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Abstract

Additive manufacturing technologies are widely gaining more attention, resulting in the development or
modification of 3-D printing techniques and materials. At the same time, economical and ecological aspects
force the industry to develop materials that are easier and quicker to manufacture, while attaining their de-
sired properties. The electrochemistry field can certainly take advantage of this fabrication tool for sensing
and energy-related processes. In particular, the fabrication of flexible sensing devices could extensively ben-
efit from the currently developed 3-D printing techniques, such as fused deposition modelling (FDM) and
stereolithography (SLA), as they provide a good platform for the integration of flexible materials (polymers).
Mechanical flexibility of the electrodes is desirable for biomedical sensing applications, as it improves contact
between sensor and skin or neural tissue by adopting the shape and decreases mechanical stress.

Boron-doped diamond (BDD) is a popular electrode material because it exhibits metal-like conductivity when
sufficiently doped with boron atoms. BDD possesses highly desired electrochemical characteristics such
as wide potential window and low background current, while attaining diamond’s chemical stability and
biocompatibility. The hardness of diamond, however, has hindered its applications in flexible electrodes.
Moreover, common manufacturing techniques that focus on flexible BDD electrodes are time-consuming and
require complex material transferring steps.

In this work, two 3-D printing techniques, FDM and SLA, have been employed to explore the possibility to
manufacture 3-D printed flexible BDD-based electrodes. The effect of selected 3-D printing technique, BDD
particle concentration, and treatment process on the mechanical, morphological, electrical and electrochemi-
cal properties of the developed composites was thoroughly investigated. For both SLA and FDM fabrication
processes, the presence of BDD particles in the polymer composites resulted in enhanced mechanical prop-
erties such as Young’s modulus (increased by 230% and 75%, for FDM and SLA, respectively), but caused a
reduction in tensile strength and elongation at break. The FDM-based composites additionally allowed higher
weight percent of BDD fillers to be introduced, 40 wt.% in contrast to only 12.5 wt.% achieved by SLA. For
this reason, further development of composite electrodes was devoted to FDM.

Herein, an innovative, flexible, 3-D printed conductive composite was developed through FDM, which dis-
played promising mechanical and electrochemical characteristics. By using a unique combination of a flexible
polymer, thermoplastic polyurethane (TPU), and fillers, BDD particles and carbon nanotubes (CNTs), a con-
ductive composite material was fabricated which enabled its use as a flexible electrode. Three different
compositions were prepared that each consisted of TPU, CNTs and BDD, with CNT-to-BDD ratios of 1:0,
1:1, and 1:2. For the TPU/CNT/BDD electrodes, the electrical conductivity was significantly improved with
the addition of BDD particles and displayed an increase of over 7 times (up to 1.2 S/m) compared to with-
out BDD. This effect was similarly visible in the electrochemical characterization, and well-developed peaks
were observed in the presence of two commonly used redox markers [Fe(CN)6]>~/4~ and [Ru(NHj)e]P+/2+
with increasing BDD concentration. Surface treatment of the TPU/CNT/BDD electrodes drastically enhanced
the electrochemical properties such as double-layer capacitance (Cq1) by 250 times, but also led to a signifi-
cant increase in peak current intensities for both redox markers. The detection of dopamine was successfully
achieved through the fabricated BDD-based composite electrodes. This study provides a state-of-the art, novel
composite material that is characterized by excellent flexibility, attractive electrical conductivity and promis-
ing electrochemical characteristics. It provides insights into the interactions between composite components
and their impact on the electrical and electrochemical properties of the 3-D printed electrode surfaces.
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1 Introduction

Diamonds have been known for their long, decorative use in the gemstone industry and are considered the
most valuable and sought-after material. Their outstanding material properties, such as extreme hardness,
high thermal conductivity, chemical stability and optical transparency, have contributed to a tremendous
amount of interest in the scientific community and industry too. Researchers have started to explore dia-
mond’s material properties, however its applications in the engineering industry remain rather limited. High
cost, quality variations and processing difficulties of natural diamond have restrained engineers from the use
of diamond for engineering purposes. Recent advances in the production process of synthetic diamond have
overcome existing limitations and enabled scientists to further explore the astounding properties of diamond.
The ability to function as an electrically conductive material has extended the field of new applications. By
intentionally introducing boron impurities (dopants) in the diamond crystal, the naturally insulating behav-
ior of diamond changes and it becomes electrically conductive. Boron-doped diamond (BDD) has become an
attractive electrode material for electrochemical sensing devices. because they exhibit superior features such
as wide potential window, low background current and chemical stability.

As applications and technology advance, electrodes with better performance, more complex designs and ver-
satile characteristics are demanded. Complex electrodes, often integrated with flexible parts, are required to
keep up with the technological development. Among the several types of diamond electrodes, the recent use
of particulate (powder) BDD electrodes has especially raised great interest. Due to the easy incorporation of
the particles within flexible materials such as polymers, fabrication limitations inherent to the current man-
ufacturing technique can be overcome. This allows for a more efficient fabrication process that will greatly
reduce complexity, and involves substantially less amount of steps, labor, and time. Additionally, current
flexible thin-film BDD electrodes focus on 2-D planar designs, imposing limitations on current density and
electric capacity. Their fabrication process, based on transferring material onto different substrates, is time-
consuming and involves many steps. 3-D printed electrodes may accomplish higher electrical performance by
increasing the surface area of the electrode for electrochemical reaction, and their fabrication process is less
complex.

The main objective of this M.Sc. thesis project is to investigate the possibility of manufacturing flexible
BDD-based electrodes through 3-D printing techniques, something which has never been reported before. By
providing a straightforward approach to fabricate BDD electrodes, a more efficient and low-cost production
process will be explored. Moreover, the newly developed electrodes will be subjected to different character-
ization techniques such as mechanical, morphological, electrical and electrochemical analysis, to investigate
their performance.

This thesis report will cover six chapters in total, with the introduction being chapter one. Chapter two covers
the relevant background information regarding diamond and the use of 3-D printing with different carbon-
based materials, including diamond. It covers the manufacturing methods, examples from the literature and
the characteristics of BDD electrodes. The third chapter will cover the research objective, knowledge gap and
the research questions. Chapter four provides an overview of the materials and methods used in the project.
Chapter five presents the obtained results. Finally, in Chapter 6, the conclusions drawn from this research are
provided along with recommendations for future work on this topic.
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2.1 Diamond — background information

This chapter discusses the important information that is required to understand the crystal lattice and ma-
terial properties of diamond. It will deal with the structure of the diamond crystal, discuss the differences
and similarities with respect to graphite, the main production methods for synthetic diamond, list the (semi)-
conducting properties and will further discuss the common and potential applications of diamond in engi-
neering.

2.1.1 Diamond crystal structure

Diamond is widely known to be the material with some of the most impressive properties [1]. Its discovery,
which has been reported thousands of years ago [2] has led to an incredible demand for the mineral which
has made diamond one of the most valuable materials on the planet. Its crystal structure contributes to the
unique properties of the material, which are nowadays still being explored.

The atomic structure of diamond, commonly referred to as the diamond lattice, is solely built up of carbon
atoms. The carbon atoms are arranged in a tetrahedral shape, which means that each carbon atom is connected
to four neighboring carbon atoms. These tetrahedral shapes are the basis of the entire diamond lattice. The
carbon connections are strong covalent bonds, which form the dense crystal structure and contribute to
the incredible properties that diamond possesses (see Section 2.2). The most common crystal structure of
diamond is called the cubic diamond structure, see Figure 2.1. It is formed by four tetrahedral units which
are connected together. The diamond unit cell hosts eight carbon atoms.

The diamond unit cell can be considered as a combination of two interpenetrating face-centered cubic (FCC)
sub-structures positioned along the diagonal axis with an offset of 1/4. The FCC structure is described by a
cubic unit cell (with a lateral size of 0.357 nm) with one atom at each corner and one at the center of each face.
Diamonds can, under very specific conditions, also form hexagonal diamond [3], but it is far less common
than cubic diamond.

(a) (b)

Figure 2.1: Diamond unit cell [4]: (a) with the tetrahedral shape indicated, and (b) with the four interior carbon
atoms circled in red. (Note the tetrahedral arrangement of carbon-carbon bonds for these highlighted
atoms.)
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2.1.2 Diamond material properties

The crystal structure and strong covalent bonds give rise to unique properties within this material. Diamond
is, for example, the hardest naturally occurring material in the world. It distinguishes itself from any other
material in terms of their physical, mechanical and thermal properties. A selection of these properties is
presented in Table 2.1.

Table 2.1: Material properties of diamond [5].

Property Value
Density 3440 - 3580 kg/m3
Mohs hardness 10
Young’s modulus 1050 - 1210 GPa
Tensile strength 2800 - 2930 MPa
Thoughness 0.0539 - 0.0802 kJ/m?
Melting point 3720 - 3910 °C
Thermal conductivity 900 - 2320 W/m.°C
Electrical conductivity 1074 -10"12S/m

Apart from the outstanding mechanical and thermal properties that diamond possesses, it is important to
emphasize the chemical stability and robustness of diamond too. Diamond is highly chemically stable, which
means that it will not react with any chemical reagents including strong acids and bases at room temperature.
The strong chemical stability also makes diamond highly biocompatible. In terms of optical properties,
diamonds can be found in different colors. Depending on the presence of crystallographic defects, diamonds
can occur in colors covering the full color spectrum. Crystallographic defects generally include impurities
present within the crystal or structural defects like vacancies or edge dislocations. Therefore, the purest form
of diamond would be transparent and colorless. More information regarding the effect of impurities on the
coloration of diamond will be provided in Section 2.1.6.

2.1.3 Diamond vs graphite

Diamond is not the only material that is purely based Table 2.2: Properties of diamond vs graphite [6].

on carbon. One material that is quite similar in Diamond Graphite
terms of composition is graphite. Diamond has a Hard Soft
tetrahedral-based configuration where a single car- Colorless Black

bon is connected to four other carbon atoms with Transparent Opaque
strong covalent bonds. Graphite, however, has a Non-conductive Conductive
hexagonal sheet structure where there are only three Four covalent bonds Three covalent bonds
atoms connected to a single carbon atom. This seem- Cubic geometry Layered geometry
ingly small difference strongly affects the material .
properties of graphite compared to diamond [2]. Di- Ll PR

amond is an incredibly hard material and has a 3- @(i‘&

D cubic structure, graphite however is soft, and its REN W 5

atoms are arranged in a 2-D layered structure, see A

Figure 2.2a. In between these layers, which are called -

graphene, are bonds that connect the different layers

in the graphite lattice. These connections are how-

ever very weak, which give graphite its mechanically soft property. In terms of electrical properties, it is
evident to mention that diamond is an excellent insulator, mainly because there are no free charge carriers
present in the crystal structure. Graphite on the other hand is a good conductor of electricity. Delocalized elec-
trons are able to move between the layers and carry charges. Table 2.2 presents the most evident differences
between diamond and graphite.
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2.1.4 Carbon phase diagram

Diamond is the stable allotrope of carbon, but only at very high temperatures and pressures, see Figure 2.2b.
More precisely, it means that diamond is thermodynamically stable and will remain in this stable state under
the indicated conditions. However, under atmospheric pressure diamond is said to be thermodynamically
unstable which means that diamond would slowly convert back to its more stable allotrope, graphite. Still,
this conversion is happening at such a slow pace that diamond is therefore considered to be metastable [7].
Essentially, it means that diamond is thermodynamically unstable at atmospheric pressure but kinetically
stable due to a large activation energy barrier [2]. Following from the strong covalent bonding, the large
activation energy barrier is the main reason which is preventing diamond, once it is formed, to convert
back to the more advantageous graphite state. At atmospheric pressure and room temperature, graphite is
generally the stable allotrope of carbon which can be seen in Figure 2.2b. However, this does not mean that
diamond cannot be produced under these conditions. One method that uses the meta-stability of diamond
is called chemical vapor deposition (CVD). Various other methods for the production of synthetic diamond
have also been developed over time, see Figure 2.2b. They will be discussed in the following section.

125
Shock wave
9 diamond synthesis
Liquid
© o5 |- Di d carbon
Covalent bond Carbon atom o—9—__ o Carbon 0L ACHion
| = . & . o HP-HT
o oo . o atoms i
&F & adl ~2 - synthesis
—o—9 i Weak L] .
: = -  Synthesis without
Sroang : catalysts
ol o - forces % ﬁl?m : Yy
..:'f'r > o = J__}_ - — g'_u ® 15 | COH fluids, Si & Catalytic‘
—T v o —— —UJ o carbonate melts  gp.gT
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- —T‘ g Metastable
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(@ (b)

Figure 2.2: Graphical image of (a) diamond structure vs graphite structure [8] and (b) carbon phase diagram

[9].

2.1.5 Synthetic diamond

Throughout the past 300 years, starting from 1797, scientists have been trying to synthesize diamonds by
manipulating carbon-based materials [10]. The following sections are dedicated to three methods that describe
the production of synthetic diamonds under specific conditions and for certain applications.

Detonation nanodiamond

One method of creating synthetic diamond is through a process called detonation nanodiamond (DND) or
shock wave diamond synthesis, as depicted in Figure 2.2b. DND is produced by detonation of carbon-
containing explosives in a closed reaction vessel. The process is divided into three main steps; synthesis,
processing, and modification (see Figure 2.3).
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1. Synthesis

- Composition of explosives
= Cooling media

2. Processing

* Removal of metal impurities
- acids
- ion-exchange resins

3. Modification

» deep purification
» size fractionation

» deagglomeration
- gas phase " _di |
- igce opr water :::::al of non-diamond « alteration surface
- presence of reducing agents i groups
£ e ~REws i + bonding with
- acids/anhydrides

macromolecules
» shell formation

(other materials)
» intrinsic defects

formation

- air; air/boron anhydride

Figure 2.3: Process overview of detonation nanodiamond [11].

Firstly, detonation of explosives, typically TNT, induces a strong shock-wave which compresses the material,
heats it up and starts its decomposition. During this decomposition process, high amounts of energy are re-
leased, which pass through the material. Subsequently, temperatures from 2500 K and pressures of around 25
GPa are generated which correspond to a stable region of diamond formation, see Figure 2.2b. The formation
of DND during these complex processes is still not fully understood and remains a field of great interest for
researchers. As of today, scientists have established two main requirements for the successful production of
DND: the formed diamond needs to be prevented to convert back to graphite by closely monitoring the cool-
ing rates, and the composition of the explosives must provide a stable environment for the diamond particles
to form. These two requirements determine the rate of formation and quality of the DND. The mass-ratio of
the used explosives with respect to the surrounding media and the shape of the explosives also influence the
diamond yield [11]. The second part of the production of high-quality nanodiamonds involves processing.
After the synthesis process, the DND particles generally contain high percentages of graphite (25-45 wt.%)
and other incombustible impurities such as metals (1-8 wt.%) which result from detonation and explosives.
Removal of these impurities is performed by a purification process, see Figure 2.4. After purification, the
percentage of purity is between 90-99% since nitrogen, hydrogen, and oxygen residues are still present inter-
nally. These impurities are confined in the carbon-structure, which means that additional purification steps
are required. Through different oxidation techniques, removal of confined impurities is achieved.

Soot Commercial DND
Mon-diameond Neon-diamand
Carbon, |
Purification " ~
gl \ {
ND 'ﬁr {co0ct]
1 .
4 ¥
R,
l‘-- "-ll . JII.- i ,.“.“ {d:
. Incombustible Incombustible
good : iti ; at
grain impuriies impurities
boundaries

Figure 2.4: Purification process of detonation nanodiamond [11].

Lastly, the DND particles are treated through a modification process. This is done because either certain
impurity levels are still too high, the average size of particles is too large, or the surface chemistry is not
suitable for the intended application. Additional modifications might be fractionation, deagglomeration or
deep-purification for example. After the process, high-purity diamond particles with sizes from 3-6 nm are

obtained. DND is currently used in many engineering fields such as thermal, biological, mechanical and
optical [11].
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High-pressure high-temperature

High quality single-crystal diamonds can be produced by using high-pressure and high-temperature (HPHT)
synthesis. First reported in 1955, when the General Electric Research Laboratories were the first ones to
successfully reproduce diamonds [7]. In the HPHT-process, a carbon source such as graphite is compressed
in a hydraulic press wherein, the carbon source is exposed to temperatures and pressures where diamond
is in its stable region. The conversion is performed with (indirect conversion) or without (direct conversion)
a catalyst, depending on the application [2]. Indirect conversion is performed with the addition of a metal
solvent or catalyst to a carbon-based powder and placed in a growth chamber. The presence of a metal
catalyst results in a faster conversion of graphite to diamond by lowering the activation barrier. Therefore, a
lower pressure and temperature are needed to perform the conversion compared to the direct method. Direct
conversion does not require a catalyst to be added to the sample and grows diamond faster than the indirect
method. Still, temperatures around 3000 K and pressures above the 10 GPa will be reached, which means
that special equipment and machinery is required. Direct conversion can yield diamonds in sizes from nm
up to mm, meaning that large single diamond crystals can not be produced. Indirect conversion, on the other
hand, is capable of producing large diamond crystals (centimeters) [12] and is therefore the most commonly
used method in the commercial diamond growing industry [13]. The HPHT-method has however certain
drawbacks. Firstly, it is very energy consuming as it requires generally high temperatures and high pressures,
especially the direct method, see Figure 2.2b. Secondly, the production of single crystal diamonds is difficult
to control and limits the range of application for which it can be used [2]. Consequently, other techniques
have been developed to establish a more efficient, less energy consuming and more controllable process for
diamond growth. One of these techniques is chemical vapor deposition (CVD).

Chemical vapor deposition

Reactants
The CVD method is performed at conditions H, +CH, (+Ar, 0,, ..
where diamond is metastable, generally at low
pressures (< 1 bar). It involves a gas-phase
chemical reaction with hydrocarbon and car- Activation
bon gasses that occurs above a solid surface, H, Lheat  on
which causes carbon deposition on a substrate.
CVD requires activation of carbon-based pre- e il
cursor molecules from the gasses to realize the Cl B
deposition of carbon. This activation is done Transport
either thermally (hot-filament), by a plasma +
(microwave, DC, RF) or through a combustion Reaction

flame [2]. Figure 2.5 shows a schematic of
the process of CVD. Process gasses are intro-
duced into the growth reactor at first. Then as
the gasses pass through the activation region
which is a hot-filament (thermal) or plasma
(electric), reactants are provided with a certain
amount of energy until they dissociate to atoms substrate
and form radicals. This process of molecules
fragmenting will further increase the tempera-
ture in the chamber. When the reactants pass
the activation region, they start to mix with
each other and initiate complex reactions un-
til they hit the substrate. At this point three
things can happen: the particles can adsorb and react with the surface, or desorb back into the gas phase,
or diffuse close to the surface. Generally, the substrate is covered with diamond seeds ranging from nm to
mm to initiate the diamond growth. Within the process of CVD, multiple parameters determine the rate of
diamond growth and purity of the diamonds. Firstly, the composition of gas mixture, more specifically the
carbon-to-hydrogen ratio in the gas mixture, determines the quality of diamond and also the growth rate.
A higher carbon concentration results in higher growth rates but at the same time increases the amount of
defects, resulting in a lower quality of diamond film (i.e., higher content of graphitic phases) [14]. Secondly,
the pressure of the system will affect the growth conditions. Higher pressure results in a higher concentration

Figure 2.5: Schematic representation of the diamond CVD
process [13].
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of graphite formed in the film [15]. Lastly, substrate temperature which is generally between 700-1000°C also
determines the growth and quality of diamond. As substrate temperature decreases, the percentage of non-
diamond content increases in the film [16]. For commercial laboratory diamond growth, CVD is currently
the most popular growth technique as it offers an efficient, low-pressure method that allows for controllable
growth conditions. CVD is used to cover relatively large surface areas of diamond layers and has the ability
to grow on structured substrates. High-purity single crystal diamond can also be grown by the CVD method
when using mm/cm-sized diamond seed plates [17].

