pH 7.4), isopropanol,
acetone, disodium anthraquinone-2,6-disulfonate (AQDS, ≥97.0%), and dopamine hy-
drochloride (≥98.0%) were purchased from Merck and used without any further pu-
rification. Deionized water, ultra-filtrated with a Millipore Milli-Q system (resulting
resistivity of 18.2 MΩ cm), was used to prepare all aqueous solutions.

4.3. RESULTS AND DISCUSSION

4.3.1. SURFACE CHARACTERRIZATION

Table 4.1: Morphological and electrochemical characteristics of studied BDD electrodes.

BDD electrode SC-BDD A SC-BDD B SC-BDD C Poly-BDD

Overall thickness (mm) 1.37 1.29 0.26 0.72

Sa (nm) 3.9 3.4 8.8 5.2

Potential window (V) 3.31 3.30 3.34 2.51

Cdl (µF cm−2) 3.5 3.7 3.9 4.6

[B ]Raman (atoms cm−3) 2.7×1021 2.5×1021 4.4×1021 1.8×1020

[B ]MS (atoms cm−3) 2.0×1021 2.2×1021 2.7×1021 2.0×1020

∆Ep – [Ru(NH3)6]3+/2+ (V) 0.067 0.068 0.067 0.067

∆Ep – [Fe(CN)6]3−/4− (V) 0.232 0.276 0.305 0.371

Ep A,DA (V) +0.637 +0.691 +0.752 +0.630

∆Ep – DA/o-DQ (V) 0.642 0.703 0.793 0.673

Decrease in Ip A,DA (for n = 5, %) 13.7 13.4 12.7 42.1

The surface morphology of all SC-BDD and poly-BDD electrodes was observed by
SEM and AFM; the representative micrographs are depicted in Fig. 4.3. Moreover, AFM
provided information on the arithmetic mean surface roughness (Sa), and the values are
summarized in Table 4.1. Variations in surface morphological features of the individual
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Figure 4.3: (a) SEM images and (b) AFM images visualizing surface morphology of (i) SC-BDD A, (ii) SC-BDD
B, (iii) SC-BDD C, and (iv) poly-BDD electrodes.
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Figure 4.4: Raman spectra of ( ) SC-BDD A, ( ) SC-BDD B, ( ) SC-BDD C, and ( ) poly-BDD.

heteroepitaxial SC-BDD electrodes can be clearly distinguished in Fig. 4.3. Samples A
and B possess similar absolute values in surface roughness; however, the characteristic
features are completely different. On the SC-BDD A, the surface is dominated by polish-
ing lines owing to the rough mechanical polishing of the top side of the heteroepitaxial
diamond quasi-substrate. Between the polishing lines, the surface is very flat, indicating
that growth is controlled by lateral step flow. On the other hand, the features identified
on the SC-BDD B sample grown on the back surface close to the diamond nucleation
layers apparently reflect the small angle grain boundary structure typical for heteroepi-
taxial diamond after several microns of growth. The on-axis SC-BDD C sample shows
round hillocks, which are typical for 3D on-axis growth when the absence of an off-axis
angle prevents an efficient step-flow growth mode. With a height of ∼10 nm and a lat-
eral dimension of ∼1 µm, these hillocks are still quite flat (see Fig. 4.3(iii)). As expected,
relatively large crystal facets with clearly visible grain boundaries can be observed on
the poly-BDD surface, which demonstrates its heterogeneous nature resulting from the
growth process. Nevertheless, the surface roughness of poly-BDD is comparable to the
values obtained for SC-BDD samples due to the applied chemical-mechanical polishing.

Next, Raman spectroscopy was employed to assess the composition and quality of
the BDD electrodes and to evaluate their boron content. The common feature of the
recorded Raman spectra for all samples (displayed in Fig. 4.4) is the sharp diamond peak
located at 1332 cm−1. In addition, the Raman spectra recorded from the heteroepitax-
ial SC-BDD electrodes exhibit two strong features reflecting boron incorporation into
the diamond lattice and indicating heavily doped diamond: (i) the intense broad band
at around 480 cm−1 attributable to a combination of electronic Raman scattering and a
Fano-shaped band [37], and (ii) the asymmetric band centred at ca 1200 cm−1 originat-
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Figure 4.5: (a) XRD patterns of ( ) SC-BDD A, ( ) SC-BDD B, ( ) SC-BDD C, and ( ) poly-BDD. (b) 2D XRD
images captured on all BDD samples.

ing from the phonon density of states [38]. Both characteristic peaks, however, are much
less pronounced in the spectrum of poly-BDD, which also includes the G-band at 1580
cm−1 resulting from graphitic sp2 carbon still present in the grain boundaries [39, 40],
despite the acid and anodic oxidation treatments [41]. In contrast, the absence of the G-
band peak in the Raman spectra of the heteroepitaxial SC-BDD samples indicates that
the monocrystalline electrodes are largely free of sp2 carbon impurities, and are thus of
very high phase purity.

Moreover, the fitting tool [42], based on the analysis of the two Raman peaks lo-
cated at ∼1200 cm−1 and ∼1332 cm−1, was used for [B] determination. The assessed
[B], overviewed in Table 4.1, ranges between (2.5–4.4)×1021 cm−3 for the heteroepitaxial
SC-BDD samples and proves their heavy boron doping level and metal-like character.
For the poly-BDD electrode, [B] was calculated to be 1.8× 1020 cm−3, which correlates
well with the value declared by the manufacturer (3×1020 cm−3 [33]).



4.3. RESULTS AND DISCUSSION

4

83

Figure 4.6: CVs recorded at a scan rate of 0.1 V s−1 on ( ) SC-BDD A, ( ) SC-BDD B, ( ) SC-BDD C, and ( )
poly-BDD in the following solutions: (a, b) 0.1 M KNO3 in a range (a) from −1.5 V to +2.5 V, and (b) from 0 V to
+1.0 V; (c) 1 mM [Ru(NH3)6]3+/2+ in 0.1 M KNO3, and (d) 1 mM [Fe(CN)6]3−/4− in 0.1 M KNO3.

The crystal plane orientations of the heteroepitaxially grown SC-BDD electrodes
were studied using 2D XRD patterns, presented in Fig. 4.5. All SC-BDD samples show
Bragg diffraction peaks corresponding to (400) diamond around 2θ = 120◦ (peak sep-
aration due to CuKα1 and CuKα2), confirming their single crystal nature and (100)
orientation. However, as Fig. 4.5(b) shows, only the spot from SC-BDD C is almost in the
middle along χ, indicating its on-axis (100) orientation. On the other hand, the spots
from SC-BDD A and SC-BDD B are shifted from the centre, which is ascribed to the fact
that samples A and B were grown on 4° off-axis (100)-oriented quasi-substrates, and
thus their surfaces are not exactly perpendicular to the (100) plane. The 2D image of
poly-BDD shows rings, indicating individual crystals with various orientations, and thus
confirming its polycrystalline character.

4.3.2. ELECTROCHEMICAL CHARACTERIZATION IN A SUPPORTING ELEC-
TROLYTE

The width of the electrochemical potential window is a key property which determines
the electrode’s suitability and applicability for electrochemical sensing of a particular
compound. Besides, both potential window and Cdl value provide valuable information
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about the surface condition of BDD electrodes, e.g., H- vs. O-termination [43] and sp2

carbon presence [17]. For this reason, CV was performed in 0.1 M KNO3 solution in the
potential range from −1.5 to +2.5 V at a scan rate of 0.1 V s-1, as shown in Fig. 4.6(a).
Since nitrate (NO3

-) reduction can only be achieved with a H-terminated BDD elec-
trode [44] and all electrodes employed in this study were O-terminated, no interfering
effects caused by the selected supporting electrolyte were recognized. The potential win-
dows were assessed (reported in Table 4.1) between anodic and cathodic limiting poten-
tials at which the current density exceeds a value of ±0.4 mA cm-2 indicating the onset of
water decomposition [16, 17], leading to formation of oxygen and hydrogen gases in the
anodic and cathodic region, respectively. In general, BDD-based materials in aqueous
electrolyte solutions exhibit high overpotentials for oxygen and hydrogen evolution reac-
tions, whose mechanisms are thoroughly described in Refs. [45, 46], which subsequently
reflect in wide available potential ranges. This excellent property was also confirmed for
all heteroepitaxial SC-BDD electrodes, which provided broad potential windows of ∼ 3.3
V (see Table 4.1). Presumably, O-termination of the electrode surfaces contributed to
this high value, as the expansion of solvent windows has been observed on O-terminated
BDD electrodes [17, 34, 43], compared to H-terminated ones. As shown in Fig. 4.6(a), the
width of the potential window of the poly-BDD electrode is reduced to 2.5 V, while the
narrowing practically occurs only in the anodic region where oxygen develops. This be-
haviour is attributed to the heterogeneous character of the poly-BDD surface also con-
taining sp2 carbon impurities, whose presence was confirmed by Raman spectroscopy
(see Fig. 4.4). The sp2 sites possess increased catalytic activity facilitating the water elec-
trolysis, thus causing the shift of the oxygen evolution reaction towards lower potential
values [47].

Subsequently, CVs were recorded in the same medium (0.1 M KNO3, at a scan rate of
0.1 V s-1) but within shorter potential range from 0 V to +1.0 V where only background
(non-faradaic) currents flow, as depicted in Fig. 4.6(b). Based on these measurements,
Cdl values were estimated using Eq. (4.1) and are reported in Table 4.1. All studied elec-
trodes provided low and comparable Cdl values (< 5 µF cm-2), which is in a good agree-
ment with Cdl values obtained on O-terminated BDD electrodes in neutral media in
previous studies [16, 46]. Besides, the Cdl of the BDD material indicates its quality: a
high-quality BDD electrode typically provides a capacitance < 10 µF cm-2 [17]. From ob-
serving Fig. 4.6(b) (and derived Cdl values), the newly fabricated heteroepitaxial SC-BDD
electrodes can be considered of superior quality as compared to the high-quality poly-
BDD. Also, lower Cdl values typically allow BDD electrodes to achieve lower detection
limits toward selected analytes of interest. Therefore, combination of broad potential
windows and low Cdl values implies promising potential and suitability of heteroepitax-
ial SC-BDD electrodes for electrochemical sensing.

To obtain information on the boron content present in the heteroepitaxially grown
SC-BDD electrodes, the MS plots were recorded. The linear part of the MS plots, dis-
played in Fig. 4.2, was identified and its slope was used in the Mott-Schottky equation
(Eq. (4.2)) to determine boron carrier concentration [B], which is tabulated for every
electrode in Table 4.1. It should be noted that the Helmholtz capacitance is neglected
in the applied Randles equivalent circuit because its correction does not affect the slope
of the MS plot (and thus subsequent [B] estimation), and only causes a displacement of
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the flat band potential [24].
The MS analysis yielded similar [B] values of ∼ 2× 1021 cm-3 for all three SC-BDD

samples confirming their heavy boron doping and high conductivity. For poly-BDD, one
order of magnitude lower [B] of 2×1020 cm-3 was estimated; this value corresponds well
with [B] of 3×1020 cm-3 declared by the manufacturer [33]. Importantly, [B] values as-
sessed using MS analysis are highly comparable with those extracted from the recorded
Raman spectra (see Table 4.1). In addition, several previous works confirmed that the
MS analysis can be favourably used for heavily boron-doped diamond electrodes [24,
48] and gives reliable [B] values, which are similar to values obtained by Raman spec-
troscopy and neutron depth profiling [48].

