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RÉSUMÉ 

Le diamant est un matériau caractérisé par ses propriétés physiques très spécifiques bien 

que son utilisation en sciences et en ingénierie est longtemps freinée par le coût élevé des 

substrats monocristallins. Avec les développements récents des techniques de dépôt de 

couches minces de diamant sur différents substrats, il est possible d’exploiter ses propriétés 

pour des applications très variées. 

Le diamant présente des caractéristiques physique, chimique et mécanique exceptionnelles : 

une grande conductivité thermique, une dureté très élevée, une large bande, une transparence 

optique (de l’UV à l’IR) et une grande stabilité chimique. C’est un semi-conducteur à grand 

gap (5.45eV) possédant de bonnes propriétés mécaniques et caractérisé par ses propriétés de 

biocompatibilité. Le dopage de celui-ci lui confère de bonnes propriétés de conduction 

électrique et donc ouvre des perspectives pour son utilisation en bioélectronique. Pour cette 

fin, il est devenu urgent de développer une chimie de surface spécifique pour introduire des 

fonctions chimiques ou biologiques sur la surface.  

Mon travail de thèse s’inscrit dans cette perspective. D’un point de vue technologique, le 

diamant cristallin est très cher et donc notre étude a été limitée au diamant polycristallin. Dans 

cette thèse, on a contribué à la mise au point de nouvelles méthodes de fonctionnalisation de 

la surface de diamant. Ces méthodes sont basées sur des concepts chimique, photochimique et 

électrochimique et permettent d’introduire des groupements fonctionnels sur la surface de 

diamant de façon contrôlée. 

La première partie de ma thèse concerne la réaction d’oxydation de la surface de diamant 

hydrogéné en utilisant trois différentes techniques : plasma d’oxygène, voie électrochimique 

et UV/ozone. Nous avons utilisé les techniques de caractérisation par spectrométrie de 

photoélectrons induits par rayons X (XPS) et mesures électrochimiques (Mott-Schottky) pour 

comparer la composition chimique des surfaces de diamant oxydé. Il en ressort que le rapport 

entre les différentes composantes (C-OH, C-O-C et C=O) varie selon la technique 

d’oxydation utilisée. La réactivité des groupes –OH de surface a été exploitée pour coupler le 

3-aminopropyltriethoxysilane (APTES) et l’acide trifluoroacétique (CF3COOH) afin 

d’évaluer la densité de greffage de ces molécules sur les différentes surfaces. Les résultats 

obtenus indiquent que les surfaces de diamant qui ont une densité de greffage plus élevée ont 

un potentiel de bande plate déplacé positivement. Ce comportement (déplacement du potentiel 
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de la bande plate vers des valeurs positives) suggère une terminaison chimique dominée par 

des groupements C-OH sur la surface de diamant oxydé. 

Cette étude a permis de mettre en évidence l’effet de la terminaison chimique sur la 

conductivité de diamant dopé au bore. Les résultats obtenus sont très importants au regard des 

questions fondamentales débattues dans la littérature concernant le rôle de la surface sur la 

conductivité de diamant. 

Dans la deuxième partie de ma thèse, j’ai utilisé pour la première fois la réaction de 

couplage par « click ». Cette technique connue sous le nom de « click chemistry » est très 

versatile et permet de coupler des alcynes et des azides dans des conditions douces avec de 

bons rendements. Nous avons, par cette méthode, greffé des groupes « thiophène, 

ferrocène ou cyclophane» sur la surface de diamant terminée par des fonctions « azide » (N3).  

La fonction azide est obtenue par réaction de la surface de diamant oxydée avec l’acide 

4-azidobenzoique. Les résultats de spectrométrie de photoélectrons induits par rayons X 

(XPS), angles de contact et mesures électrochimiques permettent de conclure : i) succès de la 

réaction de cycloaddition [3+2] azide-alcyne pour l’incorporation de groupements thiophène 

et la formation d’une structure hybride : diamant/polythiophène, suite à une réaction de 

polymérisation électrochimique des groupements ‘thiophène’ terminaux avec du thiophène 

monomère en solution ; ii) greffage de groupements ‘ferrocène’ électroactifs sur la surface de 

diamant terminée ‘azide’ avec une grande sélectivité et un rendement élevé ; iii) 

immobilisation d’une molécule  de cyclophane comportant un groupe alcyne terminal. 

La troisième partie de ma thèse concerne l’étude de la réactivité des surfaces de diamant 

oxydé avec un liquide ionique (IL, 1-(Methyl carboxylc acid)-3-octylimidazolium-bis (tri 

fluoromethyl sulfonyl) imide). Le couplage du liquide ionique a été réalisé par réaction 

d’estérification des groupements –OH de surface avec les fonctions « acide » du liquide 

ionique. Les différentes étapes sont caractérisées par spectrométrie de photoélectrons induits 

par rayons X (XPS), angle de contact et mesures électrochimiques. 

Ensuite, nous avons réalisé l’échange anionique des groupements (CF3SO3)2N
- de la 

surface de diamant fonctionnalisée par le liquide ionique avec les anions BF4
¯, NO3

¯ and PF6
¯. 

L’évolution des propriétés de mouillage de la surface de diamant fonctionnalisé par le liquide 

ionique suite à l’échange anionique a été mis en évidence par les mesures d’angle de contact. 

Finalement, nous avons mis au point une nouvelle technique d’halogénation de la surface 

de diamant hydrogéné. A l’inverse des technique décrites dans la littérature (utilisation de 

gazes très réactifs tels que Cl2 et Br2 à haute température pour préparer des surfaces terminées 

C-Cl et C-Br), on a développé une méthode simple et facile à mettre en œuvre pour préparer 
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des surfaces halogénées. Nous avons exploité la réactivité des liaisons C-H de surface avec la 

N-chlorosuccimide (NCS) et la N-bromorosuccimide (NBS) en présence d’un initiateur de 

radicaux, le peroxyde de benzoyle. 

La réactivité chimique des surfaces halogénées a été exploitée par réaction de la surface 

bromée avec les réactifs de Grignard. De plus, une terminaison « azide » est obtenue par 

substitution nucléophile de -Br par -N3 suite à une réaction de la surface bromée avec NaN3. 

La présence de la fonction « azide » terminale a été mise en évidence par la réaction chimique 

par « click » avec l’éthynyle ferrocène. Les différentes étapes sont caractérisées par 

spectrométrie de photoélectrons induits par rayons X (XPS), angles de contact et mesures 

électrochimiques. 

 

Mots clés : diamant dopé au bore; fonctionnalisation; oxydation; chimie par « click »; liquide 

ionique; halogénation 
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ABSTRACT 

Diamond display some of the most extreme physical properties even though its practical 

use in science and engineering has been restricted due its scarcity and expense. With the 

recent developments of techniques for the deposition of thin films of diamond on various 

substrates, it is now possible to explore these superior properties in various exciting 

applications. 

Diamond, owing to its combination of specific physical, chemical and mechanical 

properties such as high thermal conductivity, high hardness, large band gap, optical 

transparency over a wide wavelength region (from UV to IR), stability against chemical 

reagents, high mechanical stability, corrosion resistance and biocompatibility has been 

regarded as one of the most promising industrial materials in various fields. Diamond display 

a very large band-gap (5.45eV), but can be made conducting by doping with certain elements. 

On basis of all above properties, diamond is a particularly attractive substrate for robust 

chemical and biochemical modification for sensor applications.  

In this thesis, we have contributed to the development of easy, controllable and specific 

surface functionalization methods for the introduction of different functional groups on the 

diamond surface. These methods are based on chemical, photochemical, and electrochemical 

concepts.  

The initial phase of the study includes the oxidation of hydrogen-terminated boron-doped 

diamond (BDD) surfaces using three different approaches, and the resulting surfaces were 

characterized by X-ray photoelectron spectroscopy (XPS) and Mott-Schottky analysis. 

Chemical coupling of 3-aminopropyltriethoxysilane (APTES) and trifluoroacetic acid 

(CF3COOH) to the oxidized surfaces were used to verify the difference in terms of grafting 

density. These organic molecules were investigated for their specific reactivity with hydroxyl 

groups. It is concluded that diamond interfaces exhibiting better grafting efficiency also show 

a more positive flat band position. This behaviour suggests strongly that a positive shift of the 

flat band potential is related to the formation of a higher density of C-OH bonds rather than 

C-O-C groups. Based on this result, the electrochemical oxidation is one of the preferred 

methods, forming the highest amount of C-OH groups without graphitizing the diamond 

interface, as observed in the case of oxygen plasma treatment. However, for APTES modified 

BDD surface ，photochemical oxidation for short times (5 to 15min) results in high N/O 
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ratios together with an increase in electron transfer kinetics (for 15min treatment) and is an 

alternative for undoped diamond samples. 

In the second part of my work, “click chemistry” was used for the first time to covalently 

attach acetylene-bearing molecules (thiophene, ferrocene as well as cyclophane) to 

azide-terminated BDD surfaces. The azide termination was obtained through an esterification 

reaction between 4-azidobenzoic acid and the terminal hydroxyl groups of oxidized BDD 

surfaces. The resulting surfaces were characterized using X-ray photoelectron spectroscopy 

(XPS), water contact angle and electrochemical measurements. As a result, 1) the 

applicability of azide-alkyne [3+2] cycloaddition was successfully demonstrated with ethynyl 

thiophene and further electrochemical polymerization of terminal “thiophene” units with 

thiophene monomers in solution led to the formation of a polythiophene film covalently 

linked to the BDD surface; 2) the attachment of an electroactive ferrocene moiety on azide 

terminated BDD surface was achieved in high selectivity and yield; 3) alkyne-functionalized 

cyclophane can undergo click chemistry to conveniently attach these units onto a preformed 

azide-functionalized BDD surface. 

Another aspect regarding the reactivity of the oxidized BDD surfaces concerns its chemical 

coupling with an ionic liquid (IL, 1-(Methylcarboxylcacid)-3-octylimidazolium-bis 

(trifluoromethyl sulfonyl) imide) through an esterification reaction. The resulting surface was 

characterized and confirmed by X-ray photoelectron spectroscopy, water contact angle and 

electrochemical measurements. Anion exchange of (CF3SO3)2N
- with BF4

¯, NO3
¯ and PF6

¯ of 

the IL modified BDD surface was investigated subsequently. Contact angles of IL modified 

BDD varied alternatively in the process of anion exchange reactions between (CF3SO3)2N
¯  

and BF4
¯, NO3

- and PF6
-, suggesting successful anion exchange. 

Finally, a versatile strategy for chemical halogenation of hydrogenated boron-doped 

diamond (H-BDD) surfaces was proposed. Brominated and chlorinated boron-doped diamond 

electrodes were prepared in a controlled way through a radical substitution reaction using 

N-halogenosuccinimide (N-chloro or N-bromosuccinimide) in the presence of benzoyl 

peroxide. This versatile strategy was developed for chemically functionalizing hydrogenated 

boron-doped diamond (H-BDD) surfaces in a manner that stabilizes the underlying diamond 

against oxidation and allows subsequent chemical or electrochemical functionalization of the 

surface. The chemical reactivity of the halogenated BDD surfaces was confirmed by exposing 

the brominated BDD surface to a Grignard reagent. Furthermore, an azide termination was 

obtained through a nucleophilic substitution reaction of the brominated BDD surface with 

sodium azide. Ferrocene was linked with the azide-terminated BDD surface using click 
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chemistry. The resulting surfaces were characterized and confirmed by X-ray photoelectron 

spectroscopy, water contact angle and electrochemical measurements. 

 
Key words: boron-doped diamond; surface functionalization; surface oxidation; click 

chemistry; Ionic liquid; halogenation 
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CHAPTER  1 

INTRODUCTION  

1.1. Diamond: a potential candidate in bioelectronics 

Functionalization of semiconductor surfaces is a fast growing field, in particular due to 

potential applications in biosciences. Biosensors have been developed to detect a variety of 

biomolecular complexes and their interactions, including oligonucleotides [1-5], 

antibody-antigen [6,7], hormone-receptor [8], enzyme-substrate [9,10], and lectin glycoprotein 

interactions [11]. In general, a biosensor has two components: a receptor and a detector. The 

receptor is responsible for the selectivity of the sensor. Examples include enzymes, antibodies, 

and lipid layers. The detector, which plays the role of the transducer, translates the physical or 

chemical change by recognizing the analyte and relaying it through an electrical signal. The 

detector is not selective. For example, it can be a pH-electrode, an oxygen electrode or a 

piezoelectric crystal. Figure 1.1 describes a typical biosensor configuration that allows 

measurement of a target-analyte interaction without using reagents. The device incorporates a 

biological-sensing element with a traditional transducer. The biological-sensing element 

selectively recognizes a particular biological molecule through a reaction, specific adsorption, 

or other physical or chemical process, and the transducer converts the result of this 

recognition into a usable signal, which can be quantified. 

Common transduction systems are optical, electro-optical, or electrochemical. This variety 

offers many opportunities to tailor biosensors for specific applications [13-18]. For example, 

the glucose concentration in a blood sample can be measured directly by a biosensor (which is 

made specifically for glucose measurement) by simply dipping the sensor into the sample. 

A successful biosensor must possess at least some of the following beneficial features:  

� The biocatalyst must be highly specific for the purpose of the analyses and it should have 

high stability (including chemical, electrochemical, thermal stability) under normal 

storage conditions. 
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� The reaction should be as independent of such physical parameters as stirring, pH and 

temperature as is manageable. This would allow the analysis of samples with minimal 

pre-treatment. If the reaction involves cofactors or coenzymes these should, preferably, 

also be co-immobilized with the enzyme. 

� The response should be accurate, precise, reproducible and linear over the useful 

analytical range, without dilution or concentration. It should also be free from electrical 

noise.  

� If the biosensor is to be used for invasive monitoring in clinical situations, the probe must 

be tiny and biocompatible, having no toxic or antigenic effects. If it is to be used in 

fermenters it should be sterilisable. This is preferably performed by autoclaving, but no 

enzyme biosensor can presently withstand such drastic wet-heat treatment. In either case, 

the biosensor should not be prone to fouling or proteolysis.  

 

 
Figure 1.1. Schematic illustration of a biosensor device [12] 

The present level of research on new biosensors as well as the development of currently 

available biosensors (e.g. glucose sensors) has increased dramatically over the past decade. 

The main driving force for this enhanced research activity is the booming demand for 

miniaturised biosensors, particularly for diagnostic applications. These however, impose 

rather strict requirements on the size of the device, selective response of the analyte, fast 

response time and compatibility with the peripheral electronic circuitry. Although the active 

interest in developing these small sensing devices for biomedical use is growing rapidly, some 

of the presently available biosensors are inadequate in these respects and several new and 

improved materials are desired to overcome some of these limitations. Self-assembled 

Analyte 

Detector Receptor Biosensor 

Specific 
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monolayers (SAM) of alkanethiols and alkylsulfide on metal substrates (Au, Ag etc.) offer 

several attractive features for these kinds of applications. The easy procedure for SAM 

formation and compatibility with metal substrates for electrochemical measurements enable 

special benefits for biosensor applications involving current or potential measurements [19]. 

However, the thermal and chemical instability of the resulting SAMs and the unpleasant smell 

of the starting alkanethiols seriously limit their application domain. Porous silicon (PSi) has 

been used for highly sensitive detection of small molecules (biotin and the steroid 

digoxigenin), short DNA oligonucleotides (16-nucleotide oligomers), and proteins 

(streptavidin and antibodies). Most notably, the sensor can be highly effective in detecting 

multiple layers of biomolecular interactions, termed "cascade sensing," including sensitive 

detection of small molecules [5]. Anyway, silicon has attracted widespread attention because 

of the importance of silicon in microelectronics. However, hydrolysis reactions may limit the 

overall stability of functionalized silicon surfaces in aqueous solutions [20-25]. Another 

drawback for using silicon/organic monolayer as a biochip substrate and fluorescence for the 

detection scheme of biomolecular interactions on the surface is the fluorescence quenching in 

the close vicinity of the semiconductor. Finally, the improvement of the monolayers quality to 

resist biofouling is a real challenge to design selective and sensitive devices for monitoring 

biomolecular interactions. 

Therefore, diamond, tetrahedrally bonded carbon atoms, which crystallizes into the face 

centred cubic diamond lattice structure, owing to its combination of specific physical, 

chemical and mechanical properties such as high thermal conductivity, high hardness, large 

band gap, optical transparency over a wide wavelength region (from UV to IR), stability 

against chemical reagents, high mechanical stability, corrosion resistance and 

biocompatibility has been regarded as one of the most promising industrial materials in 

various fields. With the current introduction of doped diamond, we are witnessing a 

technological leap. In the last years, several review articles [26-34] and a book on diamond 

electrodes have been published [35]. The high strength of C-C bonds and the well-established 

biocompatibility of diamond make it a particularly attractive substrate for robust chemical and 

biochemical modifications for sensor applications [25, 36-40]. Another interest for using 

diamond substrates is that thin diamond films can now be easily deposited on microelectronic 
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compatible substrates using methane/hydrogen gas mixtures by the Chemical Vapour 

Deposition (CVD) method. 

1.2. Preparation of diamond films 

Because of its large bandgap of more than 5 eV undoped diamond is normally electrically 

insulating and cannot be used as an electrode material. But as other large band-gap materials 

diamond can be made conducting by doping it with certain elements. Currently, in most cases 

boron is used as dopant, resulting in a p-type semiconducting properties. If phosphorus [41] or 

nitrogen is used as dopant, a n-type semiconductor is produced. Two major methods for the 

production of doped diamond materials have been developed: chemical vapour deposition 

(CVD) of thin films doped-diamond and high pressure, high temperature (HPHT) 

doped-diamond particle production [42-44]. However, the drawback of the HPHT method is 

that it still produces diamond in the form of single crystals ranging in size from nanometres to 

millimetres, and this limits the range of applications for which it can be used [34]. Other 

methods reported for the production of conducting diamond electrodes are vacuum annealing 

of undoped diamond [45, 46] and so-called surface transfer doping of undoped diamond [47]. 

The practical usefulness of these approaches to produce diamond electrodes remains 

questionable. Anyway, the majority of doped-diamond electrodes currently in use are thin 

film boron-doped diamond electrodes produced by CVD. 

Similar to platinized electrodes, the doped diamond film is deposited on a conducting 

substrate [27, 48]. The deposition technique is plasma-assisted CVD. The plasma necessary 

for the deposition is activated either by hot filaments [27, 48, 49] or by microwave radiation 

[50]. In both cases, the gas phase (about 10 to 50mbar) typically consists of hydrogen as the 

carrier gas, methane (0.5-3% CH4 in H2) or acetone/methane mixture [50] as carbon source 

and other gases which provide the dopants [27,48-50]. By use of either microwave or 

thermally by hot filaments (temperature of filaments: about 2200-2800°C) the gas phase is 

activated to form a plasma. For the coating of larger substrates currently only the hot filament 

process can be used. In this case multiple filaments are applied.  
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  Before diamond coating the substrate has to be pre-treated properly [27, 48]. One important 

pre-treatment step is activation of the surface with nanoscale diamond particles [48]. These 

tiny diamond crystallites are the nucleation sites for the growth of the thin diamond film 

during CVD process. The surface activation (seeding pre-treatment) can e.g. be performed by 

substrate polishing with diamond powder or by immersing the substrate into a suspension of 

nanoscale diamond particles accompanied by ultrasonication.  

Substrate temperature during diamond film production is about 750 to 825oC. Typical 

growth rates are between 0.2 and 3µm/h [27]. The thickness of diamond thin films is usually 

between 1 and 10 µm but other thicknesses are possible. The diamond thin films have a 

nanocrystalline or microcrystalline structure and a rough surface. Substrates for doped 

diamond film deposition are usually either silicon (both single-crystalline and polycrystalline) 

or self-passivating metals such as titanium, tantalum, tungsten, molybdenum and niobium. 

Niobium seems to be the best suited of the metal substrate materials because it can withstand 

the deposition conditions (high temperature with hydrogen containing atmosphere) with the 

least changes in material structure. The use of silicon as a substrate leads to more perfect, 

pore-free films. But for many practical applications the brittleness of silicon is prohibitive. In 

this case doped-diamond films on metal substrates are used. Another advantage of the use of 

metal substrates is the possibility to produce large area electrodes up to the square meter 

range. This is not possible with silicon substrates because they are not available in this size. 

However, large area diamond electrodes based on silicon substrates can be produced by a 

mosaic-like arrangement of diamond-coated silicon wafers on a metal substrate with 

subsequent passivation of the metal portions not protected by the silicon/doped diamond 

pieces [34, 51].  

Doped diamond films can be deposited directly onto silicon without any interlayer [30]. If 

the doped diamond films shall be deposited onto self-passivating metal substrates, often 

interlayers (e.g. the corresponding metal carbide) are applied to enhance the adhesion of the 

diamond film at the substrate and to protect the substrate against hydrogen in the deposition 

gas mixture (danger of hydrogen embrittlement of the substrate) [30].  
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Other substrate materials for deposition of doped diamond are carbon materials such as 

graphite [30, 52], glassy carbon [30] or carbon fibre materials. CVD thin film diamond 

electrodes can be modified in multitude of ways to change their properties.  

Free-standing doped-diamond films can be produced by deposition of relatively thick 

conductive diamond films on silicon or other substrates and subsequent removal of the 

substrate e.g. by chemical etching. The production of single-crystalline doped-diamond by 

CVD is also possible. For this purpose natural nonconducting diamond single crystals have 

been used as a substrate for CVD thin film deposition [53, 54]. 

1.3. Properties of diamond 

1.3.1. General properties of diamond 

Diamond is well known for its unusual material properties such as the high hardness (1 × 

104 kg mm-2 ), high thermal conductivity (2600Wm-1K-1 ) and high charge carrier mobility 

(electron mobility: 2200cm2V-1 s-1, hole mobility: 1600cm2V-1s-1 ). With a bandgap of 5.45eV, 

undoped diamond is an excellent electrical insulator with resistivity in the order of 1020
Ω cm. 

1.3.2. Properties of doped diamond electrodes 

1.3.2.1. Dopants for diamond electrodes and their electrical properties  

Boron is by far the most widely used dopant to produce conducting diamond electrodes 

[30]. This is because boron has low charge carrier activation energy of 0.37eV [30]. Boron 

doping leads to a p-type semiconductor. At low doping levels, the diamond acts as an 

extrinsic semiconductor. At high doping levels, the material acts as a semimetal. To introduce 

boron into the diamond material during film growth, a boron containing substance has to be 

added to the deposition gas mixture. Substances such as diborane (B2H6) or trimethyl borane 

((CH3)3B) can be used. The majority of studies with doped diamond electrodes use 

boron-doped diamond. 

But other dopants are also possible. They provide n-type conductivity: nitrogen (charge 

carrier activation energy 1.6–1.7eV) [30, 55, 56], phosphorus (charge carrier activation 

energy 0.6eV) [41, 56] and sulfur [32, 33]. Also co-doped diamond thin film electrodes have 
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been produced, such as nitrogen-boron [30] or boron-sulfur co-doped [56, 57] electrodes. 

Sulfur can only be introduced as a dopant into diamond in the presence of boron [56, 57]. At 

low boron concentrations, an n-type semiconductor is obtained [56, 57]. It has also been 

suggested that heavily boron-doped CVD diamond can switch its conductivity from p-type to 

n-type after deuterium plasma treatment [41]. The alternative dopants are introduced into the 

CVD diamond films by adding an appropriate gas to the deposition atmosphere. This is 

ammonia [30] or N2 [55] in case of nitrogen doping, PH3 for phosphorus [41] and H2S for 

sulfur doping [56, 57]. Figure 1.2 shows an energy diagram of diamond with some selected 

states in the band gap.  