2.1.6 Doped diamond
Doping

Diamond has outstanding mechanical, thermal and chemical properties which are unique compared to any
other material [1, 18]. Also, diamond is a wide-gap semiconducting material (Eg,p = 5.48 eV) with a tremen-
dous potential for electro(chemical) applications. It has the highest atomic density of any solid material due
to the small size of the carbon atoms present in the lattice that form short covalent bonds. This makes it
difficult to fit larger atoms in the lattice, resulting in only a small selection of atoms that can “fit” within the
diamond lattice. These so-called “impurities” are sometimes introduced in the diamond lattice during the
growth process. Several impurities have been reported in diamond; nitrogen, boron, nickel, cobalt, sulfur,
phosphorous, silicon, hydrogen, and germanium are some examples [13, 19]. Unintentional contamination of
these elements is inevitable due to their presence in the growth environment. Impurities can affect various
properties, for example a change in optical appearance. Defects and dislocations create electronic states in
the band gap, this allows for the absorption of light for specific wavelengths, which results in the difference
of coloration [20]. Nitrogen impurities change the transparent, clear appearance of pure diamond to a typical
yellow, brownish color. Boron impurities on the other hand result in a more blueish colored diamond.

Yet, impurities can also contribute to an enhancement of other material properties. Defect sites can affect
the electrical, structural and thermal properties of the material. The ability to manipulate defect sites by
introducing impurities in the diamond lattice enables scientists to tune the properties of the material. This
process of intentionally introducing impurities in the diamond lattice is known as doping. As of today,
nitrogen and boron are the most widespread elements being used for doping diamonds [21, 22].

Doped diamond as a (semi)-conductor

Diamond had rarely been considered a potential material for electrically conducting purposes due to limi-
tations like its intrinsically high resistivity and previously mentioned wide-bandgap. Nevertheless, the high
thermal conductivity [23], high carrier mobility [24], chemical inertness and extreme hardness of diamond
triggered much attention as a robust electronic material. Its intrinsic properties are desirable for use in high-
power devices and devices used at high temperatures, high voltage and in strong chemical environments
[1, 25-28]. Therefore, diamond-based power devices are expected to significantly reduce both conduction
and switching losses, which has resulted in more extensive research regarding possible applications such as
semiconductors. Fortunately, over the past few decades, advances in the production of synthetic diamonds
have also led to successful approaches to introduce dopants in diamond. To produce diamond with useful
semiconducting properties, introducing controlled amounts of impurities is necessary. This should result
in a sufficiently high and stable density of charge carriers, which can make diamond an electrically (semi)-
conducting material. Two main elements are important in semiconducting physics which are p-type and
n-type materials. A p-type semiconducting material is generally a bulk material with one element added that
has one fewer electron, called an acceptor. On the other hand, adding an element with one extra electron
(donor) than the bulk material will make it an n-type semiconducting material. P-type and n-type materials
are essential in the operation of electrical devices like transistors and diodes nowadays [21].

Nitrogen is the most commonly found impurity in (natural) diamond due to its abundant presence in air
(78 vol%). It can be easily incorporated in the diamond lattice, since there is a strong resemblance in their
atomic sizes. Furthermore, nitrogen impurities can act as electron donors in the diamond lattice and can
therefore be considered n-type dopants. However, using nitrogen for n-type semiconducting applications has
proven to be ineffective. Despite the lack of success for nitrogen doped diamond as an n-type conductor,
other applications for nitrogen doped diamonds have been reported. For example, they have been used
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for thermoluminescence and radiation sensors [29], thermionic electron emitters [30], optical biosensors [31]
and coatings for micro tools [32]. Also, the recent developments on optical centers involving nitrogen for
micro/nano scale magnetometry [33-35] and quantum computing [36] are gaining lots of traction.

Boron has been used as an effective dopant for (semi)-conducting applications since 1973 [37], as it can act as
an acceptor in the diamond lattice. By direct substitution of carbon atoms with boron atoms, a heterogeneous
p-type material can be produced with conductivities ranging from semiconducting to near metallic [38] and
even super conducting at low temperatures [39]. As a rule of thumb, a ratio of ~1 boron atom to 1000 carbon
atoms is necessary to generate sufficient semimetallic properties (see Figure 2.6a), similar to a dopant density
of ~10%° B atoms per cm®. Diamond can be doped with boron using gas-phase growth techniques such as
CVD, or with HPHT conversion of graphite using transition metal catalyst. During these processes, boron
will typically be added in the form of di-borane or as trimethyl borane gas to obtain boron-doped diamond
(BDD). Through this way, BDD can be grown in a controlled environment layer by layer, creating thin-film
BDD.

BDD is already found in many applications like electrochemical sensors, biochemical sensors, wastewater
treatment and supercapacitors [40-52]. As boron effectively takes up the same position as displaced carbon
atoms, high amounts of boron doping are possible. Together with its relatively low activation energy (0.37 eV)
compared to nitrogen, boron has emerged as the most suitable dopant in the industry [53]. A schematic image
presenting the effect of boron doping on the band gap energy is presented in Figure 2.6b. Various properties
of BDD as an electrode material will be discussed in the following section, together with the different types
of BDD material.
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Figure 2.6: Effect of (a) boron concentration on electrical resistivity [53] and (b) boron doping on the band gap
energy [40].

2.1.7 BDD electrodes
Introduction

BDD electrodes find their application mainly in electrochemical sensing devices. These sensing devices gen-
erally consist of multiple electrodes. A working or sensing electrode (e.g., BDD), a reference electrode and a
counter electrode. Any electrochemical change at the working electrode, by oxidation or reduction, is moni-
tored as a signal. This signal is displayed by a change in either current, voltage, or charge. By connecting this
to the full system in a circuit, the system can detect and measure certain currents and amplifies the output
according to the device.

The first example of diamond used as an electrode for electrochemical measurements was by Iwaki and col-
leagues in 1983 [54]. They discovered that introducing dopants in the natural diamond reduced the resistivity
of the electrode. Later, Nishimura et al. were one of the first in 1991 to investigate the material and electrical
properties of BDD-electrodes fabricated by a CVD process [55]. They concluded that the boron impurities
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were essential for conductive behavior of the electrodes, and that BDD electrodes with 200 and 400 ppm
boron showed an ohmic behavior.

BDD electrode types

Currently, three different types of BDD electrodes are being explored for sensing applications. The first type
is based on a single-crystal boron-doped diamond (SC-BDD). This specific material type of electrode is partic-
ularly attractive because SC-BDD has no grain boundaries and has a nearly perfectly flat surface. In addition
to that, the level of non-diamond particles (impurities) is relatively low, which would make SC-BDD elec-
trodes suitable for optical and electrical sensing applications [17, 56]. However, SC-BDD electrodes studies
are rare due to the challenge of producing well-defined, sufficiently doped, single crystals at a size sufficient
for electrochemical investigation. The high requirement of substrate uniformity and the existence of grain
boundaries leads to problems such as stress and defects, which quickly affect the quality of the SC-BDD. The
various challenges of creating high doping concentrations, which are required for metallic-like conductivity
to be achieved, had researchers questioned if SC-BDD would be applicable for electrochemical sensor devel-
opment. Only recently, a paper has been published where researchers were able to grow heavily boron-doped
single-crystal diamond, a promising material for electrochemical sensing applications [57]. The second type
of electrodes is based on polycrystalline boron-doped diamond (PC-BDD), see Figure 2.7. PC-BDD films, pro-
duced mainly by the CVD process, can provide remarkable properties for high-performance MEMS/NEMS
devices, with relatively low fabrication cost [2]. The polycrystalline surface is non-homogeneous and consists
of many grain boundaries. Non-diamond impurities typically reside at these grain boundaries, which make
PC-BDD less pure compared to SC-BDD [17]. These grain boundaries, however, can easily host other impuri-
ties such as boron or nitrogen, which makes them suitable for high-level doping. Therefore, the vast majority
of the currently produced and employed BDD electrodes have a polycrystalline nature. The third type is a
relatively new and unexplored material type of BDD electrodes. Here, BDD electrodes are fabricated using
micro or nano-sized diamond particles. By mixing BDD powder with a binding material such as a polymer,
a conductive composite suspension is obtained which will function as an electrode material [46, 58]. The
suspension can be used to manufacture screen-printed electrodes by deposition of the material on a substrate,
and casting it to adjust to a specific shape or design. The BDD-powder solutions can also be used for coating
or painting of an electrode to function as a thick-film.

Figure 2.7: Example of various PC-BDD electrodes [59].

BDD electrode properties

BDD-electrodes exhibit superior features that make them very suitable for electrochemical applications. Their
high overpotential for oxygen and hydrogen evolution leads to the widest potential window currently known
in aqueous environment [60], which is around 3.5 V, see Figure 2.8a. Furthermore, BDD electrodes have
a very low capacitance, which means a high signal-to-noise ratio compared to conventional electrodes like
gold or platinum [40]. Also, BDD-electrodes can withstand extreme potentials, corrosive environments and
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high temperatures. Compared to other metal electrodes or carbon-based electrodes, BDD electrodes retain
desired properties for electrochemical sensing devices [53]. All of these promising features have resulted in a
tremendous increase in publications over the past decade, see Figure 2.8b.

BDD electrodes can potentially be used for (bio)medical applications to improve our quality of life. BDD
electrodes have found applications in electrochemical sensing devices where they act as sensing or working
electrode due to their previously listed exceptional properties. Therefore, the main application as a detecting
device is to be able to sense certain organic or inorganic compounds.
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Figure 2.8: (a) BDD electrode potential window compared to other electrodes [60]. (b) Number of scientific
publications on diamond electrodes [61].

2.2 3-D printed composite electrodes

This section will discuss the potential application of 3-D printing for the fabrication of flexible BDD electrodes.
First, several arguments will be given that clarify the choice of 3-D printing as a manufacturing method.
Next, an introduction regarding different 3-D printing techniques will be given. Then, the most promising
techniques through which BDD electrodes can be manufactured are discussed. Lastly, various examples
will be given regarding (flexible) carbon-based 3-D printed electrodes and also 3-D printed diamond-based
composites.

2.2.1 Why 3-D printing?

Since the development of screen-printed BDD electrodes [41, 46, 58, 62] which can be manufactured quickly,
cheaply and have proven to be effective, scientists have been looking at ways how to improve this manufac-
turing process, and the quality of products. Manufacturing techniques like screen-printing have limitations
in controlling geometric design, dimensions, and architecture which would compromise their performance
[63].
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In addition to that, as technology and applications advance, higher quality products with more versatile
characteristics are demanded. More complex designs, often integrated with flexible parts, are required to keep
up with the technological development. Flexible, polymer-based electrodes are highly desirable in biomedical
fields for electrochemical sensing devices such as wearable sensors. By improving the contact between sensor
and skin, the electrode can use its flexibility to adopt the shape and reduce internal stress. Current CVD
techniques that have been employed to manufacture thin-film BDD electrodes, impose limitations that prevent
direct deposition of diamond on a flexible (polymer) substrate. The high diamond synthesis temperature is
the main issue which will break down the polymeric substrate. Several papers [64-66] have therefore reported
transfer of thin-film CVD diamond from stiff substrates onto flexible polymers to eliminate the temperature
problem. This fabrication procedure unfortunately involves many complex, time-consuming steps (etching,
photolithography, etc.) and requires expensive equipment, which makes this method incredibly ineffective.
A schematic of such a fabrication procedure is depicted in Figure 2.9.
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Figure 2.9: Growth and fabrication of flexible BDD electrode: (a) Top-surface/Kapton, and (b) Back-
surface/Kapton structure [66].

Furthermore, traditional flexible BDD electrode designs have mainly focused on 2-D, planar structures (thin-
film) that require a large surface in order to provide higher capacities. The planar structure imposes limita-
tions on the electrical properties like current density and electric capacity. In order to obtain higher energy
densities and better performing electronic devices, 3-D constructed electrodes are strongly recommended. A
3-D structure can enable higher electric densities by more efficiently using space within the material through,
for example, a porous design. 3-D structured electrodes enable shorter diffusion paths and more efficient
ion-transport [67]. As the world is moving towards better performing, smaller and more complex portable
electronics, a manufacturing technique that can provide engineers the tools to manufacture these is essen-
tial.

With the recent development of the emerging, novel technology 3-D printing (additive manufacturing), many
advances in material development and advanced manufacturing have taken place. Initially, 3-D printing was
developed to be used as a rapid prototyping tool. Nowadays, the applications of 3-D printing have shifted
from just rapid prototyping to many more different purposes like material development, complex structure
design and product conceptualization [68]. 3-D printing is regarded a powerful manufacturing technique
that can be used to eliminate design limitations and produce geometrically complex objects from macro- to
nanoscale.
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Figure 2.10: (A) Manufacturing process through subtractive manufacturing. (B) Manufacturing process
through additive manufacturing [69].

Compared to conventional manufacturing techniques like drilling, milling and sawing, which are considered
subtractive manufacturing methods, 3-D printing follows the opposite manufacturing principles where ma-
terial is added instead of removed. Both manufacturing processes are valid methodologies for fabrication of
parts and the choice depends on multiple factors such as material of choice, complexity of the object, num-
ber of replicates and the cost. Generally, subtractive manufacturing is used to make metal- and wood-based
objects, while 3-D printing will be used for polymer-based objects. With the increasing scarcity of natural
resources and materials in the world, and a focus towards more sustainable manufacturing methods, 3-D
printing has more often been a preferred manufacturing method. 3-D printing can greatly reduce manufac-
turing costs by using less energy-consuming machines and reduce material waste, see Figure 2.10.

Over the past two decades, significant improvements in the field of 3-D printing (machines, equipment, soft-
ware) have been made, leading to the establishment of a reliable, simple and accurate manufacturing method.
These developments have resulted in a tremendous amount of interest by engineers and scientists. Numer-
ous research fields like mechanical, electrical, biomedical and even chemical engineering have discovered the
advances in this novel manufacturing technique. Electrochemistry is certainly another field of science that
could potentially benefit from this, enabling design and fabrication of better performing, more complex and
cost-effective electronic devices.

2.2.2 3-D printing techniques
Overview

3-D printing is defined as the process of creating a three-dimensional object based on a computer-aid-design
(CAD) model through a layer-by-layer deposition of material. Once a CAD model is designed, it needs to
be converted to an STL (STereoLithography) format, which stores the information of the model’s surface as
triangular sections. The STL file can be read by every 3-D printer and will initiate the slicing process. Here,
the printer will divide the model in very thin 2-D cross-sections that will be manufactured on top of each
other to make the object. A flow diagram of the process can be seen in Figure 2.11.

Various 3-D printing techniques exist and all can be divided into four main categories based on their working
principle: 1) photopolymerisation, 2) extrusion, 3) powder-based and 4) lamination [68]. Photopolymerisation
uses photo-polymers or radiation-curable resins in the form of a liquid, as their main material. These photo-
polymers will react when exposed to light with certain wavelengths, usually in the ultraviolet region. When
irradiation takes places on the photo-polymer surface, complex chemical reactions start to occur and the
material becomes solid. Immersing the solidified layer, in a controlled way, allows for multiple layers to be
solidified and stacked on each other. This specific method is called stereolithography (SLA). Other methods
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that use photopolymerisation as their main working principle are material jetting, continuous interface liquid
printing (CLIP) and two-photon polymerization (2PP). The second category is extrusion-based 3-D printing
and relies on the working mechanism of extrusion of material. Material is heated inside the machine to a
semi-molten state, then slowly deposited through a nozzle on a print-bed. Once deposited, each material
layer will solidify so that it stacks on top of the previous deposited layer. Solidification of the material is
imposed due to cooling of the deposited material, which is temperature-controlled by the print-bed. The
most popular method that uses extrusion is Fused Deposition Modelling (FDM). Another technique that uses
extrusion is direct ink writing (DIW). Here, more flexibility with respect to material choice and particle size is
provided, which gives more design freedom for engineers. However, usually only low-resolution objects can
be manufactured, stringent requirements on the ink’s rheological behavior are necessary and post-treatment
is always necessary to improve physical and mechanical properties.
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Figure 2.11: Flow diagram of 3-D printing process [70].

Multiple powder-based 3-D printing techniques are existing nowadays: selective laser sintering (SLS), electron
beam melting (EBM) and selective inhibition sintering (SIS) are some examples. All of these processes share
the same working characteristics. These include one or more thermal sources to induce fusion of the powder
particles, a mechanism for controlling the powder particles to a prescribed region and method for smoothing
the powder layer and enabling deposition of a new layer. The powder contains solid particles which are
mostly metallic and have sizes ranging from 50 to 100 pm. The process of laminated object manufacturing
(LOM) involves a layer-by-layer lamination of thin sheets. A sheet is placed on the bed and cut to the desired
shape by using a laser. Then a new sheet is loaded on top of the previous one and is cut again. This process
continues until the desired 3-D model has been created. To make sure that the layers are bonded together,
adhesives or welding techniques are used. A summary of all previously mentioned 3-D printing techniques
can be found in Table 2.3.

The electrochemical industry can certainly benefit from the extraordinary progress that has taken place in
the field of 3-D printing. It would allow for the production of custom-made electrodes at a lower cost, in a
shorter time and with greater versatility. Multiple 3-D printing techniques have been proven to be able to
manufacture conductive electrodes with success. Fe-Ni superconductors have been manufactured by Lu and
colleagues [71] using 3-D printing. Preparation of the porous structures was carried out using SLM-based
powder technology. SLM has also been employed by Ambrosi et al. [72] to manufacture helical-shaped
electrodes. These stainless steel electrodes were produced to form a platform for electrochemical devices
such as pH sensors. Limitations of this technique are the necessity for post-processing of the metal surface
and the minimum required printing dimensions (in mm range). For flexible BDD electrode development,
three 3-D printing techniques in particular, will be useful due to extensive opportunities such as introducing
flexible polymers in the production process. DIW, FDM and SLA are good candidates that can replace current
manufacturing techniques. More attention will be paid to these methods, and a more comprehensive analysis
of them as potential techniques to fabricate electrodes will be provided in the following sections.
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Table 2.3: Summary of 3-D printing techniques from [69].