4.3.3. ELECTROCHEMICAL CHARACTERIZATION WITH REDOX MARKERS

CV MEASUREMENTS

Electrochemical performance of the SC-BDD electrodes was further assessed, and com-
pared to poly-BDD, using CV and two redox markers, [Ru(NH3)6]3+/2+ and [Fe(CN)6]3-/4-

(both 1 mM in 0.1 M KNO3); the recorded curves after iR compensation are presented
in Fig. 4.6(c) and Fig. 4.6(d), respectively. All studied electrodes provided well-defined
pairs of redox peaks for both markers. The most valuable parameter, i.e., the peak-to-
peak separation (∆Ep), serves as ET rate indicator and was determined from the mea-
surements; the values are provided in Table 4.1. In general, [Ru(NH3)6]3+/2+ is a rep-
resentative of outer-sphere redox markers, which means that its redox reaction is con-
trolled by simple diffusion and ET is not influenced by the electrode’s surface charac-
teristics such as surface termination, presence of sp2 phase, and microstructure [49–
52]. Importantly, [Ru(NH3)6]3+/2+ due to its high sensitivity to the density of states [52]
can be used as a probe to differentiate between ‘metal-like’ conductive (highly doped)
and semi-conductive (lowly doped) BDD electrodes, as for the latter the ET kinetics of
[Ru(NH3)6]3+/2+ is significantly hindered [17]. On all SC-BDD electrodes, ∆Ep values
for [Ru(NH3)6]3+/2+ are similar and very close to 0.059 V (see Table 4.1), the value for
a single-electron reversible system. This confirms a near-reversible behaviour and fast
ET kinetics of this redox couple, and consequently high quality and high conductivity
of the SC-BDD electrodes, which is in a good agreement with the Mott-Schottky anal-
ysis indicating heavy boron doping. As expected, variations in surface morphology be-
tween the individual SC-BDD samples and O-termination do not affect redox behaviour
of [Ru(NH3)6]3+/2+ due to its outer-sphere nature.

In contrast, the second utilised redox probe, [Fe(CN)6]3-/4-, exhibits inner-sphere
character and its redox reaction, occurring through specific surface interactions, is
strongly dependent on BDD surface properties, predominantly surface termination
and boron doping level [46, 50–52]. Therefore, ET kinetics of [Fe(CN)6]3-/4- is not sig-
nificantly affected by sp2-bonded carbon impurities [52, 53]. An increase in ∆Ep values
(shown in Table 4.1) was observed on all SC-BDD and poly-BDD electrodes indicating
slower ET kinetics of [Fe(CN)6]3-/4- redox couple, compared to the outer-sphere probe,
while the inhibition of ET can be ascribed to O-termination of the SC-BDD and poly-
BDD electrodes [50, 51]. Our results correlate well with a prior study reporting that
ET kinetics of [Fe(CN)6]3-/4- is hindered even on highly doped but O-terminated BDD
surfaces [23]. This behaviour can be attributed to the presence of oxygen-containing
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groups being able to block adsorption sites [49] and/or electrostatically interact with
the anionic redox probe, as oxygen groups are often described as possessing partial
negative charge (Cδ+–Oδ−) [50]. Such electrostatic interactions can also depend on the
applied electrode potential, through its influence on the interfacial electric field and the
structure of the electrical double layer. Furthermore, among all electrodes tested, the
highest ∆Ep and thus the slowest kinetics along with a decrease in peak current density
of [Fe(CN)6]3-/4- (as shown in Fig. 4.6(d)) was observed on poly-BDD. Conversely, the
fastest ET kinetics was recognized on the SC-BDD A electrode. Concerning only the SC-
BDD electrodes, the rougher, on-axis sample C provided a higher ∆Ep value, compared
to the smoother, 4° off-axis electrodes A and B.

In previous studies employing O-terminated (100), (110), and (111)-faceted monocry-
stalline diamond electrodes [14, 23], much larger ∆Ep values ranging between 0.24
V–1.83 V for [Ru(NH3)6]3+/2+ and 0.45 V–2.7 V for [Fe(CN)6]3-/4- were obtained (see
Table 4.2), which reflect very, in some cases even extremely, sluggish ET kinetics. In
comparison with the mentioned works [14, 23], herein reported heteroepitaxially grown
SC-BDD electrodes with (100) orientation and O-termination demonstrated the best
electrochemical performance. Such difference in electrochemical behaviour presum-
ably arises from different dopant concentration and conductivity: the heteroepitax-
ially grown SC-BDD electrodes presented in this study possess high doping with [B]
∼ 2×1021 cm-3 and thus high conductivity, while single crystal diamond electrodes used
in Refs. [14, 23] were less doped by almost one order of magnitude (as can be seen in
Table 4.2), which caused lower conductivity manifested by slower ET kinetics.

Table 4.2: Comparison of the peak-to-peak separation (∆Ep ) values for redox markers obtained on O-
terminated SC-BDD electrodes of different orientation and boron concentration ([B]). Abbreviations: MS –
Mott-Schottky analysis; SIMS – secondary-ion mass spectrometry.

Orientation [B] (cm−3) ∆Ep (mV)

[Ru(NH3)6]3+/2+
∆Ep (mV)

[Fe(CN)6]3−/4−
Ref.

(100) (2–3)×1019 (MS) no peaks no peaks [14]

(100) 4.2×1020 (SIMS) 1830 2700 [23]

(110) 1.3×1020 (MS) 240 555 [14]

(100)A 1.95×1021 (MS) 67 232 This work

(100)B 2.24×1021 (MS) 68 276 This work

(100)C 2.66×1021 (MS) 67 305 This work

(111) (5–7)×1020 (MS) 240 450 [14]

(111) 3.8×1020 (SIMS) 870 1470 [23]

Finally, it needs to be emphasized that all heteroepitaxial SC-BDD electrodes pro-
vided comparable and highly satisfactory electrochemical performance, confirming
their high quality as well as high conductivity. Apparently, the distinct variations in sur-
face morphology presented, have only a minor effect on the behaviour of the SC-BDD
electrodes.

SECM MEASUREMENTS

The electrochemical homogeneities of the heteroepitaxial SC-BDD and poly-BDD elec-
trode surfaces were studied by SECM operating in a feedback mode (Fig. 4.7). SECM
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Figure 4.7: SECM images of (a) SC-BDD A, (b) SC-BDD B, (c) SC-BDD C, and (d) poly-BDD electrodes. All maps
are scaled to a current window of 2.5 nA. The approach curves of (e) heteroepitaxial SC-BDD electrodes and (f)
poly-BDD recorded at two different spots indicated by the cyan and red circles in (d).

maps of the samples were recorded by polarising the Pt probe tip at −0.4 V, which corre-
sponds to the reduction potential of the selected mediator [Ru(NH3)6]3+/2+. At the same
time, the sample, i.e., a BDD electrode, was polarised at 0 V, which is the oxidation po-
tential of the mediator in the case that the surface is active (conductive). The maps of
the three heteroepitaxial SC-BDD samples showed similar behaviour. The current values
measured at the probe are higher than the limiting current (in bulk solution), indicating
that the surface electrodes are electrochemically active (conductive). In this case, with
the proximity of the probe to the surface, the reduced mediator (Ru(III) → Ru(II)) at the
tip can be oxidized back to Ru(III) at the substrate. The approach curve measurements
also confirm the conductive nature of the SC-BDD surfaces. The curves were obtained
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by locating the probe at different random surface spots. The resulting curves showed
a response consistent with positive feedback, in which the current increased when the
probe approached the surface due to the regeneration of the redox mediator (Ru(III)).
These can be seen in the selected approach curves shown in Fig. 4.7(e). In the case of
the sample SC-BDD B, the map (Fig. 4.7(b)) showed a slight variation in current from top
right to bottom left. This can be related to the tilt of the sample when placed in the elec-
trochemical cell. This tilt causes a small change in the tip-substrate distance across the
scanned area, resulting in a current variation. Nevertheless, the sample B clearly shows
an electrochemically active response.

On the other hand, the poly-BDD electrode presented a different behaviour. The
SECM map (Fig. 4.7(d)) showed a heterogeneous distribution of currents, with locations
showing enhanced and suppressed feedback responses. The latter is associated with cur-
rent values lower than the limiting current. Such suppressed currents do not necessarily
indicate electrically insulating behaviour, but rather reflect hindered electron-transfer
kinetics and limited mediator regeneration at the substrate. In this case, the signal is in-
fluenced by the proximity of the substrate and the limited availability of the redox medi-
ator. These heterogeneities cannot be associated with the topology of the surface. From
the AFM analysis, it was estimated that the roughness of the surface is in the nanometer
range (see Table 4.1). For the SECM, the resolution is at the micrometer range, with a tip-
substrate distance of ∼ 20 µm. Hence, nanometric topological variations of the surface
are out of the detection range of the probe.

Interestingly, localised current variations observed in the SECM map match with the
distinctive dimension and distribution of the diamond grains shown in Fig. 4.3(iv). The
grains present different electrochemical nature in terms of local electron-transfer activ-
ity. This heterogeneity is likely attributed to the different boron incorporation efficiency
of various crystal orientations [13, 15, 54, 55]. To further confirm the heterogeneous
nature of those locations, approach curves were measured at two selected spots as in-
dicated in the SECM map of Fig. 4.7(d) (cyan and red circles). Approach curves closer
to positive and negative feedback limits, respectively, can be observed in the curves dis-
played in Fig. 4.7(f), confirming regions of enhanced and strongly suppressed electro-
chemical activity at those locations.

4.3.4. VOLTAMMETRIC BEHAVIOUR OF DOPAMINE ON HETEROEPITAXIAL

SC-BDD ELECTRODES

To verify the applicability of fabricated SC-BDD electrodes for electrochemical sensing,
CV experiments were performed with a commonly detected compound, dopamine (1
mM; in a 1 M phosphate buffered saline (PBS) of pH 7.4) of well-described redox be-
haviour [56]. Measured voltammetric curves, including the one recorded on poly-BDD
for comparison, are displayed in Fig. 4.8 and the parameters gained from the experi-
ments are provided in Table 4.1. CV curves recorded on all the electrodes display a
quasi-reversible redox system as two peaks can be identified in the selected potential
range from −0.2 V to +0.9 V. The anodic peak (EpA, DA) appearing at a potential higher
than +0.6 V corresponds to the dopamine oxidation to dopamine-o-quinone, while the
cathodic peak developed at ∼ 0 V arises from the reduction of dopamine-o-quinone
back to dopamine; both reactions involve the exchange of two electrons and two pro-



4.3. RESULTS AND DISCUSSION

4

89

Figure 4.8: (a) CVs recorded in a solution of 1 mM dopamine in a pH 7.4 PBS (1 M) at a scan rate of 0.1 V s−1 on
( ) SC-BDD A, ( ) SC-BDD B, ( ) SC-BDD C, and ( ) poly-BDD. (b) Relative peak heights of 1 mM dopamine
in a pH 7.4 PBS (1 M) assessed from five consecutive CV scans recorded on SC-BDD and poly-BDD electrodes.

tons in a selected pH 7.4 buffer [56]. Overall, comparable electrochemical responses of
dopamine were recorded on the SC-BDD electrodes; however, slight variations can be
identified (see Table 4.1). The highest EpA, DA was registered on the “on-axis” sample C
with a rougher surface consisting of hillock-like features, which appear to have a hinder-
ing effect on the dopamine oxidation reaction. In contrast, smaller EpA, DA was recorded
on the smoother “off-axis” samples A and B.