The conductivity of doped diamond electrodes depends on the doping level. For 

boron-doped diamond electrodes with resistivities between 5 and 100mΩ cm are usually 

produced [30, 48]. Typical and useful boron concentrations in diamond are between 500ppm 

to about 10,000ppm [30] or 1019-1021atoms cm-3 [48]. Interestingly, boron-doped diamond has 

also been found to be superconducting at very low temperatures [58] with Tc depending on 

doping level.  

 

Figure 1.2. Energy diagram of selected states in the band gap of diamond [34]. 

1.3.2.2. Electrochemical properties in aqueous electrolytes  

Doped-diamond has been introduced into electrochemistry by Pleskov et al. [59]. Since 

then, mainly the electrochemical behaviour of diamond electrodes in aqueous electrolytes has 
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been investigated. The most striking feature here is their very high overpotential for both 

oxygen and hydrogen evolution [26, 27, 31, 33, 48, 60-63]. Figure 1.3 shows cyclic 

voltammograms of platinum and diamond electrodes in 0.2M H2SO4 in the region between 

hydrogen and oxygen evolution. The much higher overpotential of diamond electrode for both 

reactions is obvious. This leads to a wide potential window (approx. 3.5V), which can be used 

for other electrochemical reactions in aqueous electrolytes. Diamond electrodes have indeed 

the largest potential window so far measured in aqueous electrolytes. This makes them also 

totally different to common electrode materials such as gold, platinum or mixed metal oxide 

type electrodes. 

Diamond electrodes are also distinguished from these conventional electrode materials by 

their very low capacitance and by the absence of surface oxide formation and reduction 

reactions which are found at conventional metal or metal oxide electrode materials between 

oxygen and hydrogen evolution (see also Figure 1.3). The electrochemical properties of 

diamond electrodes depend to some extent on doping level, on surface termination and 

nondiamond carbon content.  

 

Figure 1.3. Cyclic voltammogram of a platinum and a diamond electrode in 0.2M H2SO4, 
v=100mV/s [34]. 

High overpotentials on diamond electrodes are also found for halide (I, Br, Cl) oxidation 

[26, 64] and for the reduction of the corresponding halogens (I¯, Br¯, Cl¯) [64] as well as for 

oxygen reduction. In general, electrochemical reactions which require adsorption of reaction 
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intermediates have a high overvoltage on diamond electrodes. Figure 1.4 displays cyclic 

voltammograms of diamond electrode in comparison with platinum electrode for the redox 

couples I/I2 showing the much higher overpotential on diamond electrodes for this reaction. 

 

Figure 1.4. Cyclic voltammograms of a platinum and a diamond electrode in 5 × 10-3 M KI + 
1 M KCl, v=100 mV/s [64]. 

A totally different electrochemical behaviour can be found in the case of simple 

outersphere, one-electron transfer processes in which no adsorbed intermediates are involved. 

They can precede more or less quasi-reversible on diamond electrodes [26, 54, 64]. This 

could e.g. be shown for Fe(CN)6
3-/4- [26, 29, 55, 65, 67-73], Ru(NH3)6

2+/3+  [26, 29, 52, 55, 

64, 66-69, 71], IrCl6
2-/3- [55, 67], Fe2+/3+ [67, 71], Ce3+/4+ [74,75] and Eu2+/3+ [76] among 

others. Figure 1.5 displays cyclic voltammograms of a platinum and a diamond electrode 

with the redox couple Fe(CN)6
3-/4-, showing that the electrochemical behaviour of both 

electrode materials is comparable in this case, although platinum is more reversible. Doping 

level and pre-treatment of the diamond electrode have a considerable influence on the kinetics 

of charge transfer reactions of this material. Therefore, a more irreversible behaviour of 

diamond electrodes especially at low doping levels and with oxygen terminated surface is 

possible [70, 73]. 

1.3.2.3. Photoelectrochemistry  
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Doped-diamond electrodes display also interesting photoelectrochemical properties [77-79]. 

Since diamond has a very wide bandgap, visible and long-wavelength ultraviolet (UV) 

radiation should not be able to excite electrons from the valence into conduction band. 

Nevertheless, some studies show significant photocurrents even with sub bandgap 

illumination [59, 77], presumably due to impurities or surface states within the bandgap. 

Fujishima and co-workers [78] showed that on high-quality diamond electrodes with very low 

nondiamond carbon content only irradiation with supra bandgap illumination is able to excite 

electrons into the conduction band. They studied the photoelectrochemical behaviour of 

boron-doped diamond electrodes in 0.1M KH2PO4 solution with excimer lasers of 3 different 

wavelengths: ArF (193nm, 6.4eV), KrF (248nm, 5.0eV), and XeF (351nm, 3.53eV). The 

photocurrent observed using the ArF laser was much greater than those observed with the KrF 

and XeF lasers. In addition, the photoelecrochemical properties of semiconducting diamond 

were found to be highly sensitive to the surface conditions [79]. 

 
Figure 1.5. Cyclic voltammograms of a platinum and a diamond electrode in 10-2 M 
K3[Fe(CN)6]/K4[Fe(CN)6] + 1 M KCl, v=100 mV/s [67]. 

1.3.3. Stability of diamond electrodes  

The high chemical and electrochemical stabilities of diamond electrodes have been taken 

for granted for some years. Especially the high electrochemical stability under severe 

conditions has been emphasized [31, 33, 48, 62]. It has been considered as one of the major 

advantages of doped-diamond electrodes compared to conventional electrode materials. 
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However, in the last years in some investigations it has been shown that diamond electrodes 

are etched electrochemically under certain experimental conditions [61, 80-82]. 

Until today, investigations on the anodic corrosion of doped-diamond were only performed 

in acidic aqueous electrolytes [61, 80-82]. Panizza et al. [80] did not found any loss of 

diamond material of diamond anodes during electrolysis in 1M H2SO4 (1A/cm2, 40oC). But if 

the electrolysis experiments were performed in 1M H2SO4 + 3M acetic acid, a strong decrease 

of surface roughness has been measured. But more detailed investigations with diamond thin 

film electrodes on silicon substrates by Katsuki et al. [61] and Comninelllis [81] did show that 

in sulfuric acid electrolytes corrosion rates of 0.4µg [61] or 0.3µg diamonds per Ah [81] can 

be measured. Comninelllis [81] did also show that the corrosion rate strongly depends on 

electrolyte composition. If organic compounds are added to electrolytes such as 1M sulfuric 

acid or 1M perchloric acid, corrosion rates are dramatically increasing up to 12µg diamond 

per Ah in 1M H2SO4 + 3M acetic acid (at 1A/cm2, 40oC). 

Schafer et al. [82] reported that during electrolysis with thin film diamond anodes on 

niobium substrates (at 4A/cm2, 70°C) in 1.3M H2SO4, corrosion rates of about 0.4µg/Ah cm-2 

are reached. In this long-term electrolysis experiment in certain time intervals 1g/L organic 

material has been added to the electrolyte (5 times). This organic material was destroyed 

during the electrolysis. Therefore, in this experiment only part of the electrolysis time organic 

material was present in the acidic electrolyte. The corrosion rate measured by Schafer et al. 

equals a loss of diamond film thickness of about 1µm diamond per 900Ah/cm2. This means, 

that under these conditions and a current density of 200mA/cm2, an electrode lifetime 

(diamond film thickness of 1µm) of 0.5years can be expected. Lowering the current density to 

only 20mA/cm2 would give an electrode lifetime of roughly 5years for a 1µm thick electrode.  

These corrosion rates of the diamond layer during anodic polarization are comparable to 

corrosion rates which are usually found with platinized or mixed metal oxide coated titanium 

electrodes [81]. By applying thicker diamond films (10µm are possible) also with high current 

densities acceptable electrode lifetimes are possible. However, certain electrolyte 

compositions lead to increased corrosion rates. The corrosion rate of 12µg diamond per Ah (in 

1M H2SO4 + 3M acetic acid at 1A/cm2 , 40oC) reported by Comninellis [81] would result in 

an electrode lifetime of 6 days at 200mA/cm2 or 6 months at 20mA/cm2 (thickness of the 
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diamond film: 1µm). In this case even a 10-fold increase of diamond film thickness would 

only allow working with low current densities to reach acceptable service life. 

Besides electrochemical etching also the detachment of diamond material from the 

substrate can be problematic. The mechanisms that can cause diamond film detachment are 

complex [83]. In addition to the nondiamond carbon content, also cracks and pores, the initial 

diamond nucleus density, the diamond film thickness, interlayer thickness, the nature of the 

substrate and the bonding between the substrate and the diamond film may affect electrode 

stability [83]. All these factors are associated with production conditions. Therefore, a proper 

selection and careful control of preparation conditions is very important in order to obtain 

long-term stable doped diamond thin film electrodes. 

1.3.4. Biocompatibility of diamond electrodes 

Doped diamond electrodes have been widely reported for their biocompatible applications. 

Martin and co workers used diamond electrodes for the study of neurodynamics in an animal 

model [84, 85]. Implantable diamond microelectrodes provide a unique opportunity to 

integrate neural stimulation and amperometric sensing (e.g. of dopamine, adenosine and 

serotonin) in the same implantable device. And biomolecules immobilized at the doped 

diamond surface are often still fully functional and active. Examples are an amperometric 

biosensor based on covalent immobilization of tyrosinase on a boron-doped diamond 

electrode [86] or catalase modified diamond electrode [87]. These biosensors could be used to 

detect phenolic compounds [86] or hydrogen peroxide [87], respectively. Also diamond 

electrodes modified with DNA oligonucleotides have been produced with the aim to create 

field-effect biological sensors [88]. It has also been found that boron-doped diamond 

activated by anodic oxidation is a highly active material providing appropriate contact of 

laccase enzyme molecules with the electrode surface and leading to direct bioelectrocatalysis 

of the dioxygen reduction which could be useful in biofuel cells [89]. 

1.4. Functionalization of diamond electrodes 
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1.4.1. Functionalization of hydrogen-terminated diamond surfaces through C-C bond 

formation 

1.4.1.1. Direct reaction of hydrogen-terminated diamond surfaces with alkenes under 

photochemical conditions 

H-terminated polycrystalline films exhibit a number of usual properties, including the 

ability to emit electrons from the valence band directly into a vacuum when illuminated with 

254nm light [90]. Ultraviolet irradiation of hydrogen-terminated diamond covered with liquid 

films of an appropriate alkene is an additional approach to produce functionalized diamond 

(Figure 1.6). This scheme has been first proposed by Hamers et al. [25, 91-95] and is now 

used by different groups [96-101]. UV irradiation of hydrogen-terminated diamond surface in 

the presence of a liquid film of appropriate alkenes (e.g., 12-amino-dec-1-ene protected with a 

trifluoroacetic acid group, perfluorodecene, trifluoroethyl ester of ω-undecenoic acid, etc.) 

results in the formation of an organic layer covalently grafted to the surface through C-C 

bonds. While the stability of the formed monolayer has been proven [102-104], many 

questions remain about how the reaction proceeds mechanistically and how the organic film is 

organized on the surface. Hamers et al. carried out mechanistic and structural studies on 

photochemical functionalized diamond surfaces [105, 106]. They demonstrated that the 

modification process is not controlled by grain boundaries and that the functionalization is a 

surface-mediated reaction initiated by the photoejection of electrons from the diamond surface 

into the liquid phase [105]. 

Figure 1.6 displays the strategy used to incorporate terminal -NH2 functional groups onto a 

diamond surface. To provide chemically reactive amine groups, the trifluoroacetamide 

protecting group was chemically removed, and DNA was linked to the amine-terminated 

diamond surfaces using a heterobifunctional cross-linker as discussed above. Comparing the 

DNA-modified diamond with a silicon surface modified in the similar way showed no loss of 

DNA over 15 hybridization/denaturation cycles on diamond and a loss of 1.8% on silicon 

[23].  

The direct photochemical coupling using undecylenic acid was recently reported to form a 

higher density of carboxylic acid groups on the diamond compared to 
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trifluoroethylundecenoate [101]. Figure 1.7 shows the fluorescence image of fluorescein 

isothiocyanate (FITC)-labeled DNA immobilized on acid-modified diamond subjected to 

three denaturation-rehybridization cycles. While the photochemical derivatization allows the 

introduction of several functional groups on the surface, the reaction time required is rather 

long (in the range of 12-15h), and most of organic molecules absorb at the used wavelength. 

Nevertheless, glycol compounds could be linked to diamond allowing the study of 

nonspecific binding of proteins [98]. Electrochemical impedance spectroscopy (EIS) was used 

to characterize the modified interfaces and showed that the monolayer strongly inhibits 

electron transfer, but the detection of biological binding events in real time, as a consequence 

of the field effect induced in the diamond by the charged DNA, is possible [88]. EIS 

measurements, together with cyclic voltammetry were performed on 

horseradish-peroxide-modified nanocrystalline diamond films [100]. The proximity of the 

haem groups to the diamond surface allowed direct electron transfer between them. 

BDD

H H H
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NH

CF3

O
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CF3

O
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NH2

MeOH/H2O

reflux 3.5h  

Figure 1.6. Photochemical linking of organic molecules to H-terminated diamond. 

1.4.1.2. Diazonium chemistry 

Another method available for the formation of a strong C–C bond between diamond and an 

organic molecule was first reported by McCreery and Swain [107] and consists of the 

electrochemical reduction of diazonium salts (Figure 1.8) [107,108]. Different diazonium 

salts are commercially available, but they can also easily be prepared in one step from a wide 
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range of aromatic amines. The technique offers the advantage of the availability of a wide 

range of functional groups (–COOH, X, NO2, etc.) that can be introduced onto the surface in 

one step. 

 

Figure 1.7. Fluorescence images of patterned FITC-labeled DNA immobilized on diamond 
which has been biofunctionalized with undecylenic acid and subjected to repeated 
denaturation / rehybridization cycles (three cycles; reprint with permission from [101]). 

The method, intensively used for other carbon-based materials [109], is quite simple and 

can be performed in acetonitrile (CH3CN + 0.1M Bu4BF4) and acidic aqueous solutions (0.1 

M H2SO4) through electrochemical reduction of diazonium salts. Covalent bonds between the 

diamond and the diazonium salt can, in addition, be formed through a spontaneous binding (in 

the absence of external bias) of the diazonium salt in the presence of 1% sodium dodecyl 

sulfate [110]. We recently showed that solvent-free functionalization of hydrogen-terminated 

boron-doped diamond surfaces with aryldiazonium salts using ionic liquids 

(1-butyl-3-methylimidazolium hexafluorophosphate or 1-butyl-3-methylimidazolium methyl 

sulphate) can be achieved in high yield [111]. The electrons necessary for the reduction of the 

diazonium salt are, in these cases, most likely provided by the diamond itself [112]. This 

purely chemical grafting is attractive, as it does not require electrochemical equipment or 

doped diamond interfaces. The authors have also showed from ellipsometric measurements 

that the chemical approach results more readily in monolayers rather than multilayers 

observed under electrochemical conditions. AFM measurements have evidenced the 

formation of multilayers using the electrochemical route, and the formation of a real 

monolayer was only reported on pyrolyzed photoresist [113]. Phenyl radical species are 
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formed next to nitrogen during the grafting process, which react directly with the diamond 

surface. The formation of multilayers is due to an attack of the first grafted aryl group by 

another aryl radical. The principal interest in diazonium-based diamond modification is that 

the diamond-tethered functional groups are used for the covalent linking of biomolecules. 

This is due to the reported biocompatible and bio-inert character of diamond electrodes 

making them promising platforms for biosensing. The most intensively studied diazonium salt 

derivative is the nitrophenyl salt. The key to biomolecular functionalization lies in the ability 

to selectively reduce nitro groups to primary amines to which DNA and other biomolecules 

can chemically be linked. In aqueous solution, an irreversible multi-electron and multi-proton 

reaction of the nitro group to amine (-NH2) or hydroxyaminophenyl (-NHOH) groups takes 

place [109]. The covalent linking of enzymes (glucose oxidase and tyrosinase) was achieved 

on the amine-terminated diamond surfaces. Carlisle et al. [108] reacted the amine terminal 

groups on the BDD with succinic anhydride and N-hydroxysulfosuccinimide to link glucose 

oxidase. Glucose was detected through the oxidation of biocatalytically formed H2O2. An 

amperometric biosensor for phenol, p-cresol and 4-chlorophenol was developed by Zhin et al. 

[114]. It is based on covalent immobilization of tyrosinase on amine-terminated BDD via 

carbodiimide coupling by forming an amide bond between the carboxylic acid of the tyrosine 

and the NH2 of the BDD. They reported that 90% of the enzyme activity was retained for 5 

weeks when storing the sensor at 4°C in PBS. On the other hand, DNA immobilization was 

achieved by immersing the amine-terminated diamond into a heterobifunctional cross-linker 

(sulfo-succinimidyl 4-(N-maleimidomethyl) cyclohexan-1-carboxylate) to which thiol 

-modified DNA was linked [108,115,116]. Experiments on single crystalline diamond 

electrodes showed that the DNA chains are tilted by 31° with a DNA density of 

6×1012molecules cm−2. The results are not affected by the variation of the buffer salinity [115]. 

The structural and mechanical properties of a DNA double helix bonded to NH2-terminated 

single crystalline diamond surfaces, prepared via photochemical or electrochemical routes, 

were evaluated using contact mode AFM. It was shown that DNA molecules can be 

irreversibly removed from the diamond surface by contact mode AFM with forces N>45nN 

and >76nN on photochemically and electrochemically functionalized diamonds, respectively 

[116]. Covalent linking of anthraquinone diazonium salt to BDD through electrochemical 
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reduction was recently shown by Foord [117]. In basic solution, the quinone-catalyzed 

reduction of oxygen was seen at −0.8V/SCE. 

BDD

HHH

e-

N2 BF4
BDD

R
R

R=NO2,COOH,CN,Cl,ect. 

Figure 1.8. Attachment of organic layers by reduction of aryl diazonium salts. 

1.4.2. Functionalization of hydrogen-terminated diamond surfaces through C-O bond 

formation 

Tsubota et al. [118,119] investigated the modification of H-terminated diamond using 

alkyl-radicals. Among various radical initiators, benzoylperoxide was found to be the most 

effective in abstracting hydrogen on the surface (Figure 1.9). Due to their low dissociation 

energy, the O–O bond in these peroxides breaks easily, generating radicals [119-127]. When 

benzoyl peroxide is thus heated up to temperatures of about T=60-80°C, it decomposes into 

benzoyl radicals. In the presence of an H-terminated diamond surface in toluene (under argon 

atmosphere, at T=348K for t=2h), the benzoyl radicals formed can abstract a hydrogen atom 

on the diamond surface and bind to it. Further studies using benzoyl peroxide showed that the 

radical reaction is highly solvent dependent. While the radical substitution reaction works 

well in THF and DMF, the reaction in toluene depends on the reaction conditions [121,122]. 

The same group has demonstrated that aliphatic and aromatic carboxylic acids can be tethered 

to diamond surface through C–O bond formation by carrying out the thermal decomposition 

of benzoyl peroxide radical initiator in the presence of aliphatic and aromatic carboxylic acids 

[123,125,127]. In this case, R–COO radicals are formed and bind to the diamond surface. The 

final chemical state of the diamond surface is determined by the kinetics of the reaction.  

The number of hydrogen atoms displaced on the diamond surface depends, however, 

strongly on the acid used. In the case of the large pyrene-carboxylic acid, rather low 

abstraction fraction was observed. 
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Figure 1.9. Liquid phase modification of hydrogenated diamond surfaces using a radical 
initiator. 

1.4.3. Oxidation of H-terminated diamond surfaces 

Freshly synthesized H-terminated diamond interfaces can be left without special 

precautions on the bench for several months. In spite of the high stability of diamond, 

oxidation of the hydrogenated surface is relatively easy to perform. The resulting oxidized 

surface is so stable that it can be recovered only by hydrogen plasma treatment at elevated 

temperatures. Diverse procedures have been reported for the oxidation of H-terminated 

surfaces including thermal [128-130], plasma [131, 132], and electrochemical techniques 

[133-136], as well as the use of singlet oxygen [133], irradiation with vacuum ultraviolet light 

(VUV, λ = 172nm, t = 3h in the presence of O2 and H2O) [137] and ozone treatment 

[138-140]. Oxygen-terminated diamond surface shows hydrophilic character [60]. 

Independent of the activation method used, the presence of oxygen on the diamond surface 
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has a significant influence on the chemical reactivity [135], electrical conductivity [141, 142], 

field emission [143,144] and Schottky barrier heights [145].  

Figure 1.10 shows typical high resolution X-ray photoelectron spectra of a 

hydrogen-terminated and a photochemically oxidized boron-doped (BDD) polycrystalline 

diamond surface [138]. The high-resolution XPS spectrum of the C1s of a hydrogenated BDD 

sample displays a main peak at ~ 285eV. The peak is unsymmetrical. The presence of a 

shoulder at higher binding energy (~ 286eV) is most likely due to the presence of amorphous 

carbon at the grain boundaries. After photochemical oxidation, the XPS spectrum displays 

three different features: a peak at 285eV due to C1s from the bulk and two peaks at 286 and 

289eV due to the surface C-O features. Based on the diamond structure, it is expected that the 

sp3 C–H bonds on the (111) facets will be terminated with hydroxyl groups while the CH2 

bonds on the (100) facets will be transformed to carbonyl (C=O) and ether (C-O-C) functional 

groups. The signals from surface hydroxyl and ether groups are undistinguishable (~ 286eV) 

[138]. The peak at 289eV results most likely from a contribution of carbonyl groups on the 

surface. 

 

Figure 1.10. High resolution XPS spectra of C 1s of hydrogenated and photochemically 
oxidized boron-doped diamond surfaces [138]. 

The change of the chemical termination can affect the electrochemical properties of the 

diamond electrode. Surface oxidation treatment changes the electrochemical character of 

diamond electrodes by means of electrostatic interactions between the electrode surface and 
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redox ions. The potential windows of the oxygenated diamond electrodes became somewhat 

wider than that of the as-grown electrode (Figure 1.11) [146] and the electron transfer rates in 

various redox species were also changed, providing in some cases enhanced electroanalytical 

selectivity [147,148]. 

 

Figure 1.11. Cyclic voltammograms in 0.1M sulfuric acid solution for as-grown, 
electrochemically polarized and oxygen-plasma treated diamond electrodes; scan rate: 
100mVs-1. 

Oxygenated diamond surface exhibit modified properties such as a different adsorbing 

behavior [149] which facilitates the subsequent functionalization of diamond electrodes [146, 

147]. Actually, surface functional groups, which are introduced onto the diamond electrode 

by the surface oxidation treatment, facilitate the introduction of many kinds of functional 

materials [133, 146, 149]. Generally, because the hydrogen-terminated diamond electrode has 

low chemical reactivity and high hydrophobicity, it is difficult to fuctionalize its surface [67]. 

However, oxygenated diamond electrodes have hydroxyl groups on the surface, various 

functional groups including amino, vinyl, epoxide, mercapto, and phenyl groups can be 

introduced onto the oxidized boron doped diamond (BDD) surfaces to modify their chemical 

and physical properties. Additionally, a wide range of molecules with useful functionalities, 

such as redox activity, chemical selectivity, catalytic activity, and photosensitizability, can be 

attached onto electrode surfaces via silane coupling agents. Thus, the potential applications of 

boron-doped diamond (BDD) can be dramatically extended.  

The decrease of surface conductivity has been observed at the semiconducting diamond 
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surface by converting the H-terminated surface to O-termination due to the removal of the 

surface conductive layer formed on the H-terminated diamond surface [150]. However, in the 

case of the heavily boron-doped diamond films, the effect of the removal of the surface 

conductive layer on the surface conductivity seems not to be significant. It was confirmed by 

the four-point probe method that the film resistivity of the diamond surface (~10-3
Ω cm) did 

not change after surface oxidation treatment [146]. As expected from the change of the 

surface hydrophobicity and the enhancement of the surface roughness at the nanometer scale, 

the background current for the O-terminated surface became larger than that of the as-grown 

electrode, but the change of the chemical termination did not appear to cause a remarkable 

change in the electrochemical properties. In addition, it was also confirmed by the four-point 

probe method as above [132]. 