3-D printing process Techniques Materials Advantages Limitations
Photopolymerisation  Stereolithography (SLA) Photopolymers Simple Single material
;(t)g;gcu:;;j;gzlgd( CLIP) UV-curable resins High-speed Single material
TWO-phO.tOI’lA UV-curable resins Sub-100 nm resolution Low yield of production
polymerisation (2PP)
Material jetting Photopolymers Multimaterial structures High-cost
Extrusion Fused deposition Thermoplastics, glass, ~ Simple, multimaterial High-cost(for glass
modelling (FDM) metal structures, low cost and metal)
Direct ink writing (DIW) Fla.stlcs, ceramic, Versatile Post-proces§ ng,
iving cells, composites low resolution
High cost,
Powder-based Selective laser sintering(SLS) ~ Thermoplastics, metals No need for support material ~limited mechanial
properties
Electron beam melting (EBM) Metals No need for support material High cost
3 A Sintering is performed Low resolution,
elective inhibition 2 .. .
sintering (SIS) Metals after printing, lower cost limited mechamcal
than laser-based methods properties
Selective laser melting (SLM)  Metals No need for support material High cost
Laminated object Design limitations,
Lamination Paper, metal, plastic Versatile limited mechanical

manufacturing (LOM) properties

Direct ink writing

DIW has emerged as one of the most flexible 3-D printing techniques applied to electrochemical devices due
to its wide range of available materials. The flexibility in printing materials, ranging from highly viscous
polymers to conductive suspensions, allows for superior freedom in the design choices of electrodes. This
3-D printing process is unique in its ability to extrude continuous filaments at room temperature, since
the solidification of the printed filament does not rely on temperature like FDM for example, but on the
rheological properties of the ink. DIW is only limited by the material class as long as the ink exhibits sufficient
rheological properties like viscosity and viscoelastic properties.

The DIW process typically involves pressure-driven deposition of an ink on a substrate through a nozzle
(process depicted in Figure 2.12a). As the ink is deposited on the substrate, its material properties change
from viscous to a solid state through either solvent-induced phase changes, liquid evaporation, gelation or
from temperature-induced phase changes. The resolution of the printed part is defined by the nozzle diameter,
which depends on the composition of the ink. The composition of the ink is usually the most critical part
of the printing process, as it determines the ink’s printability and ability to retain shape. In general, the ink
is suitable for use when it can be extruded continuously without jamming the nozzle and can be used to
create three-dimensional structures according to the CAD-model. For the ink to fulfill these characteristics,
shear-thinning behavior at multiple flow rates is necessary. Shear-thinning is a phenomenon characteristic of
non-Newtonian fluids, where the fluid viscosity decreases with increasing shear stress. In this case, increasing
shear stress is a result of an increasing pressure in the nozzle extruder. So, decreasing the deposition pressure
can for example increase the extrudability of the ink. Once the ink has been discharged from the nozzle, it
must undergo a quick transition from a shear-thinning ink to a solid filament to retain its shape. Inside the
nozzle, a minimum amount of pressure needs to be applied to make sure that the ink remains in its shear-
thinning state and retains a low viscosity. Low viscosity is necessary for smooth and continuous extrusion
through the nozzle. Once deposited, the pressure (and shear stress) is removed, and the material transforms
to a viscoelastic solid. At this moment, the printed material should have the right rheological properties for it
to stay in its shape and remain solidified.
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Figure 2.12: Schematic illustration of (a) DIW process and (b) FDM process [73].

The wide variety of available materials can lead to complicated process mechanisms for engineers. Especially,
the optimization of the ink rheology can be a challenge. Controlling the rheology, which is achieved by ad-
justing the ink composition, is essential to obtain the desired resolution, geometry, and functionality of the
printed component. Other challenges are the need for post-processing to enhance mechanical and electrical
properties that could increase production time and cost. Furthermore, different materials are extruded un-
der different conditions and currently no guidelines have been developed that correlate the material to the
printing conditions. This makes it challenging for engineers to apply DIW to new developed materials, since
extensive research is currently lacking in the industry. This is especially critical for newly developed com-
posite materials. Introducing composite materials with (micro/nano)particles can also cause nozzle clogging.
Nozzle clogging can result from the individual particles being too large or from particle agglomeration in the
suspension.

Fused deposition modelling

Similar to DIW, FDM is another extrusion-based 3-D printing technique that uses a layer-by-layer deposition
of polymer filaments. First, material (typically thermoplastics) will be fed via a system of rollers and gears
to the extruder head, where the material will be heated until it reaches a semi-molten state. Once the semi-
molten state is reached, material is deposited through a nozzle while the nozzle moves along a three-axis
computer-controlled system. Once extruded, the material will land onto the print-bed and solidify to form a
uniform solid layer which stacks on top of the previous layer according to the model design. Solidification of
the polymer is based on polymer crystallization and cooling of the extruded polymer material. A schematic
representation of an FDM printer can be seen in Figure 2.12b. The quality of printed parts can be controlled by
altering printing parameters, such as layer thickness, printing temperature, printing orientation, raster width,
print-bed temperature and raster angle. Apart from that, the quality of printed parts also depends on material
parameters, such as viscosity, thermal conductivity, heat capacity and cooling rate. Today, FDM represents the
most common 3-D printing technology due to the low complexity of fabrication, large size capabilities and
availability of machines and material at affordable prices. Moreover, machine and software innovations have
allowed easier user interaction as well as process optimization. Despite these advantages, there are certainly
challenges that need to be considered when applying this 3-D printing technique. Compared to other 3-
D printing techniques such as SLA, the surface of FDM-products is generally rougher with a resolution of
around 100 ym compared to <25 ym for SLA. So this requires surface treatments. In addition to that, the
inter-facial adhesion between discrete layers can be poor during fabrication, which leads to anisotropic effects
[74]. These effects can be partly tackled by adjusting process parameters such as part design, build orientation
and applying post-processing [75, 76].

While initially based on the use of thermoplastics, the use of composite filaments has become widespread for
improving mechanical, electrical, thermal, magnetic and dielectric properties. By adding (micro/nano)particles
to the polymer matrix, one can introduce or enhance specific desired properties depending on the applica-
tion. The use of conductive filaments especially has attracted a lot of attention from engineers for sensing
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purposes. Incorporating electrically conductive particles into the polymer matrix can therefore enable the
development of FDM-printed electrodes. There are now a number of commercial filaments available with
conductive particles such as metals [77] while most of them are based on carbon particles [78-80]. However,
when applying FDM to the fabrication of electronic component devices, engineers will face challenges inher-
ent to the process of composite filament extrusion that need to be considered. Firstly, composite materials
need to be in a filament form to enable the extrusion process of the printer. Therefore, polymer pellets need
to be mixed with the (micro/nano)particles, which is done with the use of a solvent. Then, through a process
called tape-casting, the mixture will be dried and cut into pieces. A filament extruder needs to be used to
melt the composite pieces and fabricate the filament that can then be used for the FDM printer. This process
can be seen in Figure 2.13. Alternatively, polymer powder could directly be melt blended with conductive
powder in the filament extruder to obtain the composite filament. Next to that, engineers need to ensure a
homogeneous dispersion of the particles, which is essential for having a good quality filament [81]. Attention
should therefore be paid towards the mixing process of the composite during production. In addition to
that, the viscosity of the filament needs to be high enough to provide structural support, but low enough to
enable extrusion through the nozzle. The composition of the filament should therefore be carefully consid-
ered. Lastly, there is the risk of nozzle clogging. The nozzle may become clogged due to physical blockage
of particle agglomerates during heating or due to excessive flow resistance caused by high viscosity. This
will stop the extrusion process and can seriously damage the inside of the nozzle. Particle size and nozzle
diameter are the main parameters affecting this problem [82].

Surface-engineered
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Figure 2.13: Process of manufacturing FDM composite filaments. Adopted from [83].

Stereolithography

In search of other methods to manufacture electrically conductive components, scientists have also looked at
stereolithography (SLA) as a manufacturing method. SLA printing technique has widely been employed due
to its advantages to manufacture objects with very high resolution and excellent surface quality. SLA-printed
parts generally do not require post-treatment processes, depending on the application. During the printing
process, a laser beam reaches a photocurable resin through reflection, then the photopolymer becomes poly-
merized and will be attached to the base. As the base is moving up or down (depending on the configuration),
the photopolymer is polymerized layer by layer and starts to cure. This curing process induces solidification
of the liquid photopolymer resin via cross-linking. For traditional SLA process, two configurations are pos-
sible. There is the bottom-up process [68]. A laser is placed above a base-platform which will be lowered
in a reservoir filled with resin. The base-platform is lowered until only a thin layer of the resin is exposed
to the surface. The laser will point downward and start curing the first layer, then the base-platform moves
down to form the second layer and so on. The second process is called top-down process and works the exact
opposite. Here, the laser is placed under the base-platform and will point upward as the base-platform is
moving up so that resin can flow in between the reservoir and the base-platform.
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Figure 2.14: Schematic of the (a) bottom-up SLA method and (b) top-down SLA method [84].

SLA-printed objects have the highest printing resolution compared to other methods, such as FDM or DIW.
While these available 3-D printers are limited to resolutions ranging from 50-1000 ym, SLA printers can print
resolutions of around 25 ym [68]. Despite these advantages, SLA-based machines do have their drawbacks.
SLA machines can have a slow building speed, which is a direct result of the curing process. Even though
each layer can be formed quickly by the laser, the process of initiating a new layer generally takes a signif-
icant amount of time. Since the resolution of SLA-machines is high, more layers need to be used to cover
the object’s dimensions compared to other AM-techniques, which also increases printing time. Even though
SLA-machines can be purchased quite cheaply, the photoreactive resins are still costly. Furthermore, resulting
from constantly expanding research and development in AM-materials, a wide range of curable materials
for SLA-machines has so far been developed. Still, most commercially available resins are developed for
prototyping purposes only and do not retain the functional properties for industrial applications [85]. The
materials are susceptible to creep, have limited impact strength and durability. Also, mechanical properties
degrade over time as a result of UV degradation. So, commercially available resins currently lack sufficient
mechanical, electrical, biocompatible and thermal properties for them to be effective. Nevertheless, by intro-
ducing (micro/nano)particles in the photopolymer resin, new potentials can be discovered which will expand
their field of application.

Composite resins offer the potential for improved properties, however introduction of (micro/nano)particles
in the resin can be complicated and cause challenges [85]. Small amounts of particles can seriously affect the
viscosity of the resin. A higher viscosity will require increased curing times and decrease processability of the
resin. Other encountered problems are dispersion and agglomerate formations. Many (micro/nano)particles
are incompatible with resins, even at small loadings. Particles can form agglomerates, limiting the print reso-
lution and printability. At the same time, (micro/nano)particles will also affect the polymerization efficiency
of the resin due to the occurrence of UV absorption by the particles. High concentrations of these materials
decrease the UV transmission depth through the resin and will lead to incomplete curing of the material, jeop-
ardizing the material quality. Increasing the UV intensity and lowering the loading of particles are possible
solutions to retain material quality.

2.2.3 Carbon-based printed electrodes

DIW printed carbon-based electrodes

Researchers have started to experiment with conductive inks for potential electronic device design. DIW has
also been applied to manufacture different 3-D printed electrically conductive components like supercapac-

itors or electrodes. Various types of materials have been used to enable electrical conductivity in the ink
solution. Great success has been achieved by using polymer composites that contain carbon-based materials

17



2 Literature Review

like graphene, carbon nanotubes (CNTs) or graphene oxide (GO). GO shows excellent rheological properties
when dispersed in water, which is important for extrusion. Due to low-cost and simple implementation,
incorporating conductive particles in polymer bulk materials has also widely been explored for property en-
hancements in DIW. In a recent study, Wang et al. [86] have manufactured high performance supercapacitors
from a novel polyaniline (PANI)/GO ink which showed good shape retention and smooth extrusion. The ink
was prepared by mixing GO and PANI in a solvent of water and N-Methyl-2-pyrrolidone (NMP), see Fig-
ure 2.15(a). Four types of ink were prepared with different mixing ratios to test the dispersibility, extrusion,
object molding and the rheological properties during 3-D printing process. They manufactured macro-sized
electrodes for construction of their supercapacitors, see Figure 2.15B. The electrodes were after printing dis-
persed in a hydroiodic acid bath for 30 min to convert the GO to reduced GO, which increases the electrical
conductivity and mechanical strength. To test further practical application of the ink, various architectures
including 3-D honeycomb and column lattices were printed on a substrate and each showed good resolution
and shape retention. Also, the achieved printing resolution was reported to be around 300 ym. Their planar
supercapacitor also showed good capacitance retention after 1000 cycles, by reducing to 75% of the initial
capacitance. The researchers concluded that 3-D printed PANI/RGO is a promising electrode material for
fabrication of future electrical components.
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Figure 2.15: (a) Preparation of PANI/GO ink and fabrication. (b) Photo of printed electrodes. [86]

Other carbon-based materials like graphene have also been reported to be used as additives to polymeric com-
posite inks for property enhancements. A 3-D printable biopolymer composite was manufactured by Jakus
and colleagues [87] which consists of graphene and a bio-compatible elastomer (polylactide-co-glycolide).
The manufactured ink was utilized at ambient temperatures via extrusion based 3-D printing and created
graphene structures ranging from only a few layers (<300 pym thin object) to hundreds of layers (>10 cm
thick object) with good precision and fidelity. An average printing resolution was reported between 100 ym
and 1000 ym. Three types of ink were tested in this study, each with a different graphene-to-polymer ratio,
75 wt.%, 56 wt.% and 32 wt.% graphene. The composite displayed high electrical conductivity and was me-
chanically flexible, bio-compatible, and biodegradable, see Figure 2.16. It was therefore concluded that this
composite was highly suitable for practical applications like nerve tissue engineering.
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Figure 2.16: Process of composite fabrication (left), photo of a tubular 3-D printed specimen used as nerve
conduit (right) [87].

FDM printed carbon-based electrodes

In recent years, along with the development of 3-D printing technology and composite filaments, FDM print-
ing of electric energy sensing (EES) devices has undergone rapid development, in the meantime, more and
more commercial filaments with conductive fillers have entered the market. Especially, filaments with carbon-
based particles have been introduced as good candidates for printing conductive electrodes. Carbon-based
particles such as MWCNT [83, 88-92], CNT [93-97], (r-)GO [98, 99], carbon black (CB) [100-103], nanographite
(NG) [104, 105] and nanocarbon (NC) [106] have been reported to function well as electrically conductive par-
ticles for 3-D printed electrodes. Hybrid filler contents have also been applied such as CNF with graphite
flakes [107], graphene with CNT and graphene with CB [103].

The following paragraph will highlight multiple interesting and novel researches that have taken place with
respect to conductive carbon-based printed electrodes. Various papers have been reporting experiments, in-
vestigating the electrical conductivity and resistance of carbon-based printed electrodes; Foster and colleagues
[105] fabricated various macroelectrodes from a NG loaded PLA filament with concentrations of 1-40 wt.%.
The main purpose was to investigate the printability and electrical conductivity of high-loaded nanocompos-
ite filaments (see Figure 2.17a). In terms of printability, it became apparent that loadings above the 25 wt.%
were too brittle and could not produce a functional 3-D printed electrode. With 25 wt.% of NG, a conductivity
was achieved of around 1.25 S/m. Wei and colleagues [98] manufactured a composite electrode from GO with
PLA and investigated the conductivity and printability for multiple weight percentages of the filler. The GO
particles had lateral sizes of around 3-4 ym and concentrations were ranging from 0.4-7.4 wt.%. The high-
est GO-loaded printable composite (5.6 wt.%) bears a conductivity of 0.00105 S/m (see Figure 2.17b). Due
to discontinuous extrusion, no parts were successfully printed for a weight percentage of 7.4% and above.
Possibly due to particle agglomeration, the nozzle was blocked, which restricted extrusion of the material.
Kennedy et al. [89] produced highly-conductive polyvinylidene fluoride (PVDF) and MWCNT composites as
filament feed stock for 3-D printing of sensing strips. The printed composites contained between 1-15 wt.%
of MWCNT and were easily extruded from a 0.8 mm steel nozzle, even at 15 wt.% of MWCNT. The high-
est recorded conductivity was ~3 S/m for 15 wt.% of MWCNT. Other researchers have reported conductive
filaments with higher weight percentages of nanoparticles for electrode manufacturing. A significantly high
conductivity of ~200 S/m, was achieved by Kwok et al. [102] who used thermoplastic composite filaments
based on polypropylene (PP) as polymeric matrix and CB as conductive filler. They used a high wt.% of CB
between 1-40 wt.% where the highest conductivity was achieved by 40 wt.% of CB. Their study also focused
on the durability of the printed electrodes. They reported stable electrical properties of the electrode under
exposure of sunlight for 1 month and no observable degradation in electrical resistance when used at 12 V
(AC) for 7 days.
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Figure 2.17: (a) Electrical resistivity for 3-D printed electrode as a function of NG concentration, from [105].
(b) Electrical conductivity for 3-D printed electrode as a function of graphene loadings [98].

More studies reported embrittlement of the composite electrode material while increasing the weight percent-
age of carbon-based particles. Dorigato et al. [88] reported a significant reduction in elongation at break, from
35.4 % to 1.8 % while increasing the MWCNT concentration in an ABS composite from 0 to 15 wt.%. Also, this
research investigated the effect on electrical and mechanical properties of the electrodes, considering horizon-
tal, vertical, and perpendicular printing orientations. Especially, a visible effect of the printing orientations
was noticed after investigating the mechanical properties such as strain and yield strength. Lastly, it was
reported that higher filler concentrations resulted in an increased yield strength and stiffness. Another paper
published by Ye et al. [96] similarly noticed that higher CNT concentrations in the polymer (PEEK) exhibited
more brittle behavior (reduced elongation at break). Starting with 11.5% with no nanoparticles and decreasing
to about 7% for 7 wt.% of CNT. In addition to that, Ye and colleagues reported increased tensile strengths
and elastic modulus of the PEEK/CNTs composite when increasing nano reinforcement content. The tensile
strength and elastic modulus of the printed sample containing 7 wt.% of CNTs increased by 27.8% and 17%,
respectively. Another paper also reported higher tensile strengths while increasing carbon-particle concentra-
tions [94]. Other researches however reported decreasing tensile strengths [97, 108-110]. This can generally
occur when there is a non-homogeneous dispersion of the nanoparticles in the polymer, which results in par-
ticle agglomerations. Limited adhesion between the particles and polymer matrix has also been reported by
Masarra and colleagues as a cause, since it will weaken the bonding forces. Lastly, this decrease could also be
due to the location of the particles at the surface of the filaments, which can enhance the delamination of the
3-D printed adjacent layers. Potnuru and colleagues observed similar behavior regarding the tensile strength
for increasing NC concentrations. Embrittlement of the filament with increasing NC concentrations was also
observed by cleaner cuts for 9% and 15% NC. Gao at al. [111] more specifically investigated the effect of filler
concentration on tensile strength. They reported that for lower particle concentrations (1 wt.% - 7 wt.%) the
tensile strength increased with respect to the bulk polymer and that for higher concentrations (>7 wt.%), the
tensile strength immediately decreased, possibly due to particle aggregation. Embrittlement of the composite
material was also reported, as the strain at break decreased from 11.2% to 3.4% for 10 wt.% of GNP.
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(b)

Figure 2.18: (a) Example of 3-D printed flexible paper [91]. (b) Stretching of 3-D printed circuit.[99]. (c) 3-D
printed flexible electrode [99]. (d) Example of 3-D printed flexible circuit [103].

