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Abbreviations 
 

ICD = Implantable Cardioverter-Defibrillator 

FBR = foreign body reaction 

MWPECVD = microwave plasma enhanced chemical vapor deposition 

CVD = chemical vapor deposition 

UNCD = ultrananocrystalline diamond 

NCD = nanocrystalline diamond 

nm = nanometer 

SEM = scanning electron microscopy 

AFM = atomic force microscopy 

EIS = electrochemical impedance spectroscopy 

CV = cyclic voltammetry 

Ti = titanium 

Ir = iridium 

Pl/Ir = platinum/iridium 

SS = stainless steel 

cm = centimeter 

mg/l = milligram/liter 

CDA = clean dry air 

HF = high frequency  

°C = degrees Celsius 

mBar= millibar 

H = hydrogen 

CH4 = methane  

CO2 = carbon dioxide 

kW = kilowatt 

kHz= kilohertz 

FWHM  = full width at halve maximum 

fq = quality factor 

Id = area under the curve of the diamond peak 

∑ndInd = sum of the area under the curves of the sp2 phase peaks 

3D = three dimensional 

AC = alternating current  

Ipa = peak anodic current 

Ipc = peak cathodic current 

Ag/AgCl = silver chloride electrode 

PBS = phosphate buffered saline 
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µA = microampere 

Hz = Hertz 

ml = milliliter 

mM = millimolar 

K3Fe(CN)6 = potassium ferricyanide  

V = Volt 

PDMS = polydimethylsiloxane 

a.u. = arbitrary units 
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Abstract 
 

In the field of biomaterial science many new applications for medicine and biotechnology 

are achieved through interdisciplinary research. Different materials are used for these 

purposes. Diamond for instance is known for its superior mechanical and chemical 

properties but only recently also for its high degree of biocompatibility. Therefore it has 

become a popular candidate for incorporation in medical devices. This research 

investigates the applicability of diamond thin film coatings on cardiac stimulation 

electrodes. To proof this principle wires made of titanium, iridium, platinum/iridium and 

stainless steel are implemented as these are the materials used for modern day cardiac 

devices. Growth of nanocrystalline diamond films is accomplished using a. microwave 

plasma enhanced chemical vapour deposition procedure. Characterization of the thin 

films is done by Raman spectroscopy while morphology is investigated using scanning 

electron microscopy. Successfully coated wires of titanium, iridium, platinum/iridium and 

stainless steel are used to construct electrodes on which electrode functionality analysis 

performed. A custom built electrochemical cell is used for both electrochemical 

impedance spectroscopy and cyclic voltammetry to determine changes in electrode 

behaviour. Results indicate thin films grown on titanium are of superior quality due to 

strong surface hydrophilicity which fabours seeding while functionality testing of diamond 

coated electrodes suggests platinum/iridium is the most promising substrate to continue 

research. 
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1 Introduction 
 

Biomaterials science is a diverse and interdisciplinary field with an array of applications in 

medicine and biotechnology while spanning the subject areas of biology, physics, 

chemistry and materials science. Materials used include metals, ceramics, polymers, 

glasses, carbons, and composite materials. This work will focus on biomaterials in 

medicine, more precisely on materials that come into contact with biological systems. For 

the majority of applications biomaterials are integrated in a device or implant. As these 

objects can evoke a whole range of negative biological responses from the host, the most 

important reason for using such materials is to improve biocompatibility.[1] Diamond has 

emerged as a highly promising new candidate in this regard. Coincidentally 

heteroepitaxial growth of diamond is also possible on substrates made of metal, making 

it an interesting coating for bioelectrodes. 

 

1.1  Cardiovascular Medical Devices 

 
From the array of implantable cardiovascular devices this study is limited to pacemakers 

and Implantable Cardioverter-Defibrillators (ICD), their common factor being electrical 

stimulation of heart tissue through a bioelectrode. Both are used to treat specific types of 

cardiac arrhythmias, a set of conditions characterized by abnormal electrical activity in 

the heart caused by malfunctioning of its intrinsic pacing system. [2] For the device to 

function effectively the bioelectrode, which is located at the tip of the lead, is passively or 

actively attached to the cardiac tissue. In case of passive fixation the lead is pushed into 

contact with the tissue and held in place by tines (Fig.1). Active fixation on the other 

hand requires tissue penetration by screwing in a retractable metal helix protruding from 

the lead tip. Though active fixation does induce tissue damage both systems seem to be 

confronted with similar undesirable effects with regard to biological reactions from the 

host.[3] 

 

Figure 1: Image of implanted dual chamber pacemaker with passively fixated lead.[4] 
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1.2  Biological Reactions to a Foreign Body 

 

When the human body is confronted with an implant, a foreign body reaction (FBR) from 

the invaded tissue is unavoidable.[5,6] Depending on the patients genetic make-up the 

immunological response can vary between a mild transient infection to an acute graft 

rejection. The FBR is a special form of non-specific inflammation characterized by a large 

presence of macrophages which cannot engulf the non-biological material and instead 

release cytokines that stimulate inflammation and fibrosis. After implantation of the 

electrode the tissue typically shows an initial acute inflammation which turns chronic. In 

the subsequent phase of the FBR granuloma tissue arises which will eventually heal 

through scar-tissue formation leaving a fibrotic cap. When selecting the proper material 

for a cardiac electrode not only the tissue compatibility but also the haemo- or blood 

compatibility must be kept in mind. Triggering of the coagulation cascade through 

adhesion of fibrinogen proteins or activation of platelet cells and the complement system 

can lead to thrombus formation. The adhesion of fibrinogen proteins can also cause the 

formation of a biofilm in contact with blood as well as tissue. This layer of 

microorganisms, mostly bacteria which initially bind to the proteins, proliferates into a 

slimy conglomeration of cells and extracellular material and causes very persistent 

infections.  

 

1.3  Biocompatible Materials 

 
Next to sensing, a cardiac electrode also does electric stimulation. Therefore metals with 

favorable conductive properties are the material of choice. However for implementation 

in the human body equally important criteria for selection are corrosion resistance and 

chemical inertness. In case of the former the aqueous and chemically heterogeneous 

environment of the body could cause fragments of material to crumble off. Contrary to 

bulk properties smaller fragments can potentially be cytotoxic or evoke an immune 

response. Chemical inertness on the other hand prevents unwanted and or unfavorable 

chemical reactions taking place. With these criteria in mind present day manufacturers of 

cardiac leads have opted for titanium, platinum, iridium or a combination of these as 

material for electrodes [7]. All have similar merit and the choice depends on which 

property receives emphasis. Titanium being narrowly superior regarding biocompatibility 

, platinum regarding resistivity and iridium concerning chemical stability.[8,9]  

In recent times however it has come to light that diamond, more precisely diamond in 

nanocrystalline form, displays even more favorable attributes in terms of 

biocompatibitilty[10]. In direct comparison to titanium in vitro and in vivo experiments 

have shown less adhesion of fibrinogen proteins and activation of immune cells[11]. 

Concerning resistance to bacterial colonization diamond also outperforms titanium 
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significantly [12]. As for haemocompatibility diamond has shown to have high level 

resistance to adhesion of platelets and plasma proteins while revealing minimal influence 

on the coagulation-cascade [13,14]. In addition the intrinsic properties of diamond are 

ranked highest of all materials for corrosion resistance and chemical inertness. 

 

1.4  Application of Diamond in Medical Devices 

 
The growing number of reported medical applications implementing synthetic diamond is 

acknowledgment of its unique properties and its potential for improving diagnosis and 

treatment. The vast array of applications which already exists can be categorized based 

upon the type of diamond structure or the desired property used. Nanodiamond particles 

are demonstrated to be useful as drug delivery system but also as a tool for medical 

imaging. In case of drug delivery the possibility to covalently immobilize drug and 

targeting biomolecules on the surface of diamond is handily used to treat specific tissue 

while the fluorescence properties induces by point defects in the diamond crystal are 

utilized for imaging purposes[15,16]. Diamond in the shape of thin film coatings is also 

shown to effectively improve existing medical devices through superior mechanical and 

biological properties. Such is the case for a variety coated joint prostheses and heart 

valves which report improved functional characteristics[17,18].  

For implementation in bioelectrodes the diamond coating must fulfill certain 

morphological and functional requirements. The former referring to a homogeneous 

closed film thinner than 100 nm exhibiting reliable adhesion to the cylindrical substrate. 