1.4.4. Halogenation of H-terminated diamond surfaces 

A practical method for surface modification of nonoxidized diamond is the direct reaction 

with radical species in the gas phase. The radical moieties known to react directly with 

diamond include hydrogen [151], fluorine [152] and chlorine atoms [153]. The diamond 

surface is unreactive to the corresponding molecular species H2, F2 and Cl2 [154]. This implies 

that vigorous and corrosive (e.g. Cl2/400-500°C; F2/470°C) [155] reaction conditions are 

necessary to generate atomic species.  

Milder conditions to halogenate diamond surfaces are employed when halogen atoms are 

formed in a photochemical reaction [156]. The photodissociation of chlorine gas is rather well 

known [157, 158]. Miller and Brown prepared chlorinated polycrystalline diamond films 

[157], single crystals and diamond powders [154] through the irradiation of the samples at λ = 

245 nm up to 24h using a pressure Hg-arc lamp in the presence of Cl2 gas, as shown in Figure 

1.12 [158].  

A different photochemical approach has been used by Nakamura et al. to fluorinate 

H-terminated diamond surfaces [159]. It is based on the photolysis of perfluoroazooctane, as 

shown in Figure 1.13. During this process, perfluorooctyl radicals abstract a hydrogen atom 

from the diamond surface. The resulting surface carbon radical reacts with another 

perfluorooctyl radical to yield a fluorinated surface. A similar approach has been used by 
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Russels et al. [160], who introduced perfluorobutyl groups at low temperature on a (110) 

oriented single crystal diamond surface by photolysis of a solution of perfluorobutyl iodide 

(C4F9I) using UV irradiation with a 200W Hg-arc lamp.  

BDD

H H H
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Cl Cl Cl
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NH2 NH2

λ=254nm/24h

Cl2 gas

λ=254nm/24h

NH3 gas  

Figure 1.12. Preparation of an amine-terminated BDD surface in a two-step procedure, 
consisting on the photochemical irradiation of a hydrogenated surface with chlorine followed 
with ammonia gas. 
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Figure 1.13. Chemical modification on the surface of a diamond film with perfluorooctyl 
functionality. 

There are few reports on halogenation in the liquid phase. Ikeda et al., as shown in Figure 

1.14 [132] attempted chlorination of H-terminated diamond by treatment with sulfuryl 

chloride (SO2Cl2) at T = 50°C under argon atmosphere using 2, 2-azobiisobutyronitrile (AIBN) 

as a radical initiator. The resulting chlorinated diamonds were further used for the 

immobilization of thymidine molecules [133].  
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Figure 1.14. Chlorination scheme on diamond surface in the liquid phase. 

The stability of the halogenated interfaces depends mainly on the used halogen. Fluorinated 

diamond surfaces are stable in air and water at room temperature and have been 

electrochemically characterized [161]. Chlorinated diamond interfaces are reported to form 

hydroxylates at room temperature in contact with water vapor [162].  
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1.4.5. Amination of H-terminated diamond surfaces 

The chemical reactivity of the chlorinated surface was exploited for the preparation of 

amine-terminated diamond interfaces. While a thermal treatment up to 450°C in ammonia did 

not allow surface amination, the reaction of ammonia with chlorinated diamond was markedly 

different when photochemical conditions were used [154]. The chlorinated sample could be 

aminated by irradiation of the chlorinated diamond films in NH3 (g) at room temperature in 

vacuum for 3-24h [154] or through the reaction with quaternary pyridinium salt [163], as 

shown in Figure 1.12. 

Reports on the direct amination of H-terminated diamond in the gas phase have only been 

reported recently. Radio-frequency plasma was used to promote the direct chemical reaction 

between the diamond surface and vaporized N-(6-aminohexyl) aminopropyl trimethoxysilane 

[137]. The relative surface density of primary amines groups (–NH2) attached to the diamond 

surface was detected by fluorescence, using fluorescamine in acetone spray as a fluorescence 

marker. On the other hand, the direct amination of hydrogen-terminated diamond surface 

using UV irradiation (λ=254nm) in an ammonia gas environment was reported recently by the 

group of Kawarada [164]. The authors have used photolithography to pattern the resulting 

surface and to immobilize DNA molecules in a controlled fashion. A similar approach was 

reported by Zhi et al. [165], where an amine functionalized boron-doped diamond surface was 

prepared by UV irradiation (λ=254nm, 6h) of a hydrogen-terminated surface in the presence 

of allylamine. It is believed that the vinyl groups of allylamine react photochemically with the 

C–H surface bonds to yield an amine-terminated monolayer covalently bonded to the surface 

through C–C bonds.  

More recently, our group has demonstrated that the use of a cold NH3 plasma treatment of 

hydrogenated diamond substrate generates surface terminal amino groups (Figure 15) [166]. 

1.4.6. Reactivity of oxidized diamond surfaces 

1.4.6.1 Silanization reactions on oxygen-terminated diamond surfaces 

Silanization reaction is a simple way to modify oxygen-terminated diamond surfaces. As 

silane reagents show no reactivity towards carbonyl or ether groups they can be used to 

underlie the presence of hydroxyl groups on oxidized diamond. Notsu et al. reacted 
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electrochemically- and oxygen plasma-oxidized boron-doped diamond (BDD) surfaces with 

3-aminopropyltriethoxysilane (APTES) and subsequent characterizations of the modified 

surface indicate the success of the silanization reaction, as shown in Figure 1.16 [136, 167, 

168]. The modification by APTES is particularly important for possible applications, because 

the terminal amino group can be used to form a covalent bond with functional molecules such 

as DNA, enzymes, and immuno-compounds, and highly selective, highly sensitive electrode 

systems can be created [168].  
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Figure 1.15. Direct amination of hydrogenated boron-doped diamond surfaces using NH3 

plasma.  
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Figure 1.16. Schematic illustration of the silanization reaction of oxidized diamond surface 
with aminopropyltriethoxysilane. 

On the other hand, surface hydroxyl groups on photochemically oxidized diamond surfaces 

were reacted with perfluorodecyltrichlorosilane [CF3-(CF2)7-CH2-CH2-SiCl3] at room 

temperature (Figure 1.17) [138]. The success of the reaction was demonstrated by a 

significant increase of the contact angle of the modified surface to 109°, as compared to the 

low value (< 20°) of the oxidized BDD surface. 

N-(3-trimethoxysilylpropyl) pyrrole (TMPP) linked to oxidized BDD has been reported 

recently by our group (Figure 1.18) [169]. The functional silane layer allowed localized 

polymer formation to be achieved on the TMPP-modified BDD interface using the direct 
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mode of a scanning electrochemical microscope (SECM) as well as an electrochemical 

scanning near-field optical microscope (E-SNOM). 
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Figure 1.17. Schematic illustration of the silanization reaction of oxidized diamond surface 
with perfluorodecyl trichlorosilane [138]. 
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Figure 1.18. Chemical functionalization scheme of oxidized diamond surfaces with 
N-(3-trimethoxysilylpropyl) pyrrole [138]. 

1.4.6.2 Esterification reactions of oxygen-terminated diamond surfaces 

Another possibility of surface modification of oxygen-terminated diamond surface is 

esterification reaction. The hydroxyl groups of oxidized BDD were successfully tethered to 

organic molecules through an esterification reaction. Pyrenebutyric acid (Figure 1.19) [170], 

and biotin [133] were covalently linked to oxidized diamond. To reveal the biotin grafting, the 

authors explored the strong affinity of biotin to fluorescently labeled streptavidin. On the 

other hand, the photoelectochemical behavior of a pyrene-terminated BDD surface was 

studied and cathodic photocurrents have been measured in oxygen saturated electrolyte.  

More recently, 3-benzoylbenzoic acid covalently bonded to oxidized diamond was reported 

by our group (Figure 1.20) [171]. Since benzophenone is an efficient photoactivable group, 
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stable under ambient light and protic solvents [172, 173], the benzophenone terminated BDD 

surface was successfully used for photochemical immobilization of DNA, peptides and 

proteins.  
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Figure 1.19. Schematic illustration of the esterification reaction of hydroxylated diamond 
with pyrenebutyric acid [170]. 
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Figure 1.20. Schematic illustration of the esterification reaction of hydroxylated diamond 
with 3-benzoylbenzoic acid [171]. 

Zirconium phosphate chemistry has been adapted to oxidized diamond surface [174]. 

Carboxylic acid layers can be bound to the diamond surface by coordination to zirconium 

phosphate functionalities. Pyrene was linked in this manner to BDD and a surface coverage of 

5×10-11mol cm-2 was determined. 

1.4.7. Reactivity of halogenated surfaces 

The interest in halogenated interfaces is that they are prone to nucleophilic substitution 

reactions by breaking the carbon-halogen bond. With the exception of iodine, all of the 

halogens are more electronegative than carbon (Table 1.1)  
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Table 1.1. Electronegativity values (Pauling scale) 

C 2.5 F 4.0 

  Cl 3.0 

  Br 2.8 

  I 2.5 

 

This means that the electron pair in the carbon-halogen bond will be dragged towards the 

halogen end, leaving the halogen slightly negative (δ-) and the carbon slightly positive (δ+) 

(Figure 1.21), except in the carbon-iodine case. 

nucleophile

δ-
δ+

electron pair dragged towards the halogen end

 

Figure 1.21. The polarity of the carbon-halogen bonds. 

The strength of the C-halogen bond is changing drastically as seen in Table 1.2. 

Table 1.2. The strengths of the carbon-halogen bonds (all values in kJ mol-1) 

C-H 413 C-F 467 

  C-Cl 346 

  C-Br 290 

  C-I 228 

 

It was demonstrated that the bromo groups in bromopropyl-modified silica nanoparticles 

can be substituted in a saturated solution of NaN3 [175]. The exchange of surface bromine of 

11-bromo-undecylsiloxane monolayers against azide via nucleophilic substitution with 

sodium azide in DMF solution was reported by C. Barbot et. al. [176]. Bromine-terminated 
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silica and glass substrates were immersed in a saturated solution of sodium azide in DMF for 

24 h at room temperature to obtain an azide termination [177]. 

In addition, chlorinated diamond butylated with butyllithium dissolved in THF at 30oC for 

4h was reported by Yoshinori Iked as shown in Figure 1.22 [178]. Cl-terminated Si surface 

was exposed to an alkylmagnesium halide reagent to prepare alkylated silicon (111) surfaces 

with -CnH2n+1 (n = 1 or 2) or -C6H5CH2 groups. Corresponding XPS data indicates that 

functionalization by the two-step chlorination/alkylation process proceeds cleanly to produce 

oxide-free Si surfaces terminated with the chosen alkyl group [179]. James R. Heath et. al. 

fully acetylenylated silicon surface by same way [180]. The resulting Cl-terminated surfaces 

were exposed to a solution of CH3MgCl to form methylated Si (111) surface, whereas the 

Cl-terminated surfaces were exposed to a solution of C2H5MgCl to form C2H5-terminated 

surfaces [181-183].  
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Figure 1.22 Alkylation scheme on chlorinated diamond surface. 

1.4.8. Reactivity of aminated diamond surfaces 

The aminated diamond surface was further investigated for its ability to bind gold 

nanoparticles [184] and for the formation of a peptide array [166]. As seen in Figure 1.23A, 

homogeneous and well-distributed gold nanoparticles (AuNPs) were obtained by simple 

exposure of the amine-terminated BDD surface to an aqueous solution of gold colloid. The 

Au NPs modified NH2-diamond shows interesting catalytic behavior towards oxygen 

reduction in basic medium, where a significant positive shift of the oxygen reduction peak 

and an increase in the peak current density upon loading with gold NP is observed.  

Linking of glyoxylyl peptides to diamond, based on the formation of a semicarbazide 

termination on amine-terminated boron-doped diamond (Figure 1.23A) was investigated. 

Two different peptides (peptide 1: FLAG-NH2 and peptide 2: FLAGCOCHO) were printed in 

a microarray format on semicarbazide-modified BDD. The fluorescent images (Figure 23B), 

obtained after incubation in the presence of antibody anti-peptide FLAG labeled with 
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tetramethylrhodamine shows that the fluorescence observed from peptide 2 is more important 

than with peptide 1. This is consistent with specific covalent ligation of peptide 2 with the 

semicarbazide surface and the non-covalent interaction of peptide 2 with the semicarbazide 

surface. 
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Figure 1.23. A) Formation of a peptide array through site-specific α-oxo semicarbazone 
ligation on aminated diamond, B) fluorescence image, top (peptide 1: FLAG–NH2), bottom 
(peptide 2: FLAG–COCHO). 

1.5. Scope of the thesis 

Even though diamond surfaces are chemically inert, photochemical, electrochemical and 

chemical approaches have shown their strength in tethering functional groups to this interface. 

The opportunities for diamond are wide open. To make it competitive with silicon technology, 

the core advantages of diamond including the chemical stability, the low electrochemical 

background current and its wide potential window will have to be optimized. The control of 
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the surface chemistry of diamond will play a crucial role in this perspective. While these 

interfaces are nowadays used as analytical devices in different areas, the development of new 

surface chemistries on diamond has somehow stagnated over the years. The future application 

of diamond will be in high-throughput systems and biotechnologies. Whether diamond will be 

the material of choice for biosensing applications will depend on the effort put into the control 

of its surface.  

In this thesis, the initial phase of the study includes the oxidation of boron-doped diamond 

(BDD) using three different oxidative approaches, and the resulting surfaces were well 

characterized by X-ray photoelectron spectroscopy (XPS) and Mott-Schottky analysis. A 

silane coupling agent-3-aminopropyltriethoxysilane (APTES) and a carboxylic acid 

trifluoroacetic acid (CF3COOH) were used to verify the difference in terms of grafting density 

(Chapter 3).  

In a second phase, “click chemistry” was used as a new strategy to covalently attach 

acetylene-bearing molecules (thiophene, ferrocene as well as cyclophane) to azide-terminated 

BDD surfaces. The azide termination was obtained through an esterification reaction between 

4-azidobenzoic acid and hydroxyl groups on oxygenated BDD surface. The resulting surfaces 

were characterized by X-ray photoelectron spectroscopy (XPS), water contact angle and 

electrochemical measurements (Chapter 4).  

Ionic liquid (IL): 1-(Methylcarboxylcacid)-3-octylimidazolium-bis (tri fluoromethyl 

sulfonyl) imide was bonded to oxygenated BDD surface through an esterification reaction as 

well. The resulting surface was characterized and confirmed by X-ray photoelectron 

spectroscopy, water contact angle and electrochemical measurements. Anion exchange 

between (CF3SO3)2N
¯  and BF4

¯, NO3
¯ and PF6

¯ on the IL modified BDD surface was 

investigated subsequently (Chapter 5).  

A versatile strategy for chemical halogenation of hydrogenated boron-doped diamond 

(H-BDD) surfaces is discussed. Brominated and chlorinated boron-doped diamond electrodes 

are prepared in a controlled way through a radical substitution reaction using 

N-halogenosuccinimide in the presence of benzoyl peroxide. The reactivity of the halogenated 

BDD surfaces was further exploited. The formation of an azide termination by a nucleophilic 

displacement of the terminal bromo groups with sodium azide was achieved. 
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Electrochemically active ferrocene moieties were covalently linked to the azide terminated 

BDD surface using “click” chemistry (Chapter 6). 
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CHAPTER 2  

MATERIAL AND METHODS 

2.1. Materials and reagents 

2.1.1. Chemicals 

Silicon wafers were purchased from Siltronics. All cleaning and etching reagents were 

clean room grade. 96% Sulfuric acid (H2SO4), 30% hydrogen peroxide (H2O2), and 

hydrofluoric acid 50% (HF) were supplied by Amplex. 3-Aminopropyltrimethoxysilane 

(APTMS) , Cerium sulfate hydrate (CeSO4), Potassium hexacyanoferrocyanide (Fe(CN)6
4-), 

Potassium chloride (KCl), N, N′-Decyclohexylcarbodiimide (DCC), Anhydrous dimethyl 

sulfoxide (DMSO), 4-Dimethylaminopyridine (DMAP), Anhydrous dichloromethane (DCM), 

3-Aminopropyltriethoxysilane (APTES), Trifluoroacetic acid (CF3COOH 99.5%) , Ethynyl 

thiophene, Thiophene, Ethynyl ferrocene, (+)-Sodium L-ascorbate, 99.999% Copper(II) 

sulfate pentahydrate (CuSO4. 5H2O), Anhydrous 99.8% N, N-Dimethylformamide(DMF), 

99.9% Anhydrous tetrahydrofuran (THF), 4-Pentynoic acid, Ammonium 

hexafluorophosphate (NH4PF6), Anhydrous acetonitrile (CH3CN), Potassium 

hexacyanoferrocyanide (Fe(CN)6
4-), Tetraethyl ammonium hexafluorophosphate (TEAPF6), 

Tetrabutylammonium tetrafluoroborate (Bu4NBF4), Bis (trifluoromethanesulphonyl) imide 

lithium salt (C2F6LiNO4S2), Sodium fluoroborate (NaBF4), Sodium hexafluorophosphate 

(NaPF6), Sodium Nitrate, Benzoyl peroxide, N-Bromosuccinimide (NBS), 

N-Chlorosuccinimide (NCS), and Decylmagnesium bromide (CH3(CH2)9MgBr) 1.0M 

solution in diethyl ether were available from Aldrich. 4-Azidobenzoic acid was obtained 

from TCI Europe. Sodium azide (NaN3) was obtained from Fluka. Anhydrous carbon 

tetrachloride (CCl4) was purchased from Riedel-de Haën Co.. All of above chemicals were 

used without further purification. Other chemicals were reagent grade or higher and were used 

as received unless otherwise specified. Alcohol l [1], Bipyridium salt 4[2] and 5[3] were 

obtained following the procedures described in the literature. Solvents were purified and 

dried by the literature methods. 

2.1.2. Deionized water  
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The water used throughout the experiments in this thesis was purified with a milli-Q 

system from Millipore Co. (resistivity = 18MΩ.cm). 

2.1.3. Glassware and containers 

All glassware or PTFE (Polytetrafluoroethene) containers were cleaned with a piranha 

(H2SO4: H2O2=3:1 mixture) solution for 10-20min, followed by copious rinsing with 

deionized water until the water pH becomes neutral, then dried under a nitrogen stream. 

Before using, all containers were dried in an oven at 120°C more than 1 hour. 

2.1.4. Safety considerations 

The mixture H2SO4/H2O2 (piranha) solution is a strong oxidant. It reacts violently with 

organic materials. It can cause severe skin burns. It must be handled with extreme care in a 

well-ventilated fume hood while wearing appropriate chemical safety protection. 

HF is a hazardous acid which can result in serious tissue damage if burns were not 

appropriately treated. Etching of silicon should be performed in a well-ventilated fume hood 

with appropriate safety considerations: face shield and double layered nitrile gloves. 

2.2. Synthesis of alkyne-functionalized cyclophane 6 

2.2.1. Synthesis of solid 3 

A solution of the alcohol 1 (1 g, 3.40 mmol), 4-pentynoic acid 2 (0.33 g, 3.40 mmol), N, 

N′-decyclohexylcarbodiimide (0.70 g, 3.40 mmol), and 4-dimethylaminopyridine (catalytic 

amount) in dichloromethane (CH2Cl2) (40 mL) was stirred under N2 for 6h at room 

temperature. The resulting suspension was filtered, and the filtrate was evaporated and 

subjected to column chromatography (SiO2: petroleum ether/ethanol, 2:18) to furnish 3 as a 

white solid, as shown in Scheme 2.1. (I).  

2.2.2. Synthesis of alkyne-functionalized cyclophane 6 

A solution of bipyridium salt 4 (0.76g, 1.1mmol), 3 (0.4g, 1.1mmol), and 5 (1.17g, 3.2 

mmol) in dry DMF (30 mL) was stirred under N2 at room temperature for 10 days. The 

solvent was removed under vacuum and the residue was subjected to a liquid–liquid 

extraction (CHCl3/H2O). The aqueous layer was concentrated and the residue was purified 

using column chromatography (SiO2: MeOH/NH4Cl (2M)/MeNO2, 4:4:2). The fractions 

containing the product were combined and concentrated under vacuum. The residue was 

dissolved in hot water and an aqueous NH4PF6 solution was added. The precipitate was 
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collected by filtration, washed with water and Et2O, and finally dried under vacuum, yielding 

a white solid 6, as shown in Scheme 2.1. (II).  
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Scheme 2.1. Different steps for the synthesis of cyclophane 6. 

2.3. Preparation of the substrates  

2.3.1. Hydrogen terminated boron-doped diamond samples 

Polycrystalline diamond layers were synthesized on a high purity p-type silicon wafer using 

microwave plasma-enhanced chemical vapor deposition (PECVD) technique in a 

conventional reactor [4,5]. The growth conditions used were as follows: substrate temperature 

700–900oC, total gas flow of a mixture of 0.7% methane in hydrogen 100sccm; total pressure 

in the reactor 20Torr (30mbar); microwave power 700W. The dopant source was boron oxide 

set in a Pt crucible placed on the substrate holder near the silicon substrate. Before 

commencing the diamond growth, the silicon substrates were ultrasonically damaged with 

diamond powder in ethanol in order to improve the nucleation density. After deposition, the 

methane flow was stopped and the films were kept under hydrogen plasma for an additional 

30 min. For 24 h of deposition, the film thickness reached 8µm. The dopant concentration in 

the diamond layers, as estimated from Raman spectroscopy measurements is in the range 

1019–1020B cm-3. The film resistivity was ≤ 0.1Ωcm as measured with a four-point probe. The 

as-deposited samples were further treated for half an hour with hydrogen plasma under the 
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following conditions: 100sccm of hydrogen flux, 25Torr reactor pressure with a 600W 

microwave power leading to a sample surface temperature of about 700°C. At the end of the 

plasma treatment, the microwave power was switched off and the samples were allowed to 

cool down under the hydrogen flux.  

Figure 2.1 displays a scanning electron microscopy (SEM) image of a typical as-grown 

diamond film. The polycrystalline diamond film consists of randomly oriented crystallites of 

few microns size and with predominantly cubic (100) and triangular (111) faces. 

 

Figure 2.1. Scanning electron microscopy (SEM) image of as-grown boron-doped 
polycrystalline diamond surface [5]. 

Figure 2.2 displays an X-ray photoelectron survey (XPS) spectrum of the as-deposited 

boron-doped diamond surface showing signals due to C 1s at 284eV. A small signal due to O 

1s at 531eV was present in the spectrum. However, it is difficult to assign precisely the origin 

of the peak whether it is due to surface contamination during sample handling or to interstitial 

incorporation within the C–C backbonds during sample growth. 

2.3.2. Hydrogen-terminated free-standing boron-doped diamond films 

Polycrystalline boron-doped free-standing diamond films were purchased from Windsor 

Scientific (Slough Berkshire, U.K.). Briefly, highly boron-doped polycrystalline CVD 

diamond layers were grown to a thickness greater than 500µm by adding diborane to the 

methane and hydrogen source gases supplied to a microwave CVD reactor. The samples were 

polished on both the nucleation and growth sides to a mirror finish. The final BDD electrodes 

had a thickness of about 500µm. The electrodes were supplied as 5 x 5mm square plates. The 

resulting samples had a bulk electrical resistance of about 0.75Ωm. The average solid-state 

boron concentration of this material was reported by the manufacturer to be about 5 x 
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1020cm-3 as determined by secondary ion mass spectroscopy (SIMS). Prior to use, samples 

were cleaned in 3:1 (v/v) concentrated H2SO4/H2O2 (30%) for 15min, rinsed copiously with 

Milli-Q water, and then slightly polished using diamond paste (0.3µm) to obtain a smooth 

particle-free surface. Experiments were carried out on different samples with similar results. 
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Figure 2.2. X-ray photoelectron spectroscopy (XPS) survey of a hydrogen-terminated 
boron-doped diamond surface. 