Introducing particles in the polymer matrix to achieve sufficient conductivity also affects the mechanical
properties, such as tensile strength and elastic modulus. Reduction of elongation is yet another negative
effect which will make the material brittle. In order to manufacture flexible electrodes, embrittlement of
the material is not desired, but will be inevitable when using higher concentrations of fillers to achieve
conductivity. Maurel and colleagues [112] manufactured highly loaded graphite-PLA electrodes to be used
in a lithium-ion battery. In order to prevent embrittlement of the composite, plasticizers were added to
the composite to provide the necessary flexibility of the electrode. The printed samples were loaded with
around 60 wt.% of graphite powder and various concentrations of plasticizer were added to determine the
optimal composition to ensure flexibility. A weight composition of 26.8/62.5/10.7 (PLA /graphite/plasticizer)
resulted in a conductivity of ~20 S/m at ambient temperature. In addition to that, the authors included
additional CNF and CB particles in the filament to increase the conductivity. Subsequently, a conductivity
of ~50 S/m was obtained for a 10 wt.% CB loaded electrode. Other papers have achieved flexible electrodes
by lowering the carbon filler content. Zhang et al. [99] printed flexible PLA /r-GO (1-8 wt.%) electrodes and
investigated the mechanical and electrical properties (see Figure 2.18c). More specifically, the effect of bending
and stretching on the conductivity of the electrode was studied. They reported that after an elongation of 2.5%,
the conductivity quickly decreased by a factor 10°. In addition to that, the authors measured the conductivity
of three different samples after blending the PLA with graphene. They concluded that the conductivity of
each sample increased after each extrusion process, which ensured a more homogeneous allocation of the
graphene particles.

SLA printed carbon-based electrodes

Introducing (micro/nano)particles in polymer resins has been a promising method to obtain composite resin
materials with enhanced properties. Recently, various researchers have introduced carbon-based particles
such as carbon fibers and GO for mechanical property enhancements. Manapat and colleagues [113] used a
polymer composite with 1.5 wt.% GO to enhance tensile strength and tensile modulus. Lin et al. [114] also
introduced GO with a 0.2 wt.% to a resin solution to increase the tensile strength and elongation. Other me-
chanical properties like compression strength have also been increased by adding nanoparticles to a polymer
material. Xiao and colleagues [115] added a mixture of carbon fibres (CNF) and GO of up to 1.4 wt.% to a
photopolymer dispersion. They achieved an increase of the compression strength by over 10 times compared
to the bulk photopolymer. More interestingly, introducing carbon-based particles in polymers can also be
used for electronic device design by increasing electrical conductivity. Gonzalez et al. [116] studied the effect
of CNT concentration on the mechanical and electrical properties of multiple PEGDA /PEGMEMA composite
printed parts (Figure 2.19b and Figure 2.19d). The thickness was reported to be 3 mm. CNT concentrations
up to 1 wt.% were applied to the resin, where the optimal concentration for printing was 0.3 wt.%. Higher

21



2 Literature Review

loadings of CNT resulted in a decrease in photopolymerisation due to the high UV absorption of the CNT
particles, which decreases cross-linking in the resin and printing resolution. It was suggested that this prob-
lem can be overcome by increasing the UV intensity of the light source or decrease particle concentration. In
addition, mechanical tests concluded that at first an increase in CNT concentration increases tensile strength
but after 0.5 wt.% significantly decreases, see Figure 2.19a. The researchers reported that a conductivity of
around 0.4 S/m was reached for 1 wt.% of CNT (Figure 2.19¢).
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Figure 2.19: (a) Tensile test for resin formulations with different CNT concentrations. (b) 3-D printed cubes
used for conductivity tests. (c) Electrical conductivity for 3-D printed cube as a function of CNT concentra-
tion. (d) Circuit-like structure built on insulating plate.[116]

Mu et al. [117] used an SLA-printer to prepare and investigate electrically conductive polymer nanocompos-
ites. The ink was a mixture of an acrylic-based photoreactive resin with various concentrations of MWCNT
from 0.1 wt.% to 0.6 wt.%. The concentrations of MWCNT were investigated to yield the best printing qual-
ity and optimal conductivity. They concluded that increasing MWCNT concentrations above the 0.3 wt.%
already compromised the printing quality due to the viscosity of the ink. Different structures were printed
such as electrodes, hollow capacitors and stretchable circuits to demonstrate the versatility of the ink, shown
in Figure 2.20b and Figure 2.20c. Conductivity experiments showed that a maximum conductivity of around
2-107* S/cm was achieved for 0.6 wt.% of MWCNT, as shown in Figure 2.20a. Moreover, mechanical perfor-
mance experiments concluded that an addition of MWCNT could increase the tensile stress and the tensile
modulus. On the other hand, a slight decrease in the elongation of break was also observed.
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Figure 2.20: (a) Electrical conductivity for 3-D printed structures as a function of MWCNT concentration. (b)
3-D printed planar wave shape resistor. (c) 3-D printed capacitor with hollow structure.[117]

2.2.4 Diamond-based printed composites

Research papers that have mentioned the use of BDD for 3-D printed electronic components are very limited.
Only one paper that has been published used BDD particles for the fabrication of a humidity sensor through
3-D printing. For this reason, the following section will report not only the use of BDD particles for 3-D
printing purposes, but also undoped diamond particles that have been used for 3-D printing fabrication.
Through this way, more knowledge can be gathered on the practical use of diamond particles for 3-D printing
applications.

BDD-based printed electrodes

Kalsoom and colleagues [118] are currently the
only known research group who have used BDD
particles for 3-D printing electrical component
applications. They developed a novel 3-D print-
able composite consisting of BDD (60 wt.%), LiCl

Acetone,
LiCl

 —

Sonication

(2 wt.%) and ABS. The developed composite ma- Composite Composite
terial was employed for simple and quick fabrica- slurry pallets

tion of the humidity sensor using a low cost fused £ho
deposition modeling (FDM) 3-D printer. The H B
BDD particles were included to act as electrode z
material that can attain high stability, and LiCl mm 2 D

was employed as electrolyte material for sensing LIRC) i P T
applications. The authors reported that a uni- - E
form distribution of the fillers and connectivity . .

. . . . . 3D printed CAD design of Extruded

is crucial to attain the desired properties of the Kimildity the humidity filament

sensor. Weight percentages higher than 60 wt.% sensor sensor
resulted in fragile and mechanically unstable fila-
ments. To better understand the composite prop-
erties and the role of LiCl in improving the con-
nectivity and electrical conductivity of the composite, ABS with BDD, ABS with undoped microdiamond and
ABS with undoped microdiamond and LiCl were also studied for humidity sensing and electrical conductiv-
ity. Interestingly, they found that the electrically conductive properties of the ABS with BDD electrodes were
found negligible, which confirms poor connectivity of the BDD particles in the polymer matrix due to signal
interruption by the presence of a thin ABS layer on the BDD. Therefore, they concluded that the addition of

Figure 2.21: Schematic illustration of manufacturing pro-
cess for 3-D printed, BDD-based humidity sensor [118].
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LiCl was vital to accomplish the desired electrically conductive properties of the composite. SEM analysis
was performed to verify the connectivity and distribution of the BDD particles in ABS with and without LiCl,
see Figure 2.22. The authors also reported that an increased nozzle diameter was necessary together with an
increased printing temperature, which had been raised to about 245 °C to avoid blockage and ensure a fluent
material deposition.

~
UTAS_SU70 1.5kV 8.3mm x45 SE(M) 1.00mm| UTAS_SU70 1.5kV 6.5mm x2.50k SE(M) 5.00um

Figure 2.22: SEM images of ABS-BDD (a-c) and ABS-BDD-LiCl (d-f) composite filament cross-section [118].

Other diamond-based printed materials

Several researchers have used microdiamond reinforcements to improve thermal and mechanical properties.
Waheed et al. [119] investigated the thermal and mechanical properties of an FDM printed ABS with mi-
crodiamond composite filament. The composite ABS filament with concentrations of 37.5 wt.% and 60 wt.%
were manufactured through blending of the two materials and extrusion of the composite to produce the
filament. Filaments extruded only once were shown brittle and had a porous and rough surface. They had
an inconsistent diameter, reflecting the nonuniform distribution of the diamond particles. Subsequently, the
filaments were cut into pieces again and re-extruded. This process was repeated six times and after that the
surface was smooth, dense and showed no visible pores. These results can be seen in Figure 2.23. Addition-
ally, the incorporation of synthetic microdiamonds significantly improved the thermal conductivity by more
than a five-fold compared to ABS (for 60 wt.%). More importantly, their investigation also reported that the
elongation at break was reduced significantly compared to ABS itself, from 4.23% to 1.70%. Still, mechani-
cal properties were also improved by the addition of microdiamonds. The elastic modulus for the 60 wt.%
composite increased by 41.9% with respect to pure ABS.
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Figure 2.23: (A-E) SEM images of cross-section of second to sixth-time extruded filament. (F) Void area for
the second to sixth-time extruded filaments.[119]

Another study conducted by Kalsoom et al. [120] similarly focused on introducing microdiamond parti-
cles in a polymer. Here, an SLA-based 3-D printing method was used to fabricate thermally conducting
composite materials, see Figure 2.24. The composites containing 10, 20, 25 and 30% (w/v) of 2-4 ym sized
synthetic diamond particles were mixed with an acrylate based photopolymer. High concentrations (30%) of
microdiamond resulted in a substantial improvement (more than 200%) in the heat transfer efficiency of the
composite.

Figure 2.24: (a) 3-D printed heat sink using commercial acrylate resin, (b) 3-D printed heat sink using 30%
(w/v) composite material, (c) IR images of polymer heat sink heated for 10 min at 100 °C, (d) IR image of
composite heat sink heated for 10 min at 100 °C [120].
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3 Knowledge Gap and Research Objective

3.1 Knowledge gap

Current research in the field of 3-D printed electrodes has mostly focused on the use of carbon-based additives
such as CNTs, graphene and carbon black (CB). No studies have reported the use of BDD particles for property
enhancement in flexible polymer composites. Only a handful of papers reported the use of undoped diamond
for their research. No reports have also been published on the fabrication and use of flexible 3-D printed
electrodes for electrochemical applications. These factors create the following knowledge gaps:

¢ There is no scientific literature on the use of BDD particles for flexible 3-D printed electrodes.

* There is no scientific literature on the use of flexible 3-D printed electrodes for electrochemical applica-
tions.

¢ The effect of diamond particles on the mechanical properties of flexible 3-D printed composites is not
yet explored in detail.

3.2 Research objective

This research aims to investigate the possibility to manufacture flexible BDD-based electrodes through 3-D
printing techniques. Two 3-D printing techniques, SLA and FDM, will be used to investigate the produc-
tion of BDD composite electrodes. Iterative optimization rounds will be applied to produce electrodes with
desired electrical and electrochemical properties, and at the same time attain a good degree of flexibility.
Different concentrations of BDD powders will be mixed with various types of polymers (also including CNT
fillers) to find the most effective composition. The electrical, electrochemical and mechanical properties of the
developed electrodes will be studied through a set of experiments to characterize their performance.

This research aims to achieve a novel, straightforward approach for the preparation of flexible BDD-based elec-
trodes using 3-D printing techniques which can remove existing barriers in the manufacturing process. This
method should simplify the production and be significantly less time-consuming than current manufacturing
techniques based on chemical vapor deposition. In addition, 3-D printing allows for additive manufacturing
instead of existent subtractive manufacturing, which may contribute to a more sustainable fabrication.

3.3 Research questions

Main research question: “How can 3-D printing be used to manufacture flexible and conductive diamond-
polymer composite electrodes for sensing applications?”

Sub-questions:
e How does the filler content affect the mechanical properties of as-printed diamond-polymer composites?
¢ How does the choice of 3-D printing technique affect the maximum wt.% of particles to be added?

¢ What is the effect of BDD particles on the electrical and electrochemical behavior of as-printed, CNT-
containing electrodes?

e How does the printing technique affect the need for surface modification (post-processing)?

* What effects do post-treatment processes have on the structural integrity and electrical conductivity?
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4.1 Chemicals

Prusament Flex80 transparent resin, a commercially available acrylate resin, was purchased from Prusa Re-
search, Czech Republic. Thermoplastic polyurethane (TPU) pellets (5 mm) were supplied by 123-3D.nl, The
Netherlands, and used as received. Low-doped (300-500 ppm) BDD powder (1 ym) was obtained from
Boromond, China. Higher doped (710 ppm) BDD powder (< 0.5 ym) was purchased from UHD Ultrahard
Tools Co., Itd, China. Both powders were not treated and used as received (Figure 4.1). Multi-Walled Carbon
Nanotubes (MWCNTs) NC7000 and TPU-MWCNTs composite masterbatches (10 wt.%), Plasticyl TPU1001,
were purchased from Nanocyl SA., Belgium. Hexaammineruthenium(III) chloride (>98.0 %), potassium hex-
acyanoferrate(Ill) (>99.0 %), phosphate buffered saline (powder, pH 7.4), sulfuric acid (96.0 %), potassium
nitrite (>99.0 %) dopamine hydrochloride (>98.0 %), dimethylformamide (DMF) (99.5 %), acetone and iso-
propanol were purchased from Sigma Aldrich, The Netherlands.

Figure 4.1: Optical images of Ultrahard BDD powder (left) and Boromond BDD powder (right).

4.2 Composite preparation

4.2.1 SLA-based composites

Prusament Flex80 transparent resin was used for the preparation of the SLA-based composites. Diamond-
resin composites consisting of 2.5 to 12.5 wt.% were prepared by adding appropriate amounts of powder to
the resin. Powders were, prior to addition to the resin, crushed to reduce the existence of aggregates before
mixing with the resin. The composite mixtures were magnetically stirred for 90 min at 200 — 300 revolutions
per minute (rpm) to promote homogeneous dispersion of the particles. After that, the mixture was sonicated
for 30 min at 100 % power using a Bransonic 1800 Ultrasonic Bath 40 kHz to further disperse the BDD
microparticles and to disintegrate aggregated particles. At last, the composite mixture was again magnetically
stirred for 60 min to evenly distribute the settled particles on the bottom of the glassware resulting from the
sonication process. Once prepared, the composite resin formulations were used for printing without any
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modifications, but stored in tinted glass bottles at room temperature to prevent early polymerization. An
overview of the preparation process is presented in Figure 4.2. The diamond-resin composites containing
Boromond BDD powder are named BDR-X, where X represents the wt.% of BDD powder. The diamond-
resin composites containing Ultrahard BDD powder are named UDR-X, where X represents the wt.% of BDD
powder.
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Figure 4.2: Schematic drawing of the preparation and printing procedure of SLA-based composites.

Prior to the SLA-printing procedure with the diamond-polymer composites, an optimization process was
performed to investigate the feasibility of different BDD weight percentages. Multiple molds were manu-
factured that were each filled with different compositions of BDD-resin. Then, these molds were placed in
different UV-curing machines, which used different wavelengths, for different time periods. The results of
these experiments can be found in Table A.1. These results provided a solid starting point for the fabrication
of the composite resins through 3-D printing. On the basis of these results, different compositions of BDD
powder with resin were formulated, which were then used to print the BDR and UDR electrode samples.
An overview of the experiments related to the optimization of the 3-D printing procedure can be found in
Table A.2. For each BDD powder, three different BDD-resin compositions were formulated, where the highest
weight percentage represented the limit of what was printable. BDR-5, BDR-10 and BDR-12.5 were prepared
using the Boromond BDD powder, and UDR-2.5, UDR-5 and UDR-7.5 using the Ultrahard BDD powder.

4.2.2 FDM-based composites
Composite pellet fabrication

TPU/BDD and TPU/CNT/BDD composite pellets were fabricated using the following experimental proce-
dure. First, TPU pellets were dissolved in DMF using a 1:10 (g/ml) ratio and magnetically stirred for 2 hours
between 400-500 rpm at 60 °C. After all TPU pellets were dissolved, BDD powder was slowly added to the
solution and magnetically stirred for 2 hours under the same conditions as mentioned before. Then, the
composite solution was ultrasonicated using an Emag Emmi-60 HC 45 kHz operated at 100% power for 1
hour. After that, the composite solution was left stirring overnight at 500 rpm without heating to ensure a
good homogeneity. The solution was then precipitated in deionized water to obtain composite “precipitates”.
Precipitate formation is based on non-solvent induced phase separation [121]. It involves the formation of
two phases through an exchange of the solvent from the polymer solution to a non-solvent, from which pre-
cipitation of the polymer occurs. The precipitates were dried in an oven at 165 °C for 2 hours to evaporate
any remaining traces of DMF and water. At last, the dried composites were manually cut into 10-20 mm sized
pellets, which were later used for extrusion. A schematic overview of the process is presented in Figure 4.3.
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Figure 4.3: Schematic illustration of the preparation procedure for FDM-based composite pellets.

Composite filament fabrication

Composite pellets were extruded using a single-screw Felfil Evo extruding machine (Felfil srl, Italy), consisting
of a controllable extruding temperature, and controlled extrusion speed or flow rate. To control the filament
diameter, the extruded filament while still hot, was guided over a set of cooling fans to a spooling machine,
consisting of a stepping motor to ensure stable speed and diameter. A schematic of the extruding set-up
is presented in Figure 4.4. Occasionally, the filament was manually pulled out of the extruder machine to
gain better control over the filament diameter. The extrusion temperature was set between 195-215 °C. The
extrusion speed was set to 3-5 rpm and the speed of the puller was set to 0.4-0.6 m/minute. The extruded
filament was manually cut into smaller pieces which were 10-20 mm in length and re-extruded. This process
was repeated multiple times until the filament was dense, and showed no presence of porosity [119]. Extruded
filaments used for printing were ranging in diameter from 1.55 to 1.70 mm.
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Figure 4.4: Schematic illustration of the extruder set-up to manufacture composite filaments.
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4.3 3-D printing

SolidWorks 2022-2023 (Daussault Systemes SE, France) was used for CAD designing of the electrodes. The
CAD files were exported as .STL file type and converted to a G-code using PrusaSlicer 2.5.0 (Prusa Research,
Czech Republic) open-source program. The printed electrodes have dimensions of 25x25x1 mm?3, with an
average printing time per sample of 3 min using FDM and 45 min using the SLA-printer.

SLA-based printing

The SLA-printed electrodes were fabricated using a Prusa SL1S resin printer (Prusa Research, Czech Republic)
with a bottom-up projection and 405 nm UV LED light source. The curing time for the pure resin was set to
25 s for the first layer and 5 s for each following layer. The thickness of each layer was set to 50 ym and the
tilting profile of the printer was set to normal. For the BDR-X and UDR-X samples, the curing time was set
between 50-120 s for the first layer and 10-50 s for each following layer. The light transmission depth of the
photopolymer composite resin depends on the concentration of diamond particles. The increasing blocking
effect of higher concentrations of diamond particles may result in a layer too thin to adhere to the previous
layer, which causes print failure. The layer thickness was therefore set to 25 ym and tilting profile to highly
viscous. The increased first layer exposure time and adjusted tilting profile are necessary to ensure proper
adhesion of the printing samples to the print platform. After printing, all samples were cleaned for 5 minutes
in isopropanol using a Form Wash (Formlabs Inc., USA) washing machine to remove uncured resin. The
printing parameters for fabricating the SLA-based composites are presented in Table 4.1.