To achieve full surface covering  the substrate preparation must be optimized.  

Adhesion of the film is primarily influenced by the intrinsic properties of the used 

substrate. In case of metals these properties are the lattice constant, thermal expansion 

coefficient and degree of carbon uptake at the surface through diffusion. The lattice 

constant or interatomic distance in the metals crystal roster tends best to be close to that 

of the diamond crystal. This way interface defects through stacking of atoms or 

distortions at the phase boundary are kept at a minimum.[19] 

Thermal expansion can cause the film to delaminate when cooling down. Carbon uptake 

by the substrate is unavoidably and will cause an intermediate metal carbide layer to be 

formed. If this layer is relatively thick and porous, adhesion is compromised as its 

structural stability is considerably lower than that of pure metal. Both thermal expansion 

and carbon uptakes is minimized by depositing thin films at relatively low temperatures 

[20].  

As for functionality proper surface morphology ensures biocompatiblity while electric 

conductivity is regulated through the structural characteristics of the thin films. In 

undoped diamond films conductivity is possible through 'hopping' which is a tunneling 
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effect taking place in the sp2-carbon content. However, signaling of heart tissue by 

electrical pulses is mediated through changes in electric fields and not by charges 

crossing the electrode-tissue interface. So to save battery life of a cardiac stimulating 

device thin film conductivity is not a critical factor. Rather it is preferable to keep film 

thickness at a minimum as the film will increase the excitation threshold similar to the 

effect induced by fibrotic encapsulation.[21] 

 

1.5  Research Plan 

 
The ultimate goal of research is to successfully coat a NCD film on cardiac stimulating 

bioelectrodes for improved biocompatibility. To realize this, optimization of the overall  

procedure is carried out on relevant substrate materials with cylindrical structure. 

Namely wires made of titanium, iridium, platinum-iridium alloy and stainless steel.  

In the first phase different seeding techniques are compared to obtain the best starting 

conditions for film growth. Scanning electron microscopy (SEM) is used to assess the 

nucleation density and spreading homogeneity of seeding. Growth of NCD thin films is 

done in a custom MWPECVD reactor. Film quality is investigated using raman infrared 

spectroscopy while for morphology atomic force microscopy (AFM) and SEM is used. If 

closed thin films of 100 to 200 nm thickness are achieved a second phase of functionality 

testing is started.  

To analyze the electrode characteristics of the NCD coated wires a custom 

electrochemical cell is built. This setup is then used to perform electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry (CV). The former renders 

information on changes in impedance/resistance at the electrode-electrolyte interface 

while the latter indicates if redox reactions or charge transfers are taking place. 
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2 Materials & Methods 
 

Growth of synthetic diamond is possible in a number of ways wherein Microwave Plasma 

Enhanced Chemical Vapor Deposition (MW PE CVD) is most commonly used. By filling a 

high vacuum chamber with a controlled gas mixture and inducing a plasma through 

microwave irradiation chemical deposition of diamond thin films can take place on an 

array of different substrates. Crucial is the presence of methane and hydrogen gas, the 

former being a source for carbon and the latter for etching away graphite which is also 

formed in the process.  

2.1  General Principles of Diamond Growth by MW PE CVD  

 

For diamond to grow in a realistic period of time the substrate is first pretreated. This 

process is called ‘seeding’ and is marked by the surface being covered with a high density 

layer of diamond nanoparticles typically smaller than 10 nanometer in diameter. This 

initial nucleation deletes the disproportionately long time it takes diamond nucleation 

centers to from spontaneously. Growth on a non-carbon surface can thus start 

immediately. 

 

 
Figure 2: Schematics of growth mechanisms (top) UNCD and (bottom) NCD.[22] 

 

To achieve formation of ultrananocrystalline diamond (UNCD - Fig. 2: top) argon is added 

to the gas mixture of hydrogen gas and methane. Its presence will prompt the thin film 

structure to exhibit diamond grains of several nanometers in size held together by an 

amorphous sp2-carbon phase through a process called ‘renucleation'. Once a carbon layer 

of diamond, graphite or both is formed argon atoms can efficiently induce the formation 

of new nucleation centers giving the grown thin film its characteristic UNCD structure. 

 



 
 

14 
 

In the absence of argon the dominant gas is hydrogen and will induce the formation of 

nanocrystalline diamond (NCD - Fig. 2: bottom). Under these conditions no renucleation 

takes place and grain size will be proportional to the film thickness due to columnar 

growth. Formation of sp³-carbon or diamond continuous on the surface of the seeded 

particles which grow in size both perpendicular and parallel to the substrate surface. As 

grains seemingly compete for size the larger ones will eventually cut off their smaller 

neighbors. This process is called 'van der Drift' growth and as a result the film closes 

through coalescence while giving it a columnar structure. Increasing film thickness will 

thus increase grain size eventually reaching a microcrystalline structure.[23] 

2.2  Substrate Pretreatment 

 
Deposition experiments are carried out on metal wire substrates of relevant bioelectrode 

materials which are also compatible with diamond CVD. These are titanium (Ti), iridium 

(Ir), platinum/iridium (Pl/Ir) and stainless steel (SS).[24-27] Because wires have a 

similar cylindrical shape compared to electrodes, they are used as a model substrate for 

proof-of-principle. Specifications and properties are listed in table 1 of the appendix.  

As mentioned in paragraph 2.1 pretreatment of the substrate is done  through a process 

called seeding. This introduces the initial nucleation layer on the surface necessary to 

start growth. The monolayer of diamond nanoparticles defined by its density and 

spreading. However before actual seeding of nanoparticles (Fig. 3) takes place the 

surface is first cleaned to remove dust particles. The complete surface can thus undergo 

seeding which enhanced the potential formation of a closed film. Wire substrates are first 

rinsed with isopropyl alcohol and wiped down mechanically with optical grade paper and 

rinsed again. After drying with clean dry air (CDA) ultrasonication for 15 minutes in a 

bath of isopropyl alcohol follows. Then the substrate is again dried with CDA. 

 

 
Figure 3: SEM image of clustered diamond nanoparticles.[28] 
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2.2.1  Preparation of Seeding Solution 

 
The seeding solution or slurry is a suspension of dispersed nanodiamond particles (Fig.X) 

with an average size of 7 nm and a concentration of 1 mg/l. Osawa detonation diamond 

is dispersed in deionized water and ultrasonicated for several hours to undo clustering. 

Subsequently the dispersion is centrifuged to remove larger particles until usable for 

seeding. 

By seeding in solution higher nucleation densities (>10^11 cm-2) are reached compared to 

mechanical seeding. Apart from being able to seed 3-dimensional structures in solution, 

no profound damage is done to the surface of the substrate compared to mechanical 

seeding. This technique namely requires the substrate to be pressed down on a vibrating 

table while covered with diamond powder.[29] 

2.2.2  Seeding Techniques in Solution 

 

The most straightforward way to seed a cleaned substrate is by dip-coating the wire in 

the seeding slurry. Using tweezers most of the wire is vertically submerged and kept in 

the slurry for several seconds. The substrate is then pulled upward from the dispersion at 

a constant speed. A greater speeds results in a thinner covering and vice versa. The 

seeded substrate is left to dry in ambient air. 

A more time consuming method of seeding involves the substrate being submerges in 

slurry and placed in an ultrasonication bath for a set period of time. Continuing ultrasonic 

pulses cause the diamond nanoparticles to inflict  scratches on the substrate surface 

which will enhance formation of nucleation centers during initial deposition. Combined 

with the particles left on the surface after removal from solution a higher nucleation 

density and homogeneity is achievable. After 15 or 30 minutes of ultrasonication the 

seeded substrate is also left to dry in ambient air. 

As an alternative to the standard methods previously mentioned, seeding of samples is 

also possible by sweeping a droplet of seeding solution along the surface of the wire. A 

plastic pipette is squeezed until a stable droplet forms at the tip which is then brought 

into contact with the wire and moved repeatedly along the surface.  