Figure 2.3 shows a typical topographic tapping-mode AFM image of an oxidized polished 

BDD interface. The high quality of the polishing is demonstrated by the low 

root-mean-square roughness of approximately 1 nm. Nevertheless, it is still possible to 

differentiate some surface features in the topographic image. From the AFM image, some 

grain boundaries can be distinguished. A reason that the AFM image dsiplays these features 

could be that different surface facets polish at different rates; therefore, there are small height 

differences on the sample. Finally, the particle observed in the lower part of the AFM image 

in Figure 2.3 corresponds to an impurity on the surface. Indeed, it was observed that the 

oxygen-terminated BDD electrode readily adsorbed impurities onto its surface, most likely 

because of its hydrophilic character. 

Hydrogenation of the surface of these samples was performed in an Ultra High Vacuum 

UHV CVD chamber using the hot-filament chemical vapor deposition mode (HF CVD) 

elsewhere described [7]. The conditions were the followings: 100sccm H2 for 10 minutes, P = 

15mbar with tungsten filaments (two pairs of tungsten filaments placed 5mm and 10mm 

above the substrate, respectively) at 180W (around 2450K). The surface of the substrate was 
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heated on the rear side by an infrared heater in order to keep a constant temperature of 973K. 

Following this treatment the sample was cooled to room temperature with hydrogen. 

2.3.3. Hydrogen-terminated porous silicon substrates 

Double-side polished Si(100) oriented p-type silicon wafers (boron-doped, 1-15Ω-cm 

resistivity) were first cleaned in 3:1 concentrated H2SO4/30% H2O2 for 20min at 80°C and 

then sonicated in Milli-Q water for 10 min. The clean wafers were immersed in 50% HF 

aqueous solution for 1 min at room temperature to remove the native oxide. The 

hydrogen-terminated surfaces were electrochemically etched in a 1:1 (v/v) solution of pure 

ethanol and 50% HF for 5 min at a current density of 10mA/cm2. After etching, the samples 

were rinsed with pure ethanol and were dried under a stream of dry nitrogen prior to use [8]. 

 

 

Figure 2.3. Tapping-mode AFM image of an oxygen-terminated polished polycrystalline 
BDD surface (scan size: 14µm×14µm) [6]. 

2.4. Functionalization of the substrates 

The cleaning procedure is an essential step to start with a very clean substrate. Impurities at 

the surface would result in inhomogeneous immobilization of recognition molecules and 

insufficient reproducibility.  

The standard cleaning methods of a hydrogen terminated boron-doped diamond surface is, 

in general, sonication in isopropanol and water for 5minutes each (2times) and blow-drying 

with nitrogen. Whereas, for the cleaning of functionalized boron-doped diamond surface 

consists on stirring the substrate in a proper solvent on the orbital platform shaker, and if 

necessary, an additional sonication step for 2min is used. 

10 nm 
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All the experiments were performed in a clean room. 

2.4.1. Functionalization of oxygen-terminated boron-doped diamond 

2.4.1.1. Oxidation of hydrogen-terminated boron-doped diamond  

2.4.1.1.1. Electrochemical oxidation 

Galvanostatic conditions were used to electrochemically oxidize hydrogen-terminated BDD 

in H2SO4 (0.5M). The electrochemical conditions used were: j = 0.1mA cm-2, t = 40min.  

2.4.1.1.2. Photochemical Oxidation 

 A low pressure mercury arc lamp (UVO cleaner, Nr. 42-220, Jelight, USA) was used to 

photochemically oxidize BDD samples in the presence of O2 and H2O. Light power is 

1.6mW/cm2. 

2.4.1.1.3. Oxygen-plasma 

The hydrogenated BDD samples were oxidized with oxygen plasma for 1.5 min using a 

Plasmalab 80 Plus (Oxford Instruments) instrument using the following conditions: oxygen 

flow: 20sccm; power: 100W; gas pressure: 100mT. 

2.4.1.2. Modification of three kinds of oxygen terminated boron-doped diamond 

2.4.1.2.1. Silanization 

The oxidized diamond surfaces were silanized in a solution of 3% 

3-aminopropyltriethoxysilane (APTES) in methanol/water: 95/5 (v:v) for 30min under 

sonication The resulting surfaces were then washed with methanol, water (two times), and 

methanol, then dried under a nitrogen stream and finally annealed at 110°C for 15min. 

2.4.1.2.2. Esterification 

The oxidized diamond surfaces were immersed in a solution of trifluoroacetic acid 

(CF3COOH) (2mmol) and N, N’-decyclohexylcarbodiimide (DCC) (2.2mmol) in dry DMSO 

(10 ml), and 4-Dimethylaminopyridine (DMAP) (45mg) was added. Reaction was kept at 

room temperature for 24h under nitrogen atmosphere. The resulting surfaces were washed 

with dichloromethane (5min, 2times), ethanol (5min, 2times) and water, and then dried under 

a stream of nitrogen. 

2.4.1.3. Click chemistry 

2.4.1.3.1. Azide termination 

4-Azidobenzoic acid (2mmol), N, N-Decyclohexylcarbodiimide (2.2mmol) and 45mg of 

4-Dimethylaminopyridine (DMAP) were dissolved in 20ml dry tetrahydrofuran (THF). The 

oxidized BDD (oxidation time is 55min, other conditions are same to 2.4.1.1.2) was immersed 

in the solution and left at room temperature for 24h under a nitrogen atmosphere. The sample 
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was removed from the solution, washed with THF (5min, twice), dichloromethane (5min, 

twice), ethanol (5min, twice) and finally with water, and then dried under a nitrogen stream. 

2.4.1.3.2. “Clicking” ferrocene on azide-terminated BDD surface 

The azide-terminated BDD surface was immersed in 15 ml ethanol–water (1:2) solution of 

ethynyl ferrocene (2mM), CuSO4.5H2O (100µM) and sodium ascorbate (150µM) and kept for 

24h at room temperature. The resulting surface was washed with ethanol and water, and dried 

under a stream of nitrogen. 

2.4.1.3.3. “Clicking” thiophene on azide-terminated BDD surface 

The azide-terminated BDD surface was immersed in 15ml ethanol/water (v/v=1/2) solution 

of ethynyl thiophene (5mM), CuSO4.5H2O (100µM) and sodium ascorbate (150µM) and kept 

for 24h at room temperature. The resulting surface was washed with ethanol and water, and 

dried under a stream of nitrogen. 

2.4.1.3.4. “Clicking” cyclophane on azide-terminated BDD surface 

The azide-terminated BDD surface was immersed in a solution of 6 (0.05g, 0.04mmol) in 

DMF (10mL) at room temperature. Then CuI (0.8mg, 0.004mmol, 10mol %) was added. The 

solution was kept for 48h in the dark in a glove box and the solvent was carefully removed 

under high vacuum. DMF was added to remove unreacted starting materials. The resulting 

surfaces were washed with THF and dried under a stream of nitrogen. 

2.4.1.4 Esterification between hydroxyl groups of oxygenated boron doped diamond 

(HO-BDD) and ionic liquid (IL) 

Ionic liquid (IL):1-(Methylcarboxylcacid)-3-octylimidazolium-bis (trifluoromethyl sulfonyl) 

imide) (2mmol) and N, N’-Decyclohexylcarbodiimide (DCC) (2.2 mmol) were dissolved in 

dry DMSO (10 ml) as well as 4-Dimethylaminopyridine (DMAP) (45mg). Oxidized boron 

doped diamond (oxidation time is 55min, other conditions are same to 2.4.1.1.2) was 

immersed in the solution and left at room temperature for 24 h under nitrogen atmosphere.  

The samples were washed with dichloromethane (5 min, 2 times), ethanol (5 min, 2 times) 

and water, and then dried under a stream of nitrogen. 

To verify for unspecific absorption of the IL, the same experiment was carried out without 

the addition of DCC and DMAP. 

2.4.1.4.1 Anion exchange reactions  

1-(Methylcarboxylcacid)-3-octylimidazolium-bis(trifluoromethyl sulfonyl) imide) modified 

BDD surfaces were kept in 200mM solution of NaBF4 in water with constant shaking. After 

48hours, samples were washed thoroughly with copious amount of water and dried under 

nitrogen stream.  
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The resulting surfaces were exchanged back by immersing in a solution of C2F6LiNO4S2 in 

water (200mM) with constant shaking. 48hours, then samples were washed as above. And 

another three times were repeated alternatively by same way. 

1-(Methylcarboxylcacid)-3-octylimidazolium-bis (trifluoromethyl sulfonyl) imide) modified 

BDD surfaces were also exchanged with other anions, such as NO3
¯ and PF6

¯. Samples were 

kept in 200mM solution of NaNO3 and NaPF6 in water 48hours respectively, and then washed 

as above. 

2.4.2. Halogenation of hydrogen terminated boron-doped diamond 

Cleaned H-BDD was immersed in flask with a solution of benzoyl peroxide (0.1mmol) 

(benzoyl peroxide was employed as a radical initiator) and either N-bromosuccinimide (NBS, 

2mmol) or N-chlorosuccinimide (NCS, 2mmol) in 20mL anhydrous CCl4, which had been 

fully degazed with N2 for 20minutes. The resulting mixture was heated to 80°C to activate the 

radical initiator, and then kept for 3hours under nitrogen atmosphere using standard 

preparative Schlenk-line procedures. The samples were subsequently washed with CCl4 (2min, 

2times), ethanol (2min, 2times) and deionized water (2min, 2times) under agitation and dried 

under a nitrogen stream.  

2.4.2.1. Reaction halogenated boron-doped diamond surfaces with Grignard reagents 

The chemical reactivity of the halogenated boron-doped diamond surfaces (Br-BDD) 

was further investigated by exposing the brominated boron-doped diamond surface to a 

Grignard reagent. A similar strategy has been reported for the alkylation of chlorinated 

diamond [9] and Si surfaces [10]. The Br-BDD was immersed in an anhydrous THF 

(20ml) and 10ml of 1M C10H21MgBr in diethyl ether. The mixture was heated under reflux 

for 72h in a constant temperature bath set at 80°C under a nitrogen stream using standard 

preparative Schlenkline procedures. The resulting surface was rinsed at room temperature 

with 1% CF3COOH solution in THF (2min, 2times), deionized water (2min, 2times) under 

agitation, and sonicated in methanol (2min, 2times) and dried under a stream of nitrogen. 

2.4.2.2. Reaction of the brominated boron-doped diamond (Br-BDD) with sodium azide 

Brominated boron-doped diamond (Br-BDD) and a saturated solution of NaN3 in 20mL 

anhydrous dimethylformamide (DMF) were placed into a flask under N2 atmosphere using 

standard preparative Schlenk-line procedures. This solution was kept at 80°C over night. The 

sample was removed from the solution, copiously rinsed with anhydrous DMF (2min, 

2times), deionized water (2min, 2times) under agitation, followed by drying under a nitrogen 

stream.  
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2.4.2.3. Azide-alkyne Huisgen cycloaddition reaction between ethynyl ferrocene and 

azide-terminated boron-doped diamond (N3-BDD) 

The “click” reaction between the azide-terminated boron-doped diamond (N3-BDD) 

surface with ethynyl ferrocen was carried out in ethanol/water (5mL/10mL) solution 

containing 5mM of ethynyl ferrocene, 150µM of sodium ascorbate and 100µM of 

CuSO4·5H2O (to generate a catalytically active Cu(I) species). The reaction was run for 

24h under inert atmosphere at 50 oC. The surface was removed from the reaction mixture 

and washed in de-ionized water and ethanol under agitation conditions (2times for 5min 

each) and blow-dried under nitrogen stream. 

2.4.3. Functionalization of porous silicon surfaces with thiophene groups 

2.4.3.1. Amine termination 

The hydrogen-terminated porous silicon (PSi) surfaces were first oxidized in the following 

sequence: UV/ozone treatment for 40min followed by immersion in a piranha solution for 30 

min. Surface amination was performed by reaction of the oxidized PSi surface with 3% 

aminopropyltrimethoxysilane (APTMS) in methanol/water: 95/5 (v/v) for 60 min under gentle 

shaking. The resulting surfaces were then washed with methanol, water (two times), and 

methanol and finally annealed at 120°C for 20min. 

2.4.3.2. Azide termination 

4-Azidobenzoic acid (2mmol) and N, N-Decyclohexylcarbodiimide (2.2mmol) were 

dissolved in dry DMSO (10ml). The aminated PSi surface was immersed in the solution and 

left at room temperature for 24 h under nitrogen atmosphere. The sample was then washed 

with dichloromethane (5min, 2times), ethanol (5min, 2times) and finally with water, and dried 

under a stream of nitrogen. 

2.4.3.3. “Clicking” thiophene on azide-terminated PSi surface 

The azide-terminated PSi surface was immersed in 15ml ethanol/water (1/2: v/v) solution 

of ethynyl thiophene (5mM), CuSO4.5H2O (100µM) and sodium ascorbate (150µM) and kept 

for 24 h at room temperature. The resulting surface was washed with ethanol and water, and 

dried under a stream of nitrogen. 

2.4.3.4. Polymerization of the surface linked thiophene units 

Galvanostatic electrochemical polymerization of the thiophene-modified PSi was 

performed in dry CH3CN/0.1M Bu4NBF4 solutions with and without addition of 0.1M 

thiophene by applying a constant current of 1 mA cm-2 for 40 min. The resulting 
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polythiophene films were characterized using cyclic voltammetry in CH3CN/0.1M Bu4NBF4 

at 20mVs-1.  

2.5. Surface characterization 

2.5.1. Contact angle measurements 

We used a remote-computer controlled goniometer system (DIGIDROP by GBX, France) 

for measuring the contact angles. Contact angles were measured from sessile drops by 

lowering a 1µL drop suspended from a fine, blunt syringe needle onto the surface, using an 

optical subsystem to capture the profile of a pure liquid on a solid substrate (Figure 2.4A). 

Both sides of the drop were measured (Figure 2.4B). This was repeated three times and 

averaged to obtain contact angle for the surface. The accuracy is ±2°. All measurements were 

made under ambient atmosphere at room temperature, and the water used for contact angles 

measurement was deionized and filtered through a Millipore-Q system.  

(A)                                  (B) 

 

 
Figure 2.4. Lower a drop on a solid substrate (A) and measure contact angle (B) 

2.5.2. X-ray photoelectron spectroscopy (XPS) 

Before transfer to the XPS analyzer, the samples were rinsed in deionized water for 30s, 

and then handled under a water drop protection before dried under an argon steam. XPS 

measurements were carried out on a VG 220i XL system, with a base pressure of 5×10-10torr 

and using the AlKα (1486.5eV) X-ray monochromatized radiation with a pass energy of 20or 

8eV (resolution 0.2eV). Energy levels of XPS were calibrated with Au single crystal. The 

spectra were processed using the VG Eclipse Data system. 

2.5.3. Electrochemistry 
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All electrochemical experiments were performed using an Autolab potentiostat 30 (Eco 

Chemie, Utrecht, The Netherlands). The sample was mounted in a PTFE holder with a copper 

contact. Electrochemical experiments were performed using a classical three-electrode device 

with a platinum wire was used as counter electrode and BDD as working electrode. 

2.5.3.1. Electrochemistry conditions used in Chapter.3 

Capacitance-voltage (C-V) measurements have been carried out in H2SO4 (0.5M) using a 

Fabelle-CNRS potentiostat, and a lock-in amplifier (EG and G5208). The frequency was set 

at 1107Hz. Cyclic voltammetry (I-V) measurements were performed with two redox couples: 

Ce4+/3+ (10mM) and [Fe(CN)6]
3-/4- (10mM) in 0.5M H2SO4. A mercury sulfate electrode (MSE, 

E° = 0.4 vs. SCE) was used as reference. 

2.5.3.2. Electrochemistry conditions used in Chapter.4 

Measurement for azide terminated BDD was exploited in an aqueous solution of 

Fe(CN)6
4− (10 mM) and KCl (0.1M) in dry acetonitrile, ferrocene terminated BDD was 

studied in an electrolyte solution (0.1M) prepared from tetraethyl ammonium 

hexafluorophosphate (TEAPF6) and dry DMF, while investigation for cyclophane terminated 

BDD was in dry acetonitrile (0.1 M Bu4NPF6). Electrochemical thiophene polymerization 

was carried out in an acetonitrile/ 0.1 M LiClO4 electrolyte solution with or without the 

presence of thiophene monomer (0.2 M) by sweeping the potential between -0.2 V and +2.0 V 

vs. Ag/AgCl at a scan rate of 100 mV s-1.  

An Ag/AgCl reference electrode was used. The solution was purged with nitrogen prior to 

recording the electrochemical data, and all measurements were recorded under a nitrogen 

atmosphere. 

2.5.3.3. Electrochemistry conditions used in Chapter.5 

All potentials were relative to the 0.01M Ag+/Ag system in acetonitrile (+ 0.29V vs. 

saturated calomel electrode). Cyclic voltammetry (I-V) measurements were performed in an 

aqueous solution of 10mM Fe(CN)6
4- in 0.1M KCl. Electroactive windows of BDD 

electrodes were checked in KCl (0.1M) water solution before and after functionalization. 

2.5.3.4. Electrochemistry conditions used in Chapter.6 

We studied the electrochemical properties of the halogenated BDD surfaces using 

[Fe(CN)6]
3-/4- as the redox couple in solution. I-E curves recorded on H-BDD, Br-BDD 

and Cl-BDD electrodes were studied in an aqueous solution of 10mM Fe(CN)6
4-, 0.1M 

KCl in deionized water. Electroactive windows of BDD electrodes were checked in KCl 

(0.1M) water solution before and after halogenation. Electrochemical properties of 

ferrocene terminated BDD were investigated in a solution of 0.1M tetraethyl ammonium 
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hexafluorophosphate (TEAPF6) in DMF. An Ag/AgCl reference electrode was used. 

2.5.4. Scanning electron microscopy (SEM) imaging 

SEM images were obtained using an electron microscope ULTRA 55 (Zeiss, France) 

equipped with a thermal field emission emitter and three different detectors (EsB detector 

with filter grid, high efficiency In-lens SE detector, Everhart-Thornley secondary electron 

detector).  

2.5.5. Atomic force microscopy (AFM) imaging 

The samples were imaged with a Dimension 3100 model AFM (Veeco, Santa Barbara, CA) 

equipped with a Nanoscope IV controller (Digital Instruments) with a C-AFM apparatus. 

Platinum/iridium cantilevers (CONTPt-20 tapping mode point probe, Nanoworld) with force 

constants of~0.2N m-1 and resonant frequencies of ~13 kHz were used (tapping mode). A bias 

voltage was applied to the sample from the AFM controller, and the tip was at virtual ground. 

Current voltage curves were recorded using a separate DAQ card (DT 306, Data Translations) 

and software. No current-limiting resistor was added to the circuit. 
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CHAPTER 3  

OXIDATION OF HYDROGEN TERMINATED BORON DOPED 

DIAMOND ELECTRODES 

3.1. Introduction 

For a long time, the surface of diamond was considered as chemically inert to most 

reagents, posing difficulties to its chemical functionalization. The last fifteen years, however, 

have seen a substantial progress in the development of specific chemical, photochemical and 

electrochemical surface modification methods for the introduction of different functional 

groups [1]. This was facilitated by protocols that oxidize a diamond surface to obtain an 

OH-termination without forming graphite and loosing the superior properties of diamond. As 

the simplest and most effective surface structure modification, surface oxidation treatment 

makes great interest since the resulting oxidized surface is highly stable and can be recovered 

only by hydrogen plasma treatment at elevated temperatures [1]. Furthermore, the presence of 

oxygen on the diamond surface has a significant influence on the chemical reactivity [2, 3], 

electrical conductivity [4, 5], field emission [6, 7] and Schottky barrier heights [8].  

Various conditions for the oxidation reaction of hydrogen-terminated diamond surface were 

reported in the literature including thermal [9-11], plasma [8, 12], electrochemical techniques 

[14, 15], singlet oxygen [16] and ozone treatment [13, 14, 16] (Scheme 3.1). There is only 

one report using photochemical conditions for surface oxidation [14]. It consists on the 

irradiation of hydrogen-terminated polycrystalline diamond with vacuum ultraviolet light 

(VUV) at λ= 172nm for 3h in the presence of O2 and H2O. The generated surface hydroxyl 

groups were coupled with p-aminophenyltrimethoxysilane to yield an organic layer 

terminated with amino groups. 

It was demonstrated that the chemical composition of the oxidized diamond depends 

strongly on the method used for surface oxidation of the initial hydrogen-terminated diamond 

surface. For example, thermal oxidation of hydrogen-terminated diamond under various 

conditions showed a surface composition dominated by ether (C-O-C) and carbonyl (C=O) 

groups. On the other hand, electrochemical anodization or plasma treatment of diamond 
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surface generates surface termination composed of ether (C-O-C), carbonyl (C=O), and 

hydroxyl (OH) groups. The presence of the surface hydroxyl species was demonstrated by 

further coupling of the oxidized surface with alkyltrichlorosilanes [21] and biotinylated esters 

[22]. 

Recently, our group has reported on the photochemical oxidation of hydrogen-terminated 

boron-doped diamond (BDD) surfaces in ambient air using a low pressure mercury arc lamp 

[14]. The Technique is easy to carry out and offers the possibility for surface chemical 

patterning [23]. The resulting surface was characterized using X-ray photoelectron 

spectroscopy (XPS) and cyclic voltammetry. XPS analysis suggested the presence of ether 

(C-O-C), carbonyl (C=O), and hydroxyl (OH) groups. The oxidized surface served as a 

starting point for the preparation of biomolecular interfaces with high stability and excellent 

biomolecular recognition properties [23, 24]. Furthermore, the formation of self-assembled 

monolayers (SAM) is possible similarly to the well-known procedures on oxide surfaces [14, 

25, 26].  

BDD

H H H

BDD

O OHO

oxidition

Thermally
Photochemically
Electrochemically
Plasma techniques  

Scheme 3.1. Schematic illustration of the oxidation reaction of hydrogen-terminated 
boron-doped diamond surface using different means. 

No real attempt has been made in the literature until now to compare different oxidative 

approaches adequately. The formation of hydroxyl groups is for the most part desired, as well 

known chemical routes can be used to link functional groups to -OH units. However, the 

different oxidative methods proposed give no recommendation in terms of the amount of 

hydroxyl groups formed on the surface.  

3.2. Objectives 

This chapter is to compare the surface properties and give qualitative and quantitative 

information about the different surface functions formed on moderately boron doped diamond 

interfaces oxidized using three different approaches: (i) electrochemical oxidation through 

anodical polarization, (ii) photochemical oxidation with a UV/ozone lamp and (iii) oxidation 
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using oxygen plasma.  

X-ray photoelectron spectroscopy (XPS) and Mott-Schottky analysis were used to 

characterize the differently oxidized interfaces. In the study, assuming the existence of 

hydroxyl groups on oxygen terminated diamond electrode surfaces, we have sought to modify 

the three different interfaces chemically with a silane coupling agent-

3-aminopropyltriethoxysilane (APTES) (as shown in Scheme 3.2) and trifluoroacetic acid 

(CF3COOH) (as shown in Scheme 3.3) to verify the difference in terms of grafting density, 

which is linked to the presence of C-OH groups and not reactive with carbonyl, carboxyl, or 

ether groups. 

BDD

OH OH OH

APTES,methanol/water
BDD

OO O

Si

H2N

 

Scheme 3.2. Schematic illustration of the silanization reaction of oxygen-terminated 
boron-doped diamond surface using APTES. 

 

BDD

OH OH OH
O

BDD

O

DMSO,DMAP,DCC

O O

CF3
CF3

 

Scheme 3.3. Schematic illustration of the esterification reaction of oxygen-terminated 
boron-doped diamond surface using trifluoroacetic acid. 