Table 4.1: Process parameters for SLA fabrication

First layer exposure (s) Other layer exposure (s) Layer thickness (um) Tilting profile
25-120 5-40 25 Highly viscous

FDM-based printing

The FDM-printed electrodes were manufactured using a low-cost Prusa i3 MK3S+ FDM printer (Prusa Re-
search, Czech Republic). To withstand the abrasive nature of diamond, the commercial printer was modified
by replacing several standard components. The hot-end was replaced by one which could operate at in-
creased operating temperatures (from 250 °C to 300 °C). Furthermore, an enlarged, 0.8 mm, ruby nozzle was
employed to avoid blockage of the nozzle by potential diamond aggregates and to withstand the diamond
abrasiveness. The speed of the extruder head was set to 20 mm /s for printing moves such as infill and perime-
ter, and the speed was set to 40 mm/s for travel moves. The temperature of the heated bed was set to 50 °C
for all samples, while the extrusion temperatures of the nozzle were set between 215-250 °C, depending on
the composite composition. A summary of the printing parameters regarding the fabrication of FDM-based
composites is presented in Table 4.2.

Table 4.2: Process parameters for FDM fabrication

Nozzle diameter Print speed Layer thickness Nozzle temperature Bed temperature  Raster  Fill density
(mm) (mm/s) (mm) (°O) °O angle (°) (%)

0.8 20 0.3 215-250 50 45 100

4.4 Characterization

Scanning electron microscopy (SEM)

SEM was used to characterize the cross-sections of the 3-D printed diamond composites and to investigate the
composite morphology. Samples were coated with a thin layer of gold using a JEOL JFC-1300 auto fine coater
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to enhance the conductivity during the measurement. SEM images were taken using a JEOL scanning electron
microscope (JEOL-JSM6010LA) which operated at an acceleration voltage of 5 and 20 kV. Additionally, SEM
was used to investigate both BDD powders in terms of their particle size and shape. BDD powder was
squashed on special carbon SEM stubs that were then mounted on the sample holder. Powder was also
sputtered with a thin gold layer to increase image quality. Different equipment was used to obtain the best
results regarding the imaging of both powders. At first, powders were deposited on a double-sticking carbon
tape and directly mounted on aluminum mounts which were placed in the SEM. As image quality was poor,
other alternative equipment was tested, such as carbon stubs. They are directly mounted on the aluminum
mounts and by additionally sputtering the powder with gold, the best imaging results were obtained. Next
to that, the powders were also deposited on a carbon slurry which was obtained by mixing a diluent with
carbon paste, which was subsequently spread on a copper, one-sided, piece of tape. Both the carbon slurry
and paste gave comparable results, with the carbon stubs having the preference over the slurry, taking into
account preparation time and feasibility.

Raman spectroscopy

The Raman spectra of both BDD powders were collected at room temperature using a Horiba LabRAM HR
micro-spectrometer equipped with an x, y, z moving stage. A Cobolt fandango 50 argon-ion laser operating
at 514 nm wavelength and 50 mW was used as excitation source. BDD powder was manually squashed in
a small cavity and placed directly under the laser. The Raman spectra were analyzed with Origin Pro 2023
software. During this research, observations were made, from which it appeared that a down-shift of the
diamond peak depended on the laser intensity. Therefore, a set of systematic acquisitions were performed on
the powder surface to investigate this phenomenon. Figure B.1 shows a series of Raman spectra obtained from
the same sample of Boromond BDD powder at different laser powers. The graph shows that when 1% of the
laser power intensity is applied, the diamond peak is located at the expected, 1332 cm™. But for higher laser
intensities, 10% and 100%, the diamond peak starts to shift down to 1323 cm™ and 1317 cm™, respectively. It
can be concluded that the use of a laser with increased power leads to uncontrolled heating of the powders
that is manifested as a broadening and down-shifting of the 1332 cm™ line.

Keyence Digital Microscope

Cross-sections of different extruded filaments were used to investigate the effect of number of extrusions on
the porosity and filament quality. The effect of treatment procedure on the 3-D printed electrode surface was
also studied. Measurements were carried out using a Keyence Digital Microscope VHX-6000. The filament
cross-section images were taken using x30 objective lens and the images of the electrode surfaces were taken
using x50 and x100 objective lens.

Mastersizer 3000

The particle-size distribution of both BDD powders was measured by laser light scattering using a Malvern
Mastersizer 3000 instrument (Malvern Instruments Ltd, Worcestershire, UK) with a Hydro SM wet sample
dispersion unit. The particle size distributions (PSDs), i.e., particle size at 10% (Dv10), 50% ((Dv50), median
diameter), and 90% (Dv90) of the volume distribution were calculated using the Mastersizer 3000 software
(version 5.54). The measurement was carried out in triplicates. BDD powder was dispersed in deionized
water and added to the wet dispersion unit.

Electrical properties

The electrical properties of the 3-D printed composites were investigated using a digital multimeter (Voltcraft
CV820-1) equipped with two probes. The probes were manually positioned at fixed distances on the com-
posite filaments and samples, and the obtained resistances were converted to volume resistivity using the
following equation:

p=R-(A/L) (4.1)
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where p is the volume resistivity, R is the resistance, A represents the surface area and L is the distance
between the probes or length of conductive path. Electrical measurements were (when necessary) facilitated
with the application of silver contacts to the composite electrodes to mitigate measurement error with uniform
metallic connections.

Mechanical properties

Uniaxial tensile tests to identify the mechanical properties of the 3-D printed composites were performed
using a Zwick & Roell tensile testing machine with a constant pulling rate of 20 mm/min. Yield and stiffness
properties were evaluated from three specimens. Printed composite samples were dumbell-shaped with
dimensions according to the ASTM D-638 (type V) presented in Figure 4.5a. An image of the tensile test
set-up with a sample placed in the machine is presented in Figure 4.5b.

(b)
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Figure 4.5: (a) Schematic drawing with dimensions of tensile test samples according to ASTM D-683 type V.
(b) Image of test set-up used for tensile test.

Electrochemical properties

Electrochemical measurements, including cyclic voltammetry (CV) and differential pulse voltammetry (DPV),
were carried out using an Autolab PGSTAT 128N controlled by Nova 2.1 software (Metrohm, The Nether-
lands). The working electrodes (WE) employed were the 3-D printed composite electrodes, as reference
electrode (RE) a silver-silver chloride (RE-1BP from ALS co.) is used and a 25 cm 99.9 % platinum wire
(catalog No. 50HX15 purchased from redox.me, Sweden) as counter electrode (CE) to create a conventional
three-electrode set up. The WE was placed in a 25 mm x 25 mm sample holder with a 1 cm? aperture pur-
chased from redox.me, Sweden. An image of the WE set-up with the holder is presented in Figure 4.6. The
electrodes are placed inside a glass beaker, and all are submerged in the measuring solution. All experiments
were performed under laboratory conditions (23 °C). During the CV, the voltage is swept from zero to a posi-
tive value to a negative value and back to zero. Each CV scan was performed five times to verify its accuracy.
CV was used to determine the potential window, background current and double-layer capacitance. For the
latter, CVs were recorded in 0.5 M KNOj in the potential range between -0.5 V and +0.5 V and the following
equation (Equation 4.2) was employed to estimate the double layer capacitance (Cq;) values:

Cat = Alay / Ageomv (4.2)

where Aly (in A) is the average background current difference between the forward (anodic) and reversed
(cathodic) scan at a potential of 0 V, Ageom represents the geometric surface area (1 cm?) and v is the scan rate
(0.1 V/s).

For the detection of dopamine, differential pulse voltammetry (DPV) was used. Scans were recorded using a
pulse amplitude of +25 mV, pulse width of 50 ms, potential step of 2.5 mV and a scan rate of 5 mV/s.

Furthermore, a scan rate study (10, 25, 50, 75, 100, 150, 200 and 250 mV/s) is conducted using 1mM
[Ru(NHj3)6]?+/2+ (RuHex) and 1mM [Fe(CN)]>~/4~ (ferrocyanide), both in 0.5 M KNOj3. The data obtained
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from the RuHex scan rate study is used in the Randles-Seveck equation for the determination of the effective
electrode surface area (Aesf). The Randles-Seveck equation is presented in Equation 4.3.

ip = 2.69-10°n%/2 A, ;s D'/2Cyo'/? (4.3)

where 7 is the number of exchanged electrons, D is the diffusion coefficient of the redox probe, v is the scan
rate, Cp is the concentration and i, is the peak current.

Figure 4.6: Image of (a) electrode holder parts and (b) assembled electrode holder.
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5.1 Powder characterization

5.1.1 Powder size and shape

Particle size distributions for both BDD powders were obtained by laser diffraction analysis, and the results
are presented in Figure 5.1a and Figure 5.1b. Both graphs present a good picture of the distribution of the
particle sizes. From Figure 5.1a, it can be observed that the distribution of Boromond BDD particle size is
mostly focused between 0.5 ym and 1.5 yum. There is no symmetrical distribution of the particles visible in
the graph, with a distribution maximum indicating a particle size of roughly 0.45 ym for 8% volume of the
measured sample quantity. All particles had sizes ranging from 0.1 ym up until 3 ym. Regarding the particle
size distribution of the Ultrahard BDD powder, it can be observed that the distribution is more centered
around a significantly narrower range of sizes, visible in Figure 5.1b. A symmetrical distribution is centered
around 0.35 um, with the maximum representing about 12.5 volume % of the measured sample. No particles
larger than 1 ym have been detected for the Ultrahard BDD powder, meaning that this type of powder can be
considered sub-micron. All particles were between 0.1 — 1 ym.
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Figure 5.1: Particle distribution size of (a) Boromond BDD powder and (b) Ultrahard BDD powder.

Additionally, SEM was employed to investigate the shape and size of both BDD powders. The SEM images
are presented in Figure 5.2.

Regarding the particles size, if we compare the SEM images from Figure 5.2 with each other, it is clear that
the results obtained from the particle size analyzer are in line with the observations we can make from the
SEM images. The Boromond BDD particles are clearly, on average, larger compared to the Ultrahard BDD
particles. Also, the Ultrahard particles seem to be more similarly sized compared to the Boromond particles,
which is also in line with previously established observations (See Figure 5.1).
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Lastly, the shape of the particles is for both powders rather sharp. Especially the Boromond BDD powder has
particles with sharp, and pointy edges. Most particles are non-spherical and showed a cubic-like shape.

Figure 5.2: SEM images of different BDD powders with different magnifications. Magnified image of
Boromond BDD powder at (a) x11000, (b) x30000, and of Ultrahard BDD powder at (c) x11000 and (d)
x30000.

5.1.2 Powder composition

Raman spectroscopy was employed to assess the composition of the BDD powders and to evaluate their
boron content. The Raman spectra of both powders are presented in Figure 5.3a. The common feature of the
recorded Raman spectra for both samples is the sharp first-order diamond peak located at 1332 cm™!. This
characteristic peak is related to the presence of C-C sp® chemical bonds and is commonly present in bulk
diamond single-crystals [122]. Moreover, another band region, between 1500 — 1600 cm™, can be observed in
the Raman spectrum of the Ultrahard BDD sample which is possibly due to sp? amorphous carbon (G-band).
The Boromond BDD powder on the other hand shows a symmetric Raman spectrum with a clear diamond
peak present at 1332 cm™! which means that the composition of the powder is dominated by sp® carbon. In
addition, the Raman spectra presented in Figure 5.3b provide more information on the composition of both
powders. For the Boromond BDD powder, there is a symmetric band situated around the 1332 cm™. This
behavior is very much in line with reported literature [123] related to Raman analysis of undoped diamond
micropowders. Since there is a strong resemblance in terms of symmetry compared to undoped diamond
powder, it would indicate a significantly low level of boron doping of the powder.

On the other hand, a more asymmetric shape of the diamond peak can be observed for the Raman spectra
of the Ultrahard BDD powder. This could indicate the presence of boron in the diamond crystal, which has
been reported in literature. It is known that an increase in boron concentration within the diamond lattice
leads to an increasing asymmetry in the first order Raman peak (zero phonon line) [122]. This effect was
further investigated by Ushizawa and colleagues [124]. The asymmetric behavior is generally starting to
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develop when concentrations of 200 ppm of boron or higher are present in the diamond crystal. The observed
asymmetry is not very prominent, and therefore it is hard to make any conclusive decision on the boron
doping level in the powder. Moreover, there appears to be a broad, but very weak, Raman band situated
around 500 cm™, which is often linked to boron doping in diamonds [125]. It can be concluded due to the
visible asymmetry that there is a certain concentration of boron present, but the doping level will be relatively
low, in the region of 200 to maximum 750 ppm compared to reported literature. Lastly, it is reported that the
reduction in particle size, and therefore, the increase in surface-to-volume ratio compared to bulk diamond
powder, can cause a downshifted diamond peak towards lower wavenumbers [126]. Thermal effects, such
as size of particles and laser power, must be considered when interpreting any downshift of the 1332 cm™
diamond Raman line.
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Figure 5.3: (a) Raman spectra of Boromond BDD powder (blue) and Ultrahard BDD powder (red). (b) Raman
peak of Boromond BDD powder (blue) and Ultrahard BDD powder (red).

All previously reported Raman spectra were acquired at a reduced laser power intensity. To achieve this,
a neutral density (ND) filter was applied, which allowed only 1% of the laser power to be subjected to the
sample surface. During earlier acquisitions, when higher laser powers were used, dark spots were noticed
after a measurement cycle on the sample surface. Using the ND filter, the laser power could be controlled,
and these spots generally decreased in size and darkness, and eventually disappeared as the laser power
was decreased. The presence of dark spots on diamond (micro)powder samples has earlier been reported
by researchers [126]. They are directly related to the laser power, which causes local heating on the sample
surface.

5.2 SLA-based Composites: Fabrication and Characterization

5.2.1 Fabrication

Prior to the fabrication of the SLA-printed electrodes, various experiments were conducted to investigate the
effects of introducing BDD particles in a photoreactive resin (reported in Table A.1). When BDD particles are
introduced in photoreactive resins, the composition of the resin starts to change, subsequently affecting its
viscosity, density, but also the way in which the (composite) resin cures. Low viscosity or good fluidity is
crucial in the process of 3-D printing through polymerization, but retaining this property can be challenging
when working with composite resins. This is because the viscosity of photosensitive resin tends to increase
with increased filler content [127].
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The following sections are dedicated to present and discuss the effect of increased filler weight percentage on
the mechanical, electrical and electrochemical properties. Also, the effect on the morphology of the electrodes
will be discussed.

5.2.2 Morphological and surface characterization

After printing the BDD/photopolymer composites, the samples were investigated by SEM. SEM images of a
fracture surface presented in Figure 5.4 show noticeable differences between the pristine flex80 resin (a) and
the BDD composite samples (b) and (c). The pristine resin sample has a smooth surface compared to both BDD
composite surfaces. A few white spots are noticed in the image, but could be attributed to contamination. For
images (b) and (c) presented in Figure 5.4, the surface is mostly characterized by a more rigid-like, bumpy
surface morphology. The rough surface contains multiple pullouts (white fragments) and has significantly
more voids and grooves compared to the pristine resin. This can also be observed on the fracture surface’s
coarse area, corresponding to the locations where the BDDs were completely pulled out and indicating in
some areas a weak interface between the BDDs and the polymer matrix. Increased surface roughness with
composite resin samples compared to neat resin is expected and has earlier been reported in literature [91,
128]. The BDD particles are well distributed throughout the polymer matrix in both samples (Figure 5.4b,c)
and no clear sign of agglomeration is observed.

il

Figure 5.4: SEM images of the fracture surface of different 3-D printed samples: (a) neat resin, (b) BDR-10,
and (c) UDR-5.

Furthermore, different graphic features of the composites were detected with the increasing concentration of
BDD additives. For all samples, presented in Figure 5.5, the fracture morphology is mostly characterized by
multiple particle pullouts (white fragments). Several of these pullouts exist in the structure, which means
they are not tightly stacked in the resin matrix, resulting in weak adhesion between additives and matrix.
With increasing wt.% of additives, the white fragment pull-outs start to appear more frequently. Similarly,
the increase in weight percent of additives leads to the occurrence of more particle aggregation, visible in
Figure 5.5b. More “clustered” fragments are present at 12.5 wt.% compared to 10 wt.%, mainly visible on
the right side of the image depicted as white spots. Also, the agglomerates tend to increase in size when
the weight percentage is increased, which is in line with previous findings by Zhang and colleagues [128].
In addition, Figure 5.5¢,d present the morphology of the UDR printed samples. Here, the presence of fillers
seems to be less predominantly existing. Possibly, due to the lower weight percentage of powders used, but
the effect can also be explained by the smaller particle size which means they are more difficult to observe.
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Figure 5.5: SEM images of the fracture surface of different 3-D printed samples: (a) BDR-10, (b) BDR-12.5, (c)
UDR-5, and (d) UDR-7.5.

5.2.3 Mechanical, electrical and electrochemical characterization

The addition of BDD reinforcements to the SLA resin will have significant impact on various properties of
the composite samples. This section will present, discuss and evaluate the effect of the BDD particles on the
mechanical, electrical and the electrochemical properties of the flexible photoreactive polymer.

Mechanical characterization

The values of Young’s modulus, tensile strength and elongation at break of the materials studied are reported
in Figure 5.6 and Table 5.1. Figure 5.6 represents the stress-strain curves of all tested composites. The figure
reveals that all 3-D printed composites show a similar stress-strain curve. However, one can distinguish each
sample by a change in the slope and stress. Neat Flex80 resin exhibited a Young’s modulus of 2.40 MPa, a
tensile strength of 2.25 MPa, and an elongation at break of 93.6 %. The data in Table 5.1 evidence that the
tensile strength of the composites was in the same range and mostly exceeded that of the Flex80 resin. It
should therefore be recognized that the addition of the BDD particles alters the microstructure of the material
and allows it to maximize the interaction with the polymer matrix, resulting in a better resistance against
high stresses, if properly implemented. Moreover, the increase in tensile strength, which is present for all
composites, was also accompanied by a surprising increase in elongation compared to the Flex80 resin. This
would indicate that the addition of micro-diamond particles increases the strength of the composite without
compromising the elongation. Toughening of the polymer by addition of BDD fillers, allowing it to absorb
more energy, is therefore well recognized. Nevertheless, it is unexpected that the sample with the lowest
elongation is the one without reinforcements, Flex80. This can possibly be attributed to the absence of post-
treatment to the photoreactive composite samples. Due to the presence of amounts of unreactive groups which
are left inside the manufactured sample, the stability, and strength of the 3-D printed product are affected.
Post-curing processes integrating UV and heat guaranty the conversion of the unreacted groups and enhance
the mechanical properties of the 3-D printed parts [113, 129]. For this reason, the same experiment had also
been conducted with mild annealing (70°C) and curing for 1 hour of the measured samples. The results
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from this experiment concluded that the effect of post-treatment (mild annealing with curing) significantly
influences the mechanical properties of all composites, with the Flex80 resin being most heavily affected.
The results can be found in Table B.1. In brief, an opposite trend (i.e., deteriorated mechanical properties as
function of filler content) was observed for the post-treated samples.
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Figure 5.6: Stress-strain curves of SLA-printed composite samples.