2.3  Microwave Plasma Enhanced Chemical Vapor Deposition  

 

Growth of diamond thin films is realized by using a custom built MWPECVD apparatus 

(fig.4 left). Compared to standard microwave systems this setup employs high frequency 

pulses rather than continuous microwave irradiation.[30] The benefit of a high frequency 

(HF) pulsed system  is reduction of input power up to a factor of 50 which directly causes 

the temperature at which deposition occurs to drop to as low as 450 °C. The underlying 

mechanism is the non-linear microwave absorption conditions created through HF 
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pulsing. In strong microwave fields non-linear electron acceleration causes microwave 

absorption to increase non-linearly with power.[31]  

2.3.1  Growth Conditions 

 
As can be seen in the schematic (Fig.4 right) the custom reactor has the same basic 

design as a standard MWPECVD system excluding the linear antennas for HF pulsing. A 

ultra high vacuum with active base pressure of 1.001 mBar is maintained through a set 

of rotary and turbo molecular pumps. A symmetric gas inlet system allows a specific 

mixture of gas to flow homogeneously through the reactor. For all depositions the gas 

mixture is comprised of 92% hydrogen (H), 5% methane (CH4) and 3% carbon dioxide 

(CO2). The specific growth conditions at which individual depositions have taken place are 

listed in table 2 of the appendix.  

  
Figure 4: left) Image and right) schematic of custom MWPECVD system 

2.3.2  CVD Reaction Process 

 
To induce a local plasma above the substrate table microwaves generated by the 

magnetron heads are sent by waveguides to the linear antennas which irradiate the gas 

mixture. The power of the pulses is set to 8 kW at a frequency of 4.54 kHz resulting in an 

average forward power of 2.45 kW power and an average reflected power of 0.34 kW. 

The plasma which is comprised of gas molecules, atoms, ions and electrons and is a 

highly reactive environment necessary to form diamond. Methane gas functions as the 

main source for carbon radicals. These will form clusters of sp2- and or sp3-carbon or in 

the presence of seeded diamond particle cause immediate growth through stepwise atom 

addition (Fig.5).  
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Figure 5: Schematic of reaction mechanism for diamond deposition.[32] 

 

The role of hydrogen gas is the elimination sp2-carbon through de novo formation of 

methane. The presence of carbon dioxide stimulates both previously mentioned reactions 

thus increasing growth rate and phase purity as well as decrease surface roughness [33]. 

Each deposition runs on average for 6 hours to grow thin films with an estimated 

thickness of 100-200 nm. The substrates used in every deposition are listed in Table 3 of 

the Appendix. 

2.4  Analysis of NCD Film  

 
After a substrate wire is coated the characteristics of the NCD film are determined. The 

following techniques are used to investigate chemical composition and surface 

morphology. 

2.4.1  Raman Infrared Spectroscopy 

 

For qualitative chemical characterization spectra rendered by a raman infrared 

spectrometer are analyzed. The principle of this technique is explained in figure 6. 

Irradiation of the sample with monochromatic light in the near infrared range induces 

inelastic scattering through interaction of photons with electrons of bonds and phonons in 

the thin film. This ‘Raman effect’ is a Stokes or Anti-Stokes type of scattering depending 

on a positive or negative energy difference in the bonds or phonons vibrational state 

after excitation. The resulting changes in intensity for the transmitted light are registered 

and form the spectrum. Information on both chemical structure and purity of formed 

carbon compounds are subsequently obtainable through interpretation of intensity, shape 

and pattern of the spectral peaks. A list of relevant carbon compounds is given in table 1 

together with the corresponding wavenumbers or Raman shifts and the range of full 

width at halve maximum (FWHM) of the peaks.  
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Figure 6: Schematic explaining principles of Raman spectroscopy.[34] 

 

Spectra are acquired with a Renishaw Invia Raman Microscope. The laser with an 

excitation wavelength of 488 nm is pointed at different positions along the longitudinal 

axis of the coated wires . Each spectrum is obtained by averaging 20 acquisitions at 10 

seconds exposure time. 

 
Table 1: Carbon compounds with corresponding Raman peak characteristics 

 

 
Spectral interpretation starts by assigning proper labels to each peak so as to specify 

what type of carbon compounds have formed during deposition. For a more detailed 

characterization the phase purity and crystalline quality of the thin films are determined 

as well through peak fitting Gaussian functions in the spectra using Originlab software. 

This enables the area under the curve and FWHM of peaks to be quantified. 

The phase purity which is defined as the diamond/graphite ratio can be calculated by 

applying the following formula wherein fq is confusingly named the quality factor (eq.1) 

[35 Fortunato]. 

(equation.1)   

 

Carbon type Wavenumber (cm-1) FWHM (cm-1)

Amorphous sp
3
-carbon       (T-band) 1120-1150 30-100

Hexagonal diamond    (Lonsdaleite) 1313-1326 2.8

Diamond 1332.5 1.5-40

Microcrystalline graphite   (D-band) 1355 80-400

Amorphous sp2-carbon       (I-band) 1500 350-500

Graphite                                (G-band) 1520-1610 40-200
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In the equation Id refers to the area under the curve of the diamond peak and ∑ndInd to 

the sum of the area under the curves of the sp2 phase peaks. The factor 75 corrects for 

the more effective Raman scattering of sp2 structures [36]  

The crystalline quality, not to be confused with fq, is an indicator of the quality specific of 

the diamond content. It is determined more straightforward by measuring the FWHM of 

the diamond peak normally centered at 1332.5 cm-1. Due to temperature and lattice 

strain effect it is possible for the diamond peak to be shifted [37].  

2.4.2  Atomic Force Microscopy 

 

To analyze the surface morphology of samples AFM is used. This technique is able to 

render 3-dimentianal digital profile of the surface’s roughness with nanometer resolution. 

The principle of this technique is explained in figure 6.  

 
Figure 6: Schematic explaining principles of AFM.[38] 

 

 A sharp tip only several atoms thin and protruding from a cantilever scans the surface in 

serial sequence. A laser is aimed at the top surface of the cantilever and continuously 

deflects its light into a patch of photodiode sensors. With varying heights of the surface 

structure the cantilever deviates changing the angle of laser light deflection which is 

subsequently registered by different photodiodes. The resulting 3D digital profile is a 

height distribution of the sample’s surface and can give information on homogeneous film 

covering and film thickness. It’s also possible to measure distances across the surface in 

the nanometer range. A NTEGRA Prima NT MDT system is used in non contact mode to 

investigate surface roughness of clean uncoated substrate wires. 
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2.4.3  Scanning Electron Microscopy 

 
An alternative tool to investigate surface morphology of samples is the scanning electron 

microscopy. Grayscale visual images of the sample surface are produced at nanometer 

resolution. by scanning the sample surface with a high energy electron beam in a raster-

like pattern. The principle of this technique is visualized in figure 7. As the electrons from 

the beam interact with the atoms in the surface, signals are produced by scattered 

electrons and electromagnetic waves. Through detection of these signals information on 

surface topography is obtained and a digital image with a high depth of field can be 

reconstructed. The NCD coated wires are fixed to the substrate table inside a vacuum 

chamber during analysis. Images with a magnification factor ranging from 800 to 20000 

are made from positions along the shaft and the tip of the coated wire.  

 

 
Figure 7: Schematic explaining principles of SEM.[39] 

2.5  Functional Analysis of NCD Coated Electrodes 

 
By modifying the surface of an electrode through NCD coating its functional properties 

are influenced. To investigate the induced changes electrochemical impedance 

spectroscopy and cyclic voltammetry are implemented. 

2.5.1  Electrochemical Impedance Spectroscopy 

 
Impedance is roughly described as the resistance of a system towards an applied 

alternating current (AC). To determine the impedance at the electrode-electrolyte 

interface EIS is the technique most commonly used. In figure 7 the general equivalent 

circuit for this type of system is shown with its components, namely the ohmic resistance 

of the electrolyte solution (Rs), the Warburg impedance resulting from the diffusion of 
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ions from the bulk electrolyte to the electrode interface (ZW), the double layer 

capacitance (Cdl) and the electron transfer resistance (Ret) if a redox couple is present in 

the electrolyte solution. 

 
Figure 8: General equivalent circuit for electrode-electrolyte interface in EIS.[40] 

 
A small amplitude sinusoidal voltage signal is applied to the submerged electrode while 

the frequency is varied according to a set interval of values. The resulting current 

response is measured from which the impedance is calculated as the ratio between the 

voltage phasor [U(jω)] and the current phasor [I(jω)] of the system (Eq.2).[41] The 

complex impedance can also be presented as the sum of its the real [Zre(ω)] and 

imaginary [Zim(ω)] components, mainly originating from the resistance and capacitance 

of the system. 