Dopamine, due to its inner-sphere ET [52, 57], is sensitive to the chemical compo-
sition of BDD electrode surfaces, i.e., termination (H- vs. O-) [43, 57–59] and sp3/sp2

ratio [57, 60, 61]. Herein obtained EpA, DA and large ∆Ep agree well with the values re-
ported for dopamine on O-terminated BDD surfaces in previous studies carried out in
the PBS media of pH 7.0–7.4 [58, 62, 63]. Generally, dopamine oxidation is hindered
on oxidized diamond electrodes, manifested by a shift in EpA, DA to more positive val-
ues in comparison with H-terminated BDD [43, 58, 59]. As further shown in Fig. 4.8(a),
the SC-BDD electrodes provide anodic peaks of similar current densities, while on poly-
BDD the dopamine peak height is almost twice that intense. Such an increase in the
voltammetric signal of dopamine can be attributed to the heterogeneous nature of the
poly-BDD surface also containing grain boundaries where sp2 carbon typically resides
(the presence of sp2 impurities is derived from the Raman spectrum in Fig. 4.4). The sp2

sites may act as spots for dopamine adsorption [20, 57], facilitate its redox reaction and
contribute to the increased currents.

Another significant difference between the SC-BDD and poly-BDD samples emerged
when consecutive CV scans of dopamine were recorded, as is clearly visible in Fig. 4.8(b)
and Fig. 4.9. A more pronounced decrease in both anodic and cathodic peak current
densities occurred on poly-BDD; specifically, the oxidation peak current lowered by ∼
42% within five consecutive scans due to the surface fouling by oxidation product(s),
which blocks electroactive sites on the electrode [56, 64]. In contrast, a much smaller
decrease in peak heights of the dopamine/dopamine-o-quinone redox pair was recog-
nized on the SC-BDD electrodes: the variation in anodic peak height (IpA, DA) between
the first and fifth scan was less than 14%. This clearly indicates enhanced resistance of
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Figure 4.9: Five consecutive CV scans recorded at a scan rate of 0.1 V s−1 in 1 mM dopamine in a pH 7.4 PBS (1
M) on ( ) SC-BDD A, ( ) SC-BDD B, ( ) SC-BDD C, and ( ) poly-BDD.

heteroepitaxially grown SC-BDD samples towards electrode fouling.
Importantly, implementation of a simple stirring of the analysed dopamine solution

(0.10 mM) between the individual CV scans (n = 10), acquired on freshly re-oxidized
SC-BDD and poly-BDD electrodes, resulted in satisfactory repeatability, expressed by
relative standard deviation (RSD) of the anodic peak heights of less than 2.6% for all four
tested electrodes. Then, the same set of experiments was conducted two more times
in 5-day intervals and RSD from all measurements (n = 30 in total) was evaluated to be
4.2% for SC-BDD A, 4.8% for SC-BDD B, 2.9% for SC-BDD C, and 4.0% for poly-BDD.
Such RSD values reveal excellent stability of the recorded dopamine signals and indicate
suitability of the SC-BDD electrodes for sensing applications.

Table 4.3: Analytical parameters of dopamine concentration dependences recorded by DPV in 10 mM PBS (pH
7.4) on BDD-based electrodes, including calculated LOD and LOQ values.

Electrode Linear range Intercept Slope R LOD LOQ
(µmol L−1) ×10−2 (µA cm−2) ×10−2 (µA µM−1 cm−2) (µmol L−1) (µmol L−1)

SC-BDD A 0.25–100.0 −1.66±0.41 12.25±0.01 0.9998 0.10 0.33
Poly-BDD 0.50–75.0 −1.93±0.35 5.47±0.07 0.9995 0.19 0.65

Next, a more sensitive voltammetric technique, DPV, was employed to record con-
centration dependences of dopamine in 10 mM PBS of pH 7.4 on the SC-BDD A, and
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Figure 4.10: DP voltammograms of dopamine at various concentration levels in 10 mM PBS of pH 7.4 recorded
on oxidized (a) heteroepitaxial SC-BDD A and (b) poly-BDD electrodes. Insets show details of voltammetric
peaks recorded for the lowest dopamine concentrations (0.25 µM, 0.50 µM, 0.75 µM, 1.00 µM).

Figure 4.11: Concentration dependences of dopamine recorded by DPV on oxidized SC-BDD A and poly-BDD
electrodes. Inset shows details of dependences for lower concentrations.

for comparison purposes, also on the poly-BDD sample; the linear DP voltammetric
responses for both electrodes are depicted in Fig. 4.10. Sample A was selected as a
representative of heteroepitaxial SC-BDD because it manifested better electrochemical
characteristics in the preceding measurements (see Table 4.1). Concentration depen-
dences are plotted in Fig. 4.11 and the obtained analytical parameters along with calcu-
lated LOD and LOQ are summarized in Table 4.3. Clearly, the heteroepitaxial SC-BDD A
electrode outperformed conventionally used poly-BDD because it demonstrated wider
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 Figure 4.12: CVs recorded on GCE in 0.1 M HClO4 at different scan rates after experiments with 1 mM AQDS
and subsequent thorough rinsing with deionized water. (b) Comparison of CVs recorded in 0.1 M HClO4 at a
scan rate of 0.1 V s−1 on ( ) SC-BDD A, ( ) SC-BDD B, ( ) SC-BDD C, and ( ) poly-BDD, and ( ) GCE after
experiments with 1 mM AQDS and subsequent thorough rinsing with deionized water.

Figure 4.13: CVs recorded in 0.1 M HClO4 after experiments with 1 mM AQDS and subsequent thorough rinsing
with deionized water: (a) on ( ) SC-BDD A, ( ) SC-BDD B, ( ) SC-BDD C, and ( ) poly-BDD, and (b) on poly-
BDD at different scan rates ranging from 0.1 to 1.0 V s−1 in increments of 0.1 V s−1.

linear range, enhanced sensitivity and lower LOD and LOQ values. This comparison
further supports the suitability and applicability of the newly developed heteroepitaxial
SC-BDD electrodes for electroanalysis and sensor development.

4.3.5. ADSORPTION BEHAVIOUR OF AQDS

To further explore the anti-fouling property of heteroepitaxial SC-BDD electrodes, mea-
surements were performed with AQDS, which can serve as an “adsorption marker”.
AQDS is well-known for its high adsorption ability, predominantly towards metallic and
sp2 carbon electrodes [65, 66]; for the latter it was verified also in this study during
experiments with AQDS on glassy carbon electrode (GCE; see Fig. 4.12).

In CVs of the SC-BDD electrodes (see Fig. 4.13(a)), only background currents were
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recorded in the potential range from −0.4 V to +1.0 V. Thus, no peaks were registered.
On the poly-BDD, however, a couple of small and broad peaks can be recognized at po-
tentials of +0.15 V and +0.25 V, which are ascribed to the quasi-reversible redox reaction
of adsorbed AQDS [65]. Besides, a scan rate study was performed, during which the cur-
rent densities of both peaks increased linearly with an increase in the scan rate, as can be
seen in Fig. 4.13(b). This confirms that the AQDS reaction on poly-BDD is adsorption-
controlled. CVs recorded on GCE, shown in Fig. 4.12, revealed much more intense sym-
metrical peaks with ∆Ep approaching 0 V, which correspond to the redox reaction of
AQDS and reveal characteristic features of a surface-confined redox analyte. Similarly
to the poly-BDD, the scan rate study proved that the AQDS reaction on GCE surface is
controlled by adsorption. This correlates very well with the previously published works
reporting the same observation for AQDS reaction on GCE [66].

In a previous study [66], the electrode surface chemistry was identified as the main
factor responsible for AQDS adsorption. Polar surfaces containing oxygen functionalities
are significantly more prone to adsorption through strong dipole-dipole and ion-dipole
interactions, which can be formed between AQDS molecules and the oxidized surfaces.
Nevertheless, all four electrodes used in this study and subjected to experiments with
AQDS were oxidized, and thus polar oxygen-containing groups were introduced on their
surfaces. Interestingly, the heteroepitaxial SC-BDD electrodes in their O-terminated
state showed resistance towards AQDS adsorption despite their polar and hydrophilic
character. This indicates that another factor, presumably the complex heterogeneous
nature of the poly-BDD surface with grain boundaries, sp2 carbon and growth defects,
weakens the diamond electrode ability to resist adsorption. Moreover, a similar obser-
vation was made in Ref. [22] where a (111)-oriented SC-BDD electrode showed a lower
tendency for adsorption than mechanically polished polycrystalline BDD; the absence
of defects and sp2 carbon impurities on the single-crystal diamond surface was identi-
fied as the main factor contributing to the resistance towards adsorption.

All in all, heteroepitaxial SC-BDD represents a very attractive electrode material with
suitable electrochemical performance and excellent anti-fouling characteristics result-
ing in improved response stability. Consequently, SC-BDD certainly has the potential
and ability to replace and even outperform conventional poly-BDD, particularly in ap-
plications where low susceptibility towards (bio)fouling is extremely important, e.g., for
in-vitro and in-vivo sensing [64].

4.4. CONCLUSION

In the present study, a highly promising concept of heteroepitaxial growth for the prepa-
ration of large-area, heavily doped (100)-faceted SC-BDD electrodes has been success-
fully demonstrated. Three fabricated SC-BDD samples were subjected to detailed sur-
face analysis and electrochemical characterization, and their properties were compared
to the conventional poly-BDD.

2D XRD images confirmed the single crystal nature and the orientation of SC-BDD
samples, while SEM and AFM micrographs visualized variations in the surface morphol-
ogy. Absence of sp2 carbon impurities along with heavy doping ([B] > 1021 cm−3) of
the heteroepitaxial SC-BDD electrodes was demonstrated by Raman spectroscopy and
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MS analysis, respectively. Highly conductive, ‘metal-like’ nature of the SC-BDD elec-
trodes was further confirmed by CV experiments with [Ru(NH3)6]3+/2+ probe manifest-
ing near-reversible redox response and almost ideal ∆Ep (0.067 V) approaching 0.059 V.
In addition to the fast ET kinetics, wide potential windows (∼3.3 V) and low Cdl values
(<4 µF cm−2) confirmed superior quality, compared to poly-BDD, and excellent elec-
trochemical characteristics of the newly developed SC-BDD electrodes. Only CV exper-
iments with surface-sensitive [Fe(CN)6]3−/4− and dopamine/dopamine-o-quinone re-
dox systems demonstrated minor impact of the morphological features, dislocation den-
sity, and small off-cut angle on the electrochemical behaviour of SC-BDD. Nevertheless,
small variations could still be identified: Interestingly, the rougher, “on-axis” sample C
provided higher ∆Ep values, indicating slower ET kinetics, for both tested inner-sphere
markers, while smaller ∆Ep were recorded on the smoother 4° “off-axis” samples A and
B. As a result, the heteroepitaxial SC-BDD A sample was further subjected to DPV record-
ing of dopamine concentration dependence and exhibited more satisfactory analytical
parameters (wider linear range, enhanced sensitivity, and lower LOD and LOQ values)
than conventional poly-BDD electrode. In addition, the anti-fouling property of all SC-
BDD electrodes was clearly demonstrated during experiments with dopamine and AQDS
probe.