3.3. Results and discussion 

3.3.1 Electrochemical Oxidation 

For electrochemical oxidation in H2SO4 (0.5M), a model was proposed by Ch. Comninellis 

et al. [27] (as shown in Scheme 3.4) 
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Scheme 3.4. A proposed model for electrochemical oxidation in H2SO4 (0.5M) 

According to this model, the first step is water discharge on BDD with the formation of 

hydroxyl radicals (equation 3.1):  

H2O  OH· + H+ + e-                         (3.1) 

The electrogenerated hydroxyl radicals can be involved in three parallel reactions: 

(i) Oxidation of supporting electrolyte: In the case of H2SO4 supporting electrolyte, 

electrogenerated hydroxyl radicals react with sulfuric acid giving peroxodisulfuric acid 

(equation 3.2): 

2H2SO4 + 2OH·  H2S2O8 + 2H2O              (3.2) 

 (ii) O3 production: A further possible reaction of OH• is oxidation to atomic oxygen 

(equation 3.3) followed by formation of ozone (equation 3.4) or evolution of oxygen 

(equation 3.5): 

OH·  O· + H+ + e-                          (3.3) 

O· + O2  O3                               (3.4) 

2O·  O2                                  (3.5) 

A similar mechanism involving adsorbed hydroxyl radicals was proposed by Babak et al. 

[28] for ozone evolution on PbO2 electrode. The fact that boron doped diamond gives a 

current efficiency for ozone evolution lower than PbO2 can be explained by the different 

adsorption properties of BDD and PbO2 electrode surfaces. In fact, ozone evolution is 

favoured by the adsorption of hydroxyl radicals on the anode surface, as occurs on the 
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hydrated surface of lead dioxide, while on boron-doped diamond, which is well known to 

have an inert surface, OH• radicals are very weakly adsorbed. 

(iii) BDD corrosion: Another possible reaction pathway for the electrogenerated hydroxyl 

radicals is the combustion of BDD to CO2 (equation 3.6) during the anodic polarisation at 

high current density [29]. 

CBDD + 2 OH·  CO2 + 2H+ + 2e-               (3.6) 

The effect of anodic and cathodic treatments on the charge transfer rate of boron doped 

diamond electrodes have been shown recently by the group of Simon and Etcheberry [30-32]. 

They demonstrated using XPS analysis that as-deposited highly-doped (1020cm-3) BDD 

electrodes contain a small amount of oxygen (4-5%), which strongly increased (20%) after 

mild anodic treatment in H2SO4. High-resolution XPS of the C1s spectral region showed that 

after electrochemical oxidation, next to the bulk diamond component at 284.4 eV, oxygenated 

carbon species appear at 3.2 to 5eV higher energies and were attributed to C=O (8%), as well 

as at 1.6 to 2eV higher energies linked to C-O (12%) groups.  From C-V measurements, 

where a displacement of the flat band potential to more positive values was obtained, it could 

be concluded, that the increase in oxygen functionalities is mainly due to C-O functionalities 

like hydroxyl or ether groups rather than C=O groups (carbonyl or carboxylic) [32].  

Previous works have shown that moderately doped electrodes are the most affected by the 

elimination of hydrogen and thus the removing of the C-H superficial conductive layer [33] 

which is a crucial point for BDD physicochemical properties.  However, the use of 

electrochemical oxidative methods is limited to the use moderately to highly doped diamond 

interfaces. A more general approach for the oxidation of diamond is based on photochemical 

or plasma based techniques. Both techniques are interesting as they allow the patterning of 

diamond interfaces as demonstrated by us and others [24, 34-35]. The present work 

investigates quantitatively and qualitatively the formed surface functions using photochemical 

and oxygen plasma oxidation and compares it with the electrochemical technique. The focus 

will be mainly on the formation of hydroxyl groups for the use in further chemical approaches 

3.3.2 Investigation of photochemical oxidized diamond 

Principle of UV/ozone has been depicted in appendix. According to it, we can deduced that 

after hydrogen terminated boron doped diamond electrodes were placed on the sample stage, 

some reactions in reaction chamber for the formation of hydroxyl terminated BDD were 

carried out as follows (equation 3.7-3.11): 
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3.3.2.1 Contact angle measurements 

Among the macroscopic surface parameters which can be sensitive to surface chemistry, 

wettability is particular interesting. The nature of diamond surface termination can be 

revealed by its hydrophobic or hydrophilic character. Hydrogen-terminated diamond is 

hydrophobic with a contact angle 91±2° (Figure 3.1); while oxygen-terminated diamond is 

know to be hydrophilic. The formation of oxygen functionalities on H-BDD can be thus 

revealed by a modification of the surface wettability. Figure 3.1 shows the change in water 

contact angle when moderately doped H-BDD was photochemical oxidized with a UV/ozone 

lamp with a power output of P=1.6mW cm-2. The first 15minutes show a progressive decrease 

of the water contact angle θ and points towards an evolution of the surface properties of 

H-BDD. Thereafter, water contact angle �remains almost constant at 32±3° for the next 10 

minutes, before it decreases further to a contact angle of 6±2°. The evolution of the surface’s 

wettability is generally linked to a change in either the chemical or morphological properties. 

In general, it is claimed that the contact angles are greater on rough surfaces than on smooth 

surfaces [36, 37]. 

O2 + hν  2O·                              (3.7) 

O2 + O·  O3                               (3.8) 

O3 + hν O2 + O·                            (3.9) 

BDD-H + O·  BDD· + OH·  BDD-OH   (3.10) 

O3 + O·  2O2                              (3.11) 

To exclude any morphological changes, SEM measurements were performed on BDD 

before and after photochemical oxidation. Figure 3.2 shows that photochemical oxidation for 

55 min have no significant effect on the surface morphology of diamond, both the two types 

of BDD surfaces have complete crystal grains and clear grain boundaries. 

Atomic force microscopy (AFM) images represented in Figure 3.3 directly provide the 

surface morphology, which qualitatively show the stability in surface roughness with 

photochemical oxidation for 5min, 10min, 15min, and 55min in agreement with in situ SEM 

measurements.  

In order to overcome the coincidence caused by small scan size, more detailed roughness 

characterization was performed, as shown in Table 3.1, the data for the root-mean-square 

(Rms) roughness as well as average roughness (Ra) depend significantly on the scanning 
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range and the surface features. Oxygen terminated electrode surface roughness is a little larger 

than the hydrogen terminated one, which could be attributed to the action of etching 

non-diamond phase at the grain boundaries. As a whole, there is little variation in 

morphologies of the different surfaces, under same scan size, both of Rms and Ra are stable, 

especially while AFM scan size is 5µm.Consequently, the wettability evolution can be only 

attributed to a chemical evolution of the surface.  

 

Figure 3.1. Change of water contact angle on BDD surface as a function of successive 
photochemical oxidation with a UV/ozone lamp at 1.6 mW cm-2. 

1 µm 1 µm

H-BDD After UV/ozone

 

Figure 3.2. SEM images of H-BDD and after 55 min oxidation with UV/ozone. 

 



DISSERTATION OF LILLE 1 UNIVERSITY SCIENCE AND TECHNOLOGY 

 62

 

(A)               (B)                  (C) 

 

(D)               (E)                  (F) 

 

Figure 3.3. AFM images characterizing the surface roughness and morphology. Z-axis is 
250nm/div, X-axis and Y-axis both are 0.2µm/div. (A) H-BDD (B)HO-BDD after 
photochemical oxidation 5min (C) HO-BDD after photochemical oxidation 10min(D) 
HO-BDD after photochemical oxidation 15min (E) HO-BDD after photochemical oxidation 
55min (F) HO-BDD after plasma oxidation 1.5min. 

Table 3.1. Characterization of surface roughness, AFM scan size in brackets. 

sample Rms(Rq)(nm) Ra(nm) 
27.548(1µm) 22.482(1µm) 
40.239(2µm) 31.542(2µm) 

H-BDD 

62.919(5µm) 50.556(5µm) 
27.553(1µm) 22.061(1µm) 
43.900(2µm) 35.342(2µm) 

O-BDD-5 

64.528(5µm) 52.290(5µm) 
32.669(1µm) 26.621(1µm) 
50.794(2µm) 39.286(2µm) 

O-BDD-10 

61.128(5µm) 49.456(5µm) 
35.702(1µm) 28.323(1µm) 
47.492(2µm) 39.964(2µm) 

O-BDD-15 

58.889(5µm) 48.599(5µm) 
38.121(1µm) 30.924(1µm) 
46.784(2µm) 37.998(2µm) 

O-BDD-55 

58.630(5µm) 48.40(5µm) 
40.293(1µm) 32.082(1µm) 
45.144(1µm) 35.926(1µm) 

O-BDD-plasma 

61.022(1µm) 49.809(1µm) 
 

3.3.2.2 Electrochemical Characterization 
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The electrochemical window of a substrate is the voltage range between which the 

substrate doesn't get oxidized nor reduced. This range is important for the efficiency of an 

electrode, out of this range, water gets electrolysed, spoiling the electrical energy that is 

intended for another electrochemical reaction. Figure 3.4 shows electroactive windows of 

H-BDD and photochemical oxidized 55min oxygenated BDD. There is an obvious change 

after phochemical oxidation, oxygenated BDD has wider electroactive window, which is in 

agreement with the results published by A. Fujishima et.al. [38].  
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Figure 3.4. Cyclic voltammograms of BDD electrodes in an aqueous solution of KCl (0.1 M): 
H-BDD (curve 1), UV/ozone treatment for 55 min oxidised-BDD (curve 2); scan rate: 50 mV 
s−1. 

C-V measurements are like contact angle measurements linked to the electrode/liquid 

properties. Figure 3.5A shows Mott-Schottky plots of H-BDD over a potential range of 1.2 V 

in 0.5 M H2SO4. The linear C-2-V measurements performed on H-BDD are very reproducible 

and indicate the apparent space charge density (NA) and the apparent flat band potential (EFB) 

values, which are approximately EFB=1.2±0.1V/MSE and NA=(3.35±2.5)×1019cm-3. 

Photochemical oxidized BDD interfaces show the same Mott-Schottky behaviour as H-BDD 

without significant change in the slope and thus the apparent space charge density. Figure 

3.5B shows representative Mott-Schottky plots for H-BDD and after photochemical oxidation 

for 15min and Table 3.2 summarizes the determined EFB and NA after the successive 

oxidative treatments. As discussed by Simon et al, a positive shift in EFB is characteristic to 

the formation of C-O functions on the surface of BDD rather than C=O [26]. Short 

photochemical oxidation (15min) shows anodically shifted EFB and is indicative for the 

formation of mainly C-O. After 55min is the potential cathodically shifted and indicates the 

formation of other functionalities. 
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To complete the electrochemical characterizations, I-V curves have been also performed on 

the different interfaces using two different redox mediators, Ce4+/3+ and [Fe(CN)6]
3-/ 4- (Figure 

3.6).  

(A)                               (B) 

 

Figure 3.5. Mott-Schottky representation C-2= f (E) in H2SO4 (0.5M) at five different 
moderately doped H-BDD interfaces (A) and after UV/ozone treatment (○) of one H-BDD (●) 
interface for 15min (B) 

Table 3.2. Determined flat band potential (EFB) and apparent space charge density (NA) for 
H-BDD, electrochemically (O-BDD-EC), photochemically (O-BDD-x, x = 5, 10, 15, 55) and 
oxygen plasma oxidized BDD (O-BDD-plasma)* difficult to measure 

sample oxidation 

time / min 

θθθθ ���� EFB / 
V/MSE 

NA/ cm-3 

×1019 
∆Ep 
[Ce4+/3+] 
/ V 

∆Ep 
[Fe(CN)6

3-/4-] 
/ V 

H-BDD - 90 1.20±0.05 3.35±2 0.67 0.60 

O-BDD-EC 40 15 2.4±0.05 3.35±2 2.9* 4* 

O-BDD-5 5 68 1.33±0.05 3.35±2.5 1.16 1.42 

O-BDD-10 10 49 1.30±0.05 3.35±3 0.74 0.21 

O-BDD-15 15 37 1.30±0.05 3.35±2 0.81 0.27 

O-BDD-55 55 5 0.94±0.05 3.35±2 1.51* 1.15* 

O-BDD-plasma 1.5 10 1.56±0.05 3.35±2 3.26 2.69 
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(A)                (B) 

 

Figure 3.6. Experimental voltammetric i-V curves for as-deposited BDD (black) and 
photochemically oxidized diamond at different times: 5 min (grey), 10 min (grey dotted), 
15min (black dotted), 55 min (black dash-dot): (A) Ce4+/3+  (10mM) in 0.5M H2SO4 and (B) 
solution: Fe(CN)6

4- (10mM) in KCl (0.1M)/water, scan rate = 0.1V s-1, geometric area = 
0.1cm2 

The Ce4+/3+ redox couple has a high redox potential (E0 = 1V/MSE) close to the anodic 

limit of the diamond window and is known to be a good electrochemical probe to study the 

consequences of the superficial layer modifications of BDD electrodes. The electron kinetics 

of the inner-sphere redox mediator [Fe(CN)6]
3-/4- is highly sensitive to the diamond 

termination as the reaction appears to proceed through a specific surface site. In both cases, a 

strong decrease of the charge transfer is observed after treatment of H-BDD for 5min with 

UV/ozone (Table 3.2). After 10-15min the charge transfer kinetics is however largely 

enhanced. This behaviour can be linked to the elimination of C=O and/or to an amelioration 

of the p+ conductivity character of the superficial C-H layer. Overall, this indicates that there 

are still C-H presents on the surface after 15min oxidation. After 55min has the 

electrochemical behaviour finally changed drastically. Completely irreversible 

electrochemical behaviour is observed with both mediators. This indicates that the superficial 

surface conductivity has completely disappeared. The low contact angle of 5° is coherent with 

fully oxidation of the BDD interface. 

3.3.2.3 XPS analysis 

To get a qualitative and quantitative idea about the formed oxygen functionalities XPS was 

performed on the different BDD interfaces. Figure 3.7 shows XPS spectra of the C1s spectral 

region for as-grown diamond and for photochemical oxidized BDD for 55min.  
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Figure 3.7. C1s XPS spectra of H-BDD before (A) after photochemical oxidation 55 min (B) 
and after O2 plasma (C). 

The XPS spectrum of as-grown BDD (Figure 3.7A) is in accordance with XPS results 

performed of H-terminated moderately doped microcrystalline diamond [39]. The C1s peak 

exhibits two main components at 283.8eV (C-1) and 284.5eV (C-2) attributed respectively to 

hydrogenated and non-hydrogenated diamond surface. Due to air exposure, the XPS spectrum 

of diamond exhibits additional components at higher energies. The peak at ~ 286eV (C-3) is 

assigned to hydroxyl (-OH) or ether (O-C-O) groups, while peaks at higher energy (~287 to 

288eV, C-4) are attributed to carbonyl, carboxylic or ester carbon species (C=O).  

Table 3.3 resumes the O/C+O atomic concentrations ratios calculated from well defined 

C1s and O1s core level spectra, respectively at 284.5eV and 532.5eV. The initial O/C+O ratio 

is 9 % for the as-grown sample. After 5min photochemical oxidation the O/(C+O) ratio has 

increased to 15%, with mainly an increase of the C-O contribution and keeping the C=O 
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content constant. The increase of C-O functions is in accordance with the anodic displacement 

of the flat band potential and the decrease in contact angle (Table 3.2).   

Continuing photochemical oxidation results in a decrease of the overall oxygen content due 

to a decrease in the C=O surface together with a minor increased in the C-O amount and of 

component C-1. The increase of C-1, linked to an increase of the p+ conductivity character of 

the superficial C-H layer, might be also responsible for the highly accelerated charge transfer 

kinetics on these surfaces (Table 3.2). 

Table 3.3. Proportions of each C1s contributions obtained by peak fitting for H-BDD, 
electrochemically (O-BDD-EC), photochemically (O-BDD-x, x = 5, 10, 15, 55) and oxygen 
plasma oxidized BDD (O-BDD-plasma) 

Sample C-0 /  

% 

C-1 / % C-2 / % C-3 / % C-4/ % O/(C+O) 

H-BDD - 45 45 7 4 9 
O-BDD-EC - 10 71 14 5 18 
O-BDD-5 - 64 21 10 5 14.7 
O-BDD-10 - 56 32 11 1 10 
O-BDD-15 - 65 21 13 1 13 
O-BDD-55  - 23 43 29 5 23 
O-BDD-plasma 9 18 61 6 5 12 

Photochemical oxidation for 55 min results in a very different C1s spectrum, being much 

broader and shifted to lower energies (Figure 3.7B). The O/(C+O) ratio is largely increased 

which is coherent with the low contact angle of 5°.  This indicates that the superficial 

hydrogenated layer is mainly destroyed as indicated by I-V measurements with redox couples 

and seen in a decrease of the C-1 component. As the atomic ratio of O/C+O (23%) is to a 

much smaller than the ratio [C-3(C-O)+C-4(C=O)]/Ctotal (34 %) it can be concluded  that O-C-O 

groups rather than C-OH groups are formed by this oxidation process. In a comparison, 

electrochemical oxidized diamond showed a O/C+O of 18% and a [C-3(C-O)+C-4(C=O)]/Ctotal  

of 19 %, pointing towards preferential formation of C-OH over O-C-O (Table 3.3). 

3.3.3 Investigation of oxygen plasma oxidized diamond 

According to the chapter 2, formation of hydroxyl terminated BDD can be depict by 

equation 3.12-3.14. As-deposited BDD samples were oxidized with oxygen plasma for 

1.5min. The water contact angle determined was 10° after this treatment. The plasma oxidized 

interface showed a significant change in its electrochemical behaviour.  
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Figure 3.8 shows Mott-Schottky and I-V plots of oxygen plasma treated BDD. The slope 

has significantly increased with a flat band potential positively displaced by 0.460V. This 

behaviour is in agreement with the formation of C-O functions. The electrochemical charge 

transfer rate is decreased as observed for photochemical oxidized BDD interface for 55min. 

XPS analysis shows however rather different characteristics. The increase of oxygen 

functions is rather low after oxygen plasma treatment with an O/(C+O) ratio of ∼12%, much 

lower than after electrochemical and photochemical oxidation. In addition, a new carbon 

component at low energy, 283.4 (C-O) is observed (Figure 3.7C). This component is related 

to the formation of sp2 carbon and indicates that oxygen plasma treatment results in partly 

graphitization of the surface.  

O2 + O+  O2
+ + O·                          (3.12) 

O2
+ + e-  2O·                              (3.13) 

BDD-H + O·  BDD· + OH·  BDD-OH   (3.14) 

3.3.4 Silanization of the three interfaces  

The amount of formed hydroxyl groups on diamond is important for consecutive surface 

functionalization based on C-OH chemistry. The oxidized diamond interfaces were reacted 

with 3-aminopropyltriethoxysilane (APTES) and characterized by XPS (Figure 3.9).  

Survey of the hydrogen terminated BDD surface showing signals due to C 1s at 285 eV and 

O1s at 532.6 eV, respectively. The origin of the oxygen peak is not clear. It could be assigned 

to surface contamination or to interstitial incorporation within the C-C backbonds during 

sample growth (originating from boron oxide used for doping) or to surface partial oxidation. 

After photochemical oxidation in air, an increase of the signal of O1s was observed, 

consistent with surface oxidation (Figure 3.9b). Additional peaks due to N1s and Si2p 

(absent in the oxidized BDD surface XPS survey) and a relative increase of O1s signal were 

observed when the oxidized BDD surface was reacted with APTES (Figure 3.9c). The 

increase of the O1s signal was not expected since the reaction of the oxidized BDD surface 

with APTES should take place without any oxygen incorporation according to Scheme 3.2. 

Figure 3.10A displays the high-resolution XPS spectrum (carbon C1s peak) of the 

hydrogenated BDD surface. The C1s spectrum displays an asymmetric peak with a tail 

between 286 and 287eV, which is a good indication of the presence of C-O groups and/or 

amorphous carbon at the grain boundaries. After photochemical oxidation 55min, the XPS 

spectrum displays three signals due to C1s from the bulk and from the surface C-O features at 
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285, 286.4 and 288.5eV, respectively (Figure 3.10B). Based on the diamond structure, it is 

expected that the sp3 C-H bonds on the (111) facets will be terminated with hydroxyl groups 

while the CH2 groups on the (100) facets will be transformed to carbonyl and ether functional 

groups. The signals from the surface hydroxyl and ether groups are undistinguishable. An 

additional peak at 284eV due to C-Si was observed after coupling of the surface hydroxyl 

groups with aminopropylsilane molecules. Moreover, a net increase of the signal at 286.4eV 

was observed, which results most likely from C-N incorporation on the surface and is in 

agreement with the chemical composition of the layer (Figure 3.10C).  

 (A) 

 

(B) 

 

Figure 3.8. (A) Mott-Schottky representation C-2= f (E) in H2SO4 (0.5 M) at moderately 
doped H-BDD before (●) and after oxygen plasma oxidation (○); (B) Experimental 
voltammetric i-E curves for H-BDD (black) and  after oxygen plasma oxidation (grey);  
(B-1eft) Ce4+/3+  (10 mM) in 0.5 M H2SO4 and (B-right) solution: Fe(CN)6

4- (10 mM) in KCl 
(0.1 M)/water, scan rate = 0.1V s-1, geometric area = 0.1cm2 
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Figure 3.9. XPS survey of hydrogen-terminated boron-doped diamond surface before (a) and 
after photochemical oxidation 55min in air (b); surface (b) after chemical reaction with 
aminopropyltriethoxysilane (APTES) (c). 

The O/N and Si/ N ratios are reported in Table 3.4. In all cases is the obtained Si/N ratio of 

1.2 slightly higher than the expected ratio of 1.0 for a formed monolayer and indicates that 

some dimerization or even polymerization has taken place. However, the Si/N ratio is 

comparable on all samples. The concentrations of N measured after the silanization of the 

different oxidized samples are given in Table 3.4. As the [N] value is linked to the amount of 

grafted molecules on BDD surface, it could be noticed that the photochemical treatment 

(5min) and the electrochemical anodization give the best results, while oxygen plasma 

appears to be the less competent method. The increase between the lowest [N] value (2.4% for 

oxygen plasma) and the largest recorded (3.5% for 5min photochemical) is ∼1.5times. 

The N/O ratio is also worthy of interest as it shows the “efficiency” of the silanization 

reaction. It varies from 0.18 for the anodised sample to 0.28 for the sample photochemically 

oxidized during 5min, indicating that the UV method is the more adapted for surface 

functionalization. However as the treatment time of the photochemical oxidation increases, 

one notices a decrease of the N/O ratio which indicates that even though the contact angle is 
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decreasing the amount of hydroxyl group is not improved, but rather replaces by C-O-C 

groups. After oxygen plasma treatment the rather low O/(C+O) ratio results in a lower N/O 

ratio indicating that this method is less adapted for the formation of oxygen and also hydroxyl 

functions. The increase between the lowest N/O ratio (oxygen plasma and electrochemical 

oxidised one) the largest recorded (5min photochemical) is ∼1.5 times.  

 

 

Figure 3.10. High-resolution XPS spectra of C1s of hydrogen-terminated boron-doped 
diamond surface before (A) and after photochemical oxidation in air (B); surface (B) after 
chemical reaction with aminopropyltriethoxysilane (APTES) (C). 