(Equation 2)   

The generated data is graphically presented in Bode plots of modulus and phase. The 

former plots the absolute value impedance in function the frequency while the later plots 

the negative phase of the impedance in function of the frequency. 

2.5.2  Cyclic Voltrammetry 

 

To detect redox reactions and charge transfers at the interface of an electrode and 

electrolyte CV is employed. Cyclic voltammetry differs from linear voltammetry as the 

applied potential is sweeped back and forth between two set values while current is being 

measured. Usually the potential is scanned back and forth between a positive and 

negative value at a set constant speed. When the original starting value is reached again 

one cycle is complete. Measured data is plotted in a voltammogram which has a 

characteristic 'duck'-like shape (Fig.9) if a redox couple is present.  
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Figure 9: Theoretic example of a cyclic voltammogram[42] 

 

As the applied potential increases the current does as well until the peak anodic current 

Ipa is reached and the electrolyte undergoes reduction. The current eventually steadies as 

all ions at the interface are depleted and the process now is diffusion limited. 

Subsequently when the potential decreases and reaches the peak cathodic current Ipc the 

process is reversed and the electrolyte undergoes oxidation. The current again steadies 

creating two similarly shaped peaks typical of a reversible redox reaction. 

2.5.3  Measurements in Electrochemical Cell 

 
To perform EIS and CV a custom electrochemical cell (Fig. 10) is used which has a three 

electrode setup. The cell is constructed using a commercially available glass jar and a 

custom made Teflon scaffolding plug. The plug contains two aligned sets of three holes 

which allow for three electrodes to be fixed in a stable and reproducible position within 

the setup. The different types of electrodes used are a silver chloride (Ag/AgCl) reference 

electrode, a platinum counter electrode and a working electrode made from a NCD 

coated wire.  

The working electrodes are constructed by fixating the NCD coated wires partially into 

teflon tubes of 1mm diameter using polydimethylsiloxane (PDMS) at the edge of the 

tube. On the other side of the tube electrical copper wire is inserted until connected with 

the uncoated side of the substrate wire. The rest of the tube is then filled with silver 

based conductor paste to insure a proper electrical connection.  

All electrodes are individually connected to a potentiostat device (Iviumstat 

Electrochemical Interface, Ivium Technologies) for data collection. This device is operated 

with Iviumsoft software run by a laptop computer. The data is subsequently processed 

with Excel and Originlab software.  
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Figure 10: Left) image and right) schematic of three electrode setup in K3Fe(CN)6 solution 

 

During EIS the Ag/AgCl reference electrode is disconnected and the current to calculate 

the impedance is measured between the working and counter electrode. The electrolyte 

solution is 16ml phosphate buffered saline (PBS) which has an osmolarity and ion 

concentrations that closely match that of the human body. The frequency range is set to 

sweep from 100kHz to 0,1Hz. 

During CV all working electrode samples are measured in an electrolyte solution of 16ml 

PBS and subsequently in 16ml of 10 mM potassium ferricyanide K3Fe(CN)6 solution. 

Potassium ferricyanide is used to increases the redox potential of the solution and acts as 

an electron transfer agent. The potential range is set to sweep from -1V to 1V at a speed 

of 0,1V/s. The potential which is applied at the working electrode is a relative value 

which is compared to the reference electrode. The resulting current flowing through the 

counter electrode is the one measured. Each working electrode sample undergoes a 

second series of CV analysis in both electrolyte solutions after the tip of the NCD wire 

electrode is dipped in polydimethylsiloxane (PDMS). This waterproof silicone is used to 

cover up the surface area at the tip of the substrate if it is insufficiently coated with NCD.  
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3 Results & Discussion 

During the initial stage of research when fine tuning of the seeding process had taken 

place SEM was not available to see if a monolayer of diamond nanoparticles was formed 

at the substrate surface. For that reason raman infrared spectroscopy is used as an 

alternative technique. 

3.1  Substrate Pretreatment 

 
Pretreatment of the substrate is realized by cleaning the surface with isopropyl alcohol 

and subsequently seeding it in solution by one of three techniques. These are dipping the 

wire in seeding solution, seeding in an ultrasonicated bath of seeding solution for 10 

minutes and sweeping a droplet of seeding solution with a pipette along the wire. As CVD 

deposition time is only 6 hours no diamond will form unless seeded nucleation centers 

are already present through seeding. So by checking the raman spectra for a diamond 

peak at 1332,45 cm-1 the applicability of the different methods of seeding can be verified. 

 

 

Figure 10: Raman spectra of three different methods of seeding 

 

The three raman spectra seen in figure 10 each represent a different type of seeding 

method used. Of those only sweeping the substrate wire with a drop of seeding solution 

on the tip of a pipette renders the desirable outcome as this is proven through the 

presence of a diamond peak at wavenumber 1332,45. For the methods of dip coating and 

sonic seeding similar negative results are observed. In both cases only sp2-carbon is 

formed during CVD deposition as peaks located around 1350 cm-1 1600-1  at are both 

assignable to different forms of graphite. In theory all methods of seeding described here 
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should be effective as the metals used as substrate are all hydrophilic. However the 

water based seeding solution only wetted the substrate wires after intense sweeping with 

a droplet which could mean that unwanted microfluidic effects come into play as the wire 

diameters are in the sub-millimeter range. 

3.2  Optical Characterization by Raman Spectroscopy 

 
When a substrate is exposed to a microwave induced plasma of hydrogen, carbon dioxide 

and methane, different forms of carbon are able to deposit. To characterize which types 

of carbon are present and to estimate their relative content raman infrared spectroscopy 

is implemented. Each metal used as substrate is discussed separately by examining four 

raman spectra obtained from four different positions along the length of the shaft of the 

metal wire. Peak fitting is attempted on all spectra but only successful on two spectra per 

metal due to software limitations. 

3.2.1  Raman Spectroscopy NCD Coated Stainless Steel 

 
The four raman spectra shown on figure 11 all have an almost identical pattern which 

makes it able to discuss them as one. The most pronounced peak is visible around 

1332,45 cm-1 indicating that diamond is strongly represented in the deposited thin film. 

The small shoulder named the D-band, on the right-hand side of the diamond peak at 

around 1350 cm-1, is due to a small amount of microcrystalline graphite being present. 

The peaks centered at 1500 cm-1 and 1600 cm-1 signal the presence of more sp2-carbon. 

The former is labeled as the I-band while the latter is the G-Band. They represent the 

amorphous sp2-carbon and standard graphite respectively. 

 

 
Figure 11: Raman spectra of NCD coated stainless steel 
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The diamond peaks originating from four different positions on the coated stainless steel 

wire do not overlap precisely at wavenumber 1332,45 which is the listed value for pure 

single crystal diamond. Small shifts of several wavernumbers are caused by stresses in 

the thin film as the SS substrate has different lattice constants due to the different 

metals incorporated in this alloy. That the spectra taken at four different positions on the 

substrate have an almost identical pattern suggest that the film is homogenous along the 

wire regarding composition. 

The peak fitting procedure (Appendix fig.5,6) performed on spectra of position 1 and 2 

estimates the sp3/sp2 or diamond-to-graphite ratio to be 81,45% and 79,99% 

respectively, while the FWHM of the diamond peaks is estimated to be 35,50 cm-1 and 

38,65 cm-1. These FWHM values fall within the arbitrary range but deviate quit strongly 

from the more ideal value of 2. This would indicate that the film is of lesser quality due to 

possible incorporation of impurities. More likely however, it is because of the 

nanocrystalline nature of the film which tends to be less pure then single crystal diamond 

due to the sp2-carbon content. 

3.2.2  Raman Spectroscopy NCD Coated Titanium 

 
The four spectra shown in figure 12 show a roughly similar overall pattern with some 

minor peak intensity variations. The diamond peak is the most dominant peak in all 

spectra while position 4 has a more pronounced microcrystalline graphite shoulder. The 

I-band at around 1500 cm-1 registers a higher intensity compared to the D-band at 

around 1600 cm-1 for position 2 and 3 while for position 1 and 4 peak intensity is roughly 

the same. The amorphous sp2-carbon to graphite ratio is thus higher in positions 2 and 3.  