The Young’s modulus of all composites (without post-treatment) was improved in comparison to the Flex80
resin, and it also enlarged with increasing filler content (visibly presented in Figure 5.7). The largest increase
in Young’'s modulus, by up to 175 %, was found for the BDR-12.5 composite, also having the highest wt.%
of BDD fillers. This result was expected, as the higher the weight percent, the more rigid links are between
the polymer and diamond in the composite matrix, making it stronger, but at the same time decreasing its
ductility. Another interesting observation can be made when comparing the different weight percentages for
each of the two BDD samples. For both BDD composites (BDR and UDR), the increase in Young’s modulus
tends to decrease when it is approaching the highest reported weight percentage. This effect can plausibly
be attributed to the formation of aggregated or clustered particles. As previously observed from the SEM
images presented in Figure 5.5, the BDR-12.5 images show more clustered areas where there is a concentrated
presence of BDDs compared to the lower weight percent sample. An increase in aggregated particles creates
local stress concentration points which deteriorate the mechanical properties of the material [130]. Moreover,
this can be explained by the effect of filler-filler or filler-polymer interactions. At lower filler concentrations, or
in situations where the inter-filler interaction is not favorable over the filler-polymer interaction, mechanical
stiffening of the material occurs (when there is a homogeneous dispersion), visible by comparing Flex80, BDR-
5 and BDR-10. While at a higher filler concentration (BDR-12.5), filler particles are more prone to interact with
each other as compared to with the polymer molecules, leading to localization of interacting fillers. This could
also explain the decrease in tensile strength of BDR-12.5 compared to BDR-10 (4.75 MPa vs 4.08 MPa).

Other researchers similarly reported an enhanced Young’s modulus with increasing filler content using micro-
and nanodiamond particles [119, 131-133]. This observed effect can be explained by the way the fillers in-
teract with the photoreactive polymer. For all reported findings, the addition of diamond reinforcements
increased the Young’s modulus from 50 % up to 400 %, depending on the particle size and weight percentage.
Zubrowska et al. [131] more specifically investigated the effect of micro- and nanodiamond size and their
weight percentages on the mechanical properties of a polymer. Although their findings concluded that the
Young’s modulus increased when the weight percentage of diamond also increased, they reported no signifi-
cant effect of the change of particle size on the mechanical properties. Similar conclusions can be drawn when
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comparing the mechanical properties of the BDR-5 and UDR-5 samples. The presented Young’s modulus,
tensile strength, and elongation at break have close resemblance and show only minor deviations. Still, it
should be noted that the size of the BDR and UDR particles did not significantly differ from each other in
order to make substantial conclusions about the effect of size on the mechanical properties.

Even though reports on carbon-based additives to improve mechanical properties of photoreactive resins are
rather limited, some researches have successfully reported great results. Lin et al. [114] fabricated a composite
resin containing 0.2 wt.% of GO (graphene oxide) without post-treatment of the samples. It was found that
compared with pure polymer resin, the tensile strength increased 62.2 % and the elongation was increased by
12.8 %. Xiao et al. [115] used a combination of carbon fiber and graphene oxide to reinforce a photoreactive
polymer resin. The tensile test showed that when the weight percent of fillers was increased, the material
behaved more stiff, lowering its ductility, and is comparable to the results of this study. These two studies
show that even with relatively low additive loadings (0.2 wt.% and 0.8 wt.% respectively), the additives
already provide a substantial increase in mechanical properties such as tensile strength and stiffness. So far,
extensive literature data on low additive loadings of diamond micro/nano powders, and how they affect the
mechanical properties of SLA-printed composites, is missing.
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Figure 5.7: Young’s modulus of all SLA-printed composite samples.

Table 5.1: Material properties calculated from tensile and electrical tests of all SLA-printed composite samples.

Samples Young's modulus (MPa) Tensile strength (MPa) Elongation (%) Conductivity (S/cm)
Flex80 2.40 + 0.04 2.25 + 0.45 93.6 + 17 Not measurable
BDR-5 3.65 + 0.05 437 £ 0.18 120 + 5.1 Not measurable
BDR-10 411 +0.12 475 + 0.17 115+24 Not measurable
BDR-12.5 419 + 0.17 4.08 = 0.15 972 +3.1 Not measurable
UDR-2.5 2.88 + 0.01 3.47 + 0.07 123+ 1.5 Not measurable
UDR-5 3.28 = 0.01 430 = 0.19 129 + 3.9 Not measurable
UDR-7.5 3.45 + 0.07 433 +0.2 123 £ 3.6 Not measurable
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Electrical and electrochemical properties

Presented in Table 5.1 and Table B.1, the electrical conductivity of all SLA-printed samples was not measurable
with the applied equipment. Even though silver ink was applied to increase the contact conductivity between
the measuring probes and the sample surface, and samples were immersed in acetone, the resistance was
still above the maximum detectable threshold of 200 M(). One possible reason for this insulating behavior
is that the weight percentage of the used particles is too low to facilitate a conductive network through the
material. It means that the particles inside the polymer matrix are too far apart from each other, which would
restrict the transfer of electrons to take place. However, another viable reason for the high resistivity of the
SLA-printed samples could simply be the lack of electrical conductivity of the boron-doped diamond particles
themselves. Taking into account the earlier presented Raman spectra (Figure 5.3a) which concluded that the
boron doping level is relatively low, and far from conductive, it is more likely that the insulating behavior can
be attributed to the very low level of doping. In addition to that, the earlier presented SEM images showed
good dispersion of the BDD particles and only a few aggregations were observed.

Nevertheless, electrochemical measurements were carried out in order to validate the previously made ob-
servations, considering the electrical conductivity of the samples. The SLA-printed samples with the highest
weight percentage of BDD fillers were chosen to be tested to investigate their electrochemical response. Un-
fortunately, but not unexpected, both samples (BDR-12.5 and UDR-7.5) showed no response to a standard
electrochemical characterization in 0.5 M KNOj solution. The results can be found in Figure B.3.

5.3 FDM-based Composites: Fabrication and Characterization

5.3.1 Fabrication

Composite formulation

A schematic illustration of the composite formulation process, including photos of the respective materials
and solutions in the various steps, is presented in Figure 5.8. The manufacturing process involved different
complex steps which made it challenging and thus required close monitoring, and constant reiteration of
the various steps. Some examples are proper dissolution of the polymer, ensuring homogeneous dispersion
of added particles and proper removal of solvent. Optimization of the different process parameters such
as choice of solvent, stirring temperature, stirring time and stirring speed proved important, but also other
parameters such as, size of magnetic stirrer, size of beaker and powder preparation procedure were found
to be critical. The presented process parameters in Figure 5.8 have been carefully chosen for these specific
manufacturing conditions and were partially inspired by previously reported procedures in the literature. An
overview of these is presented in Table B.2.
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Figure 5.8: Schematic illustration of the FDM-based composite formulation process.

Extruding and 3-D printing

After successfully formulating the different composites, each composition had to be individually formed as a
printable filament material. An overview of all extruded filaments used in this study is provided in Figure 5.9.
For this process, the manufactured pellets were fed to the hopper element of the extruder, and extruded via a
1.75 mm nozzle. Similar to the composite formulation process, the process of extruding a composite filament,
in order to achieve a homogeneous, dense and straight material, required to be meticulously approached.

TPU
TPU/BDD10
TPU/BDD20
TPU/BDD40

TPU/BDDA40UH
TPU/CNT

TPU/CNT/BDD(2:1)

TPU/CNT/BDD(1:1)

TPU/CNT/BDD(1:2)

Figure 5.9: Overview image of all manufactured FDM-based filament composites.
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Parameters such as extrusion temperature, screw RPM and spool speed were each carefully optimized and
their effect on the filament quality was closely monitored. The filament quality, which is mostly determined
by the uniformity of the filaments’ diameter, is the most critical factor in the process of 3-D printing, as
it determines the success rate of the 3-D printed object. For each sample composition, roughly 35 grams
of pellets were manufactured, which provided sufficient material to optimize the extrusion conditions and
fabricate a sophisticated filament.

In general, the diameter of a filament is determined by a combination of the extrusion temperature, screw
speed and spool speed. For neat TPU, without the addition of particles, the extrusion settings had been es-
tablished by the manufacturer of the used machine. Moreover, the effect of extrusion temperature and screw
speed on the filament diameter has been studied in literature as well. Liu et al. [134] found a correlation
between these two parameters and the filament thickness. Their data showed that when the extrusion tem-
perature was kept constant, the filaments” diameter grows as the screw speed increases. This is because the
melt volume extruded out of the die increases as the screw speed increases, causing a pronounced swelling
of melt and a larger diameter in the subsequent cooling process. They also found a reduction in filament
thickness when the temperature was increased, while keeping the screw speed constant.

Figure 5.10: Effect of the number of extrusions on the filament surface roughness: (a) 1, (b) 3, (c) 5 extrusion
steps.

Filaments extruded only once were significantly ruptured and porous (Figure 5.10a), with an inconsistent
diameter, reflecting a nonuniform distribution of BDD particles within the pellets. Voided structures were
still evident in the filaments extruded for the third time (Figure 5.10b), although these reduced in size and
number drastically, following the fourth extrusion. After the final fifth extrusion, the filament was dense
with an evenly distributed diamond loading, and consistent filament diameter (Figure 5.10c). Furthermore,
the cross-sections of the filament were each investigated by optical microscopy to visualize the degree of
porosity inside the material. Optical images showing the effect of number of extrusions on the filament
cross-section are presented in Figure 5.11. Equivalent observations were made by Kalsoom and colleagues
[119] who similarly investigated the effect of number of extrusions on the porosity of the filament. They
reported a minimum number of six extrusions that were required to obtain a dense, non-porous filament.
Their observations were similar to the ones presented in this study, and they also mentioned the presence of
voids and a non-homogeneous diameter, which slowly improved as the filament was re-extruded. One should
however consider the effect of material degradation as a result of the amount of extrusion times due to the
numerous exposure to the high temperatures. A study that deeply investigated the effects of the re-extruding
filament was conducted by Cieslik and colleagues [135]. They investigated the effects of extrusion temperature
(190 °C-200°C) and reprocessing steps on the rheology, morphology, thermal and electrochemical properties
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of a conductive PLA 3-D printing filament. Based on their research, several findings were reported. Multiple
cycles of reprocessing resulted in degradation of the polymer matrix. As the number of reprocessing cycles
was increased, the more reduced the electrical conductivity was, but also the electrochemical properties were
deteriorating as the cycles increased. Both events were reportedly attributed to the formation of conductive
aggregates during the re-extruding process. From this research, one should therefore carefully consider the
effects of the re-extrusion on the material properties and limit the number of extrusions as much as possible.

Figure 5.11: Effect of the number of extrusions on the filament cross-section.

After successfully extruding the composite filaments necessary for this study, the filaments were used in the
3-D printer to print several, standard electrode designs.

5.3.2 Mechanical characterization

Figure 5.12 demonstrates the stress-strain curves of various composite samples tested (presented in Fig-
ure 5.13). TPU with no BDD fillers exhibited 22 MPa of tensile strength and an elongation at break of 1458 %,
which can be seen in Figure 5.12a. It is confirmed that the addition of BDD particles causes a decrease in ten-
sile strain, and lowers the maximum tensile strength of the material. With 10 wt.% added BDD particles, the
tensile strength was already decreased by 30% and the elongation by almost 50%. When the BDD concentra-
tion was increased to 40 wt.%, there was a detrimental effect on all mechanical properties. A definite decrease
of 86% of the original tensile strength was observed, while the elongation was reduced with an astounding
99% compared to the neat TPU. These results present conclusive evidence that there is a significant effect of
the addition of BDD particles on the tensile strength and elongation of the composite. A clear trend can be
observed once we compare the tensile strength, and elongation values with the different weight percentages
of BDD. The higher the weight percent, the lower the elongation of the material, and the lower the tensile
strength of the composite material becomes. The effect of the lowered elongation can be easily explained. As
reinforcements are added, the material will become stronger, and it will reduce the plastic flow of material
during the loading and causes the elongation to drop. As the strength of the material goes up, there will be a
corresponding drop in elongation. This effect is consistent with reported literature findings that used similar
thermoplastics with carbon-based additives. [90, 91, 103, 109, 119].
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Figure 5.12: Stress-strain graph of the various FDM-printed composite samples; (b) shows a magnified view
of the lower strain range, indicated by the red box and arrow in (a).

The reduction in tensile strength with increasing BDD content is inconsistent with the composite theory, that
suggests strength improvement under the condition of homogeneous dispersion. The effect could be ex-
plained by different things. First, poor dispersion of the BDD particles in the TPU matrix, which creates BDD
clusters in the polymer. In this case, the clustered BDD sites will introduce local stress concentrations making
it more susceptible to failure, and therefore will reduce tensile strength. Second, it could be that the interface
between the BDD particles and the polymer matrix is too weak, meaning insufficient binding between the
particles and the polymer [136, 137]. It will result in failure of directed load transfer and restrict stresses to
be efficiently transferred to the fillers during deformation due to poor interface between the polymer and
particles. This will create local stress concentrations which are critical for the tensile strength. Third, the ratio
of BDD to polymer is simply too high which will subsequently introduce poor dispersed particles, resulting
in aggregation.

Different publications reported comparable findings regarding a decrease in tensile strength for increasing
filler content. Tzounis and colleagues [91] fabricated a flexible, conductive TPU/CNT composite with up to
5 wt.% of fillers. They reported that the tensile strength of each composite decreased after every increase in
weight percent. The reasoning for this behavior was reported to be a possible result of the weak interfacial
strength of the interlayer bonds, which create stress concentration sites. Studies by Kim [103] and Christ et al.
[90] found comparable mechanical behavior and similarly attributed this to the possible effect of a decreased
interfacial strength between the polymer and additives. It should also be mentioned that equal behavior was
observed for other thermoplastic polymers [108-110]. In a work focused on understanding the relationship
between filler size and properties of PLA/GNP nanocomposites, the tensile strength was increased for the
composites containing up to 7 wt.% of filler, but beyond this value, the tensile strength was decreased due to
the presence of aggregates [111].

From Figure 5.12, the effect of BDD fillers on the stiffness of the composites was also observed. The slope
of each curve in the elastic deformation region was differentiated, and TPU/BDD/40UH has the highest
fragility, followed by TPU/BDD/40, TPU/BDD/20 and TPU/BDD/10. In general, the stiffness of all FDM-
printed composites increased with the addition of BDD compared to neat TPU, being in good agreement with
different results presented in the literature [90, 91, 119]. The increase in stiffness can be explained as follows:
when inorganic fillers such as BDD are loaded into thermoplastic polymers such as TPU, they are capable
of playing the role of a skeleton in the matrix. Therefore, the movement of the macromolecular chains is
limited due to several physical cross-linking points between them and the polymer chains, thus improving
the composite’s stiffness.

An overview of all mechanical properties calculated from the tensile tests is presented in Table 5.2.
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TPU TPU/BDD10 TPU/BDD20 TPU/BDD40 TPU/BDD40UH

Figure 5.13: Image of composite samples used for tensile test.

Table 5.2: Material properties calculated from the tensile and electrical tests of the studied FDM-printed
composites.

Samples Young's modulus (MPa) Tensile strength (MPa) Elongation (%) Conductivity (S/cm)
TPU 13.3 £ 0.5 21.8 £ 6.55 1458 + 389 Not measurable
TPU/BDD10 243 +1.2 15.7 + 0.41 716 + 259 Not measurable
TPU/BDD20 299 0.7 8.51 + 0.38 359 +71 Not measurable
TPU/BDD40 354 +29 3.28 +0.75 17.8 £2.3 Not measurable
TPU/BDD40UH 439 +71 2.99 +0.29 124 £ 09 Not measurable

5.3.3 Electrical characterization
TPU/BDD composites

The 3-D printed composites, previously used for mechanical characterization, were also used for electrical
characterization. The results of the characterization are presented in Table 5.2. Unfortunately, their resistance
(above 200 M()) was not measurable with the equipment employed for this investigation, and were therefore
considered poor electrode material, not suitable for its application. There was no electrically conductive
network present in order to promote electron transfer, even with the use of silver ink to increase surface
conductivity between the probes and the material surface.

TPU/CNT/BDD composites

Due to the results obtained from the previous section, changes had to be made in the composite composition in
order to achieve the objective of this study, which focused on flexible and electrically conductive 3-D printable
BDD-based electrodes. Materials that have widely been implemented in 3-D printed electrode composites,
show excellent electrical properties, and are recognized as diamond’s allotrope, are CNTs. More specifically,
multiwalled carbon nanotubes (MWCNTs) had been chosen in this study, as they retain excellent electrical
properties and have proven to be an attractive material for 3-D printed electrode composites [83, 88, 89,
93]. For the remaining part of this study, different composite compositions were produced using the same
manufacturing procedure as depicted in Figure 5.8. In this case, MWCNTs were first added to the TPU-DMEF,
stirred and sonicated, and then the BDD particles were added, stirred and sonicated. Through this way,
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four different compositions were formulated which were used for the remaining part of this study. They are
presented in Table 5.3.

Table 5.3: Summary of different manufactured composites containing MWCNTs.

Weight ratio  Wt.% of total composite

Sample name MWCNT:BDD  TPU/MWCNT/BDD

TPU/CNT 1:0 90/10/0

TPU/CNT/BDD (2:1) 2:1 85.7/9.5/4.8
TPU/CNT/BDD (1:1) 1:1 81.8/9.1/9.1
TPU/CNT/BDD (1:2) 1:2 75/8.3/16.7

Each of the four newly formulated composites were subjected to an electrical characterization. Initially, dif-
ferent samples were taken from each filament composition and their resistance was measured. After that,
the resistance of the 3-D printed composites was also investigated. The results for the composite filaments
are presented in Table 5.4a, and for the 3-D printed electrodes, the resistance was measured in-plane and is
presented in Table 5.4b. For the composite filament containing only TPU, its calculated volume resistivity
was above the detectable threshold, which confirms the insulating property of the polymer. When the CNTs
were introduced in the composite, there was an immediate drop in the resistivity observed. Clearly, the CNT
concentration is well above the percolation threshold, and is also well above the thresholds (0.5 - 3.2 wt.%)
reported in the literature that used CNTs with similar aspect ratio and properties [92, 138, 139]. The perco-
lation threshold is defined as the minimal percentage of conductive filler required to be added to transform
an insulating polymer into a semi-conductive one. It is one of the main parameters that scientists need to
consider when formulating conducting composites for electrode materials. It is worth mentioning that the
electrical percolation threshold is much lower than the mechanical percolation. The presence of a tunneling
mechanism causes this phenomenon. Electron connections or electron transfer could arise from two different
types of mechanisms; mechanical contact between two conductive particles from which exchange of an elec-
tron arises, or by electron tunneling effect which relies on electron hopping. The main point here is that it is
possible that a pair of conductive particles dispersed in an insulating polymer can facilitate electron transfer,
even if there is no physical connection between them [140-142]. More information regarding the percolation
theory can be found in Figure B.2.