As a result, the overall electrochemical performance of the heteroepitaxial SC-BDD
samples is relatively consistent across the different samples tested. This electrode mate-
rial seems to be very attractive for electrochemical sensing, particularly in applications
requiring strong resistance towards fouling and adsorption effects, manifesting by stable
and reliable electrochemical responses; among such applications belong, e.g., continu-
ous monitoring of biomarkers and pharmaceuticals, in-vitro and in-vivo sensing. More-
over, heteroepitaxial SC-BDD certainly demonstrated a potential to outperform and re-
place conventional poly-BDD, suffering from its inherent heterogeneous and defective
nature with sp2 carbon impurities residing in the grain boundaries and often being re-
sponsible for deteriorated electrochemical performance, which can manifest by, e.g., in-
creased susceptibility towards adsorption and fouling effects.

Finally, heteroepitaxy-based approach enables the synthesis of high surface area SC-
BDD electrodes, which could lead to much broader use of SC-BDD not only in elec-
troanalysis, but also in other electrochemical fields, e.g., waste-water treatment via ad-
vanced oxidation processes, electrosynthesis, and electrocatalysis, for which scaling up
is crucial. All in all, the heteroepitaxial SC-BDD offers possibilities that neither homoepi-
taxial single-crystal nor polycrystalline BDD electrodes have, i.e., scalability (including
large area) combined with controlled and well-defined surface orientation.
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INKJET PRINTING-MANUFACTURED

BORON-DOPED DIAMOND CHIP

ELECTRODES FOR ELECTROCHEMICAL

SENSING PURPOSES

This work introduces a simple, cost-effective bottom-up method for fabricating patterned
boron-doped diamond (BDD) three-electrode sensor chips using inkjet printing. Dia-
mond nanoparticles were deposited on silicon substrates via a commercial research inkjet
printer with piezo-driven printheads. After drying, the substrate underwent chemical va-
por deposition to grow a uniform thin-film BDD layer serving as working and counter
electrodes, while silver inkjet printing completed the reference electrode. The sensor suc-
cessfully detected various organic compounds, including glucose, dopamine, and tyrosine,
outperforming commercial screen-printed BDD electrodes. This approach enables rapid
prototyping of small-scale BDD electrode designs with enhanced sensor performance and
reusability.

The contents of this chapter have been published in:

• Z. Liu, S. Baluchová, B. Brocken, E. Ahmed, P. Pobedinskas, K. Haenen, and J. G. Buijnsters, “Inkjet printing-manufactured

boron-doped diamond chip electrodes for electrochemical sensing purposes,” ACS Applied Materials & Interfaces 15(33),

39915–39925 (2023). DOI:10.1021/acsami.3c04824

https://doi.org/10.1021/acsami.3c04824
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5.1. INTRODUCTION

Diamond, owing to its extreme mechanical hardness, chemical inertness, exceptional
biocompatibility, wide band gap (5.5 eV), high electrical resistivity, and thermal con-
ductivity [1, 2], is a highly attractive and multifunctional material. Diamond’s still-
increasing popularity is demonstrated by its widespread application fields, including
synthetic gemstones, mechanical tools, and integration within thermal, optical, elec-
tronic, biomedical, and quantum devices [2–4]. Importantly, the electrical properties of
diamond can be modified, therefore one of the nature’s best insulators can be turned
into (semi-)conductive material when doped with boron, making it valuable for elec-
trochemistry and (bio)sensor development [1, 5, 6]. Conductive boron-doped diamond
(BDD) preserves the features of intrinsic diamond and additionally possesses a wide
working potential window, low background and capacitive currents, low noise, and re-
sistance toward corrosion and passivation [1, 5], which results in a powerful electrode
material. These properties ensure highly favorable sensing performance of BDD, e.g., in
clinical [7], environmental [8], and food [9] analysis, however, the extreme mechanical
hardness makes processing and structuring of (doped) diamond a challenging task.

Fabrication of patterned BDD structures in a straightforward and inexpensive way
is required for a variety of practical applications including the development of BDD-
based electrochemical sensors. In general, the patterning can be carried out by either
post-growth processing (top-down approach) or pre-growth selective seeding (bottom-
up approach), however, the former often includes expensive, resource-demanding, and
time-consuming lithographic [10], etching [11, 12], or laser micromachining [13] facili-
ties placed in cleanrooms. The combination of photolithography and reactive ion etch-
ing was used by Sugitani et al. to fabricate the BDD microchip for single-drop analy-
sis [12]. In contrast, pre-growth nanodiamond seeding covers more straightforward and
cost-effective methodologies, including template-assisted [14, 15] and various printing-
based approaches [16–24]. Direct printing dominates over templated methods as a need
for a template, its prior preparation, and/or subsequent removal is excluded. In general,
a nucleation layer of diamond nanoparticles can be selectively seeded on a supporting
substrate using printing-based techniques and then inserted into a chemical vapor de-
position (CVD) chamber to grow the desired diamond structures. In particular, Zhuang
et al. [16] and Vandenryt et al. [17] used poly(dimethylsiloxane) as a stamp for micro-
contact printing to create patterned, nanodiamond-seeded areas on a silicon substrate,
while a microprinting technique, developed by Taylor et al., utilized a computer-driven
micropipette filled with a mixture composed of nanodiamond particles, water, and glyc-
erol for controlled seeding and diamond structuring [18].

Various nanodiamond ink formulations have also been utilized in seeding ap-
proaches based on inkjet printing [20–24] where ink microdroplets are ejected and
positioned in a contactless manner on a selected substrate through a micrometric noz-
zle. The pioneering efforts concerning inkjet printing of diamond suspensions were
made predominantly by Fox et al. [20] and Chen et al. [21, 22] who verified the proof-
of-concept and demonstrated diamond patterning in the form of lines. Later, inkjet-
printed nanocrystalline diamond resonators [23] and diamond gas sensors for NH3 and
NO2 detection [24] were successfully fabricated.
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Inkjet printing becomes increasingly popular in the area of development of electro-
chemical sensors as demonstrated by several recent reviews [25–27]. However, to date,
inkjet printing of nanodiamonds has not yet been exploited in the fabrication of BDD
structures and sensors. Notably, inkjet printing is a completely digital technique, which
allows for an unprecedented freedom of precise electrode print designs and their alter-
ations with a negligible cost impact. This is in contrast to the dominant, well-established
screen-printing technique demanding stencils to achieve desired patterning. Concern-
ing BDD-based electrodes, the screen printing of ink consisting of BDD powder mixed
with an insulating polyester resin binder was successfully pioneered by Kondo and co-
workers [28–32].

In this work, we describe for the first time a simplified, bottom-up fabrication ap-
proach for a BDD-based sensor chip relaying on selective-area seeding via utilization
of direct inkjet printing of nanodiamond particles. The whole seeding process, accom-
plished by a commercial research inkjet printer, was systematically optimized and thor-
ough attention was paid to (i) the composition of in-house developed diamond ink, (ii)
pre-treatment of the substrate surface, and (iii) printing parameters. Subsequently, the
inkjet-seeded substrate was subjected to a CVD growth step to obtain a miniaturized
thin-film BDD working electrode (WE) and counter electrode (CE). Following, silver ink
was inkjet-printed onto the substrate to complete the three-electrode sensor chip with a
reliable reference electrode (RE). Finally, the electrochemical performance of the newly
developed, chip-based BDD electrodes towards redox markers and structurally different
organic molecules, including glucose, ascorbic acid, uric acid, dopamine, and tyrosine,
was examined and subsequently compared to the performance of commercially avail-
able “screen-printed” BDD electrodes.

5.2. EXPERIMENTAL

5.2.1. INK-JET PRINTING OF NANODIAMOND SEED PATTERNS

The PIXDRO LP-50 inkjet printer and DMC-11610 cartridges were employed for the se-
lective printing of diamond nanoparticles. This printer employs piezo-driven drop-on-
demand print-heads allowing control over the printing process with high resolution. The
DMC print-head was equipped with 16 nozzles that can be individually controlled. All
prints in this work were performed with only one active nozzle. The diameter of the noz-
zle is approximately 21 µm, which is much larger than the used nanodiamond particles
(4.4 ± 0.7 nm, as declared by the manufacturer).

Nanodiamond ink was prepared by diluting 5.0% (wt/vol) nanodiamond colloid
(NanoCarbon Research Institute, Japan) with deionized water and glycerol with a vol-
ume ratio of 1:1, reaching the final nanodiamond concentration of 0.4% (wt/vol). Dia-
mond nanoparticles were well dispersed with a desirable viscosity (6 mPa·s as measured
with Anton Paar rheometer MCR302) and remained stable over a long period of time
(more than 6 months). While not in use, the cartridge was stored in the fridge at 5 °C.

Pristine (100) silicon or silicon/silicon dioxide (300 nm thermal SiO2 dry/wet/dry
layer) wafers with a 4 in. diameter, thickness of 525 ± 25 µm, and resistivity of 103–105 Ω

cm were purchased from MicroChemicals (Germany). Substrates were subjected to oxy-
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Figure 5.1: (a) The used print design (dimensions in mm) for the fabrication of the inkjet-printed BDD chip. (b)
Optical image of the complete chip with the BDD grown layers functioning as a working (middle) and counter
(left) electrode and with a silver-printed reference electrode (right). (c) Inkjet-printed BDD chip with dielectric
layer inserted into the measuring cable. (d) Visualization of the electrochemical measurement with the newly
fabricated chip immersed into analyzed solution.

gen plasma treatment to increase the hydrophilicity of their surfaces (2 min at 20 W us-
ing a Diener Femto plasma setup) and subsequently exposed to air. To examine the hy-
drophilicity and wettability of the substrate surface, contact angle measurements were
performed using a Theta lite optical tension meter (Biolin Scientific) with an ink drop
volume of 3 µL. Upon contact of the ink droplet with the substrate surface, a digital cam-
era recorded the contact angle during the first 10 s at a 17 Hz frequency.

The print design for the inkjet-printed chip developed in this work, depicted in
Fig. 5.1(a), was inspired by commercially available screen-printed electrodes (produced
by, e.g., Metrohm DropSens). The piezo-actuated nozzle was driven under a voltage of
−38 V with a 1 kHz printing frequency, and the ink pressure was −10 mbar. The sub-
strate was fixed on a stage by a vacuum chuck, and the printhead, whose temperature
was maintained at 29 °C, was placed 1 mm above it. The printhead printed along the
X-axis with a typical resolution of 750 drops per inch (DPI) with a droplet diameter of
26 µm and a volume of 9 pL. Printing time for one set of patterns for the WE and CE was
2.5 min. After printing, the wafer with printed, nanodiamond ink-containing patterns
was placed in a Binder VD23 vacuum oven to evaporate the solvents at 65 °C for 30 min.

5.2.2. THREE-ELECTRODE BDD CHIP FINALIZATION

The selective growth of miniaturized, thin-film BDD electrodes was carried out in an
ASTeX 6500 series microwave plasma enhanced CVD reactor (MW-PE-CVD) using a
CH4/H2/trimethyl boron (TMB) plasma, with corresponding gas flows of 5/395/100 sccm,
which resulted in a 1% CH4 concentration and a B/C ratio of 20 000 ppm (TMB gas was
diluted to 1000 ppm in H2). The following deposition conditions were set: a microwave
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power of 3500 W, working pressure of 30 Torr (∼40 mbar), deposition temperature of
>500 °C (monitored by a hand-held single wavelength pyrometer in the peak measuring
mode with the emissivity set to 0.6), and growth time of 14 h. The grown BDD layers
functioned as both the WE and CE.