 

 
Figure 12: Raman spectra of NCD coated titanium 
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Each spectrum also contains a small peak named the T-band at about 1140 cm-1 which 

means  amorphous sp3-carbon is formed during deposition as well. Also all sp2 related 

peaks for position 1, namely the D-,I- and G-band, register lower intensities as compared 

to the more similar other three spectra. 

 

The diamond peaks of all four spectra have a high degree of overlap which would indicate 

that the level of stress is similar throughout the film. The varying overall pattern of the 

four spectra means that the composition of the film varies slightly as well depending the 

position. Peak fitting (Appendix fig.7,8) done on the spectrum of position 4 rendered an 

estimate diamond-to-graphite ratio of 74,38% which is considerably less compared to an 

estimate ratio of 82,73% for position 2. However position 4 is located at the tip of the 

wire which could mean the lower sp3/sp2 ratio is coupled to a seeding problem (see SEM 

results) which could explain the shift in composition. The estimated FWHM for the 

diamond peaks of position 2 and 4 are 37,06 cm-1 and 30,95 cm-1 which are acceptable 

according to literature. 

3.2.3  Raman Spectroscopy NCD Coated Iridium 

 
The four spectra shown in figure 13 roughly exhibit a similar pattern with some 

deviations in the spectra of position 3 and 4. The diamond peak is omnipresent and also 

the most dominant in all spectra. A stronger intensity is regarded for the D-band 

compared to the I-band for all spectra except position 3. 

 

 
Figure 13: Raman spectra of NCD coated iridium  
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For position 3 the D-band is also an exception as it is a peak with strong expression while 

in the other spectra there is only a hint of a shoulder visible. The spectrum of position 4 

also registers peaks at around 1140 cm-1 and 1250 cm-1. 

 

The diamond peaks of all four spectra overlap to a high degree suggesting the level of 

stress in the film is homogeneously distributed. As the overall pattern of the spectra are 

similar, the composition of the film is homogeneously distributed as well. Peak fitting 

(Appendix fig.9,10) for spectra of position 1 and 2 estimates the diamond-to-graphite 

ratio to be 77,06% and 82,42% respectively which would support this observation. The 

estimated FWHM values for the diamond peaks of position 1 and 2 are 36,61 cm-1 and 

32,88 cm-1 which are acceptable according to literature. 

3.2.4  Raman Spectroscopy NCD Coated Platinum/Iridium 

 
The four spectra shown in figure 14 have similar overall patterns which overlap roughly 

with the exception of position 4. The diamond peaks are present for all four positions and 

register the highest intensity. A minor D-band shoulder is visible while the I- and D-band 

have relatively low levels of expression compared to the diamond peak with the 

exception of position 4.  

 

 
Figure 14: Raman spectra of NCD coated platinum/iridium 

 

The diamond peaks of all four positions overlap roughly indicating minor differences in 

the level of stress throughout the film. The overall pattern of the spectra roughly overlap 

as well which points at a homogenous composition throughout the film. The partial 

exception is the spectrum of position 4 which registers a higher relative sp2-carbon 

content. Unfortunately peak fitting (Appendix fig.11,12) was only successful on spectra of 

1200 1300 1400 1500 1600 1700

0.0

0.2

0.4

0.6

0.8

1.0

 Platinum/Iridium (L11020-G)

In
te

n
s
it
y
 (

a
.u

)

Raman Shift (cm
-1

)

 Pos.1

 Pos.2

 Pos.3

 Pos.4



 
 

30 
 

position 1 and 2 which estimate the diamond-to-graphite ratio to be 77,66% and 78,89% 

while the values for the FWHM of the diamond peaks are estimated to be 28,93 cm-1 and 

30,25 cm-1.  

 

Raman spectroscopy revealed growth of NCD is possible on cylindrical metal substrates 

of stainless steel, titanium, iridium and platinum/iridium. Films on all four substrates 

show homogenous distributions regarding composition. Minor stress level differences are 

seen in films grown on stainless steel substrate  probably due to the varying lattice 

constants of the different metals which make up this alloy. Peak fitting estimated the 

diamond-to-graphite ratio of the films on all substrates to lie between 74,38% and 

82,72% which is consistent with the fact that all films are grown under the same CVD 

conditions. The same can be said about the FWHM values for the diamond peaks which 

lie between 38,65 cm-1 and 30,95 cm-1. The peak fitting procedure is however sensitive 

to errors so all calculated values should be seen as rough estimates.  

3.3  NCD Film Morphology 

 

To investigate the topography and structural integrity of the deposited thin films only 

SEM is used. For this particular research AFM is not applicable as the figures 1-4 in the 

Appendix indicate. Spots of 5x5 µm on clean uncoated substrates are analyzed with AFM 

and show the surface of the metal wires to be relatively rough. Stainless steel (Appendix 

fig.1) has a 102,9 nm difference in height between registered minimum and maximum 

with an average height difference of 46,1 nm measured. Titanium (Appendix fig.2) has a 

difference of 820,3 nm between minimum and maximum with an average height 

difference  of 373,9 nm. The difference between minimum and maximum for iridium is 

156,8 nm while average height difference measured is 78,8 nm. For platinum/iridium the 

difference between minimum and maximum is 86,5 nm and the average height difference 

is 49,9 nm. The NCD thin films which are grown  have an estimated thickness of 100-200 

nm with a rough (nanocrystalline) surface of their own. Under these circumstances AFM 

rendered information on coated wires is inconclusive. 

3.3.1  SEM NCD Coated Stainless Steel 

 
The images seen in figure 15 both reveal a thin film is deposited on the SS wire. At a 

magnification of 20000x the diamond nanocrystal pattern on the surface can be slightly 

distinguished on both the left and right image. However without raman analysis it is 

inconclusive. On the left image of figure 15 the rough underlying topography of the SS 

wire is still visible. The surface defects as well as the smoother surface areas are coated 

with a continues film. On the right image of figure 15 which is taken at another position 

on the wire the film is of an overall lesser quality compared to the image on the left. The 
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surface defects of the SS surface are mirrored by defects in the overlying coating while 

the smoother areas of the wire are not coated with an equally smooth film. There are 

also profound cracks along the surface of the film visible which are caused when the film 

can no longer cope with internal stresses.  

  
Figure 15: SEM images of NCD coated stainless steel wire (LL11017H): left) and right) spot on 

shaft at 20000x magnification. 

 

The tip of the SS wire is seen in the SEM image of figure 16. At a magnification of 800x 

the nanocrystalline structure of the film's surface is not visible. It does however reveal 

that the surface is not coated with a continuous film at this part of the wire. Some larger 

patches of continuous film are visible at the bottom and some small irregular spots at the 

top. This is a result of insufficient seeding which is problematic at the tip of the wire due 

to microfluidic effects. 

 

Figure 16: SEM image of tip NCD coated SS wire (L11017H) 
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3.3.2  SEM NCD Coated Titanium 

 
On both SEM images of figure 17 it is shown that a thin film is deposited on a titanium 

wire substrate. The surface seems to have a diamond nanocrystal structure on both 

images but due to substrate roughness SEM results alone are not definite. The left image 

of figure 17 is taken at magnification 5000x and shows a high degree of film continuity 

even though titanium has the roughest topography all metal substrates used. Defects 

such as pits, hills and sharp edges are all able to be coated. This is confirmed by the right 

image of figure 17 which is taken at a magnification of 20000x. The presumed 

nanocrystals seen at the surface of the film are sharper defined and packed more densely 

together compared to coated SS. It could indicate that seeding reaches a higher 

nucleation density on titanium as substrate, which is plausible giving the strongly 

hydrophilic surface of this material. 

 

 
Figure 18: SEM images of NCD coated titanium wire (L11018O): left) and right) spot on shaft at 

5000x and 20000x magnification resp. 

 

 
Figure 18: SEM image of tip NCD coated Ti wire (L11018O) 
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The image seen in figure 18 is taken at magnification 10000x and shows the tip of the 

wire. The film has a similar surface morphology and continuity compared to images taken 

along the shaft. Favorable seeding conditions created by strong hydrophilic nature of the 

surface thus facilitates deposition of a thin film at the tip resulting in less uncovered 

areas. 