DISSERTATION OF LILLE 1 UNIVERSITY SCIENCE AND TECHNOLOGY 

 72

Table 3.4. Quantitative results from XPS analysis of differently oxidized interfaces. 

sample C1s / % O1s / % N1s / % Si2p / % N/O Si /N 

O-BDD-EC 75 18 3.2 3.8 0.18 1.18 
O-BDD-5 80.2 12.4 3.5 3.9 0.28 1.11 
O-BDD-10 81.92 11.48 2.87 3.73 0.25 1.29 
O-BDD-15 79.28 13.52 3.10 4.10 0.23 1.32 
O-BDD-55 79.52 14.06 2.81 3.61 0.20 1.28 
O-BDD-plasma 82.0 12.3 2.40 2.90 0.19 1.21 

 

3.3.5 Esterification of the oxidized interfaces 

For further investigation of hydroxyl groups on the differently oxidized surfaces, an 

esterification reaction with CF3COOH was performed. The resulting surfaces were 

characterized by XPS and the XPS analysis of differently oxidized interfaces after 

esterification is shown in Table 3.5. F1s peaks located at ~688eV (absent in the H-BDD 

surface XPS analysis) were observed on all oxidized surfaces attributed to successfully 

covalent linking of CF3COOH on BDD surfaces. Further more, as the treatment time of the 

photochemical oxidation increases, an increase of the F1s signal which indicates that the 

amount of hydroxyl group is improved in accord with treatment time in disagreement with the 

results above. An increase of the signal of O 1s observed in all cases due to surface oxidation 

and covalent linking of CF3COOH can be readily understood. At. % of O1s of photochemical 

oxidized BDD surfaces varies from 7.65% (oxidized for 5min) to 9.57% (oxidized for 55min), 

while there is a big leap from treated 10min to 55min. This indicates that the longer 

photochemical oxidation time, the bigger amount oxygen on CF3COOH modified BDD 

surfaces, consistent with the results above.  

Table 3.5. Quantitative results from XPS analysis of H-BDD and differently oxidized BDD 
interfaces after coupling with CF3COOH. 

H-BDD  

Nam

e 

Start 

BE 

Peak 

BE End BE 

FWHM 

eV At. %  

SF Al 

Scof 

C1s 291.00 284.20 275.00 2.52 94.16 1.00 

O1s 537.11 532.85 527.00 3.28 3.09 2.93 

Cl2p 205.00 200.33 194.00 1.88 1.59 2.29 
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Si2p 105.00 101.68 97.00 4.03 0.32 0.82 

N1s 403.09 399.88 397.00 1.70 0.80 1.80 

Ag3d 376.18 368.29 366.00 1.67 0.03 18.04 

BDD - 5 min 

Nam

e 

Start 

BE 

Peak 

BE End BE 

FWHM 

eV At. %  

SF Al 

Scof 
 

C1s 290.00 284.22 276.00 1.55 88.26 1.00 

O1s 536.00 532.06 528.00 2.92 7.65 2.93 

Cl2p 203.00 199.09 196.00 3.46 0.19 2.29 

Si2p 106.95 101.87 96.00 2.79 3.56 0.82 

N1s 402.86 402.00 401.19 1.00 0.04 1.80 

Ag3d 378.00 368.17 365.00 2.51 0.21 18.04 

F1s 691.00 687.99 685.00 2.99 0.09 4.43 

BDD - 10 min 

Nam

e 

Start 

BE 

Peak 

BE End BE 

FWHM 

eV At. %  

SF Al 

Scof 

C1s 290.00 284.24 275.12 1.53 89.33 1.00 

O1s 538.00 532.04 528.00 2.98 7.58 2.93 

Cl     0.00  

Si2p 106.33 101.83 95.41 2.66 2.53 0.82 

N1s 402.00 399.59 397.00 3.08 0.38 1.80 

Ag3d 376.00 368.42 366.00 1.48 0.08 18.04 

F1s 690.00 688.10 686.00 2.44 0.11 4.43 

BDD - 55 min  

Nam

e 

Start 

BE 

Peak 

BE End BE 

FWHM 

eV At. %  

SF Al 

Scof 

C1s 291.00 285.07 275.00 2.67 88.32 1.00 

O1s 537.00 532.04 527.00 3.12 9.57 2.93 
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Cl2p 202.14 198.20 194.00 4.37 0.10 2.29 

Si2p 105.59 102.39 100.00 3.00 0.31 0.82 

N1s 404.00 400.07 397.00 4.12 0.60 1.80 

Ag3d 376.00 367.98 365.00 2.52 0.08 18.04 

F1s 693.00 688.44 685.00 1.82 0.29 4.43 

Se2p 168.00 163.41 159.00 3.78 0.72 1.00 

BDD – EC 

Nam

e 

Start 

BE 

Peak 

BE End BE 

FWHM 

eV At. %  

SF Al 

Scof 
 

C1s 290.00 285.01 275.00 2.83 81.59 1.00 

O1s 537.00 531.99 526.00 3.21 11.24 2.93 

Cl2p 205.00 199.95 196.00 3.25 0.42 2.29 

Si2p 105.00 101.26 98.06 2.83 1.16 0.82 

N1s 404.00 399.89 391.65 3.93 2.11 1.80 

F1s 692.00 687.97 683.00 2.99 3.02 4.43 

Se3p 172.00 168.14 161.00 3.08 0.45 4.53 

 

Electrochemical oxidized surface shows the biggest oxygen amount, further more, At. % of 

F1s is also the biggest one, suggesting most hydroxyl group formation on BDD. Therefore, 

we can conclude that electrochemical oxidation is a most efficient oxidation method to some 

extent.  

In addition, Cl2p, Si2p, Ag3d and Se2p were observed widely, which are not expected 

since the reaction of the oxidized BDD surface with CF3COOH should take place without any 

of their incorporation according to Scheme 3.3. 

3.4 Conclusion 

Three different methods for the oxidation of as-deposited moderately doped diamond 

interfaces have been compared in terms of electrochemical behaviour and surface properties 

investigated by water contact angle measurements and XPS analysis.  

Table 3.6 tries to summaries the advantages and disadvantages of each approach. In 

general, it is can be concluded that diamond interfaces exhibiting better grafting efficiency 
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also show a more positive flat band position. This behaviour suggest strongly that a positive 

shift of the flat band potential is related to the formation of C-OH bonds rather than C-O-C 

groups, which completes previous results reported by us in reference [26]. Taking this into 

account, the electrochemical oxidation is one of the preferred methods, forming the highest 

amount of C-OH groups without graphitizing the diamond interface as observed in the case of 

oxygen plasma. However, photochemical oxidation for short times (5 to 15min) results in 

high N/O ratios together with an increase in electron transfer kinetics (for 15min of treatment) 

and is an alternative for un-doped diamond samples. 

3.5 Perspectives 

Since electrochemical oxidation is limited to conductive surface and more difficult to 

perform compared to photochemical oxidation and oxygen plasma, we prefer to develop a 

series of methods to introduce as more as possible hydroxyl group(which can be linked with 

many groups we need) on BDD by latter two ways. Even though, termination groups of the 

oxidized BDD after oxidation including photochemical oxidation and oxygen plasma 

oxidation still can not be controlled as wished. In the future, we will figure this out. 

Table 3.6. Comparison of different oxidative methods. 
 

 

 

 

 

 

 

 

Oxidative method Advantages Disadvantages 
Electrochemical 1.Formation of mainly 

C-OH groups 
2.No change of the surface 
morphology 

 

1.Need of conductive interface 

UV/ozone 1.Easy to perform 
2.After 5 min formation of 

mainly C-OH groups 
3.Photolithographic methods 

possible 
4.Can be used on diamond 

interface with and without 
dopant 

 

1.after 55 min strong decrease of 
electrochemical activity 

2.Formation of mainly C-O-C 
groups rather than C-OH 

 

Oxygen plasma 1.Fast 
2.Photolithographic methods 

possible 
3.Can be used on diamond 

interface with and without 
dopant 

1.Less adapted for the formation 
of oxygen functionalities 

2.Graphitization of the diamond 
surface 
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CHAPTER 4  

“CLICKING” ORGANIC MOLECULES BEARING ACETYLENE 

GROUP TO AZIDE-TERMINATED BORON-DOPED DIAMOND 

SURFACES 

4.1. Introduction 

“ Click” chemistry in general [1], and the Cu(I)-catalyzed Huisgen 1,3-dipolar 

cycloaddition of alkynes and azides in particular [2], is generating enormous excitement for 

surface modification, because it just may be a strategy for quantitative coupling of chemical 

species to a surface, thus allowing complex molecular architectures to be prepared on a 

surface in a well-controlled manner.  

Independently reported in 2002 by Sharpless [3] and Meldal [4], and intended to represent a 

chemically simple conjugation approach with a wide scope, copper (I)-catalyzed azide-alkyne 

cycloaddition reactions have since then found numerous applications in fields as diverse as 

drug discovery and material sciences [5,6]. Examples of these so named “click”  reactions on 

polymer and solid surfaces have been recently reviewed [7,8], and numerous strategies to 

exploit this reaction to benefit from its high selectivity, high yields and remarkable tolerance 

to reaction conditions are now available to surface scientists [9,10]. Azides and alkynes are 

highly energetic functional groups with particularly narrow distributions of reactivity. Thanks 

to their weak acid-base properties, they are nearly inert toward biological molecules and the 

reaction conditions found inside living cells. At the same time, azide and alkyne groups are 

easy to introduce into organic compounds by both nucleophilic and electrophilic processes. 

One may therefore envision their incorporation into biological molecules by organic synthesis 

and chemical conjugation (or via biosynthetic pathways using designed precursors) to create 

unique points of addressable reactivity in large and complex targets. 

1, 2, 3-Triazole-based polymers generated from the Cu (I)-catalyzed cycloaddition between 

multivalent azides and acetylenes are effective adhesive materials for surfaces. The addition 

of Cu catalyst was found to be important for the synthesis of stronger adhesive polymers 

when cured at room temperature. Heating also accelerated curing rates, but the maximum 
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adhesive strengths achieved at both room and high temperatures were the same, suggesting 

that cross-linking reaches the same advanced point in all cases. Polytriazoles also form 

adhesives to aluminum, but copper is bound more effectively, presumably because active Cu 

(I) ions may be leached from the surface to promote cross-linking and adhesion.  

However, the detailed reaction mechanism of this Cu (I)-catalyzed cycloadditions has not 

been completely understood, a popular proposed reaction mechanism was published by 

Sharpless et al. [11]. Figure 4.1 gives an overview of the proposed reaction mechanism: 

conversion of the alkyne 1 to the acetylide 2 is well known to be involved in many C-C bond 

forming reactions in which Cu acetylide species are bona fide intermediates. In the next step, 

the azide replaces one of the ligands and binds to the copper atom via the nitrogen proximal to 

carbon, forming intermediate 3. This is effectively a starting point for the stepwise sequence 

schematically. After that, the distal nitrogen of the azide in 3 attacks the C-2 carbon of the 

acetylide, forming the unusual six-membered copper (III) metallacycle 4. From 4, the barrier 

for ring contraction, which forms the triazolyl-copper derivative 5, is very low. Proteolysis of 

5 releases the triazole product, thereby completing the catalytic cycle. 

 

Figure 4.1. Proposed reaction mechanism by Sharpless et al. [11]. 

The numerous advantages of click chemistry and its previous applications to surface 

modification represent important assets to design an efficient and versatile strategy for the 

incorporation of functional groups on solid substrates. Chidsey and Choi reported near 

quantitative coupling yields on gold surfaces using Cu(I)-catalyzed alkyne-azide 

cycloaddition reactions[12-15] Since click chemistry has been successfully used to 



DISSERTATION OF LILLE 1 UNIVERSITY SCIENCE AND TECHNOLOGY 

 81

functionalize gold nanoparticles[16], single-walled carbon nanotubes[17], powdered 

silica[18,19], metal nanoparticles[20], and flat silicon wafers[21-23] and porous silicon[24]. 

In chapter 3, we have discussed in details the different methods for the oxidation of 

boron-doped diamond surfaces. Photochemical oxidation of hydrogenated BDD with 

UV/ozone and electrochemical oxidation can provide hydroxyl groups (-OH) on boron-doped 

diamond surface. The formation of hydroxyl groups is for the most part desired, as well 

known chemical routes can be used to link functional groups to -OH units. Esterification 

reactions are the simplest and most often performed among organic transformations. It is the 

general name for a chemical reaction in which two reactants (typically an alcohol and an acid) 

form an ester as the reaction product. Therefore through an esterification reaction, carboxylic 

acid and its derivatives can be covalently linked to the hydroxyl groups of oxidized 

boron-doped diamond. The esterification reaction has already been successfully employed on 

oxidized boron-doped diamond using pyrene alkylcarboxylic acid [25], acid-terminated biotin 

[26], and more recently 3-benzoylbenzoic acid [27]. However, any derivatives of carboxylic 

acid with useful functionalities can be attached onto electrode surfaces via the esterification 

reaction. 

In the search for new strategies to derivatize BDD surfaces, we adopted the “click” 

chemistry, the Huisgen 1, 3-dipolar cycloaddition of terminal acetylenes with azides [28, 29]. 

The advantage of using 4-azidobenzoic acid, a commercially available molecule, for the 

introduction of an azide group on the BDD surface is the fact that this molecule can be easily 

coupled to any -OH, -NH2 or -SH terminated surface. This class of chemical reactions found 

countless applications in different fields. A wide range of useful molecules with ethynyl 

group such as ethynyl ferrocene, ethynyl thiophene, etc. can be attached onto diamond 

surfaces via “click chemistry”. 

4.2. Objectives 

In this chapter, boron-doped diamond was photochemically oxidized using UV/ozone. 

Azide termination was obtained by esterification reaction of surface hydroxyl groups of the 

oxidized BDD with 4-azidobenzoic acid at room temperature, as shown in Scheme 4.1. The 

resulting surfaces were further reacted with ethynyl ferrocene, ethynyl thiophene (thiophene 

terminated BDD was further electropolymerized) as well as ethynyl cyclophane using “click” 

chemistry (Scheme (4.2, 4.3, and 4.4).  
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In addition, according to the principle of Fourier Transform Infrared Spectroscopy (FTIR) 

(as shown in Annex 8), polycrystalline diamond layers, which were deposited on silicon 

wafer, are impossible to be characterized by FTIR. However, as a material with a high surface 

area, porous silicon (P-Si) surface can be characterized by FTIR in transmission mode. And 

generally, for surface funcationalization, BDD and P-Si have a lot in common, thus we got 

optimization conditions from clicking thiophene groups on the azide-terminated porous 

silicon surface and the FTIR characterizations. 

BDD
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Scheme 4.1. Esterification reaction scheme on diamond surface using 4-azidobenzoic acid. 
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Scheme 4.2. Scheme of clicking ethynyl ferrocen to azide-terminated diamond surface. 

4.3. Results and discussion 

4.3.1. Characterization of azide-terminated BDD surfaces  

Water contact angle measurements were used to examine the macroscopic evolution in the 

wetting properties of the boron-doped diamond electrode before and after functionalization 

(Table 4.1). The as-prepared BDD is hydrogen-terminated. This termination confers a 

hydrophobic character to the surface with a water contact angle θ = 94 ± 2°. Photochemical 

oxidation (UV-ozone for 2h) of the BDD substrate yields a surface termination with a 

hydrophilic character. The contact angle value decreased significantly to θ = 8°. Chemical 
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esterification of the terminal hydroxyl groups with 4-azidobenzoic acid led to an increase in 

contact angle. A value of 53 ± 2° was measured for the azide-terminated BDD surface. 
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Scheme 4.3. Scheme of clicking ethynyl thiophene to azide-terminated diamond surface and 
its electropolyperization. 

4.3.1.1. X-ray photoelectron spectroscopy (XPS) analysis 

Figure 4.2 displays the XPS survey spectrum of the azide terminated BDD surface. It 

shows a main peak at 285eV due to C 1s and a peak at 532eV due to O1s. An additional peak 

at ~400eV, characteristic of nitrogen (N1s) is also observed. High resolution XPS 

investigation of the N1s was performed (Figure 4.3). Careful analysis showed two peaks at 

401 and 406eV, suggesting the presence of two nitrogen species in the azide-terminated 

monolayer, and reflects the differently charged nitrogen atoms in the azide group [30-32]. 

This indicates the success of the esterification reaction. 

4.3.1.2. Electrochemistry measurement 

Cyclic voltammetry (CV) was used to characterize the different diamond surfaces. Figure 

4.4 shows the i-E curves for an aqueous solution of 10mM Fe(CN)6
4- in 0.1M KCl at a 

hydrogen-terminated, an oxidized and an azide-terminated BDD interface. While the 
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hydrogenated diamond shows a well defined redox wave and the oxidized diamond inhibited 

electrode kinetics, as reported previously [33], the azide-terminated BDD shows the 

characteristics of a partially blocked electrode. From the shape of the CV (peaks rather than 

sigmoidal shape), it can be further deduced that the blocking is rather weak. 
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Scheme 4.4 Scheme of clicking ethynyl cyclophane to azide-terminated diamond surface. 

Table 4.1. Water contact angle (CA) for boron doped diamond surfaces with different 
terminations. 

Surface Contact angle(o) 

H-BDD 94±2 

HO-BDD 8±2 

N3-BDD 53±2 

Ferrocene-BDD 14±2 

Thiophene-BDD 50±2 

Cyclophane-BDD 20±2 

 

4.3.2 Characterization of ferrocene-terminated BDD surfaces  
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Figure 4.2. XPS survey spectrum of the azide-terminated BDD surface. 

390 395 400 405 410

in
te

ns
ity

 / 
a.

u.

Binding energy / ev

N 1s

 

 

Figure 4.3. High-resolution XPS spectrum of the N 1s peak of the azide-terminated BDD 
surface. 

Ferrocene and its numerous derivatives have no large-scale applications, but are ideal to be 

characterized by XPS an electrochemical means. In this chapter, we developed a versatile 

strategy on the covalent linking of ethynyl ferrocene to azide-terminated BDD electrodes 

using click chemistry. The course of the reaction was followed by X-ray photoelectron 

spectroscopy (XPS), water contact angle and electrochemical measurements. Cyclic 

voltammetry (CV) showed unambiguously the presence of surface ferrocene groups. 

After clicking ferrocene groups to the azide terminal groups, the contact angle dropped 

significantly to θ = 14±2°, demonstrating that ferrocene terminated BDD surface is very 

hydrophilic (Table 4.1). 
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X-ray photoelectron spectroscopy is a valuable tool to evaluate the changes in the surface 

chemical composition and bonding occurred during surface derivatization. Figure 4.5a 

displays the XPS survey spectrum of an oxidized BDD surface. It shows a main peak at 

285eV due to C1s from the bulk and a peak at 532eV due to O1s. After chemical coupling of 

the terminal hydroxyl groups with 4-azidobenzoic acid, an additional peak at ~ 400eV was 

observed, in agreement with the chemical composition of the molecule. 
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Figure 4.4. Cyclic voltammograms of BDD electrodes in an aqueous solution of 
Fe(CN)6

4−(10 mM) in KCl (0.1 M): H-BDD (black), N3-BDD (grey), HO-BDD (black dotted), 
scan rate: 0.05V/s 
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Figure 4.5. XPS survey spectra of the photochemically oxidized BDD surface (a), the 
azide-terminated BDD surface before (b) and after (c) coupling of ethynyl ferrocene via click 
chemistry. 
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Subsequent reaction of the terminal azido groups with ethynyl ferrocene in the presence of 

Cu(I) catalyst led to the appearance of a new peak in the XPS survey spectrum at ~710eV due 

to Fe2p (Figure 4.5). After clicking ferrocene groups onto the azide-terminated BDD surface, 

the peak at 406eV disappears almost completely and the peak at 400eV broadens (FWHM = 

5.7eV). This can be taken as evidence for the transformation of the azide group into 1, 2, 

3-triazole unit bound to the terminal ferrocene head via “click chemistry”. In addition, high 

resolution XPS scan of the Fe2p region demonstrates the presence of the ferrocene moieties 

onto the BDD surface (Figure 4.6). The Fe2p3/2 and 2p1/2 peaks occur at 711.7 and 725.6eV, 

respectively. This clearly indicates that the Fe moiety exists mainly in its (III) oxidation state, 

in agreement with previously reported results on ferrocene groups anchored onto 

hydrogen-terminated silicon surfaces [34-36]. Integration of the peak area of N1s and Fe2p 

gave N1s/Fe2p ratio of 6.4, higher than the theoretical value of 3. This corresponds to a 

conversion of approximately 47% of the azide groups to the triazole rings. 
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Figure 4.6. High-resolution XPS spectrum of the Fe 2p after clicking an azide-terminated 
BDD surface with ethynyl ferrocene. 

The ferrocene modified BDD surface was probed by CV in a solution of 0.1 M tetraethyl 

ammonium hexafluorophosphate (TEAPF6) in DMF (Figure 4.7A). The redox peak with a 

E0=~0.63V vs. Ag/AgCl and a peak separation of ∆E=296mV evidence the presence of 

ferrocene units on BDD. The bound ferrocene moiety shows a high redox potential, as 

compared to other ferrocene modified electrodes such as on gold (E0=~0.33-0.46V vs. 

Ag/AgCl)[37] and crystalline silicon (E0=~0.15V vs. Ag/AgCl) [38]. The cathodically shifted 
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E0 of the ferrocene moiety on crystalline silicon as compared to gold is surprising. In control 

experiments, CVs of an oxidized and an azide-terminated BDD electrodes were recorded in a 

DMF solution containing 0.1M tetraethyl ammonium hexafluorophosphate (TEAPF6) and 

ethynyl ferrocene (5mM). A E0=0.61V vs. Ag/AgCl was determined, in agreement with the 

redox potential of the ferrocene modified BDD interface (E0=~0.63V vs. Ag/AgCl). At this 

stage, the origin of this anodic potential shift is not clear. 

(A) 

 

(B) 

 

Figure 4.7. (A) Cyclic voltammograms of ferrocene-terminated BDD surface in TEAPF6 (0.1 
M/DMF), scan rate: 0.1V s-1. (B) peak current as a function of scan rate for anodic (●) and 
cathodic (■) peak currents. 
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An analysis of the change in peak currents as a function of scan rate allows assessing that 

the ferrocene moieties are surface bound rather than absorbed. Figure 4.7B indicates that the 

anodic and cathodic peak currents scale linearly with the scan rate v rather than with v1/2, 

suggesting a surface redox process. A similar behavior was observed on single-crystal Si(111) 

surfaces modified with ferrocene carboxylic acid[38], and on gold modified with  

ferrocene-based alkanethiol layers.[39] On the ferrocene-terminated BDD electrode, the 

ferrocene signal shows a quasi-reversible redox behavior like observed by Heath et al[38] on 

n-type crystalline silicon. The quasi-reversible redox behavior might be linked to the p-type 

semiconducting characteristic of boron doped diamond.  

The ferrocene coverage on the surface was calculated by integrating the anodic peak area 

according to Γ�= Qa/nFA, where F is the Faraday constant, n is the number of electrons 

exchanged (n=1) and A is the surface area (A=0.38cm2). A surface coverage of Γ�= (3.46 ± 0.5) 

× 1014 molecules cm-2 is obtained. This is higher than the reported Γ�=0.39×1014molecules cm-2 

on Si (111) and Γ�=0.78×1014 molecules cm-2 on gold, also using a click chemistry approach 

[37]. 

4.3.3 Clicking thiophene to the azide-terminated BDD 

Coating of different materials with conducting electroactive polymers such as polyaniline, 

polypyrrole, polythiophene, and their derivatives is subject to intense investigation for 

practical applications in various fields such as metallization of dielectrics, batteries, antistatic 

coatings, shielding of electromagnetic interferences, sensors, nonlinear optical and 

electroluminescent devices[40,41] Furthermore, their use as thin films on metal and 

semiconductor surfaces has attracted considerable attention in recent years. For applicability 

on electrical devices, good adherence and stability of the resulting structures are required. 

Since the covalent attachment of organic layers on semiconductor surfaces is a commonly 

used concept [42,43], here we propose a new strategy to covalently link thiophene units onto 

an azide-terminated BDD electrode surface using “click” chemistry. Coupling of the azide 

terminated electrode surface with thiophene bearing an acetylene terminal group allowed the 

covalent linking of a polymerizable thiophene unit to the diamond surface. Cycloaddition of 

ethynyl thiophene to the azide-terminated BDD surface led to a slight decrease of the contact 

angle (50±2°) (Table 4.1).  