Commercial Metalon silver ink (JS-B25P, NovaCentrix) of 25 wt% silver nanoparti-
cles (∼75 nm) was used to print the RE to finalize the three-electrode chip. The piezo-
actuated nozzle was driven under a voltage of 26 V with a 1 kHz printing frequency; other
conditions were identical to those used for nanodiamond ink printing. In order to ensure
sufficient conductivity, the silver RE consisted of five repeatedly printed layers, while
each layer took 1 min to print. After baking on a hot plate for 5 min at 100 °C, the inkjet-
printed BDD chip (depicted in Fig. 5.1(b)) was prepared for further analysis and sens-
ing. The whole three-electrode fabrication process is visualized in Fig. 5.2. Notably, the
complete procedure can be principally conducted within 1 working day. Printing of nan-
odiamond ink and the RE takes only a few minutes, while the most “time-consuming”
process is the BDD layer growth; however, the duration of this step is also dependent on
the desired thickness of the deposited thin film and CVD reactor specifications.

5.2.3. SURFACE CHARACTERIZATION OF BDD CHIP

The optical images were taken by a Keyence VHX-600 digital microscope. The nucle-
ation density after inkjet printing of diamond nanoparticles, the surface morphology
of the subsequently grown BDD layer as well as the morphology of the BDD working
electrode in the commercial screen-printed chip (used as benchmark electrochemical
sensor) were examined using a scanning electron microscope JEOL JSM6500F in a sec-
ondary electron imaging mode operated at 15 keV. Surface roughness and thickness of
the grown BDD layer on the inkjet-printed chip were assessed based on AFM measure-
ments performed with a Nanite AFM in tapping mode with silicon tips over a scanned
area of 50 × 50 µm2. Raman spectra were recorded with a Horiba LabRAM HR set-up
equipped with an argon-ion laser operating at 514 nm wavelength.

5.2.4. ELECTROCHEMICAL MEASUREMENTS WITH BDD CHIP

All electrochemical measurements were performed at laboratory temperature (23 ± 1 °C)
using an Autolab PGSTAT128N equipped with the FRA module and controlled by Nova
2.1 software (Metrohm, The Netherlands). The inkjet-printed BDD chips or the com-
mercially obtained ones (BDD10 with ceramic substrate from Metrohm DropSens) were
connected to the potentiostat with a cable connector (Ref. CAC, Metrohm DropSens,
The Netherlands). Prior to measurements, a layer of a lab-made insulating and acid-
resistant lacquer was applied on the inkjet-printed BDD chip (see Fig. 5.1(c)) to define
the exposed geometric area of the WE (Ageom of 14 mm2). Subsequently, after drying,
the chip was immersed in the measuring solution as depicted in Fig. 5.1(d). DropSens
electrode chips consisted of CVD-grown BDD working electrodes (Ageom of 9.6 mm2)
and screen-printed carbon and silver electrodes, which functioned as CE and RE, re-
spectively. Both inkjet-printed and commercially obtained chips were used in their as-
prepared (as-obtained) state, thus no intentional pre-treatment was applied prior to the
measurements reported in this chapter. All reported potential values are referred to the
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Figure 5.2: (a)Schematically illustrated fabrication steps for the inkjet-printed BDD-based three-electrode sen-
sor chip: (1) Pretreated Si or Si/SiO2 wafer was used as a substrate for inkjet printing of nanodiamond ink
according to a digital design to create patterns for the WE and CE. (2) After drying, the wafer with selectively
seeded areas was placed into a MW-PE-CVD chamber to conduct the growth of a homogeneous BDD layer. (3)
Lastly, the chip was completed with the inkjet-printed silver RE. (b) Optical images showing the result of each
fabrication step (1)-(3) included in the schematic.

silver (Ag) electrode and current densities are related to Ageom of the BDD working elec-
trodes.

CV curves were recorded from lower to higher potential values and backward, typi-
cally using a scan rate v of 0.10 V s−1, if not stated otherwise, for the following solutions:
supporting electrolytes (0.5 M KNO3, 0.1 M H2SO4, 0.1 M NaOH, 10 mM phosphate
buffered saline of pH 7.4), redox markers [Ru(NH3)6]3+/2+ and [Fe(CN)6]3−/4− (both
1 mM in 0.5 M KNO3), organic analytes dopamine, tyrosine (both 100 µM in 10 mM
phosphate buffered saline of pH 7.4), glucose, uric acid (both 1 mM in 0.1 M NaOH), and
ascorbic acid (1 mM in 0.1 M H2SO4). Moreover, CVs obtained in a 0.5 M KNO3 solution
in the potential range from 0 V to +0.5 V were used to estimate double-layer capacitance
(Cdl) values using the following equation (Eq. 5.1):

Cdl =
∆IAV

Ageomv
(5.1)

where ∆IAV stands for the average background current difference (in A) between the
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forward and backward scan at a potential of +0.25 V, Ageom is the geometric surface area
of the BDD working electrode (0.14 cm2), and v is the scan rate (0.10 V s−1). The effective
surface area (Aeff) of BDD working electrodes of inkjet-printed and commercial chips
was evaluated from CVs recorded in 1 mM [Ru(NH3)6]3+/2+ in 0.5 M KNO3 at different
scan rates v ranging from 0.01 to 0.25 V s−1, using the Randles-Sevcik equation for a
reversible redox process (Eq. 5.2):

Ip = (2.69×105)n3/2D1/2 Aeffv
1/2c0 (5.2)

where Ip is the peak current (in A), n is the number of transported electrons (i.e.,
1), D is the diffusion coefficient of the redox marker (7.3× 10−6 cm2 s−1), and c0 is its
concentration (1 µmol cm−3).

Impedance spectra were recorded for 1 mM [Fe(CN)6]3−/4− in 0.5 M KNO3 using the
formal potential of the redox probe (+0.175 V). An AC signal with a 10 mV amplitude
and a 105 Hz–0.1 Hz frequency range was employed in the measurements. Then, the
acquired EIS spectra were fitted with the Randles equivalent circuit to obtain constant
phase element (CPE) and charge transfer resistance (RCT) values.

5.2.5. CHEMICALS

All analytical grade chemicals were obtained from Merck and used as-received: dopamine
hydrochloride (≥98 %), L-ascorbic acid (≥99 %), uric acid (≥99 %), L-tyrosine (≥98 %),
D-glucose (≥99.5 %), hexaammineruthenium(III) chloride (≥98 %), potassium hexa-
cyanoferrate(II) trihydrate (≥98.5 %), potassium nitrate (≥99.0 %), sulfuric acid (95–
98 %), phosphate buffered saline (tablets, 10 mM, pH 7.4), sodium hydroxide (≥97 %,
pellets), glycerol (≥99 %), triethylene glycol monoethyl ether (≥95 %). Ultra-filtrated
deionized water with a resistivity of 18.0 MΩ cm (LWTN Genie A system, Laboratorium
Water Technologie Nederland) was used to prepare all aqueous solutions.

5.3. RESULTS AND DISCUSSION

5.3.1. DIAMOND INK FORMULATION

In general, the properties of the inkjet ink determine important aspects affecting the
droplet formation during the printing process, such as consistent jetting, uniform jetting
velocity and trajectory, and the presence or absence of satellite droplets. For this reason,
highly specific rheological features of the inkjet printing inks, e.g., viscosity and surface
tension in a range of 1–30 mPa s and 25–40 mN m−1, respectively, are required [25, 33].
Accordingly, two types of inks differing in composition were initially prepared, the first
based on a mixture of glycerol and deionized water (in a ratio of 1:1) with 0.4 % (w/v)
diamond nanoparticles and the second containing a single liquid, triethylene glycol mo-
noethyl ether, with 0.2 % (w/v) diamond nanoparticles. Both inks met all requirements
for printing (the measured viscosity was 6 and 8 mPa s, respectively). To attain a ho-
mogeneous growth of the diamond films, high-density and uniform seeding is essen-
tial [34], which is realized through well-dispersed suspensions. Hence, the ink stability
and nanoparticle dispersion were among the first factors investigated. Importantly, no
indication of instability through agglomeration and sedimentation of nanoparticles in
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the glycerol-containing ink was detected. In contrast, diamond nanoparticles in triethy-
lene glycol monoethyl ether started to precipitate after a short time, which eventually
led to the phase separation. Therefore, water/glycerol diamond ink was selected as op-
timal and used in all subsequent experiments. In addition, glycerol decreases the evap-
oration rate of water, thus prevents fast ink evaporation and the so-called “coffee-stain”
effect, i.e., irregular distribution of nanoparticles oriented toward the edges of printed
patterns [18].

5.3.2. SUBSTRATE PRE-TREATMENT

Direct printing of optimized water/glycerol ink on a pristine Si-based substrate resulted
in the formation of individual, circular-shaped droplets with a diameter of ∼47 µm and a
high contact angle of ∼55°, as depicted in Fig. 5.3(ai) and 5.3(bi), respectively. When 1000
DPI was tested for printing the patterns on a pristine substrate, the individual droplets
overlapped and merged into larger drops, which is visualized in Fig. 5.3(ci). Apparently,
the pristine Si-based substrate does not have sufficient surface energy to be fully wetted
by the inkjet liquid. On one hand, higher contact angle possibly increases the print-
ing resolution, but on the other hand, reduced wetting limits the spreading of the liquid
film and prevents the formation of continuous ink layers, which are desired. Therefore,
the substrate was subjected to a 2 min long oxygen plasma treatment to increase its hy-
drophilicity and wettability. This resulted in complete wetting of the substrate’s surface
manifested by “droplet spilling” and a decrease in the contact angle below 4°, as shown in
Fig. 5.3(aii) and 5.3(bii). In addition, the “over-wetting” of the substrate caused feather-
ing at the droplet as well as pattern edge boundaries, which, as visualized in Fig. 5.3(cii),
considerably reduced the resolution. Then, the oxygen plasma-treated substrates were
simply left in air for a few hours. Such air exposure partially suppressed the hydrophilic
nature of the substrate, which manifested by printing a spherical droplet of a larger di-
ameter of∼63µm [Fig. 5.3(aiii)] with a contact angle of∼23° [Fig. 5.3(biii)]. These droplet
parameters were proven to be optimal for the formation of uniform prints with clear and
sharp edges using 750 DPI, as demonstrated in Fig. 5.3(ciii).

5.3.3. PRINTING PARAMETERS AND POST-PRINTING PROCESSING

The diamond ink printing was done in a single run; i.e., multiple passes through the
same areas were omitted. The printhead temperature was maintained at 29 °C, which
slightly decreased the viscosity of the diamond ink and ensured a more consistent print.
Using optimized ink formulation and substrate treatment, a DPI value of 750 satisfac-
torily minimized the spacing between the individual droplets and enabled their over-
lapping, which subsequently resulted in formation of thin continuous lines of the de-
signed patterns. After inkjet printing of the diamond ink, the drying step was performed
to achieve only nanodiamond-containing seeding areas in desired patterns. The boil-
ing point of glycerol at atmospheric pressure is 290 °C, however, such high tempera-
ture could chemically modify (oxidize) the diamond nanoparticles and alter their prop-
erties [18]. Therefore, the solvents, water and glycerol, were carefully evaporated in a
vacuum oven, which enabled the complete drying of the printed patterns at 65 °C. An
optical image of the chip after drying is shown in image (b1) in Fig. 5.2. The latter il-
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Figure 5.3: (a) Optical images of the single diamond ink droplets, (b) visualization of the contact angle mea-
surements, and (c) optical images of printed electrode designs on various Si-based substrates: (i) pristine form,
(ii) after oxygen plasma treatment, and (iii) after oxygen plasma treatment, followed by exposure to air. To print
the patterns shown in (c), DPI values of (i) 1000, (ii) 300, and (iii) 750 were used.
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lustrates a fairly uniform seeding with particles homogeneously distributed all over the
surface with an estimated density of 1× 1011 nanoparticles per cm2. Such high nucle-
ation density results from the favorable interplay between the particle content in the
diamond ink, surface treatment, drying step, and DPI value. Then, the growth of the pat-
terned BDD layer (WE and CE) was carried out in a MW-PE-CVD reactor, and the sensing
chip was completed with an inkjet-printed silver RE; the results of these two fabrication
steps are illustrated by optical images (b2) and (b3) in Fig. 5.2. These also visually con-
firm the successful bottom-up patterning of the electrode chip which was achieved via
carefully optimized inkjet printing processes and thus without the use of reactive, envi-
ronmentally hazardous chemicals and costly lithographic and/or laser facilities typically
required in top-down approaches. Besides simplicity and cost-effectiveness, herein re-
ported patterning strategy benefits from its additive and fully digital nature, where print
modifications can be easily integrated via a computer-aided design software. As a con-
sequence, inkjet printing offers remarkable freedom of precise electrode print designs
varying in shapes and dimensions.