3.3.3  SEM NCD Coated Iridium 

 

The SEM images shown in figure 19 both confirm  thin film deposition on iridium as 

substrate. The nanocrystal structure of the surface is difficult to distinguish with certainty 

at magnification 20000x. The seize and distribution of the deposited material is highly 

irregular with cauliflower-like clusters protruding from the surface. These clusters take 

that particular shape when the sp2 content is heightened as this is the material that 

makes up the encapsulating grain boundaries. The irregular cluster density distribution 

and the absence of a continuous film in the defects of the substrate surface indicate 

homogeneous seeding is less straightforward. This is confirmed by the image on the left 

in figure 19 which is taken at magnification 5000X. The areas on the surface containing 

the more profound defects do not coat with a continuous NCD film resulting in a relatively 

large density of pinholes. 

 

  
Figure 19: SEM images of NCD coated iridium wire (L11020D): left) and right) spot on shaft 

at5000x and 20000x magnification resp. 

 

The tip of the Ir wire is seen in figure 20 at magnification 3000x. The topography of the 

substrate surface is irregular and strongly deformed when the substrate wire was cut 

with pliers. Small isolated areas of the surface seen in the centre and the bottom of the 

image are coated with thin film. The surface is clearly not continuously coated while the 

deformed structure of the substrate combined with the darker patches visible suggests 

parts of the film are delaminated. 
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Figure 20: SEM image of tip NCD coated Ir wire (L11020D) 

 

3.3.4  SEM NCD Coated Platinum/Iridium 

 
The SEM images seen in figure 21 confirm the deposition of a thin film on Pl/Ir substrate. 

The presumed nanocrystal structure at the surface of the film is barely distinguishable on 

both images. At magnification 20000x it is unclear if the surface defects of the substrate 

are coated with a continuous film. Smoother areas of the substrate surface also exhibit 

uncoated patches which suggest that the outcome of seeding on this type of metal is 

mediocre. The left image of figure 21 corroborates this assessment as smooth areas 

show partial coating with NCD. The overall smoothness of the metal substrate is however 

reflected in the surface of the film. 

 

  
Figure 21: SEM images of NCD coated platinum/iridium wire (L11020G): left) and right) spots on 

shaft at 20000x magnification. 
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The tip of the pl/Ir wire seen in figure 22 shows to be partially coated with a thin film. At 

magnification 10000x no nanocrystal surface pattern can be distinguished in the coated 

areas. Pinholes are randomly distributed throughout the coated areas while signs of 

delamination are visible in the bottom of the image where the substrate surface is 

strongly deformed due to the cutting of the wire with pliers. 

 

 
Figure 22: SEM image of tip NCD coated Pl/Ir wire (L11020G) 

 

The collective results of SEM analysis show all metal substrates to be coated with a thin 

film. The typical surface pattern of NCD is vaguely recognizable but without raman 

spectroscopic analysis classification of the thin film as NCD would be inconclusive. In all 

cases the shaft of the wire renders the highest probability of forming a continuous thin 

film when compared to the tip of the wire. Titanium is the exception as a homogeneous 

film can form on any area of the wire. A major contributing factor for this is the 

pronounced hydrophilic character of its surface which provides favorable conditions for 

seeding. It is also the reason why the coating on titanium has the most pronounced 

surface pattern that hints at NCD. On titanium the film also continuously covers surface 

defects and has a homogeneously distributed surface roughness. On iridium, 

platinum/iridium and stainless steel it is also possible to achieve continuous coatings 

along the shaft. There are however cracks visible on along the surface of coated SS due 

to excessive internal stresses which are also confirmed by raman analysis (fig.11). These 

stresses are generated by the different lattice constants of the different metals which 

make up the alloy. Coating of the tip is problematic for SS, Ir and to a lesser extent for 

Pl/Ir substrate due to less favorable seeding conditions caused by mediocre surface 

hydrofilicity and unfavorable microfluidic effects due to the wire diameter lying in the 

sub-millimeter range. As a result, surface area coverage at the tip of the wire is low and 
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may have to be resolved in an alternative manner when analyzing functionality as an 

electrode. 

3.4  Functional Analysis of NCD Coated Electrodes by Electrochemistry 

 

In order to investigate the functionality of NCD coated electrodes electrochemical 

impedance spectroscopy and cyclic voltammetry are applied through use of a custom 

built electrochemical cell. The coated electrodes are made by from coated substrate wires 

which are fixated in Teflon tubing and electrically connected to copper wire by silver 

based conduction paste in the tube. 

3.4.1  Electrochemical Impedance Spectroscopy of NCD Coated Electrodes 

 

In figure 23 all four substrate types (Ti, Pl/Ir, Ir and SS) are represented by their 

respective Bode plots which show the modulus of the impedance in function of frequency. 

Both axis are in logarithmic scale. A complete frequency sweep contains 6 decades (0.1 

Hz to 100 kHz). In all the cases black represents the uncoated and blue the diamond 

coated samples. There is a good agreement between the modulus plots (Figure 23 b and 

c) for the Ir and Pt/Ir.  

 
Figure 23: EIS Bode plots of the modulus of uncoated reference and coated electrodes in PBS 

electrolyte solution; Ti (L11018O), Ir (L11020D), Pl/Ir(L11020G), SS(L11018M) 
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In both cases coating of the electrode with NCD induces an upward shift of the graph 

which exhibits the same slope. The phase plots in Figure 24 show that the phase is 

shifting towards higher frequencies, indicating a decrease of the electrolyte-electrode 

interface (due to coating of the metal electrode). The NCD coating is not boron doped, 

and will therefore have a very high resistivity and will not contribute to the 

electrochemical behavior of the electrode. Also, the coating with NCD on the metal 

causes the effective surface area in contact with the metal-electrolyte to decrease, and 

therefore shift the phase back to higher frequencies. 

In case of titanium a better coating is obtained and a similar result would be expected 

due to similarities between metal properties (Appendix table 1). From the modulus no 

obvious differences are seen, but the phase shows in the low frequency a clear difference 

between the reference and coated sample. The phase behavior is different before and 

after coating, and this could indicate that possible oxidation of the titanium is happening 

during the impedance measurement. This effect completely disappears when the 

electrode is coated. It raises the suspicion that impedance decreased instead of increased 

because the coated electrode was possible deeper submerged in solution compared to 

the uncoated reference electrode. This would namely cause the contact area at the 

electrode-electrolyte interface to increase. The decrease in contact area through partial 

thin film coating would in this case be outweighed  

 
Figure 24: EIS Bode plots of the phase of uncoated reference and coated electrodes in PBS 

electrolyte solution; Ti (L11018O), Ir (L11020D), Pl/Ir(L11020G), SS(L11018M) 
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Stainless steel as a substrate for coated electrodes initially shows similar behavior as 

previously mentioned substrates. In the higher frequency ranges an upward shift of the 

coated electrode graph is visible. When the frequency drops below 1kHz the slope of the 

graph begins to gradually decrease. This behavior however is not seen in the uncoated 

electrode which indicates that the coated electrode has a technical malfunction possible 

due to construction from coated wire substate. 

 

In figure 24 the Bode plots of the phase for all four substrate types are shown with the 

negative phase shift in function of frequency. The substrates Iridium and 

Platinum/Iridium show a similar result compared to their respective reference graphs, 

namely a shift to the right and possibly also an upward shift for the coated Iridium 

electrode. The rightward shift of the graph indicates a decreasing interface capacitance 

which suggests the previously mentioned observations of the modulus plots that the 

contact area of electrode-electrolyte interface has decreased due to thin film coating. 

The coated titanium electrode shows partial overlap with the uncoated reference graph in 

the higher frequency range but gradually decrease further while the reference graph 

stays constant in the lower frequency range. This indicates that at the electrode-

electrolyte interface of an uncoated titanium electrode charge transfer takes place (, 

possibly due to oxidation of the titanium) and that coating of the surface blocks this 

process. 

For stainless steel an initial rightward shift is seen in the graph of the coated electrode 

but below 4kHz the graph gradually decreases and the signal starts to oscillate randomly. 