Figure 4.8 displays the XPS survey spectra of the different interfaces in the process of 

thiophene termination. Photochemically oxidized BDD shows a main peak at 285eV due to C 

1s from the bulk and a peak at 532eV due to O 1s. After chemical coupling of the terminal 
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hydroxyl groups with 4-azidobenzoic acid, an additional peak at ~400eV was observed, in 

agreement with the chemical composition of the molecule. Subsequent reaction of the 

terminal azido groups with ethynyl thiophene in the presence of Cu(I) catalyst led to the 

appearance of a new peak in the XPS survey spectrum at 165eV due to sulfur signal 

corresponding to S 2p (Figure 4.8c). The high resolution XPS spectrum of this band is seen in 

Figure 4.9. The XPS spectrum of the S2p of the thiophene-terminated BDD can be 

deconvoluted into a doublet, consisting of two components: S2p1/2 and S2p3/2 located at 

binding energies of 164.5 and 167.5eV, respectively. The separation of S2p1/2 and S2p3/2 

peaks (~3.0eV) and the ratio of their area (~0.5) are in close agreement with the theoretical 

values determined from the spin orbit splitting effect [44-46]. Moreover, the positions of these 

two peaks are in accordance with earlier reported values for thiophene linked to 

self-assembled monolayers [46-49]. This result confirmed the above conclusion that the 

thiophene group had been linked onto the BDD surface rather than physisorbed. Additional 

evidence of the 1, 2, 3-triazole formation on the azide-terminated monolayer was derived 

from additional XPS investigations of the N 1s spectral region. A single peak at ~400eV is 

observed, thus confirming the conversion of the azide functions (Figure 4.10). 

 

Figure 4.8. XPS survey spectra of the photochemically oxidized BDD surface (a), the 
azide-terminated BDD surface before (b) and after (c) coupling of ethynyl thiophene via click 
chemistry.  
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Figure 4.9. High-resolution XPS spectrum of the S 2p band of the thiophene terminated BDD 
surface.  
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Figure 4.10. High-resolution XPS spectrum of the N 1s band of the thiophene terminated 
BDD surface. 

Figure 4.11 shows the voltammetric behavior of thiophene modified BDD in dry 

acetonitrile/ 0.1M LiClO4). In the first scan an irreversible shoulder is observed at ∼1.27V (vs. 

Ag/AgCl: 0.01M) with an intense increase in current at potentials higher than ∼1.3V. Indeed, 

the oxidation of thiophene units to its radical cation occurs at potentials of ~2.0V vs. SCE 

[50]. The shoulder at ∼1.27V could be due to the oxidation or the thiophene dimmer, 2, 

2’-bithiophene [50]. In a consecutive second the oxidation current is decreased and no 

oxidative shoulders are observed after the third scan. This indicates that most of the aromatic 

rings have reacted. As the formed radical cations are highly reactive species, the most likely 

reaction path is the coupling with neighboring radical cations to form oligomeric and 

polymeric structures on the BDD interface. The surface coverage of the electroactive species 
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can be estimated from the current intensity of the anodic shoulder observed at 1.27V 

presented in Figure 4.11. Using the voltammetric response of unmodified BDD as the 

background current, the surface coverage Γ can be estimated using equation 4.1:  

Γ
−

=
RT

AFnn
i a

pa 718.2

)1( 2 να
 (4.1) 

where ipa is the anodic peak current, α the chare transfer coefficient (assumed to be 0.5), n the 

total number of electrons, na the number of electrons involved in the rate determining step, F 

the Faraday constant and v the scan rate. Assuming n=na=2 electrons a surface coverage of 

1.38×10-10 mol cm-2 is obtained. 

 

Figure 4.11. Subsequent cyclic voltammetric i-E curves for thiophene modified BDD: 
solution: LiClO4 (0.1 M)/acetonitrile, A= 0.35cm2, scan rate = 0.1V s-1. 

To obtain higher coverage of conducting polymer material, the thiophene-modified BDD 

interface was furthermore electrochemically oxidized in the presence of thiophene monomers. 

Electrochemical polymerization of thiophene monomers can be carried out by using 

potentiostatic, galvanostatic and cyclic potential sweep techniques. In the present study, a 

cyclic potential sweep technique was employed. Although this technique requires longer 

reation times to obtain the polymer film as comparted to potentiostativ and galvanostatic 

methods, it is advantageous as the emectrochemical characteristics of the growing polymers 
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can be monitored during the polymerization process. Figure 4.12 shows typical cyclic 

voltammograms of the electrochemical polymerization of thiophene on thiophene-modified 

BDD in a 0.1M LiClO4 acetonitrile solution. The anodic peak at 1.17V and cathodic peak at 

0.78V appearing after the third scan correspond to the oxidation of polythiophene. As the 

polymerization process proceeds, the peak current increases in the successive cycles, 

indicating the growth of the polymer on the surface of the BDD interface. The anodic peak 

shifts gradually to higher values as the thickness of the polymer film increases and could be 

attributed to a decrease of the film conducticity [51]. 

 

Figure 4.12. Subsequent cyclic voltammetric i-E curves for electrochemical polymerization 
of thiophene on thiophene-modified BDD: solution: LiClO4 (0.1M)/acetonitrile/ thiophene 
(0.1M), A= 0.35cm2, scan rate = 0.1V s-1. 

Cyclic voltammograms of the polythiophene films resulting from the above 

polymerizations were measured in monomer free LiClO4/acetonitrile solution (Figure 4.13A). 

The redox process of the polymer is chemically reversible as the amount of cathode charge is 

essentially the same as the anodic charge. Both, anodic and cathodic peaks are quite broad, 

which is probably caused by the slow diffusion of the dopant anions (ClO4
- in our case) in and 

out of the film. The peak-to-peak separation ∆Ep is ~39mV as expected for surface confined 

redox species. A linear relationship was observed between the anodic peak current and the 
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scan rate (Figure 4.13B) characteristic of an electroactive polymer film grafted on an 

electrode where the current is not diffusion controlled [52]. 

(A) 

 

(B) 

 

Figure 4.13. (A)Cyclic voltammograms of polythiophene measured in monomer free 
acetonitrile/0.1 M LiClO4 solution at various scan rates (15, 20, 35, 50 mV s-1) (B) 
Dependence of the anodic peak current on the scan rate for the polymer film. 
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4.3.4. Clicking of cyclophane to azide terminated BDD surfaces  

Recently, this ‘click’ methodology has been extended to feature interlocked structures (e.g., 

rotaxanes and catenanes) [53-60]. This methodology is particularly attractive for the synthesis 

of systems of this type, as it offers advantages over more traditional methods in terms of 

improved yields and increased sophistication of the resulting structures. Here, we extend this 

methodology to a new alkyne-functionalized cyclophane conveniently ‘clicked’ onto an 

azide-functionalized boron doped diamond surface.  

The synthesis of the alkyne-functionalized cyclophane 6 is shown in Scheme 2.1. 

Derivative 3 is conveniently prepared from 1-pentynoic acid 2 and alcohol 1, and proved to be 

a versatile building block for the construction of cyclophane 6. Cyclophane 6 was synthesized 

from compounds 3 and 4 using a template-directed clipping methodology using 5 [45].  

The course of the reaction was followed by X-ray photoelectron spectroscopy (XPS), water 

contact angle and electrochemical measurements. After clicking cyclophane groups to the 

azide terminated BDD surface, the contact angle dropped to 20±2°, as compared to 60±2o for 

the azide termination surface (Table 4.1), indicating that the cyclophane groups display a 

hydrophilic character.  

To investigate the changes in the surface composition after the introduction of the 

cyclophane functionality on the azide-terminated BDD surface, cyclophane-terminated BDD 

surface was analyzed by XPS (Figure 4.14). XPS survey spectrum is shown in Figure 4.14A. 

When compared with the XPS survey spectrum of the azide-terminated BDD surface (Figure 

4.2), a new peak at 688eV ascribed to F1s appeared after clicking cyclophane groups onto the 

azide-terminated BDD surface. The high resolution XPS spectrum of F1s is displayed in 

Figure 4.14B. It consists of a single peak at 688 eV. However, an expected peak at 

124-136eV due to phosphorus atom was absent as expected for the cyclophane moieties. 

Figure 4.14C displays the high resolution XPS spectrum of N1s of the cyclophane modified 

BDD surface, showing two peaks at 399.4eV and 401.6eV corresponding to nitrogen in the 

form of 1, 2, 3-triazole and in the aromatic ring, respectively. All above indicates that 

cyclophane has been successfully clicked on the azide-terminated BDD surface. 

We have further exploited the electrochemical signature of the electroactive cyclophane 

moiety to inverstigate whether the cyclophane is grafted onto the BDD surface using click 

chemistry. The cyclic voltammogram of the cyclophane-terminated BDD surface recorded in 

in acetonitrile (0.1M Bu4NPF6) (Figure 4.15) reveals the formation of two redox waves 

(absent in the azide terminated surface), presumably corresponding to the sequential 
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formation of the diradical dication and fully reduced states of the cyclophane, respectively [61, 

62]. However, significant attenuation of the current was observed, which is consistent with 

surface inhibition due to the presence of either an overall low density surface grafting and/or 

the presence of defect domains. For further understanding, cyclic voltammograms of 

cyclophane solution on an azide modified BDD surface as well as on gold surface were 

inverstigated under the same conditions (Figure 4.15). Since two excellent redox waves were 

observed on gold surface, much lower current on the former surface indicates a more blocked 

surface. As a whole, cyclophane covalently linked on BDD surface was further confirmed. 
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Figure 4.14. XPS survey spectra of cyclophane terminated BDD surface (A) high-resolution 
XPS spectrum of F1s (B) high-resolution XPS spectrum of N1s (C). 

4.4. Functionalization of porous silicon surfaces with thiophene groups 
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4.4.1. Grafting of ethynyl thiophene on porous silicon 

Scheme 4.5 shows the two-step procedure to get an amine termination on the PSi surface. 

First, the freshly prepared PSi surface was oxidized using UV/ozone and piranha and 

aminated through silanization with APTMS. Next, the amine terminal groups were reacted 

with 4-azidobenzoic acid in dry DMSO to produce N3-terminated PSi. Covalent linking of 

thiophene units was carried out using “click” chemistry between the N3- groups terminating 

the PSi surface and the ethynyl group of the functionalized thiophene in the presence of a 

copper(I) catalyst. Finally, polymerize thiophene-terminated PSi surface through 

electropolymerization, as shown in Scheme 4.6. 

 

Figure 4.15. Cyclic voltammogram of azide modified BDD surface (curve 1), cyclophane 
solution on azide modified BDD surface (curve 2), cyclophane clicked BDD surface (curve 3), 
cyclophane solution on gold surface (curve 4) in acetonitrile (0.1 M Bu4NPF6) solution. Scan 
rate: 0.1V/s-1. 
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Scheme 4.6. Schematic illustration of the chemical derivatization and electropolymerization 
of porous silicon substrates with thiophene. 

4.4.2. Surface characterization 

Water contact angle measurements were used to follow the changes in the wetting 

properties of the freshly-prepared PSi surface before and after functionalization (Table 4.2). 

The as-prepared, hydrogen-terminated PSi surface, displays a hydrophobic character with a 

water contact angle ~104°. The surface became completely hydrophilic after oxidation. A 

water contact angle of 4° was measured for such a surface, in agreement with a fully oxidized, 

hydroxyl-rich surface. Surface silanization with APTMS induced a slight increase of the 

contact angle to 15°. After coupling of 4-azidobenzoic acid with the aminated PSi surface, a 

significant increase of the contact angle was observed (65°). Cycloaddition of ethynyl 

thiophene to the azide-terminated PSi surface led to a slight decrease of the contact angle 
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(58°). No significant change of the contact angle was observed after electropolymerization 

(63°). 

Table 4.2. Water contact angle (CA) for porous silicon surfaces with different terminations 

Surface Contact angle(o) 

P-Si 104±2 

HO-P-Si 4±2 

H2N-P-Si 15±2 

N3-P-Si 65±2 

thiophene-P-Si 58±2 

polythiophene-P-Si 63±2 

 

As a control surface, functionalized P-Si interfaces were characterized by FT-IR 

measurment. Figure.4.16 shows the FT-IR spectra of the different stages leading to azide 

linking. The oxidized P-Si interface shows a strong Si-O vibration band at 1055cm-1 and a 

broad absorption at around 3400cm-1 most likely due to OH vibration and adsorbed water 

molecules (Figure.4.16a). After coupling of APTMS, the band at ~3400 cm-1 is reduced while 

C-H stretching peaks appear at 2951 and 2874cm-1 due to asymmetric and symmetric 

vibrations, respectively. NH stretching band is observed at 3400-3300cm-1, presenting a very 

large peak (Figure. 4.16b). After treating the aminated P-Si surface with 4-azidobenzoic acid 

in the presence of DCC, DMAP, the appearance of an intense peak at 2100cm-1, characteristic 

of νas(N3) stretching is observed. The absorption peaks at 1650cm-1 and 1550cm-1 can be 

respectively assigned to the C=O and NH deformation band of amide group (Figure. 4.16c). 

This clearly indicates the successful grafting of 4-azidobenzoic acid on the P-Si surface. 

Considering the similarity of hydroxyl and amine during esterification reaction, we can 

conclude that covalent linking between hydroxyl and carboxylic acid also performed. The 

azide-terminated P-Si surface was reacted with ethynyl thiophene with a Cu (I) catalyst 

present. Figure. 4.16d shows the complete disappearance of νas(N3). These spectral changes 

are a clear indication of a reaction of the azide group with ethynyl thiophene. There was an 

obvious absorption peak at ~1000cm-1, which is the characteristic of the formed 1, 2, 

3-triazole. A sharp band at 690cm-1, characteristic of the C-S stretching of the thiophene rings, 

appeared in the thiophene grafted P-Si surface spectrum. The IR bands assigned to the =C-H 

stretching of attached thiophene are situated between 3000 and 3200cm-1[63] but it is 

overlayed by the strong NH stretching band. This result indicated that the thiophene group 
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had been introduced to the P-Si surface, from which we can optimistically deduce that 

cycloaddition of ethynyl thiophene to the azide-terminated BDD surface may be also achieve. 
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Figure.4.16. Transmission FTIR spectra of oxidized P-Si (a), aminated P-Si (b), 
azide-terminated P-Si (c) and after “clicking” ethynyl thiophene (d). 

4.4.3. Electrochemical polymerization 

Figure 4.17 shows the voltammetric behavior of a PSi substrate modified with thiophene 

via “click” chemistry in dry CH3CN/0.1M Bu4NBF4. In the first scan a weak irreversible 

shoulder is observed at ∼1.1V (vs. Ag/AgCl: 0.01M), which can be ascribed to the oxidation 

of thiophene unit to its radical cation. In the following cycle, the shoulder is not present 

indicating that all of the electrochemically generated radical cations have reacted. As these 

intermediates are highly reactive species the most likely reaction path is the coupling with 

neighboring radical cations to form oligomeric and polymeric structures on the PSi interface. 

The large currents observed for potentials higher than ∼1.3V correspond mainly to the 

oxidation and/or dissolution of underlying silicon [64]. 

The surface coverage of the electroactive species can be estimated from the current 

intensity of the anodic shoulder observed at 1.16V of the linear sweep voltammograms 

presented in Figure 4.17. Using the voltammetric response of unmodified PSi as the 

background current, the surface coverage Γ can be estimated using equation 4.1. Assuming 

n=na=2 electrons a surface coverage of 3.47×10-10mol cm-2 is obtained. This corresponds well 
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to surface coverage reported by Fabre et al. on Si(111) surface with thiophene-modified alkyl 

monolayers (4.7×10-10 mol cm-2)[60]. 

 

Figure 4.17. Linear sweep voltammograms in CH3CN/Bu4NBF4 at 0.02V s-1 of 
thiophene-modified PSi (a) first scan, (b) second scan, (c) unmodified PSi surface. 

4.4.4. Formation of polythiophene films on thiophene-modified PSi 

To reach higher surface coverage of the conducting material, the thiophene-modified PSi 

was immersed in the electrolyte containing 0.1M thiophene and the monomer was 

electrochemically oxidized by applying a current density of 1mA cm-2 for 40min. As seen in 

Figure 4.18A, the onset of the thiophene oxidation occurs at 0.9V [65]. The crossing of 

forward and backward scans in the region of thiophene oxidation is characteristic for the 

polymerization and deposition of conducting polymers [66]. Following the potential evolution 

during the electrochemical synthesis of polythiophene as a function of time under 

galvanostatic conditions allows the observation of three different stages during the 

polymerization. Within the first seconds, the potential rises corresponding to polymer 

nucleation presumably at the pore bottom (Figure 4.18B, section I). The second step 

corresponds to polymer growth inside the porous layer (section II) and finally, the polymer 

film is formed on top of the PSi surface (section III). 

The sequential p-doping and undoping of the electrochemically synthesized polymer is 

illustrated in the cyclic voltammogram in Figure 4.19A. Polythiophene deposited on 

thiophene-modified PSi exhibits a broad redox system between -0.50 and -0.15V, 

characteristic for polythiophene. The results are corroborated by FTIR analysis.  
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Figure 4.18. (A) Cyclic voltammograms corresponding to the anodic electropolymerization 
of thiophene monomer on thiophene-terminated PSi and (B) characteristic chronoamperogram 
of the electrochemical synthesis of polythiophene under galvanostatic conditions (1mA cm-2) 

Figure 4.19B exhibits the transmission FTIR spectrum of the PSi/polythiophene hybrid 

structure. The C=C stretching of polythiophene ring is seen at 1401cm-1 and 1509cm-1, and 

the C-H stretching at 3259cm-1. The wetting properties of the PSi/polythiophene structure 

(49°) are comparable to that of the thiophene-terminated PSi surface (46°), as expected for 

surfaces with similar terminations (Table 4.2).  
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Figure 4.19. (A) Cyclic voltammogram of the BF4-doped polythiophene film formed 
galvanostatically (0.05 mA cm-2; t = 40min): electrolyte solution: CH3CN/0.1 M Bu4NBF4, 
scan rate: 0.02V s-1; (B) transmission FT-IR of PSi/polythiophene hybrid structure. 

Figure 4.20A displays the SEM images of a freshly prepared PSi substrate. The porous 

layer displays an average pore diameter of approximately 5 nm and a thickness of 1.25 µm. 

After galvanostatic formation of polythiophene, a smooth and compact of ∼ 20 nm thick film 

is observed Figure 4.20B. The absence of visible pores in the SEM image agrees well with a 

polymerization reaction inside the pores and on the top surface. 

i /
 µ

A
 



DISSERTATION OF LILLE 1 UNIVERSITY SCIENCE AND TECHNOLOGY 

 104

(A) 

20 nm20 nm

1.25 µm

Si

PSi

1.25 µm

Si

PSi

  

(B) 

20 nm20 nm

20 nm polymer

PSi

20 nm polymer

PSi
  

Figure 4.20. SEM micrographs of the as-prepared PSi surface (A) and PSi/polythiophene 
hybrid structure formed galvanostatically (0.05 mA cm-2; t = 40 min) (B): cross-sectional (left) 
and top (right) views. 

SEM-EDX analysis of the polythiophene-covered interface shows the presence of sulfur 

(0.34 norm.at.%), carbon (3.92 norm.at.%) and Si substrate (35.97 norm.at.%). The polymer 

is covering the surface evenly as exhibited via EDX-imaging (Figure 4.21). 

4.5 Conclusion 

Azide termination was obtained by the chemical reaction of hydroxyl-terminated BDD 

surface with 4-azidobenzoic acid under mild conditions.   

The attachment of an electroactive ferrocene moiety on the azide-terminated BDD surface 

was achieved in high selectivity and yield using click chemoistry.  

Furthemore, the applicability of the azide-alkyne [3+2] cycloaddition was successfully 

demonstrated with ethynyl thiophene on BDD surface and PSi surface. Electrochemical 

polymerization of terminal “thiophene” units with thiophene monomer in solution led to the 

formation of a polythiophene film covalently linked to the BDD and PSi surface. 
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Synthesized alkyne-functionalized cyclophane also undergoes click chemistry to 

conveniently attach these units onto a preformed azide-functionalized BDD surface. 

In conclusion, we have demonstrated that “click” chemistry can be successfully applied for 

coupling functional molecules bearing a terminal acetylene group to azide-terminated BDD 

surfaces. Because of the gentle nature of the procedure, the strategy developed in this work 

can be used as a general platform to prepare functionalized surfaces for various applications. 

(A) 

 

(B) 

 

Figure 4.21. Energy Dispersive X-ray (EDX) images of polythiophene electrochemically 
deposited on thiophene-terminated PSi surface: C (A) and S (B). 

4.6 Perspectives 

The resulting ploythiophene-terminated BDD will be studied further for applications in 
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various fields, including light emitting diodes and sensors. The optical and electrical 

properties of the polymer/BDD junction are currently under investigation in our laboratory.  

Based on the successful linking of cyclophane to the azide-terminated BDD surface, we are 

currently exploiting the covalent coupling of the corresponding rotaxane and catenane onto 

azide terminated BDD surfaces using click chemistry. 

In summary, the applicability of this reaction scheme for coupling alkyne-terminated 

carbohydrates and other alkyne-functionalized molecules to flat supports is currently under 

investigation in our laboratory. 
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CHAPTER 5  

FUNCTIONALIZATION OF OXYGENATED BORON-DOPED 

DIAMOND SURFACE WITH AN IONIC LIQUID 

5.1. Introduction 

Ionic liquids are composed entirely of ions. For example, molten sodium chloride is an 

ionic liquid; in contrast, a solution of sodium chloride in water (a molecular solvent) is an 

ionic solution. The most widely used ionic liquids are probably imidazolium based salts.  

Room-temperature ionic liquids (ILs) are widely used as clean solvents and catalysts for 

green chemistry [1-6]. Their properties such as hydrophobicity, hydrophilicity, and viscosity 

can be tuned by controlling the nature of the counter anion or the alkyl chain on the cation. 

The chemical stability and toxicity of the ionic liquid also depends on the anion used. While 

the widely used counter anions such as PF6
- and BF4

- can hydrolyze to HF when heated in the 

presence of water, methyl sulfate anions have been shown to be more biodegradable[5,6]. 

This drawback has prompted some companies to introduce alternate anions, though many of 

these are still fluorous materials. In these ILs, the fluorine of the anion is bonded to carbon, 

the C-F bond being inert to hydrolysis. Thus, ILs based upon CF3SO3
¯, (CF3SO3)2N

¯ and 

related anions are being marketed [7].  

This new class of salts displays, along with low vapour pressure, thermal stability, high 

ionic conductivity, and remarkable solubility. These properties have been exploited for the 

functionalization of carbon materials. Indeed, the use of conventional ionic liquids (ILs) to 

exfoliate and functionalize single-walled carbon nanotubes with aryldiazonium salts was 

reported by Tour et al. [8]. The chemical reaction was conducted at room temperature in the 

presence of ILs and K2CO3. Independently, Liang et al. have synthesized a new class of stable, 

conductive, and hydrophobic room-temperature ILs based on diazonium salts. The liquid 
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nature of the diazonium IL was exploited for the modification of carbon substrates by either 

thermal decomposition or electrochemical reduction of the diazonium ion [9]. 

Recently, we have combined the environmentally benign properties of ionic liquids with 

the high reactivity of aryldiazonium salts for the green chemical derivatization of 

hydrogen-terminated boron-doped diamond [10] and glassy carbon (GC) electrodes[11]. 

Reaction of the BDD or glassy carbon substrates with 4-nitroazobenzene (NAB) in 

conventional ionic liquids takes place under mild conditions. The reaction was performed at 

room temperature for 1h in 1-butyl-3-methylimidazolium methyl sulphate (hydrophilic) and 

in 1-butyl-3-methylimidazolium hexafluorophosphate (hydrophobic) to yield organic layers 

covalently attached to the surface through C-C bonds. 