5.3.4. MORPHOLOGICAL CHARACTERIZATION

The chips with grown BDD layers were first subjected to morphological characteriza-
tion. The optical image of the chip, depicted in Fig. 5.4(a), clearly shows well-defined
and sharp edges of the BDD films following the original seeding patterns. In particu-
lar, four regions on the WE and CE, labeled 1–4, were selected for more detailed SEM
analysis. Acquired SEM images [see Fig. 5.4(ci–iv)] show fully closed, pinhole-free and
uniform BDD films with clearly defined polycrystalline structure. Neither delamination
nor film fracture was observed, indicating good adhesion of the BDD layer to the sub-
strate. Furthermore, the “open” character of the grains and the presence of voids can
be recognized. The less developed interconnectivity between the grains can be pre-
sumably ascribed to the relatively low deposition rate resulting in thin films of limited
thickness of 1.1±0.2 µm, assessed by AFM. However, the presence of voids and gaps be-
tween the grains leads to an exposed BDD surface with a roughness (Sa) of ∼80 nm and
with possibly increased electroactive area, which can be beneficial for electrochemical
(sensing) applications. Besides, all four investigated spots show virtually the same film
microstructure and a mixture of grain shapes (square and triangular facets). Neverthe-
less, a small difference can be identified between the various spots when the grain size
is considered: in positions 1, 2, and 4, the apparent grain size is similar and ranges be-
tween 150 and 500 nm, while the grain size at position 3, i.e., at the edge of the pattern,
is slightly larger (∼550–600 nm) due to the unhindered three-dimensional crystal growth
[Fig. 5.4(ciii)]. On the other hand, SEM micrographs of the BDD WE of the DropSens
chip (displayed in Fig. 5.5(c)) also demonstrated a closed, pinhole-free polycrystalline
diamond layer, however, with more uneven and irregular surface morphology and with
harder-to-define submicron-sized facets. The thickness of that BDD layer, evaluated
from the cross-section, is approximately 1–2 µm.
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Figure 5.4: (a) Optical image of the BDD patterns on the chip. The numbers 1 to 4 indicate regions subjected to
Raman and SEM analyses. (b) Raman spectra recorded at four different spots, as indicated in (a). [c(i-iv)] SEM
images obtained from the same four regions labeled 1 to 4 in (a).



5

114 5. INKJET PRINTING-MANUFACTURED BORON-DOPED DIAMOND CHIP ELECTRODES

Figure 5.5: (a) Photo of the commercially available BDD sensing chip with numbers 1–3 indicating the spots
where characterization was carried out. (b) Raman spectra recorded on the BDD working electrode at three
different spots (specified in (a)). (c) SEM micrographs obtained for the same three locations within the BDD
working electrode.

5.3.5. RAMAN ANALYSIS

The composition of the BDD layer and the estimation of boron content were carried
out using Raman spectroscopy. Raman spectra of inkjet-printed BDD were recorded
at the same four spots already observed by SEM and are shown in Fig. 5.4(b). Almost
identical spectra revealing characteristics of highly B-doped diamond material were ac-
quired from the selected regions, which further confirm very good homogeneity of the
BDD film. The diamond’s zone center phonon line is developed at 1308 cm−1 (sp3-
hybridized carbon), while the G-band located at 1579 cm−1 indicates the graphitic phase
(sp2-hybridized carbon) typically present in the grain boundaries. Next, the peak at
1219 cm−1 is attributed to a maximum of the phonon density of states and the 500 cm−1

intense broad band results from a combination of electronic Raman scattering and a
Fano-shaped band [35]; both features are associated with the significant incorporation
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Figure 5.6: CVs recorded in 0.5 M KNO3, at a scan rate of 0.10 V s−1, in a potential range (a) from −1.5 V to +2.5
V, while the dashed line demonstrates the potential window, and (b) from 0 V to +0.5 V, used for the assessment
of the Cdl value of the inkjet-printed BDD working electrode.

of boron atoms into the diamond lattice. The sharp peak centered at 520.7 cm−1 origi-
nates from the silicon substrate. The boron concentration in the grown BDD layers was
estimated to be around 2×1021 cm−3, using a freely available Raman tool [36–38], and
confirmed the metal-like character of the deposited thin film. Raman spectra acquired
on the commercial BDD electrode are displayed in Fig. 5.5(b) and show a similar pat-
tern with all features as described for the inkjet-printed BDD. However, the more pro-
nounced diamond’s zone center phonon line positioned at 1331 cm−1 (close to the value
of 1333 cm−1 for an intrinsic diamond) signalizes lower boron doping, which was further
supported by assessment of [B] to be 1×1021 cm−3, i.e., twice lower than in the case of
the inkjet-printed BDD.

5.3.6. ELECTROCHEMICAL CHARACTERIZATION IN A SUPPORTING ELEC-
TROLYTE

The inkjet-printed BDD chips (three in total) were used for electrochemical measure-
ments in their as-prepared state, first for cyclic voltammetry (CV) in a supporting elec-
trolyte of 0.5 M KNO3 to assess (i) the width of the potential window, which is an es-
sential feature determining the suitability for electrochemical sensing applications and
(ii) the double-layer capacitance (Cdl). The working potential range of the inkjet-printed
BDD chips was evaluated to be in average 2.5 V (see Fig. 5.6(a)), considering the an-
odic and cathodic potential limits as those potential values at which a current density
of ±0.4 mA cm−2 passes the electrodes [39]. Subsequently, cyclic voltammograms were
obtained in the same solution of 0.5 M KNO3 but in a smaller potential range from 0 V
to +0.5 V, where only background (i.e. non-Faradaic) current flowed through the elec-
trode, as shown in Fig. 5.6(b). Based on these measurements and using Eq. 5.1, an av-
erage Cdl value of the inkjet-printed BDD layer of 27 µF cm−2 was calculated. The ob-
tained values are in good agreement with the values acquired previously on highly doped
([B] > 1021 cm−3), as-deposited and thus predominantly H-terminated BDD thin films in
neutral pH media for which potential window and Cdl values ranged between 2.35 V and
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2.60 V and between 38 µF cm−2 and 92 µF cm−2, respectively [40–42]. The narrower po-
tential window and higher Cdl, and hence deviation from “typical” features of BDD, a
∼3.5 V wide working range and a Cdl < 10 µF cm−2 [1, 43], can be ascribed to several fac-
tors: (i) the high doping level, (ii) presence of sp2 phase, as indicated by Raman spectra
(Fig. 5.4(b)), and (iii) prevailing H-termination; all were demonstrated to contribute to
a narrower potential window and increased capacitance of the BDD electrodes [40, 42,
44].

5.3.7. ELECTROCHEMICAL CHARACTERIZATION USING REDOX MARKERS

Two redox markers [Ru(NH3)6]3+/2+ and [Fe(CN)6]3−/4− (both 1 mM in 0.5 M KNO3) were
employed to obtain information on heterogeneous electron transfer (HET) kinetics at
the as-prepared inkjet-printed BDD chips, manifested by peak-to-peak separation (∆Ep )
values extracted from cyclic voltammograms displaying well-defined pairs of the redox
peak; see Fig. 5.7. The HET of [Ru(NH3)6]3+/2+ occurs via an outer-sphere mechanism,
hence this redox probe is insensitive to the electrode surface properties [45, 46] and the
HET kinetics depends only on the density of states, i.e., content of boron dopant [46]. As
a result, [Ru(NH3)6]3+/2+ serves as a reliable indicator of “semiconductor” and “metal-
like” conductive BDD electrodes, as at the former its HET kinetics is substantially inhib-
ited [1]. Importantly, ∆Ep for [Ru(NH3)6]3+/2+ of 0.076 V approaches 0.059 V, a value for
a fully reversible one-electron redox system, which clearly indicates near-reversible be-
havior of this redox probe, fast HET kinetics, and confirms sufficiently high boron doping
level and conductivity, in accordance with Raman spectra and estimated [B].

In contrast, [Fe(CN)6]3−/4− is considered an inner-sphere redox marker, which is sen-
sitive to electrode surface characteristics, predominantly to surface termination [44–46].
Presumably due to this sensitivity, only quasi-reversible behavior was observed with a
∆Ep of 0.145 V (recorded at v of 0.10 V s−1), suggesting hindered HET kinetics compared
to [Ru(NH3)6]3+/2+. The increased ∆Ep value may be ascribed to the presence of oxygen
functionalities, resulting from practically unavoidable partial oxidation of the electrode
surface in air and/or by OH− and HCO−

3 species naturally present in a thin layer of con-
densed water on the solids exposed to air [41, 47].

Finally, the scan rate study was performed, with v ranging from 0.01 V s−1 to
0.25 V s−1, with both redox markers, as shown in Fig. 5.7. Evaluation of the peak cur-
rent density as function of the square root of v (see the insets in Fig. 5.7) proved this
dependence to be linear, which confirmed diffusion-controlled redox reactions for both
redox systems. Besides, ∆Ep for [Ru(NH3)6]3+/2+ remained stable within the whole
tested scan rate range and confirmed near-reversible character, while in the case of
[Fe(CN)6]3−/4−, ∆Ep increased with an increase of the scan rate, which again indicates
quasi-reversible behavior. Moreover, the slope of peak current vs v1/2 dependence ob-
tained for [Ru(NH3)6]3+/2+ was applied to Eq. 5.2 for calculating the effective surface
area (Aeff). The assessed Aeff value represents 13.3 mm2 and is very close to an Ageom

of 14 mm2. The same scan rate study was also performed with a commercial chip (not
shown) for which an Aeff of 5.3 mm2 was derived while Ageom is 9.6 mm2.
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Figure 5.7: Cyclic voltammograms recorded in (a) [Ru(NH3)6]3+/2+ and (b) [Fe(CN)6]3−/4− (both 1 mM in 0.5
M KNO3) on an inkjet-printed BDD sensing chip at different scan rates. Insets show the linear dependence of
the peak current densities on the square root of the scan rate.
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Figure 5.8: Nyquist plot (black squares) recorded in 1 mM [Fe(CN)6]3−/4− in 0.5 M KNO3 on the inkjet-printed
BDD chip under the formal potential of the redox probe and fitted (red line) with the equivalent Randles circuit
(depicted as inset).