This also indicates that the coated electrode has a possible technical malfunction  

3.4.2  Cyclic Voltammetry of NCD Coated Electrodes 

 

Functional analysis of coated electrodes through cyclic voltammetry is done in PBS and 

10 mM potassium ferricyanide as electrolyte solution. Every coated electrode is analyzed 

and compared to an uncoated reference electrode of the same material. Subsequently 

the tip of the electrode is dipped in PDMS to nullify the effects of partial or no coating at 

the tip of the wire as seen by SEM results. Below are the results listed which register a 

significant change in behavior while the rest is found in the appendix (Appendix fig.13-

15) 

 

The cyclic voltammograms of the titanium electrodes seen in figure 25 show that coating 

has a clear effect on electrode behavior. The peak registered by the uncoated reference 

electrode at -0,85V disappears when the electrode is coated. It indicates that a 

irreversible redox reaction is blocked by the coating. 
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Figure 25: Cyclic Voltammogram Ti electrode (L11018O) in PBS 

 

The cyclic voltammograms of the iridium electrodes in PBS are depicted in figure 26 and 

all show a high degree of overlap with the exception the downward peak at -1V. As the 

applied potential decreases further below -0,75 a current starts to flow drastically. 

Coating of the electrode however has a partially inhibiting effect on this electrode 

behavior. Covering the insufficiently coated tip of the electrode with PDMS further inhibits 

this.  

 

 
Figure 26: Cyclic Voltammogram Ir electrode (L11020D) in PBS 

The cyclic voltammograms of the platinum/iridium electrodes in PBS are seen in figure 

27. When the uncoated reference and coated electrode are compared two changes are 
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present indicating a irreversible redox reaction is stopped by coating the Pl/Ir electrode 

with a thin film. Secondly, the current which starts to flow below -0,6V and rapidly 

increases when the applied negative potential increases further is profoundly inhibited by 

the presence of a thin film coating. Covering of the tip of the electrode with PDMS does 

not further improve this effect indicating a large portion of the surface is indeed coated 

with a thin film as SEM results (fig.22) suggest. 

 

 
Figure 27: Cyclic Voltammogram Pl/Ir electrode (L11020G) in PBS 

 

Depicted in figure 28 are the cyclic voltammograms of Pl/Ir electrodes measured in 

potassium ferricyanide. When comparing the coated electrode to the uncoated reference 

electrode, changes are observed in electrode behavior after coating. The increasingly 

large current flowing when the negative potential is increased is partially inhibited. Also 

the reversible redox reaction taking place at the electrode-electrolyte interface is 

inhibited as well. This is seen by the lowering of the redox peaks at 0,1V and 0,3V which 

give the characteristic shape to the voltammogram when such a redox reaction is 

present. When comparing the coated electrode after covering the tip with DPMS both 

effects are enhanced even further. The reversible redox reaction is blocked completely 

and the current flowing when a negative potential of -1V is applied is reduced to almost 

zero. This not only shows a as good as complete coverage of the electrode which is 

supported by SEM results (fig.21,22) but also shows that no electrical currents can flow 

and therefore charge transport is highly limited. This electrode materials suits for 

capacitive applications such as sensing or pacing potential. 
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Figure 28: Cyclic Voltammogram Pl/Ir electrode (L11020G) in K3Fe(CN)6 

 

The cyclic voltammograms of the stainless steel electrodes measured in 10 mM 

potassium ferricyanide and PBS solution are shown in Appendix figure 15-16. In both 

experiments the reference electrode registers a stable voltrammogram after 2 cycles of 

the voltage sweep range. The coated electrode however registers a gradually increasing 

current after each completed cycle. Similar to EIS analysis this is an indication that the 

electrode suffers from a technical malfunction probably due to fouling or loss of proper 

electrode function. 

 

The combined results of EIS and CV show that coating the surface of an electrode with 

NCD can have beneficial effects without drastically changing the functionality of the 

electrode. Charge transfer reactions have been blocked in coated titanium and 

platinum/iridium electrodes. Strongly growing currents when an increased negative 

potential is applied are seen to be partially or largely inhibited when titanium, iridium and 

platinum/iridium electrodes are coated. These changes in the behavior of the electrodes  

should not be detrimental to the functionality of a pacemaker electrode as this device 

induces pulse transfer to tissue by changes in the surround electric fields. The Bode plots 

of iridium, platinum/iridium and possibly titanium indicate a impedance increase as well 

as a phase shift to higher frequencies. The increase in impedance is due to the NCD 

being undoped and thus poorly conducting. The frequency shift to the right indicates the 

contact area of electrode-electrolyte is decreasing because of the thin film coating. Again 

these effects should not necessarily have a negative impact as charge transfer across the 

electrode-electrolyte interface is not the pulse transfer mechanism of the a cardiac 

assisting device. The presence of the thin film does however change the makeup of the 

electrode-electrolyte interface itself. The top electrode layer in contact with the 
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electrolyte is now made of nanocrystalline diamond stead of metal. This could influence 

the processes taking place at the electrode-electrolyte interface  because the surface on 

which the Helmholtz double layer forms has changed. To what degree these influences 

extend should be further investigated. 
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4 Conclusion 
 

Thin film deposition of NCD diamond is attempted on metals relevant to cardiac 

stimulating electrodes. Metal wires made of titanium, iridium, platinum/iridium and 

stainless steel are used as substrate. Instead of genuine cardiac electrodes, wires of the 

material and cylindrical shape are used to verify proof-of-principle. During fine tuning of  

substrate pretreatment three different techniques of seeding in solution were tested. 

Raman spectroscopy was used to determine the effectiveness of each technique. As the 

time for each thin film deposition in the CVD reactor is set to 6 hours no diamond is able 

to form through spontaneous nucleation. Only if the substrate surface is successfully 

covered with a monolayer of nanodiamonds will a diamond raman peak be registered at 

1332,45 cm-1. Of all three techniques only diamond was detected when the substrate was 

sweeped with a droplet of seeding solution at the tip of a pipette while standard dip 

coating and seeding in a ultrasonicated bath were revealed to be ineffective. Because the 

diameter of the substrate wires are in the sub-millimetre microfluidic effects interfered 

which made seeding troublesome. 

After thin films were coated on substrate wires of Ti, Ir, Pl/Ir and SS optical 

characterization was done using raman spectroscopy. The spectral results show all thin 

films are composed of diamond and different forms of sp2-carbon. This suggest the thin 

films to be of NCD nature and proofs coating of cylindrical shaped metal substrates is 

possible. Spectra taken from different positions along the surface of the each substrate 

type show similar peak patterns indicating thin film composition is homogeneous 

throughout the film. Coatings on stainless steel also exhibited minor internal stresses as 

the diamond peaks of the SS spectra are shifted several wavenumbers. This is probably 

caused by the different lattice constants of the metals incorporated in stainless steel 

alloy. Peak fitting of the individual spectra estimated the diamond-to-graphite ratio of the 

films on all substrate types to lie between 74,38% and 82,72% which is consistent with 

the fact that all thin films were grown under the same CVD conditions. The values for full 

with at half maximum of the diamond peaks lie between 38,65 cm-1 and 30,95 cm-1 what 

is an acceptable range for nanocrystalline diamond according to literature. The values 

calculated with the peak fitting procedure should however be seen as a rough estimate as 

the limitations of the used software make it prone to incorporate errors. 

To investigate the morphology of the thin film coatings scanning electron microscopy was 

used. The results indicate that a thin film coating is indeed present on all substrate types. 

However the typical surface pattern of NCD is only vaguely recognizable. Without the 

results from raman spectroscopy classification of the thin film would have been 

inconclusive. The pattern of the film's surface could have been the result of the surface 

defects of the underlying substrate which are known by atomic force microscopy to be 
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relatively rough. The structural integrity of the films varies according to the location on 

the wire substrate. Spots exhibiting continuous thin film coating are found more along 

the shaft of the wire then at the tip. The main reason being the problematic seeding at 

the tip due to microfluidic effects and the other being the strong deformation of the 

substrate surface when wire was cut with pliers. There are also marks of film 

delamination on locations at the tip of the wire. 

To investigate the functionality of NCD coated electrodes EIS and CV were done in a 

custom built electrochemical cell. NCD coated electrodes were constructed using coated 

wires. The results show the surface of a metal electrode can be coated with NCD without 

drastically changing the functionality of the electrode. The coating is able to able to block 

charge transfer reactions while also inhibiting the strongly growing currents when an 

increasing negative potential is applied to the electrode. It was also report that the 

impedance of the electrode-electrolyte interface is increased after coating which is 

consistent with the undoped nature of the NCD film. These changes in the behaviour of 

the electrode however should not necessarily have a negative influence on the 

functionality of a pacing electrode as pulse transfer to tissue occurs through changes in 

electric fields. The presence of the thin film does however change one component of the 

electrode-electrolyte interface. The surface layer of the electrode which is in contact with 

the electrolyte is now made of NCD instead of metal. This could influence the processes 

taking place at the electrode-electrolyte interface because the surface on which the 

Helmholtz double layer forms has changed along with its intrinsic properties. 