After introducing BDD particles in the filament composite, a clear trend was observed which shows a decrease
in resistivity with increasing BDD concentration (see Table 5.4a). Starting with 757 ()-cm for the composite
without BDD, the volume resistivity was eventually reduced by 88 % to 92 (3-cm for the TPU/CNT/BDD
(1:2) sample. The BDD particles possibly act as an extended electron traveling network. Their presence
within the composite is favorable to the electron transfer kinetics and subsequently increases the conductivity
of the sample. Moreover, this effect can possibly be supported by the synergistic effect of the MWCNTs
and BDD particles that together form a coherent conductive network, promoting better electron transfer
as compared to the MWCNTs by themselves. In general, most researchers reported the use of a single
conductive particle in their composite, whereas this research is focused on two. The combination of using a
binary conductive particle dispersion has earlier been conceptualized [103]. Kim suggested that the electrical
conductivity through the formation of a conductive path is enhanced by the different geometric characteristics
of the dispersed particles or distributed clusters. His observations support the results from this study.

An overview of the calculated conductivities obtained from the electrical measurements of the various fila-
ments is presented in Figure 5.14. The highest reported conductivity is for the TPU/CNT/BDD (1:2) sample,
which is roughly 1.2 S/m. The composite, containing 10 wt.% of MWCNTs and TPU, was measured with a
conductivity of 0.13 S/m, about one order of magnitude lower than the sample with maximum BDD filler
content.
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Table 5.4: Electrical properties of (a) extruded filament (n=10) and (b) 3-D printed electrodes (n=3).

(a) (b)

Filament 3-D printed electrode

Sample Volume resistivity ((2-cm) Sample Resistance (k)
TPU >200 M TPU >200 k
TPU/CNT 757 £ 69 TPU/CNT 2229
TPU/CNT/BDD (2:1) 241 £ 39 TPU/CNT/BDD (2:1) -
TPU/CNT/BDD (1:1) 181 + 22 TPU/CNT/BDD (1:1) 4.18 £ 0.86
TPU/CNT/BDD (1:2) 92+9 TPU/CNT/BDD (1:2) 1.58 £ 0.29

Since the electrical conductivity is highly dependent on the degree of homogeneity of the dispersed CNTs, the
values reported in the literature concerning the volume resistivity are rather extensive. Kim [103] presented
a conductivity of 0.58 S/m for a similar fabricated composite containing 10 wt.% MWCNTs and 90 wt.% of
TPU. Other studies, however, revealed values which slightly deviate from the values obtained in this study.
Tzounis and colleagues [91] found a conductivity of 20 S/m for a TPU polymer with only 5 wt.% of MWCNTs.
Christ et al. [90] revealed that the printing direction is strongly related to the degree of conductivity of the
3-D printed samples, since the printing process imparts some degree of orientation of the MWCNTs in the
layer print direction. They reported a conductivity of 2 S/m for their highest loaded TPU/CNT composite,
which had 5 wt.% of MWCNTs. Likewise, Podsiadly and colleagues [93] fabricated an ABS/CNT composite
that exhibited a conductivity of 6.7 S/m for a 9.1 wt.% loading.

These findings are, in general, at least one order of magnitude higher than the ones obtained from this re-
search, and may be attributed to different things. The first factor is the degree of homogeneity of the dispersed
particles, which is highly susceptible to process variations. Ensuring a well-dispersed composite is the main
challenge in the fabrication of conductive composites and strongly depends on the mixing conditions. These
challenges could therefore explain the wide range of reported values in the literature, which show the high
degree of complexity that is involved in their fabrication. The application of SEM should provide a good
indication of the dispersion, but does not guarantee complete certainty, since the measurements are generally
performed on a localized region. Second, it should be highlighted that the measured electrical properties are
highly dependent on the used methodology. For this characterization, a standard two-probe set-up connected
to a multimeter was used to measure the sample resistance. To limit the involvement of methodological er-
rors, 10 different samples were each taken from the extruded filament. Still, the used equipment could be
replaced by a more advanced set up, such as a two-point probe system with independent current meter and
voltage source. In this set-up, different voltages can be applied to the specimen and their respective currents
can then be measured, from which the resistivity and conductivity can be calculated. At last, other factors
that could affect the differences in measurements are mainly material-related. Variations between the used
MWCNTs in terms of size, purity, and surface modifications, may also contribute to the observed conductivity
deviations.
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Figure 5.14: Conductivity of the different manufactured filament sample compositions (n=10).

Regarding the measurements performed on the 3-D printed electrodes, their results are presented in Ta-
ble 5.4b. Unfortunately, due to technical problems with the printer, no samples for the TPU/CNT/BDD(2:1)
composition had successfully been printed and could therefore not be evaluated. For all other samples, the
resistance was measured in-plane, meaning perpendicular to the electrode surface and through the printed
layers (1 mm thickness). The 3-D printed electrode with the highest resistance was TPU/CNT, and was similar
to the result obtained from the filament resistivity. Likewise, the lowest reported resistance was measured for
the TPU/CNT/BDD(1:2) composition, supporting the trend previously observed with the filament character-
ization. These results again show a decrease in resistance as the content of BDD increases, with the resistance
decreasing 93 % from 22 kQ) to 1.58 k(). Together with the results from the filament characterization, these
numbers strongly support an increased electron transfer effect due to the presence of the BDD particles.
These findings are further investigated, through the use of an electrochemical characterization procedure, in
Section 5.3.5.

5.3.4 Morphological and surface characterization

High-magnification SEM images of the four composites and neat TPU can be seen in Figure 5.15, each ac-
quired from a fractured filament cross-section. Figure 5.15a shows the morphology of the neat TPU while
Figure 5.15b,c,d,e show the morphology of each CNT-containing composite with their respective BDD load-
ings reported in the figure. The SEM images from the neat TPU present a high degree of smoothness and show
a homogeneous surface. In Figure 5.15b, the morphology of the TPU/CNT is presented and a similar degree
of smoothness can be observed. In addition, tiny white spots are noticed throughout the material, which are
circled in red. These bright spots are often affiliated with conductive particles [90, 92, 96, 143], and represent
in these images the presence of CNTs. Moreover, no clear appearance of aggregated or clustered CNTs is
noticed, which would imply that the CNTs are homogeneously dispersed. Once the BDD particles are added
to the composite, significant changes in the SEM images can be observed. The cross-section surface starts to
become more rough, with the roughness gradually increasing with higher BDD concentrations, as shown in
Figure 5.15c,d,e. This increase is accompanied by rise in porosity, especially visible in Figure 5.15d,e. Next
to that, the BDD particles tend to appear more often with rising filler concentrations and their distribution
remains relatively homogeneous. The BDD particles are circled in blue to indicate their presence.
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L B [(c) TPU/CNT/BDD (2:1)

Figure 5.15: Cross-section SEM images of different manufactured TPU-based composites at 10000x magnifi-
cation.

When comparing both particles, the BDD particles are easier to notice as their size is much larger compared to
the CNTs. Consequently, the elevated roughness and porosity previously notified, can logically be attributed
to the difference in size and degree of concentration of the particles. The presence of pores had earlier
been reported by other researchers [93, 144] and were attributed to the manufacturing procedure. In both
examples, the researchers used a similar composite formulation technique as used in this study, and the
existence of the pores was likely induced by the evaporation of the solvent. In the same way, multiple studies
[92, 96, 109] reported similar porosity in their composite cross-sections. Contrary to the studies that used
solvent evaporation, these studies used a different composite formulation technique, namely one which relies
on melt-blending and does not involve the use of solvents. It should be emphasized that the occurrence of
pores or voids does not necessarily need to be caused by the choice of manufacturing process. The porosity
may be a consequence of the particle pull-outs resulting from the cross-section cut.
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5.3.5 Electrochemical characterization

To verify previously observed results regarding the electrical properties, the TPU/BDD samples were first
subjected to a standard electrochemical measurement set-up using cyclic voltammetry. The results confirmed
that the material is indeed too insulating to be used as an electrode material. The CV scans can be found in
Figure B.4. Following, three different compositions of as-printed electrodes were used for the electrochemical
characterization procedure, namely TPU/CNT, TPU/CNT/BDD(1:1) and TPU/CNT/BDD(1:2).

Electrode surface treatment

During the electrochemical characterization process, it was observed that the as-printed electrodes did not
display the desired electrochemical behavior which was expected. Composite electrodes often require surface
treatments before sensing applications because the conductive material is covered with the used thermoplastic
polymer. Thus, different strategies such as chemical [145-148], biological [149] and electrochemical [150, 151]
activations have been developed to partially remove the insulating polymer exposed at the electrode surface.
In addition, other, more environmentally friendly approaches have successfully been proposed as well, such
as mechanical polishing [145, 151] and thermal annealing [152]. All of these literature studies reported the
use of PLA, specifically, as the main polymer in their composite. No reports have so far been published on
the use of TPU as the main polymer in 3-D printed electrodes for electrochemical detection.

Before the most suitable electrode treatment procedure was established, different other treatment procedures
were also employed. First, an electrochemical treatment was applied to the as-printed electrodes, which has
earlier been used [153]. Each electrode was subjected to +1.4 V and -1.0 V in 1 M NaOH for 200 seconds at
each potential. No differences in electrochemical response were detected compared to the electrode before
treatment. The same experiment was conducted, but this time for 300 seconds at each potential. Still, no
changes were observed compared to the initial as-printed electrode response. The particular electrochemical
treatment procedure to activate the electrode surface was proven to be effective for PLA-containing composites
[145-148, 154]. The NaOH activates the electrodes by saponification of the aliphatic ester groups in PLA, thus
exposing more of the conductive particles. The hydroxide groups will break the PLA into smaller polymer
chains and ultimately in lactate. TPU is not susceptible to this chemical decomposition process [155], which
makes this specific electrochemical treatment not a suitable activation method.
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Figure 5.16: Schematic illustration of the electrode surface treatment procedure.

Other treatment procedures were evaluated, and more specifically chemical treatment of the electrode sur-
face. Gusmao and colleagues [146] investigated the effect of five different chemicals on the capacitance and
electron transfer of a graphene/PLA electrode. They reported that the responses in ferrocyanide and the
supercapacitor properties of the 3-D printed electrodes differ significantly depending on the solvent selected
for activation. Polar aprotic solvents (DMF and acetone) presented superior activation capabilities compared
to polar protic solvents (ethanol, DI water and methanol). The distinguishing feature is the presence of an
-OH group, which is the most common characteristic of a protic solvent. Including the knowledge that was
gathered from the composite formulation process, where acetone proved to be very poor in dissolving TPU,

51



5 Results and Discussion

the decision was made to use DMF as chemical for surface activation. Different time periods were investi-
gated (150 s, 300 s, 450 s, 600 s and 1200 s) and considering the rest of the treatment procedures as well, 1200
s proved to be the most effective. After removal from DME, the electrode was rinsed with ethanol, to remove
the excessive DMF [148]. Initially, the electrodes were rinsed with DI water after removal from DMF, but pre-
cipitation of TPU at the surface of the electrode was observed Figure B.7. The precipitation was significantly
reduced when ethanol was used. Next, the electrodes were sonicated for 2 min in DI water and then placed
in an oven at 80 °C for 30 min to remove excessive water. Lastly, the electrodes were polished for roughly 1
minute with a fine-grained (240 grit) sandpaper to smoothen the surface and remove any existing polymer
precipitates (see Figure B.8). Presented in Figure 5.16 is the electrode surface treatment procedure which
has been used for this study. This treatment process was also partly inspired by the reported procedures
in the literature [156, 157]. After treatment of the electrodes, their size was significantly reduced (visible in
Figure B.9) and also their porosity increased (see Figure B.10). Still, the electrodes possessed a high degree of
flexibility, as can be seen in Figure 5.17, which is an essential property of these 3-D printed composites.

10 mm 10 mm

Figure 5.17: Image displaying the degree of flexibility of TPU/CNT/BDD(1:1) after DMF treatment.

Characterization in supporting electrolyte

Before applying any surface treatment, the electrodes were characterized in a supporting electrolyte 0.5 M
KNOj3 and their cyclic voltammetry responses are presented in Figure 5.18a. From this graph, we notice that
the background current for the BDD-containing samples is higher than without BDD. Moreover, the measured
currents are higher for the BDD-containing electrodes compared to the TPU/CNT electrode. This indicates
that the addition of BDD, definitely promotes electron transfer, which results in the BDD-containing electrodes
to be more conductive compared to the one without. Nevertheless, we can observe that the measured currents
of the TPU/CNT/BDD(1:1) and the TPU/CNT/BDD(1:2) are very much alike. The findings reported here
follow the same trend as the results obtained for the investigated electrical properties, which imply that
BDD particles enhance the conductivity. Presented in Figure 5.18b are the cyclic voltammograms of the three
samples treated with DMF for 20 minutes. As can be seen, the treated TPU/CNT electrode (red line) still
provided the lowest background currents compared to the other two BDD-containing electrodes. When the
BDD was added to the electrodes, an increase in conductivity and background current was observed with
increasing BDD content. Even though this behavior was not observed for the untreated electrodes, after the
treatment procedure, the electrodes tend to show similar conductive behavior as to what was witnessed in the
electrical characterization (Table 5.4) and follow the same trend. Comparing the untreated samples with the
treated electrodes, there is significant increase in measured current for the treated samples. This is explained
by the treatment process, where solvent immersion and polishing was used, which ensures a smoother surface
and aims to expose conductive particles by removing excessive polymer. Moreover, the immersion in DMF
may also contribute to an increase in porosity of the treated electrodes. This would allow for more surface
to be involved in the electrochemical reaction, providing higher activity and thus possibly promoting the
electrical conductivity. Optical images presented in Figure B.10 present the effect of treatment on the surface
morphology of each composite sample.
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Figure 5.18: Cyclic voltammograms of 0.5 M KNOj3, recorded on (a) untreated and (b) treated electrodes. Scan
rate: 100 mV/s.

The corresponding double-layer capacitances (Cq;) were calculated (see Equation 4.2) from the CV curves for
all electrodes, as summarized in Table 5.5. The overall observed trends are consistent with the results from
the CVs. For all electrodes, a significant increase in Cg4; values was observed. For the untreated TPU/CN-
T/BDD(1:1) and TPU/CNT/BDD(1:2) electrodes, the evaluated Cq; are in line with the observed behavior
from Figure 5.18, which concluded only a slightly better conductivity for the TPU/CNT/BDD(1:1) electrode.
Nevertheless, once we compare the two capacitances after the treatment of the electrodes, much more promi-
nent differences are revealed; in particular, the Cy; for TPU/CNT/BDD(1:2) electrode shows a significant
increase (4500 vs 1440 uF- cm~2) compared to the TPU/CNT/BDD(1:1) electrode. This observation is corre-
lated to the earlier presented conductivity results which confirm that the surface treatment of the electrodes
will at first, increase the conductivity, and secondly, strongly emphasize the difference in composition of the
two BDD-containing electrodes with their subsequent effects. Gusmao and colleagues [146] reported findings
that support these results regarding the treatment effects on the double-layer capacitance. Their research
revealed that the double-layer capacitance of each electrode strongly depended on the choice of solvent. They
reported Cq; values in the range of 1 to 10 mF-cm~2 for their samples treated in DMF. The recorded increase
in capacitance between the treated and untreated electrodes was on average 1250%, whereas the enhancement
was much stronger in this study (24900% for the TPU/CNT/BDD(1:2)). These differences are likely attributed
to time of immersion, which was only 7 minutes [146] compared to 20 minutes in this study. The TPU/CNT
electrodes show a much smaller capacitance, for both treated and the untreated samples, which is most likely
due to the absence of the BDD particles. Again, the presence of BDD particles seems to introduce appealing
electrochemical behavior, which intensifies with an increase in the BDD-content.

Table 5.5: Calculated double layer capacitance for untreated and treated electrodes in KNOj (-0.5 V - 0.5 V).
Calculated electrochemical active surface area for treated electrodes.

Untreated Treated
Sample name Cq (WF-em™2)  Cgq; (uF-em™2)  Agg (cm?)
TPU/CNT 6 376 0.35
TPU/CNT/BDD (1:1) 23 1440 0.71
TPU/CNT/BDD (1:2) 18 4500 091
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Characterization with standard redox markers

The electrochemical properties of the 3-D printed composite electrodes were evaluated using two commonly
used redox markers, [Ru(NH3)g]>*/2t (RuHex) and [Fe(CN)g]?~/4~ (ferrocyanide). Their electrochemical
behavior is investigated by cyclic voltammetry and is presented in Figure 5.19. In general, all presented
graphs display better developed peaks with surface treatment, compared to no treatment. In addition to
that, the TPU/CNT and TPU/CNT/BDD(1:2) electrodes present for both for redox probes better visible
peak appearance once the treatment was extended from 10 minutes to 20 minutes. Moreover, these samples
recorded higher currents and exhibited higher background currents, which can be devoted to the removal
of insulating polymer at the surface, and thus exposing the BDD and CNT particles. Contrary to the effect
previously observed, the CV graph of the TPU/CNT/BDD(1:1) in ferrocyanide (Figure 5.19d) implies, that
20 minutes of treatment surprisingly start to reduce the background current, and generates more poorly
developed peaks. For the RuHex marker, there is only a small difference observed in the peak distribution
and height for the 10 and 20 minute treatment (Figure 5.19¢c). Thus, 10 minutes of treatment seems to be
already sufficient for the TPU/CNT/BDD(1:1) composite.

Moreover, it is important to distinguish between the two redox probes in terms of their electron transfer
mechanism. Where RuHex promotes outer-sphere reactions and their electrons exchange is based upon a
tunneling mechanism, ferrocyanide is surface sensitive and promotes inner-sphere reactions that rely on direct
interaction with the electrode surface for electrons exchange. The obtained CV data from the samples recorded
in RuHex (displayed in Figure 5.19a,c,e) present well-developed peaks for all three treated electrodes, with
the two BDD-containing electrodes displaying even stronger peak development. The CV scans of the three
electrode composition recorded in ferrocyanide is presented Figure 5.19b,d,f. Overall, the graphs present
more poorly developed peaks and show a weaker electrochemical response to the recorded redox probe.
For ferrocyanide, only the TPU/CNT/BDD(1:1) sample, presented in Figure 5.19d, displays a strong peak
development. The differences in peak development of the tested samples for RuHex and ferrocyanide can be
attributed to their difference in electron transfer mechanism. Due to the surface sensitivity of ferrocyanide,
variations in the electrode surface, such as roughness and porosity, may contribute to the relatively poor
electrochemical response as compared to RuHex. The variations in electrode surface are mainly caused by the
different operations in the surface treatment process.