5.3.8. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPIC MEASUREMENTS

Impedance spectra were recorded on the inkjet-printed BDD chip in a [Fe(CN)6]3−/4− so-
lution (1 mM in 0.5 M KNO3) using the formal potential of the redox probe (see Fig. 5.8).
The acquired Nyquist plots were well-fitted with the Randles equivalent circuit, and the
following values were extracted: a charge-transfer resistance (RCT) of 61 Ω cm2 and a
constant phase element of 25 µF cm−2 sn−1 (value n being 0.870). These values are again
slightly higher than previously reported for highly doped, either as-deposited or cathod-
ically pretreated (i.e., H-terminated [48, 49]) BDD electrodes, which is an indication of
a small contribution of oxygen groups formed because of exposure to the ambient at-
mosphere. However, the obtained RCT value is still considerably smaller than the ones
reported for [Fe(CN)6]3−/4− on intentionally and severely oxidized (O-terminated) BDD
electrodes (in the range of kΩ cm2) [48].

5.3.9. CYCLIC VOLTAMMETRY OF ORGANIC ANALYTES

Finally, to demonstrate the suitability of the inkjet-printed BDD chips for electrochem-
ical applications, particularly sensing, the newly fabricated chips were subjected to CV
measurements in the presence of five organic compounds varying in chemical struc-
ture and thus presence of electroactive group, redox mechanism, and oxidation poten-
tials. Specifically, commonly detected compounds of high (bio)importance were se-
lected: dopamine with a catechol moiety, ascorbic acid containing a furan-based lac-
tone, phenol-derived tyrosine (depicted in Fig. 5.9), glucose consisting of a pyran ring
with hydroxyl groups, and uric acid with a purine moiety (depicted in Fig. 5.10). The elec-
trochemical performance of the chips developed herein was compared with that of the
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Figure 5.9: Cyclic voltammograms recorded on (full line) inkjet-printed BDD and (dashed line) commercially
obtained BDD chips in a solution of (a) 100 µM dopamine in 10 mM phosphate buffered saline at pH = 7.4, (b)
1 mM ascorbic acid in 0.1 M H2SO4, and (c) 100 µM tyrosine in 10 mM phosphate buffered saline at pH = 7.4.
The chemical structures of the compounds are also displayed.
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S-9

Figure S7. CVs recorded on (full line) inkjet-printed BDD and (dashed line) commercially 

obtained BDD chips in a solution of (A) 1 mM glucose in 0.1 M NaOH and (B) 1 mM uric acid 

in 0.1 M NaOH. The arrows indicate the CV scan direction. The chemical structures of the 

tested compounds are also displayed.

(a)

(b)

Figure 5.10: CVs recorded on (full line) inkjet-printed BDD and (dashed line) commercially obtained BDD
chips in a solution of (a) 1 mM glucose in 0.1 M NaOH and (a) 1 mM uric acid in 0.1 M NaOH. The arrows
indicate the CV scan direction. The chemical structures of the tested compounds are also displayed.

commercially obtained BDD sensing chip (from Metrohm DropSens). As clearly demon-
strated by Figs. 5.9 and 5.10, CV responses of all analytes were successfully recorded
on our inkjet-printed BDD chips and provided 20–49% higher current densities for the
tested compounds as well as higher background currents in contrast to commercially
obtained chips (responses visualized by dashed lines in Fig. 5.9).

Recorded differences in electrochemical behavior can be presumably related to the
larger effective surface area of the inkjet-printed BDD layer resulting from the higher
doping and more "open structure" containing voids and gaps between the grains, as
demonstrated by Raman and SEM analyses. Specifically, the most significant increases
of 49% and 41% in recorded peak current densities were recognized for ascorbic and
uric acid in acidic media, respectively; in the case of dopamine, tyrosine (in a neutral
saline), and glucose (in a sodium hydroxide solution), the increases represented 28%,
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36%, and 20%, respectively. Furthermore, the acquired oxidation potentials on in-house
developed BDD chips were either almost identical (dopamine, tyrosine, and glucose) or
slightly lower by 80 mV and 90 mV (ascorbic and uric acid, respectively) in comparison
with the commercial chip.

Dopamine and ascorbic acid have also been used as redox markers since their re-
dox reactions proceed through an inner-sphere mechanism, and they are thus sensitive
to the electrode surface chemistry [40, 45, 46]. Cyclic voltammograms of dopamine, in
Fig. 5.9(a), clearly display, in a potential range from −0.20 to +0.60 V, a quasi-reversible
dopamine/dopamine-o-quinone redox pair with∆Ep of 0.19 V on the inkjet-printed chip
and ∆Ep of 0.23 V on the commercial chip. This demonstrates facilitated dopamine
HET kinetics on the former sensing device. Similar ∆Ep values for this redox system
on as-grown (untreated) BDD electrodes can be found in the literature [40, 42]. Besides,
dopamine-o-quinone may undergo a spontaneous ring closure resulting in the forma-
tion of leucodopaminechrome, which may be further oxidized into dopaminechrome
[50]; described oxidation reaction is manifested by the second anodic peak appearing in
cyclic voltammograms at +0.80 V (see Fig. 5.9(a)). Furthermore, sp2 carbon impurities
present on the BDD surface may act as adsorption sites for dopamine molecules; how-
ever, no fouling effects were recognized on the inkjet-printed BDD chips, which could
be ascribed to dopamine adsorption. In contrast, oxidation of ascorbic acid is of an ir-
reversible nature as no cathodic peak was discerned in the recorded CVs, depicted in
Fig. 5.9(b). Hence, the anodic peak potential, Ep,AA, reflects the HET kinetics of this com-
pound. Ascorbic acid is considered to be sensitive to the surface termination, and for
H-terminated BDD electrodes, Ep,AA of +0.80±0.01 V (vs Ag/AgCl) has been previously
reported [45, 51], and similar Ep,AA values of +0.71 V (vs Ag) and +0.80 V (vs Ag) were
recognized on the inkjet-printed and commercial BDD chips, respectively.

Notably, the glucose signal at a potential of +0.6 V was clearly discerned on both
inkjet-printed and commercial BDD chips and is displayed in Fig. 5.10(a). This fur-
ther supports the presence of surface sp2 carbon phase, also evidenced by Raman spec-
troscopy (see Figs. 5.4(b) and 5.5(b)), which is a crucial element enabling and catalyzing
the glucose oxidation on a BDD electrode, as verified in Ref. [52].

Chip-to-chip signal reproducibility was assessed on three inkjet-printed BDD elec-
trode chips prepared in one batch under the same experimental conditions. Notably,
high reproducibility and thus small sample-to-sample variations were recognized as
convincingly demonstrated in Fig. 5.11. The relative standard deviation values of the
peak current densities were less than 1% for dopamine (first anodic peak), ascorbic
acid, and uric acid, and ca. 2% for tyrosine and glucose. Besides, minimal variations in
peak potentials were documented for dopamine and uric acid, while a potential differ-
ence in a range from 50 to 80 mV was noticed for ascorbic acid, tyrosine, and glucose
(see Fig. 5.11); importantly, relative standard deviation values of the peak potentials
recorded for all five analytes are ≤5%. This signifies that the carefully optimized inkjet
printing-based manufacturing approach leads to the fabrication of BDD electrode chips
of highly comparable and reproducible electrochemical behavior.

All in all, it can be concluded that the novel BDD-based sensing chips fabricated
via the inkjet printing route do not suffer any apparent drawbacks that would limit their
application for sensing, and their electrochemical performance is comparable with BDD
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Figure 5.11: Cyclic voltammograms recorded on three different inkjet-printed BDD sensing chips (sample-to-
sample variation) in a solution of (a) 100 µM dopamine in 10 mM phosphate buffered saline of pH = 7.4, (b) 1
mM ascorbic acid in 0.1 M H2SO4, (c) 100 µM tyrosine in 10 mM phosphate buffered saline of pH = 7.4, (d) 1
mM glucose in 0.1 M NaOH, and (e) 1 mM uric acid in 0.1 M NaOH.

films grown using conventional seeding procedures based on electrostatic seeding by
dip coating, for example [34].

Besides having the ability to electrochemically detect organic compounds of various
structural motifs, developed inkjet-printed BDD three-electrode chips can be used re-
peatedly over time, as convincingly demonstrated in Fig. 5.12 for dopamine, ascorbic
acid, and tyrosine. The same set of measurements as described above was repeated with
the same chip after having been shelfed for 2 months at room temperature. The peak
potentials of all tested analytes remained practically unaffected, and a shift of a maxi-
mum of 30 mV was observed (for ascorbic acid, see Fig. 5.12(b)), which indicates a very
good stability and a high reliability of the inkjet-printed silver RE. Similarly, the signals
of the same intensity were recorded for ascorbic acid after 2 months (a change of less
than 4%), while for dopamine and tyrosine only a drop of 10.4% and 13.9% in the peak
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Figure 5.12: CVs were obtained on the same chip at (color line) day 1 and (black line) day 60 in a solution of (a)
100 µM dopamine in 10 mM phosphate buffered saline of pH = 7.4, (b) 1 mM ascorbic acid in 0.1 M H2SO4,
and (c) 100 µM tyrosine in 10 mM phosphate buffered saline of pH = 7.4.

current density, respectively, was recognized. It needs to be emphasized that these very
promising results were obtained without any pre-treatment or activation, and one can
expect that incorporation of such a step may enhance the signal repeatability. This cer-
tainly demonstrates a significant advantage of the newly developed BDD three-electrode
chips in comparison with commercially available ones, typically promoted as disposable
and for one-time use only.

Moreover, the novel inkjet printing-based manufacturing approach described herein
is not only limited to silicon-based substrates but also can be easily expanded to a wider
range of supporting materials (e.g., ceramic) with only fine-tuning the ink composition
and wetting properties of the selected substrate. Besides, this is the first report on a BDD
layer growth by CVD from the nanodiamond-containing nucleation layer formed on a
substrate via the inkjet printing approach. The used CVD protocol favored boron in-
corporation into the diamond lattice and ensured high boron doping, as confirmed by
the Raman spectra (see Fig. 5.4(b) and thus high electrical conductivity of the deposited
BDD WE and CE, but it also resulted in a relatively increased sp2 carbon content. Nev-
ertheless, the CVD protocol may be modified by adjusting the deposition parameters to
achieve BDD thin films of different (potentially tailored) morphologies, compositions,
and microstructures, depending on the requirements of intended applications.

5.4. CONCLUSION

In this work, a simplified, lithography-free, bottom-up fabrication route for the BDD
three-electrode sensing chips is reported utilizing direct inkjet printing of nanodiamond-
containing ink on silicon-based substrates. The patterning was successfully accom-
plished without the use of reactive chemicals and costly cleanroom facilities. Following
the BDD growth and completion of the chip with the inkjet-printed silver RE, CV experi-
ments in a supporting electrolyte and solutions of redox markers and structurally differ-
ent organic compounds demonstrated highly satisfactory electrochemical performance,
comparable to that of a BDD electrode prepared by a conventional seeding technique.
No drawbacks that could potentially limit the applications of the novel inkjet-printed
BDD chips were identified.

Markedly, a fully digital inkjet printing technique enables exceptional freedom of
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precise electrode print designs of various geometries and dimensions ranging from the
micro- (µm) to macro- (cm) scale. Furthermore, selective area seeding via utilization
of inkjet printing can be expanded to a variety of supporting materials upon tailoring
the diamond ink composition and wetting features of the substrate surfaces, includ-
ing three-dimensional substrates, not being compatible with conventional lithographic
techniques.