To conclude, the coating of nanocrystalline diamond on materials relevant to cardiac 

stimulating electrodes as well as the functionality of these electrodes is confirmed in 

principle. Of the substrates used titanium showed superior film morphology due to 

facilitated seeding by the strongly hydrophilic character of the substrate's surface. Based 

on electrode functionality platinum/iridium is the most promising substrate to continue 

research. The aspect that needs most improving is the quality of the thin film. Using 

larger substrates such as genuine cardiac electrodes should facilitate the seeding 

procedure which directly promotes formation of a continuous film. Also the CVD growth 

conditions can be fine tuned to better suite each type of substrate. This will result in a 

better film adhesion and a higher diamond-to-graphite ratio. When above mentioned thin 

film conditions meet a sufficiently high standard on a genuine cardiac electrode in vivo 

experiments can follow to investigate the consequences of the changed electrode-

electrolyte interface.  
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Appendix 
 

 

 

Appendix table 1: Properties and specifications of metal wires 

 
 

 

 

 

 

 

 

Appendix table 2: CVD growth conditions of each run 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

H2 CH4 CO2 Forward Reflected

L11011 460 25 25 10:30 1.002 450-500 8000 4545 2450 340

L11012 690 37.5 22.5 8:55 1.001 <450 8000 4545 2450 350

740 40.25 24.15 0:25 1.001 <450 8000 4545 2450 340

40.25 12.5 7.5 6:35 1.001 <450 7500 4545 2450 340

L11014 460 25 15 7:00 1.001 <450 8000 4545 2480 475

L11016 690 37.5 22.5 6:10 1.002 <450 8000 4545 2460 380

L11017 460 25 15 6:00 1.001 450 8000 4545 2450 350

L11018 460 25 15 6:00 1.001 450-500 8000 4545 2340 400

L11020 460 25 15 6:00 1.001 450-500 8000 4545 2480 500

L11025 460 25 15 6:00 1.001 450-500 8000 4545 2460 480

Average Power (W)

L11013

Run code Time (h)
Gas flow ratio (sccm) Pressure 

(mBar)

Temp. 

subst. (°C) 

Pulse 

Power (W)

Pulse 

Freq. (Hz)
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Appendix table 3: List of substrates 

 
 

 

 

Sample Substrate

L11011-A Titanium

L11011-B Titanium

L11012-A Titanium

L11012-B Titanium

L11013-A Titanium

L11013-B Iridium

L11013-C Platinum/Iridium

L11014-A Titanium

L11014-B Titanium

L11014-C Stainless Steel

L11014-D Stainless Steel

L11016-E Titanium

L11016-F Stainless Steel

L11016-G Titanium

L11017-G Stainless Steel

L11017-H Stainless Steel

L11017-I Stainless Steel

L11017-J Stainless Steel

L11018-L Stainless Steel

L11018-M Stainless Steel

L11018-N Titanium

L11018-O Titanium

L11020-D Iridium

L11020-E Iridium

L11020-F Platinum/Iridium

L11020-G Platinum/Iridium

L11025-H Titanium

L11025-I Titanium

L11025-J Iridium

L11025-K Iridium
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Amount of sampling                65536  

Max                                        104,904 nm 

Min                                         0 nm 

Peak-to-peak, Sy                    104,904 nm 

Ten point height, Sz              52,6319 nm 

Average                            46,0749 nm 
Average Roughness, Sa        8,56318 nm 
Second moment                      47,644  
Root Mean Square, Sq          12,1268 nm 
Surface skewness, Ssk           0,603804  
Coefficient of kurtosis, Ska     2,06954  
Entropy                                  10,1849  
Redundance                           -0,520344 

 
Appendix figure 1: AFM results cleaned SS wire 
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Amount of sampling               65536  
Max                                        820,309 nm 
Min                                         0 nm 
Peak-to-peak, Sy                    820,309 nm 
Ten point height, Sz              408,45 nm 

Average                            373,922 nm 
Average Roughness, Sa        77,1082 nm 
Second moment                      387,063  
Root Mean Square, Sq           99,9974 nm 
Surface skewness, Ssk           -0,116605  

Coefficient of kurtosis, Ska    0,591926  
Entropy                                  13,1679  

Redundance                           -0,360564 

 

Appendix figure 2: AFM results cleaned Ti wire 
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Amount of sampling                65536  

Max                                        156,838 nm 

Min                                         0 nm 

Peak-to-peak, Sy                    156,838 nm 

Ten point height, Sz              78,358 nm 

Average                            78,8214 nm 

Average Roughness, Sa        5,684 nm 

Second moment                      79,6213  

Root Mean Square, Sq          11,2581 nm 

Surface skewness, Ssk           -0,646444  

Coefficient of kurtosis, Ska     14,7516  

Entropy                                  9,37363  

Redundance                           -0,286895  

 

Appendix figure 3: AFM results cleaned Ir wire 
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Amount of sampling                65536  

Max                                        86,4814 nm 

Min                                         0 nm 

Peak-to-peak, Sy                    86,4814 nm 

Ten point height, Sz              42,9803 nm 

Average                            49,8667 nm 

Average Roughness, Sa        7,40867 nm 

Second moment                      50,7611  

Root Mean Square, Sq          9,4874 nm 

Surface skewness, Ssk           -0,41629  

Coefficient of kurtosis, Ska     0,627362  

Entropy                                  9,94552  

Redundance                           -0,549741 

 

Appendix figure 4: AFM results cleaned Pl/Ir wire 
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Appendix figure 5:Peak fitting raman spectrum SS (L11017H) position 1 

 

 

 
Appendix figure 6:Peak fitting raman spectrum SS (L11017H) position 2 
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Data: H17_C

Model: Gauss

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Weighting: 

y No weighting

  

Chi^2/DoF = 0.00122

R^2 =  0.96903

  

y0 0.06399 ±0.00149

xc1 1216.16463 ±43.42094

w1 90.84573 ±39.12289

A1 10.97059 ±20.18873

xc2 1339.61079 ±7.66514

w2 75.49744 ±29.16805

A2 33.50229 ±61.21154

xc3 1334.63384 ±0.39212

w3 16.41418 ±1.10778

A3 7.47785 ±0.79457

xc4 1357.57441 ±126.12271

w4 144.60657 ±282.18013

A4 38.98221 ±45.6639

xc5 1514.86061 ±42.1778

w5 127.03939 ±24.07117

A5 63.37224 ±45.25853

xc6 1597.43111 ±2.01741

w6 55.86218 ±5.179

A6 18.21684 ±4.34906
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Appendix figure 7:Peak fitting raman spectrum Ti (L11018N) position 2 

 

 

 
Appendix figure 8:Peak fitting raman spectrum Ti (L11018N) position 4 
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Data: N18_C

Model: Gauss

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Weighting: 

y No weighting

  

Chi^2/DoF = 0.00672
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y0 0.04209 ±0.00344
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Data: N18_E

Model: Gauss

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
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Appendix figure 9:Peak fitting raman spectrum Ir (L11020D) position 1 

 

 

 
Appendix figure 10:Peak fitting raman spectrum Ir (L11020D) position 2 
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Data: D20_B

Model: Gauss

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
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Data: D20_C

Model: Gauss

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Weighting: 
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Appendix figure 11:Peak fitting raman spectrum Pl/Ir (L11020G) position 1 

 

 

 
Appendix figure 12:Peak fitting raman spectrum Pl/Ir (L11020G) position 2 
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 Data: G20_B

Model: Gauss

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Weighting: 
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Data: G20_C

Model: Gauss

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Weighting: 
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Appendix figure 13: Cyclic Voltammogram Ti electrode (L11018O) in K3Fe(CN)6 

 

 

 

 

 

 

 

 
Appendix figure 14: Cyclic Voltammogram Ir electrode (L11020D) in K3Fe(CN)6 
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Appendix figure 15: Cyclic Voltrammogram SS electrode (L11018M) in K3Fe(CN)6 

 

 

 

 

 

 

 

 
Appendix figure 16: Cyclic Voltrammogram SS electrode (L11018M) in PBS 
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