Since electrical conductivity is obtained in the composite via CNT and BDD percolation paths, the influence
of the concentration of BDD in two redox markers is illustrated in Figure 5.20a for RuHex and Figure 5.20b
for ferrocyanide. The cyclic voltammetry analysis in both graphs reveals more ill-shaped signals with smaller
current intensities without the addition of BDD fillers, which is expected, considering the higher resistivity of
the TPU/CNT sample (Table 5.4). As mentioned, the TPU/CNT composite was taken as the basis for the BDD
additions. The addition of any amount of BDD (9.1 and 16.7 wt.%), resulted in a significant enhancement of
the redox processes, which manifested as a considerable increase in anodic peak current (ip 4) and cathodic
peak current (ip ) for RuHex. For example, the ip 4 value reaches 54.86 uA for the TPU/CNT/BDD(1:1) and
34.19 pA for the TPU/CNT/BDD(1:2), more than 2X higher compared to the original TPU/CNT. Remark-
ably, even though the TPU/CNT contains 10 wt.% of conductive CNTs, the obtained current peaks are still
higher for the TPU/CNT/BDD(1:1) and TPU/CNT/BDD(1:2), containing lower loadings (9.1 and 9.5 wt.%,
respectively) of CNTs. This effect can, similarly to the results presented in Section 5.3.3, be associated with the
synergistic behavior of the MWCNTs and BDD particles that together form a coherent conductive network,
promoting better electron transfer as compared to the MWCNTs by themselves.
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Figure 5.19: Cyclic voltammograms recorded in the solutions of 1ImM RuHex in 0.5 M KNOj3 (a,c,e) and ImM
ferrocyanide in 0.5 M KNOj (b,d,f) on the following electrodes: TPU/CNT (a,b), TPU/CNT/BDD(1:1) (c,d),
and TPU/CNT/BDD(1:2) (e,f). Scan rate is 100 mV/s.
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Concerning the measurements in a ferrocyanide solution, a vast increase in peak current intensities is also
visible (Figure 5.20b). For the TPU/CNT electrode, no peak parameters could be measured from the obtained
CVs at 10 mV/s, due to the poorly developed shape of the CV. The ip 4 value reaches 43.2 puA for the
TPU/CNT/BDD(1:1) and 62.06 uA for the TPU/CNT/BDD(1:2), and are visibly better developed than for
the TPU/CNT. This behavior corresponds to an earlier reported study, conducted by Cieslik and colleagues
[150], who investigated the addition of detonation nanodiamonds (DNDs) and boron-doped carbon nanowalls
(BCNWs) to a 3-D printed PLA/CB electrode. They also observed an increase in peak height and reported
better developed peaks for ferrocyanide when their PLA /CB composites were enriched with 5 wt.% of DNDs
and BCNWs. This effect was caused by lower redox activation overpotential at the DND electrode surface
compared to the CB.
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Figure 5.20: Cyclic voltammograms recorded on all three electrodes after 20 min treatment in the presence of:
(a) 1 mM RuHex and (b) 1 mM ferrocyanide in 0.5 M KNOs3. Scan rate: 10 mV/s.

The most valuable parameter, i.e., the peak-to-peak separation (AEp), serves as electron transfer rate indica-
tor and was determined from the measurements. A prominent drop in AEp was noticed in both composite
formulations for RuHex redox marker for 10 mV/s. From 178 mV, it decreased to 127 mV and 110 mV
for TPU/CNT/BDD(1:1) and TPU/CNT/BDD(1:2) respectively, indicating a more reversible charge transfer
mechanism and faster electron transfer kinetics. In addition, a scan rate study was performed (presented in
Figure B.5) for both redox markers to investigate the effect of scan rate on the electrochemical response, more
specifically in terms of peak separation and peak height. The scan rate study performed with RuHex was,
due to better reversibility parameters and much better developed pairs of redox peaks, used to determine the
effective electrode surface area (Agsf) using Equation 4.3. Presented in Figure B.6 are the graphs presenting
the linear relationship between the ip ¢ and square root of scan rate, which confirm that the redox processes
of RuHex are controlled by diffusion. The slope value of the linear relationship is also used in Equation 4.3.
The results for the calculated Aoy are presented in Table 5.5. The value obtained for the TPU/CNT elec-
trode is 0.354 cm?, which is almost 3 times lower than the geometric surface area (Ageom = 1 cm?). When
comparing the TPU/CNT electrode to the other two BDD-containing values, it is clear these electrodes have
stronger electrochemical activity at their surface. The Ay calculated for the TPU/CNT/BDD(1:1) composite
is twice the value of the TPU/CNT, whereas the TPU/CNT/BDD(1:2) electrode has an electroactive surface
area almost three times the size of the TPU/CNT electrode. This effect can be supported by the enhanced
electrical conductivity earlier discussed in Section 5.3.3, but can also be related to the increase in porosity of
the electrodes (see Figure B.10). In particular, the TPU/CNT/BDD(1:2) reports the highest A.g of all three
samples, and interestingly also presented the highest degree of porosity after treatment (Figure B.10).

The variations in AEp evaluated for RuHex and ferrocyanide as a function of the scan rate for all three
samples are presented in Figure 5.21 and Figure B.11, respectively. In general, a low AEp is associated with
good reversibility, better electrode quality and faster electron transfer kinetics. For all measured scan rates
presented in Figure 5.21, the TPU/CNT electrode supports a significant worse reversibility of the redox
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reaction compared to the TPU/CNT/BDD(1:1) and TPU/CNT/BDD(1:2). Moreover, both BDD-containing
composites present a higher degree of reversibility for every scan rate and can therefore be considered more
efficient electrodes. These results clearly demonstrate the enhancing effect of the addition of BDD-particles to
TPU/CNT composite, and thus result in better reversibility.
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Figure 5.21: Plots of AEp versus the scan rate recorded in 1mM RuHex in 0.5M KNOs.

Detection of organic analyte

Finally, the 3-D printed composite electrodes, namely TPU/CNT, TPU/CNT/BDD(1:1) and TPU/CNT/BDD
(1:2) each treated for 20 minutes, were evaluated for electrochemical detection of ImM dopamine in a PBS
solution (10 mM, pH 7.4). Dopamine was selected due to its biologically relevant role in the human body,
as it is an important neurotransmitter and is a commonly detected compound in the literature [150, 158,
159] with a well-known redox mechanism. Presented in Figure 5.22 are the DPV graphs of each of the
tested composites, with the corresponding oxidation peak heights. No oxidation peak was observed for the
TPU/CNT electrode, only a minor increase in measured current of 300 nA. Addition of the BDD shows
significant improvement of the detection of dopamine, and well-developed peaks appear. The oxidation peak
for TPU/CNT/BDD(1:1) is positioned at +0.173 V and reaches a peak height of 10.9 yA. In comparison,
the oxidation peak of TPU/CNT/BDD(1:2) is situated around +0.142 V with a peak height of 7.5 yA. Both
BDD-containing electrodes present detection of the organic analyte of dopamine at similar potential, with
the TPU/CNT/BDD(1:1) presenting a slightly higher, better developed oxidation peak, and a more stable
response. It should be mentioned that the detection of dopamine is, similar to ferrocyanide, surface sensitive.
More specifically, both promote inner-sphere reactions and their electrons exchange strongly depends on the
electrode surface [160]. Therefore, the effect of porosity of the electrode may likely be involved in the degree
of detection. Supported by optical microscopy images, the increased porosity of the TPU/CNT/BDD(1:2)
electrode could very likely be one of the reasons for the deviation and could additionally explain the presence
of varying currents at elevated voltages.
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Figure 5.22: DPV scans for 1 mM dopamine in PBS (10 mM, pH 7.4) for different composite electrodes: (red)

TPU/CNT, (green) TPU/CNT/BDD(1:1), and (blue) TPU/CNT/BDD(1:2). The dashed line corresponds to
supporting electrolyte.
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This study examined the mechanical, morphological, electrical and electrochemical behavior of different man-
ufactured, BDD-based 3-D printed composites. The primary conclusions drawn from this study are summa-
rized as follows:

6.1 Powder characterization

* Both BDD powders presented significant levels of sp? in their material composition.

¢ The Boromond BDD powder presented a negligible amount of boron, whereas the Ultrahard BDD
powder did present an asymmetric diamond line, combined with a weak 500 cm™ band that could
indicate low boron doping levels.

¢ Both BDD powders had dimensions which were in the sub-micron range, with the Ultrahard BDD
particles being slightly smaller.

¢ Both BDD powders presented a high degree of electrical resistance (i.e., >200 MQ}), which forced an
adjustment of the composite composition by introducing CNTs.

6.2 SLA-printed composites

¢ SLA-printed composites presented an excellent, smooth surface after printing.

¢ The addition of BDD particles enforces the polymer’s properties by an increase in Young’s modulus
(44 % and 75 %) and tensile strength (92% and 81 %) both for UDR-7.5 and BDR-12.5, respectively.

e The effect of post-treatment in terms of annealing and curing significantly increases the mechanical
properties, to such an extent that adding BDD particles only reduced the composite’s mechanical char-
acteristics.

¢ 12.5 wt.% was the highest achievable loading of BDD particles that could be introduced without adjust-
ing the photopolymer composition.

6.3 FDM-printed composites

¢ FDM allows higher wt.% of BDD particles to be introduced in the polymer as compared to SLA (40
wt.% vs 12.5 wt.%).

¢ The composite formulation process requires close monitoring of all process parameters (stirring speed,
stirring time, stirring temperature) to ensure a homogeneous, well-dispersed composite.

¢ Optimizing the 3-D printing process and applying specific adjustments to the 3-D printer, such as nozzle
diameter, printing temperature and printing speed, need to be carefully considered when printing with
high-loaded composites.

¢ Obtaining a constant and correct filament diameter is essential in the process of 3-D printing with
composites, and needs to be carefully monitored by controlling speed and temperature during the
extrusion-based fabrication process.
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¢ From mechanical observations, all FDM-printed composites containing BDD showed an increase in
Young’s modulus and saw a decline in elongation at break, which is attributed to the increased filler
concentration and polymer-BDD connections.

* The presence of BDD particles in the TPU/CNT composite clearly enhanced the electrical conductivity,
which indicates a better electron transfer even though the CNT concentration was reduced.

* Surface treatment is crucial when working with 3-D printed electrodes for electrochemical sensing pur-
poses and was achieved by a sequential chemical, thermal and mechanical treatment.

¢ The addition of BDD particles allowed the 3-D printed electrode to successfully detect dopamine as
compared to the electrodes without BDD particles, which emphasizes the essential presence of the
particles.

* Both BDD-containing electrodes achieved successful detection of dopamine. The TPU/CNT/BDD(1:1)
electrode achieved a slightly higher peak response (10.9 pA vs 7.5 yA) which may be induced by an
increase in porosity of the TPU/CNT/BDD(1:2) electrode surface.

6.4 Recommendations for future work

e Since the currently employed BDD particles present a low degree of boron doping (i.e., 300 — 710 ppm),
it needs to be validated whether the increase in electrical and electrochemical behavior is attributed
to the boron doping, or not. Therefore, I suggest a composite formulation where BDD is replaced by
undoped micro or nanodiamond to verify the effect of boron doping.

* More attention needs to be paid towards optimizing the filament and 3-D printing process, as these are
in general very susceptible to errors and may restrict the production of the electrodes. Among others, the
extrusion speed and temperature, but also the 3-D printing parameters, such as printing temperature,
printing speed and layer thickness.

* More work needs to be done on the composition of the current composites and how different ratios of
CNTs and BDD affect the electrical and electrochemical properties.

¢ Additional mechanical characterization of the TPU/CNT/BDD composites is needed to study the effects
of the two fillers on the mechanical properties, since CNTs are in general significantly softer as compared
to diamond particles. Also, the effect on the flexibility of each of the compositions needs to be further
investigated.

¢ The electrode surface treatment procedure might also be optimized, as the current established procedure
has been developed in a very short period of time. Prolonging the immersion in DMF is a suggestion to
see how long it will take before the electrodes really start to degrade. Also, the heat treatment procedure
requires a more sophisticated investigation. A suggestion would be to modify the temperature and time
of heat exposure.

e [t is recommended to adjust the resin composition of the SLA-composites in order to achieve better
curability and subsequently achieve higher weight percent of fillers that can be introduced. The addition
of photoinitiator to the current resin formulation would allow the composite to accomplish better curing,
which is currently restricted by the added BDD particles.
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Figure B.1: Comparison of Raman peak of (Boromond) BDD samples measured with different laser power. A
reference bulk diamond Raman line at 1332 cm™ is shown as a vertical dashed line.

Table B.1: Material properties calculated from tensile and electrical tests of all SLA-printed composite samples
cured for 1 hour at 70 °C

Samples Young’'s modulus (MPa) Tensile strength (MPa) Elongation (%) Conductivity (S/cm)

Flex80 472 + 0.06 9.74 + 0.48 189 + 8.1 Not measurable
BDR-5 4.71 = 0.06 7.98 + 0.35 165+ 7.1 Not measurable
BDR-10 494 +0.12 8.19 + 0.96 159 + 11.3 Not measurable
BDR-12.5 4.86 + 0.09 6.59 + 0.19 133 £ 2.1 Not measurable
UDR-2.5 3.90 = 0.16 6.48 + 0.23 163 + 4.4 Not measurable
UDR-5 3.78 = 0.16 6.06 + 0.95 152 + 16.0 Not measurable
UDR-7.5 3.73 + 0.05 5.44 + 0.06 139 £ 2.5 Not measurable
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Table B.2: Overview of process parameters for the formulation of FDM composites.

Polymer  Carbon additives Solvent(s) Mixing conditions Evap?fahon Author(s)
conditions
60 °C for 5 h (stirring).
TPU/PLA  Graphite (treated) EEK m BMF (1150 mg/mll) 201 c for. 1O.h (Szlrnlnﬁ)' Vacuum drying at
7:3) 05 - 2 wt.% in DCM (100 mg/ml) Ultrasonication for 1 h. 40 °C for 24 h [144]
Graphite in DMF (5 mg/ml) All solutions put together,
stirred vigorously overnight.
20 °C for 12 h (stirring). . o
TPU Graphene sheets TPU in DMF Graphene added to Drying at120°C 114y
5—45 wt.% . ) . for24 h
solution (sonicated + stirred).
. s Solution poured in
Nanocarbon . . . 80 °C for 2 h (stirring) in airtight bottle. - -
PLA 1-20 wt.% PLA in DCM (1:5 w/v ratio) NC added and stirred for 30 min. ah}mmum C'hsh and  [106]
dried overnight.
Sonicated 80 min.
ABS BDD + LiCl ABS in acetone Sonicated 80 min. Dry overnight + [119]
37.5 wt.% and 60 wt.% BDD in acetone Combined and mixed/ 100 °C for 2 h.
sonicated for 80 min.
Stirring at 60 °C until dissolved (no time). L
PVDF MWENTs PVDF in DMF (0.1 g/ml) MWCNTs added and ultrasonic Dried in oven [89]
1-15wt% R at 75 °C for 16 h.
blended (probe) for 15 min.
Graphite 20 °C for 1 h (stirring). Eieijattﬁ??or 3h
PLA P PLA in DCM (1:10 weight ratio) ~Graphite added and stirred for P R [112]
50 - 70 wt.% - on glass with
30 min extra.
doctor blade.
Poured in large area
CNTs Ultrasound mixing (probe) for 30 min. container and
ABS 0—10 Wt CNTs in acetone Polymer added to solution and left overnight. [93]
e stirred for 5 h. Additional 100 °C
for 1 hour.
PLA in DCM (0.1 g/ml)
Nanocarbon for high wt.% of NC. . Dried 24 h at
PLA 0-15 wt.% PLA in DMC (0.2 g/ml) Not mentioned room temperature (110]

for low wt.% of NC.
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Percolation threshold

The fundamental aspect of electrical conductivity within the printed composite electrodes will depend on
the percolation threshold. Due to the insulating behavior of most (thermoplastic) polymers, a conductive
composite can only be achieved by addition of sufficient conductive particles. For a random distribution
of these conductive fillers, a conductive network will form in the composite material at a specific loading,
known as the percolation threshold (o). At the percolation threshold, the change in conductivity with respect
to the added weight percentage (or volume) of conductive fillers will be at a maximum. The trajectory of
the conductivity is characterized by an S-shape, demonstrating three regimes: insulating, percolating and
conductive (shown in Figure B.2).

[ : Polymer matrix
i : Graphene filler

Conductive

Filler

e

> Tunnelling

Electrical conductivity

Percolation threshold Filler cc;nteni

Figure B.2: A schematic of conduction mechanisms in a composite with increasing filler content [162].

The conductive behavior within these three regimes can be understood from the microstructure of the com-
posite. When there is no conductive path formed, no charge can pass through the material, and the composite
will show an insulating response. On the other hand, when there is a sufficient filler concentration present, a
conductive path is formed through the material and the composite will be electrically conductive. In between
these two phases, there is a region where the conduction is not induced by direct contact of the fillers, but by
electrons “jumping” across the fillers through a process called electron tunneling. In this process, electrons
will tunnel through an interface formed between the fillers and polymer matrix. The conductivity is in this
case lower than when the fillers form direct contacts. The percolation threshold varies with respect to the
polymer and filler types. Multiple other parameters also affect the percolation threshold of the composite,
such as temperature [140] and filler dimensions [141].
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Figure B.3: Response obtained in 0.5 M KNOj3 on (a) BDR-12.5 and (b) UDR-7.5 composite. Scan rate 100
mV/s.
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Figure B.4: Response obtained in 0.5 M KNO3; on TPU/BDDA40 composite. Scan rate 100 mV/s.
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Figure B.5: Multiple scan rate voltammogramms in 1mM RuHex (a,c.e) and 1mM ferrocyanide (b,d,f) for
TPU/CNT (a,b), TPU/CNT/BDD(1:1) (c,d) and TPU/CNT/BDD(1:2) (e,f).
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Figure B.6: Graph presenting the linear dependence of ip ¢ on square root of scan rate for three tested electrode
compositions.

Figure B.7: Image of 3-D printed electrode after removal from DMF and rinsed with DI water. The white layer
is presumably precipitated TPU.
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Figure B.8: Optical image of electrode surface after (a) and before (b) mechanical polishing.

(a) (b)

10 mm
]

Figure B.9: Image of 3-D printed electrode (a) before and (b) after surface treatment.
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Figure B.10: Optical images of 3D-printed samples before (a,c,e) and after (b,d,f) electrode surface treatment.
Electrodes are (a,b) TPU/CNT, (c,d) TPU/CNT/BDD(1:1) and (e,f) TPU/CNT/BDD(1:2).
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Figure B.11: Plots of AEp versus the scan rate recorded in 1mM ferrocyanide in 0.5M KNOs.

85



%
TUDelft



	Abstract
	Acknowledgements
	Introduction
	Literature Review
	Diamond – background information
	Diamond crystal structure
	Diamond material properties
	Diamond vs graphite
	Carbon phase diagram
	Synthetic diamond
	Doped diamond
	BDD electrodes

	3-D printed composite electrodes
	Why 3-D printing?
	3-D printing techniques
	Carbon-based printed electrodes
	Diamond-based printed composites


	Knowledge Gap and Research Objective
	Knowledge gap
	Research objective
	Research questions

	Materials and Methods
	Chemicals
	Composite preparation
	SLA-based composites
	FDM-based composites

	3-D printing
	Characterization

	Results and Discussion
	Powder characterization
	Powder size and shape
	Powder composition

	SLA-based Composites: Fabrication and Characterization
	Fabrication
	Morphological and surface characterization
	Mechanical, electrical and electrochemical characterization

	FDM-based Composites: Fabrication and Characterization
	Fabrication
	Mechanical characterization
	Electrical characterization
	Morphological and surface characterization
	Electrochemical characterization


	Conclusion and Outlook
	Powder characterization
	SLA-printed composites
	FDM-printed composites
	Recommendations for future work

	Bibliography
	Appendix 1
	Appendix 2