All in all, the newly developed chip-based manufacturing method allows the rapid
prototyping of different small-scale electrode designs and BDD microstructures, which
can lead to enhanced sensor performance and to expansion of the miniaturized BDD
electrodes for on-site electrochemical measurements and development of point-of-care
devices.
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CONCLUSION AND OUTLOOK

This concluding chapter summarizes the key results from individual chapters and gives a
perspective on future works.
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T HE overarching goal of this thesis is to enhance the understanding and application of
BDD electrodes in electrochemical sensing. With a focus on both material proper-

ties and innovative electrode fabrication techniques, this work aimed to contribute new
insights into the use of BDD in sensor technologies.

6.1. CONCLUSION

First, this work investigated the heterogeneity in electrochemical activity across poly-
crystalline BDD at the microscale, examining how factors like crystallographic orienta-
tion, sp2 carbon content, and boron doping influence localized electrochemical perfor-
mance. This approach addressed the need for a deeper understanding of BDD’s material
characteristics and their effects on sensing reliability. Additionally, the study compared
single-crystal and polycrystalline BDD, focusing on how variations in sp2 carbon con-
tent and boron doping impact the sensing ability, anti-fouling properties, and stability
in detecting complex molecules, such as glucose and dopamine, to meet specific elec-
trochemical sensing needs. Finally, this research developed a scalable inkjet printing
method to fabricate BDD-based three-electrode sensor chips, offering a cost-effective
alternative to conventional manufacturing techniques and supporting the broader ap-
plicability of BDD in real-world sensing applications. Together, these objectives form a
cohesive framework for enhancing BDD-based such sensing technologies.

The second chapter focused on the localized variations in electrochemical activity
within polycrystalline BDD electrodes, emphasizing how structural and compositional
heterogeneity affects sensing performance. Advanced mapping techniques—such as
SEM, EBSD, and SECM—revealed significant heterogeneity in electrochemical activity
that closely correlated with grain orientation, sp2 carbon content, and boron doping
level. The grains, which were predominantly (110)-oriented with portions of (100) and
(111) facets, demonstrated varying boron uptake efficiencies, with the (111) facets in-
corporating the highest levels of boron dopants. This variation in boron content led to
considerable differences in local electrochemical activity. Heavily doped (111) grains
exhibited strong electrochemical responses, while (100)-oriented grains, despite sim-
ilar boron levels, showed lower electrochemical activity. Additionally, although grain
boundaries contained higher levels of boron and sp2 carbon impurities, these regions
did not display increased electrochemical activity. SECM data supported this, show-
ing that activity hotspots did not align with grain boundaries but were associated with
highly boron-doped (111) facets. By examining the influence of microstructural features
on electrochemical activity, this chapter sheds light on the crucial role of optimizing the
crystal orientation in polycrystalline BDD. These insights underscore the potential for
tailoring BDD electrodes to achieve consistent and high performance, particularly suited
to demanding electrochemical sensor applications.

The third chapter examined the effect of sp2 carbon content on the electrochemical
response of BDD electrodes, specifically in the context of non-enzymatic glucose detec-
tion. Through controlled experiments, it was established that varying the level of sp2

carbon content significantly influences the sensitivity of BDD electrodes. Freestanding
polycrystalline BDD electrodes with different amounts of sp2 carbon were evaluated.
The results showed that their nucleation surface (FS-BDD-nucl), which had the highest
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sp2 carbon content, exhibited the strongest response to glucose, achieving a sensitiv-
ity of 7.25 µA mM-1 cm-2, in contrast to the polished surface (FS-BDD-pol) and growth
surface (FS-BDD-gr) with sensitivities of 1.37 and 0.78 µA mM-1 cm-2, respectively. This
demonstrated that glucose oxidation on BDD was enhanced in the presence of sp2 car-
bon, which acted as a catalytic site. Removing sp2 carbon by anodic oxidation led to a
marked decrease in sensitivity for glucose detection. This observation underscores the
importance of optimizing sp2 carbon content to balance sensitivity. The findings in this
chapter provide a framework for designing BDD electrodes tailored for precise and re-
liable glucose detection, a valuable consideration for future (bio)chemical sensing and
monitoring technologies.

The fourth chapter focused on the comparative analysis of single-crystal BDD (SC-
BDD) and polycrystalline BDD (poly-BDD) in detecting dopamine, a biologically rele-
vant molecule, to evaluate their respective strengths in terms of electrochemical activity,
stability and fouling resistance. The study demonstrated that SC-BDD electrodes, par-
ticularly the heteroepitaxial (100)-oriented samples, exhibited superior electrochemical
stability and anti-fouling characteristics. The SC-BDD samples maintained less than
a 14% decrease in anodic peak height after five consecutive CV scans with dopamine,
while the poly-BDD electrodes showed a 42% reduction under identical conditions. This
notable difference indicates the enhanced resistance of SC-BDD to fouling, making it
better suited for long-term electrochemical sensing applications. Furthermore, the sen-
sitivity and detection limits of dopamine on SC-BDD and poly-BDD were compared us-
ing DPV, revealing that SC-BDD outperformed the poly-BDD electrode in terms of an-
alytical parameters. SC-BDD achieved a wider linear range (0.25–100.0 µmol/L) and a
higher sensitivity of 12.25 ± 0.01 µA/µM·cm2. In contrast, poly-BDD exhibited a nar-
rower linear range (0.50–75.0 µmol/L) and lower sensitivity (5.47 ± 0.07 µA/µM·cm2).
The findings underscore that the SC-BDD’s minimal grain boundaries, high boron dop-
ing, and uniform crystallographic orientation collectively contribute to its superior per-
formance. Unlike poly-BDD, which has heterogeneous grain boundaries with sp2 car-
bon, SC-BDD shows consistent electrochemical responses with lower noise and back-
ground currents, thus enhancing its suitability for sensitive applications such as in vitro
and in vivo dopamine detection. This chapter establishes SC-BDD as a highly promis-
ing material for electrochemical sensors, providing high precision and low maintenance
requirements for complex organic molecule detection.

In the fifth chapter, a novel approach to BDD sensor chip fabrication was explored
using inkjet printing technology utilizing nanodiamond containing ink and silicon-
based substrates. This method offers precise control over electrode geometry and
composition, allowing for the patterning of three-electrode BDD chips without costly
cleanroom facilities or reactive chemicals. The developed inkjet-printed BDD chips
demonstrated excellent reproducibility and performance, as validated through compar-
ative electrochemical testing against commercially available screen-printed BDD chips.
The inkjet-printed BDD chips exhibited high stability, with minimal variation in peak
current density for target analytes like dopamine, ascorbic acid, and tyrosine over two
months of storage. Specifically, the average current density change was less than 4%
for ascorbic acid, glucose, and uric acid and below 10% for dopamine and tyrosine, un-
derscoring their durability. This reproducibility makes inkjet-printed BDD sensors ideal
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for long-term applications, offering an advantage over commercially available dispos-
able sensors. Additionally, the inkjet-printed BDD sensors delivered higher peak current
densities than the commercial alternatives, particularly in acidic and alkaline solutions.
Current densities were elevated by approximately 20–49%, depending on the analyte,
indicating a broader effective surface area and enhanced electrochemical activity on the
inkjet-printed BDD chips. The higher performance was attributed to a well-optimized
diamond ink composition, fine-tuned substrate treatment, and controlled CVD growth
conditions, which collectively resulted in a highly conductive BDD layer with improved
sensitivity across a range of analytes, including glucose and dopamine. The inkjet print-
ing can be applied to various substrates beyond silicon, such as ceramics, by adjusting
ink composition and substrate wetting properties. This adaptability, combined with the
digital control over electrode design, allows for rapid prototyping of electrode geome-
tries from micro- to macro-scale and opens new pathways for on-site electrochemical
measurements and point-of-care devices. The feasibility of miniaturized, reproducible
BDD sensors fabricated via this technique thus holds great promise for expanding BDD
sensor applications in healthcare.

Overall, this thesis offers a comprehensive investigation into the potential of BDD
as a high-performance material for electrochemical sensors, spanning fundamental mi-
crostructural properties to fabrication approaches. By thoroughly examining material
optimization, components control, and innovative manufacturing techniques, this work
establishes a solid foundation for the development of adaptable, application-specific
BDD sensors. Each research element has contributed valuable insights, enabling a more
refined understanding of how BDD’s unique properties can be optimized to address
complex sensing demands. The findings presented here underscore BDD’s chemical sta-
bility, broad electrochemical window, and adjustable sensitivity, positioning it as an ideal
material for precise, durable, and highly responsive sensor applications.

6.2. OUTLOOK AND RECOMMENDATIONS

While this research provides significant advancements in the development of BDD elec-
trochemical sensors, several limitations emerged, pointing to valuable directions for fu-
ture exploration. A primary challenge lies in the inherent heterogeneity of polycrys-
talline BDD, which complicates efforts to achieve consistent electrochemical perfor-
mance across sensor surfaces. Variations in grain orientation, boron distribution, and
sp2 carbon content, while partially controlled in this study, still contribute to variabil-
ity in sensor response, particularly under complex sensing conditions. Another lim-
itation encountered was the challenge in precisely controlling sp2 carbon content, as
higher boron doping levels tend to increase the sp2 carbon content at grain boundaries,
which in turn affects sensitivity and detection limits. This dual impact of boron and
sp2 carbon highlights the need for an optimal balance that maintains boron’s conduc-
tive properties without compromising sensor performance due to excessive sp2 carbon.
Developing advanced synthesis techniques or post-processing treatments that mitigate
grain boundary effects could facilitate a more uniform electrochemical response across
polycrystalline BDD surfaces, enhancing reproducibility and reliability in sensor appli-
cations. Addressing this issue in future work could involve investigating new CVD growth
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methods to refine material properties. A third limitation pertains to the technical de-
mands and scalability challenges associated with single-crystal BDD. While it has shown
superior electrochemical stability and resistance to fouling, its production is currently
resource-intensive and more complex than that of polycrystalline BDD, limiting its fea-
sibility for large-scale applications. Future research could focus on developing scalable
single-crystal BDD synthesis methods that lower production costs and technical barri-
ers, thus enabling the broader use of single-crystal BDD in electrochemical sensing ap-
plications requiring long-term stability and precision, such as in continuous monitoring
systems.

Looking ahead, this thesis addresses key limitations while contributing to the ongo-
ing development of BDD sensor technology. This work represents a valuable step for-
ward in electrochemical sensing, offering insights and practical solutions that enhance
the potential of BDD as a material for advanced sensing applications. In particular, the
newly developed printing-based manufacturing method allows the rapid prototyping of
different small-scale BDD electrode designs and microstructures, which can improve
sensor performance and expand the use of miniaturized BDD electrodes in the chemi-
cal, agriculture, and food industries as well as in environmental and biomedical appli-
cations. Enhanced sensor features, such as the use of BDD micro-electrode arrays, to
build multi-analyte detection systems might be particularly useful for diagnostic mon-
itoring. The high production costs that have historically hindered the commercial de-
velopment of diamond electrodes have started to show promising reductions. In China,
where synthetic diamonds now account for 95% of the global production, the massive
scale of diamond production has significantly lowered the costs over the past several
years. Currently, the primary applications of these diamonds remain in industrial ma-
chinery, cutting tools, jewelry, and electronics. However, as production capacity contin-
ues to expand and costs further decrease, a solid foundation is being laid for the broader
application of BDD electrodes. This trend presents a robust platform for future innova-
tions and applications of BDD electrodes.
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