The wetting properties of the IL can be easily varied by changing the alkyl chain length of 

the IL cations. The longer the alkyl chain lengths of the IL cations are, the more hydrophobic 

are the ionic liquid (IL) cations and more difficult to be transported into aqueous phases via 

ion exchange [12]. Accordingly, the ion-exchange process is another unique property of 

IL-based extractions involving charged species, and the more hydrophobic anions give rise to 

not only greater distribution coefficients but also the less losses of ionic liquids (ILs). 

5.2. Objectives 

In this chapter, we have performed esterification reaction of hydroxyl-terminated 

boron-doped diamond with an ionic liquid (IL): 1-(Methyl carboxylc acid) -3- 

octylimidazolium-bis (trifluoromethyl sulfonyl) imide), as shown in Scheme 5.1. The effect 

on the wetting properties by exchanging chemically the counter ion of the covalently linked 

IL was investigated.  

5.3. Results and discussion 

5.3.1. XPS characterization 

Figure 5.1 shows the XPS survey spectrum of ionic liquid (IL) functionalized BDD 

surface. It displays peaks at 285eV due to C1s and a peak at 532eV due to O1s as in the initial 
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oxidized BDD sample. Additional peaks at 689eV, characteristic peak of F 1s, at ~ 402eV due 

to nitrogen (N1s) and at 168eV due to S2p clearly indicate the successful covalent linking of 

the ionic liquid to the hydroxyl-terminated boron-doped diamond. The presence of N1s 

(7.98%), F1s (16.4%) and S2p (5.09%) next to C1s (53.11%) and O1s (15.11%) is in 

agreement with the grafting of the IL onto the diamond surface. Some Si (2.31%) was in 

addition detected, which can be assigned to the underlying interface onto which diamond had 

been deposited. The ratio of N/F = 0.49 and S/F=0.31 are comparable to the theoretical values 

being N/F = 0.50 and S/F=0.33. High resolution XPS investigation of C1s, N1s, F1s and S2p 

were explored for further analysis. 
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Scheme 5.1. Schematic illustration of the chemical functionalization of oxidized BDD surface 
with 1-(Methylcarboxylcacid)-3-octylimidazolium-bis (trifluoromethylsulfonyl)imide). 

The XPS high resolution spectrum of C1s of the ionic liquid terminated BDD surface could 

be resolved into five component peaks: a hydrocarbon (C-C) peak located at 284.0eV, a peak 

due to ether (C-O-C) groups at 287.2eV, a peak due to amide (N-C) at 286.5eV, a C=O peak at 

289eV and a C-F peak at 292.6eV (Figure 5.2). The N-C and C-F peaks can be 

unambiguously assigned to the ionic liquid. 

Figure 5.3 displays the high resolution XPS spectrum of the N1s of the ionic liquid 

derivatized BDD surface. Contributions from S-N (399eV) and N-C (402eV) with a 

proportion of ~1/2 can be clearly observed. The peak at 399eV can be attributed to the 

nitrogen bonded to the sulfonyl groups. However, the major component associated with a high 
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binding energy (402eV) is due to the imine group in the form of imidazolic ring, according to 

the literature [13-17]. 
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Figure 5.1. XPS survey spectrum of 1-(methylcarboxylcacid)-3-octylimidazolium-bis 
(trifluoromethyl sulfonyl) imide) modified BDD surface. 
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Figure 5.2. High-resolution XPS spectrum of the C1s band of 1-(methyl carboxylc acid) -3- 
octylimidazolium-bis (trifluoromethyl sulfonyl) imide) terminated BDD surface. 

Figure 5.4A shows the high-resolution XPS spectrum of the F 1s peak centered at 688.9eV, 

which can be related to the fluorine in CF3 groups of the IL anion. The high-resolution XPS of 

the S2p can be decomposed into two components S2p3/2 and S2p1/2 located at 168.5 and 
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169.8eV, respectively (Figure 5.4B). The ratio of these two bands clearly indicates that the S 

species exists mainly in its 2p3/2 state and can be related to sulfur in sulfonyl configuration. 
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Figure 5.3. High-resolution XPS spectrum of the N1s band of 1-(methylcarboxylcacid) -3- 
octylimidazolium-bis (trifluoromethyl sulfonyl)imide)modified BDD surface. 
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Figure 5.4. High-resolution XPS spectrum of the F1s (A) and S2p bands of the ionic 
liquid-terminated BDD surface.  

To confirm the covalent linking of the IL onto the oxidized BDD surface, the reaction was 

carried out in the absence of the coupling agent and catalyst (DCC and DMAP) (Scheme 5.1). 

Figure 5.5 displays the XPS survey spectrum of the oxidized BDD surface immersed in the 
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IL without DCC and DMAP. It exhibits peaks due to C1s and O1s, in agreement with the 

absence of covalent linking of the IL. From the high-resolution XPS spectrum of the C1s 

(Figure 5.6), it can be seen that C-O (20%) and C=O (4.7%) bands are formed, while the 

peaks due to N-C and C-F (characteristic peaks of the IL) did not appear as before. The result 

suggests that the coupling agent (DCC) and the catalyst (DMAP) are required for coupling the 

IL to the terminal hydroxyl groups of the oxidized BDD surface. 
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Figure 5.5. XPS survey spectrum of oxidized BDD surface modified with 1-(methyl 
carboxylc acid)-3-octylimidazolium-bis (trifluoromethyl sulfonyl) imide) in absence of the 
coupling agent (DCC) and catalyst (DMAP).  

5.3.2. Electrochemical investigation  

Due the high boron content of the diamond, this interface can also investigated using cyclic 

voltammetry (Figure 5.7). Figure 5.7A shows the electroactive window of the oxidized 

(curve 1) in comparison of the IL modified BDD (curve 2). The presence of the covalently 

attached IL reduces the electroactive window slightly. However, it seems the 

oxidation/reduction is highly catalyzed as seen in the broad wave at E= -1V/Ag/AgCl. Figure 

5.7B displays the i-E curves for an aqueous solution of 10 mM Fe(CN)6
4- in 0.1M KCl at an 

oxidized diamond and at an IL modified BDD surface. The oxidized diamond inhibits 

electrode kinetics, as reported previously by us and others [18, 19]. The presence of the IL 
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shows only a slight attenuation of the peak current but an increase in irreversibility. This 

indicates that the IL is not blocking electron transfer to the underlying diamond interface. This 

could be due to the positively charged amine group of the imidazole ring, showing 

electrostatic interaction with the negatively charged Fe(CN)6
4- mediator.  
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Figure 5.6. High resolution XPS spectrum of the C1s of oxidized BDD surface modified with 
1-(methyl carboxylc acid)-3-octylimidazolium-bis (trifluoromethyl sulfonyl) imide) in 
absence of the coupling agent (DCC) and catalyst (DMAP).  

5.3.3. Water contact angle measurements 

Water contact angle measurements were used to follow the changes in the wetting 

properties of the boron-doped diamond electrode before and after functionalization. As-grown 

diamond surface exhibits a water contact angle of ~94±2° (Figure 5.8 (a)). The hydrophobic 

character of the surface is assigned to the hydrophobic nature of the C-H bonds terminating 

the hydrogen-terminated surface. After oxidation with UV/ozone, the water contact angle 

decreased to 8±2 ° (Figure 5.8 (b)). 

After treatment with 1-(methylcarboxylcacid)-3-octylimidazolium-bis (trifluoromethyl 

sulfonyl) imide), the contact angle of the IL-terminated BDD surface shows a significant 

increase to 72±2°, which is a good indication for IL covalent bonding on the BDD surface 

(Figure 5.1 (c)).  

5.4. Anion exchange reactions 
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(A) 

 

(B) 

 

Figure 5.7. Cyclic voltammogram of oxidized (curve 1) BDD and IL modified one (curve 2). 
Scan rate: 50 mV s-1, electrolytes: (A) KCl (0.1 M/water), (B) Fe (CN) 6

4- (10 mM)/KCl 
(0.1M/water). 

IL-terminated BDD surface was subjected to anion exchange between (CF3SO3)2N
¯  and 

BF4
¯  for several times. After a first exchange with BF4

-
 anion, the contact angle of the BDD 

surface dropped to 22±2° (Figure 5.9 (2)), displaying a more hydrophilic character. The 

contact angle increased back to 70±2° (Figure 5.9 (3)) after immersion in (CF3SO3)2N
¯ 

aqueous solution for 24h at room temperature. Comparing Figure 5.9 (3) with Figure 5.9 (1), 

there is a very slight contact angle decrease, which can be attributed to reaction efficiency due 

to reaction equilibrium. Based on this result, it is also easy to understand that after a second 

1 

2

1 2
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exchange with BF4
¯anion, the contact angle decreased to 33±2°, but not to 22±2° (Figure 5.9 

(4)). As well a value of 46±2° (not 72±2°) (Figure 5.9 (5)) was measured for contact angle of 

a BDD surface after a second exchange back to (CF3SO3)2N
 ¯anion. After a third exchange 

with BF4
¯ anion, the surface contact angle measured was 35±2°. 

 

 

Figure 5.8. Contact angle of a hydrogen-terminated BDD surface before (a) and after 
UV/ozone oxidation (b), and surface after modification with IL (c). 

 (1) 72                     (2) 22 

 

(3) 70                     (4) 33 

 

(5) 47                     (6) 35 

 

Figure 5.9. Contact angle of 1-(methylcarboxylcacid)-3-octylimidazolium-bis(trifluoromethyl 
sulfonyl)imide) modified BDD surface (1), after first exchange with BF4

¯ anion (2), after 
exchanging back to (CF3SO3)2N

¯  anion (3), after second exchange with BF4
¯ anion (4), after 

exchanging back to (CF3SO3)2N
¯  anion (5) and after third exchange with BF4

¯ anion(6). 
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The variation of the contact angle of the BDD surface was further displayed in Figure 5.10. 

The first alternation cycle shows excellent regeneration of (CF3SO3)2N
¯  anion (Figure 5.10 

(x=3)). However, an obvious contact angle increase from Figure 5.10 (x=2) to Figure 5.10 

(x=4) was observed, while subsequent regeneration of (CF3SO3)2N
¯  anion led to a much 

smaller contact angle (Figure 5.10 (x=5)). Finally, Figure 5.10 (x=6) shows no significant 

change, as compared to Figure 5.10 (x=4). As discussed above, the reaction efficiency results 

in contact angle variation.  

Anyway, the contact angle of the IL modified BDD varied alternatively in the whole 

process of anion exchange reactions between (CF3SO3)2N
¯  and BF4

¯ anions. Optimization of 

the anion exchange conditions is currently under investigation in our laboratory. 
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Figure 5.10. Change of water contact angle of a BDD surface after several anion exchange 
between (CF3SO3)2N

¯  and BF4
¯ (axis x=1, 2, 3, 4, 5, 6 in this graph are corresponding to the 

serial number of Figure 5.9) 

Finally, the anion exchange of (CF3SO3)2N
¯  anion of the IL modified BDD surface with 

NO3
¯ and PF6

¯ anions was also investigated. The contact angle values of the resulting IL 

modified BDD surfaces are shown in Table 5.1. After exchanging (CF3SO3)2N
¯  with NO3

¯ 

anion, a value of 50±2o was measured, while exchanging with PF6
¯ anion yielded a 

hydrophilic character and the contact angle significantly dropped to 20±2 o. 

5.5. Conclusion 
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In summary, we have demonstrated that the esterification reaction can be successfully 

applied for coupling an ionic liquid bearing a carboxylic acid group to hydroxyl-terminated 

BDD electrodes. The covalent attachment of 1-(methylcarboxylcacid)-3-octylimidazolium-bis 

(trifluoromethyl sulfonyl) imide) was achieved in high selectivity and yield. Anion exchange 

reactions between (CF3SO3)2N
¯  and BF4

¯ anion were carried readily even though the 

exchanging efficiency on BDD surface decreased gradually in the course of the reactions. 

This technique opens up new opportunities for chemical functionalization of diamond 

surfaces with ionic liquids for fundamental studies of electrochemical process at the modified 

electrodes and for potential applications in the field of tribology. 

Table 5.1. Contact angle of different ILs modified BDD surface 

Anion  Contact angle (o) 

(CF3SO3)2N
- 72±2 

NO3
- 50±2 

PF6
- 20±2 

5.6. Perspectives 

BF4
- anion exchange conditions are under optimization to get higher yields. Other anions 

will be exploited in the same way in order to broaden the ionic liquid structure and the 

resulting electrochemical characteristics. 
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CHAPTER 6  

PREPARATION OF HALOGENATED BORON-DOPED DIAMOND 

ELECTRODES AND THEIR REACTIVITY 

6.1. Introduction 

Halogenation in the gas phase was one of the first surface modifications investigated on 

diamond surfaces. Fluorine and chlorine atoms directly react with diamond and allow surface 

halogenation[1-3] The conditions necessary to generate atomic species are rather vigorous and 

corrosive (e.g. Cl2/400-500°C; F2/470°C)[2,3]. Milder conditions can be used during 

photochemically initiated gas phase halogenation [4,5]. To date, the only report on the 

halogenation of diamond in the liquid phase has been reported by Ikeda et al. in 1998[7], who 

chlorinated diamond powder with sulfuryl chloride (SO2Cl2) aided by the radical initiator 2, 

2-azobiisobutyronitrile (AIBN) at 50°C and also brominated diamond powder using Br2 at 

50°C in chloroform. The development of simple and controllable solution-based procedures 

for halogenation of continuous diamond films is thus still sought after. 

A halogen such as bromine when reacted with an alkene causes the π-bond to break, 

resulting in the formation a haloalkane. This makes the hydrocarbon more reactive since 

bromine is a good leaving group and commonly used for further chemical reactions such as 

nucleophilic substitution reactions. One of the numerous substitution reactions concerns the 

replacement of -Br by azido (-N3) groups. This is of particular interest, because azide 

termination offers the possibility for “clicking” molecules bearing an acetylene terminal 

group.  

The “click” chemistry on polymer and solid surfaces have been recently reviewed [8,9], 

and various strategies to exploit this reaction to benefit from its high selectivity, high yields 

and remarkable tolerance to reaction conditions are now available to surface scientists [10,11]. 



DISSERTATION OF LILLE 1 UNIVERSITY SCIENCE AND TECHNOLOGY 

 124

J. P. Collman has demonstrated successful “click” chemistry to covalently attach 

acetylene-bearing molecules to azide-terminated self-assembled monolayers on gold [12]. 

Similar report on silicon wafers was published by T. Lummerstorfer [13] (detailed in Chapter 

4).  

6.2. Objectives 

In this chapter, we describe a versatile strategy for brominating and chlorinating 

hydrogenated boron-doped diamond (H-BDD) interfaces using N-bromo- and 

N-chlorosuccinimide (NBS and NCS), respectively as shown in Scheme 6.1(I). The chemical 

reactivity of the halogenated boron-doped diamond surfaces (Br-BDD) with Grignard 

reagents was further investigated (Scheme 6.2). The halogenated interfaces were also 

reacted with sodium azide through a nucleophilic substitution reaction. The resulting azide 

terminated diamond surfaces (N3-BDD) were used to trigger the “click” reaction (Scheme 

6.1(II)). Because of the attractive electrochemical properties of ferrocene-containing 

molecules, such as fast electron-transfer rates, reversible redox activities and favorable redox 

potentials, we show here that ferrocene derivatives can be grafted onto non-oxidized diamond 

surfaces by “click chemistry”, as shown in Scheme 6.1(III). These redox-active 

ferrocene-containing layers on a boron-doped diamond (BDD) surface, because of their 

ability to store and release charges reversibly, have the potential to be used as hybrid 

molecular /semiconductor memory devices. 

6.3. Results and discussion 

6.3.1. Contact angle 

Contact angle measurements were used to follow the changes in surface wetting properties 

after each fuctionalization step. The water contact angle of diamond surfaces with different 

terminations and chemical compositions were investigated (Table 6.1). Hydrogen-terminated 

BDD surface showed a water contact angle of 93 ± 2°, as expected for a surface terminated 

with hydrophobic C-H bonds. Chemical grafting of electron withdrawing groups to the 
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diamond interface does not influence significantly the wetting properties. Contact angles of 

87 ± 2° and 85 ± 2° are obtained for the brominated diamond (Br-BDD) and chlorinated 

diamond (Cl-BDD) interfaces, respectively. The values are comparable to those reported in 

the literature for diamond surfaces halogenated using plasma treatment [14]. The high contact 

angles give a first indication that oxidation has not taken place preferentially under such 

reaction conditions, as this would result in contact angles <10°.  
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Scheme 6.1. Halogenation of H-BDD through radical substitution reaction using NBS and 
NCS and its reactivity. 
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Scheme 6.2. Alkylation of a brominated BDD surface using C10H21MgBr. 

Table 6.1. Contact angle of boron-doped diamond (BDD) surfaces with different terminations 

 H-BDD Br-BDD Cl-BDD C10H21-BDD N3-BDD Ferrocene-BDD 

Contact 
angle 

93±2° 87±2° 85±2° 100 ± 2° 70±2° 20±2° 
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The stability of the interfaces was determined by following the change of contact angle 

over time. After 14 days exposure to ambient conditions, the contact angles determined 

remained unchanged within the error range, indicating that both interfaces are fairly stable in 

air. When immersed in water for 2 days, the contact angles decreased to 83 ± 2° for the 

brominated diamond (Br-BDD) and to 81 ± 2° for the chlorinated diamond (Cl-BDD). 

Furthermore, brominated and chlorinated diamonds were immersed in water for more than 

one month, contact angles were checked from time to time. Figure 6.1 displays the change of 

the water contact angle over time. We can see that after one month, both chlorinated and 

brominated diamond surfaces were completely oxidized 
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Figure 6.1. Change of water contact angle on (A) Br-BDD (B) Cl-BDD diamond surfaces. 
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The chemical reactivity of the halogenated BDD surfaces was further investigated by 

exposing the brominated BDD surface to a Grignard reagent. A similar strategy has been 

reported for the alkylation of chlorinated diamond [7] and Si surfaces [15]. The Br-BDD was 

immersed in an anhydrous THF (20ml) and 10 ml of 1M C10H21MgBr in diethyl ether. The 

mixture was heated for 72h in a constant temperature bath set at 80°C. The resulting surface 

was rinsed at room temperature with 1% CF3COOH solution in THF, Milli-Q water, 

sonicated in methanol and dried under a stream of nitrogen [16]. The contact angle of the 

decyl-terminated diamond (C10H21-BDD) surface increased to 100±2°, due to the hydrophobic 

character of the long alkyl chain. The value is in agreement with contact angles between 

100-108° reported for chemically modified silicon and perfluorodecyl silane modified 

polycrystalline diamond surfaces [17].  

Finally, nucleophilic displacement of the terminal halogen groups of the Br-BDD surface 

with sodium azide led to contact angle decrease. A value of 70±2° was measured for the 

azide-terminated diamond (N3-BDD) surface. After clicking ferrocene moieties to the azide 

terminal groups, the contact angle dropped to 20±2°, as depicted in Table 6.1. 

6.3.2 Electrochemical characterisation 

We studied the electrochemical properties of the modified BDD surfaces using 

[Fe(CN)6]
3−/4− as the redox couple in solution. Figure 6.2A shows the i–E curves in an 

aqueous solution of 10mM Fe(CN)6
4− in 0.1M KCl aqueous solution recorded on H-BDD, 

Br-BDD and Cl-BDD electrodes. 

A significant decrease of the apparent rate constant is observed for the halogenated BDD 

electrodes, being similar to that of UV/ozone oxidized interfaces [17]. In the case of Cl-BDD, 

the standard electrochemical potential shifted to more anodic values. In contrast to F-BDD, 

where a window of ideal polarisability of 5V could be recorded [56,57], Cl-BDD and 

Br-BDD surfaces show electroactive windows similar to that of H-BDD (Figure 6.2B). 

The decyl-terminated BDD (C10H21-BDD) surface was further characterized by cyclic 

voltammetry using Fe(CN)6
4− as the redox couple in solution (Figure 6.3). Attenuation of the 

current is observed, which is consistent with surface inhibition due to the presence of a long 

alkyl chain on the surface, comparable to perfluorodecyl-terminated BDD [18]. The current 
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signal is however rather intense suggesting that the electrode is not fully blocked. This points 

towards either an overall low-density surface grafting and/or the presence of defect domains. 
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Figure 6.2. Cyclic voltammograms of BDD electrodes in an aqueous solution of (A) 
Fe(CN)6

4−(10mM) in KCl (0.1 M): H-BDD (black), Br-BDD (grey), Cl-BDD (grey dotted); 
(B) KCl (0.1 M): H-BDD (curve 1), Br-BDD (curve 2), Cl-BDD (curve 3), UV/ozone 
oxidised-BDD (curve 4); scan rate: 50mV s−1. 
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Figure 6.3. Cyclic voltammogram of C10H21-BDD electrode in an aqueous solution of 
Fe(CN)6

4− (10 mM) in KCl (0.1 M) aqueous solution; scan rate: 50 mV s−1. 

Figure 6.4 (curve 1) shows a i-E curve for a ferrocene modified BDD surface in 0.1M 

tetraethyl ammonium hexafluorophosphate (TEAPF6) in DMF. The signal at ~1.0V vs. 

Ag/AgCl is due to the ferrocene termination. In order to confirm the ferrocene-terminated 

BDD (after “click chemistry” on the azide- terminated surface), a cyclic voltammogram (CV) 

of alkynylferrocene in solution was recorded on a azide terminated BDD surface and both 
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compared; the i-E curve obtained is shown as Figure 6.4 (curve 2).  

For alkynylferrocene in solution (curve 2) typical redox peaks at 0.51 V and 0.88 V are 

shown. The signal at ~1.0V (curve 1) is due to the alkynylferrocene termination. The 

reduction peak is however suppressed, possibly due to a low density grafting, molecular 

orientation and/or the presence of defect domains on the surface. The small shoulder, located 

at 0.81 V, is also due to ferrocene as substituted ferrocene can show a more complex redox 

behavior. Compared to alkynyl ferocene in solution, the oxidation peak is shifted to higher 

potential for the surface bound species. 

A similar behavior of ferrocene was observed on single-crystal Si (111) surfaces modified 

with ferrocene carboxylic acid [19], and on gold modified by ferrocene-based alkanethiol 

layers [20]. On basis of this, we can conclude the presence of ferrocene units on BDD surface.  
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Figure 6.4. Cyclic voltammograms of alkynylferrocene in solution on an azide terminated 
BDD interface (curve 2) and on a ferrocene-terminated (curve 1) BDD surface in TEAPF6 
(0.1M/DMF), scan rate: 0.1V s-1. 

6.3.3. X-ray photoelectron spectroscopy (XPS) analysis 

X-ray photoelectron spectroscopy is a valuable tool to evaluate the changes in the surface 

chemical composition and to monitor covalent bonds formed during surface derivatization. 

The XPS survey of as-deposited BDD displays a main peak for C1s at 285.08eV and a small 

peak at 532eV for O1s with a O/C ratio of 0.30 .The presence of oxygen is most likely due to 

partial oxidation of the BDD surface during its handling and transferring. After reaction with 
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NBS and NCS, additional peaks at 183.9eV and 190.5eV due to Br3p and at 199.8eV and 

201.3eV due to Cl2p are observed (Figure 6.5). The atomic concentration ratio Br/C and Cl/C 

are estimated to be 0.18 and 0.15 respectively. The values are comparable to those reported by 

Kondo et al. [14]. The O/C ratio after halogenation increased to 0.98 for Br-BDD and 1.01 for 

Cl-BDD, indicating that some oxidation is taking place during halogenation. High-resolution 

XPS (Figure 6.5C) of the C1s band indicates the formation of CO groups (288.6eV). The 

shoulder at 286.3eV is due to the formation of C-X (X = Br, Cl) and C-O bonds. 

 

Figure 6.5.  XPS survey of (A) brominated and (B) chlorinated diamond surfaces. The insets 
correspond to the high-resolution XPS of Br3p and Cl2p; (C) high-resolution XPS of the C1s 
band of as-deposited BDD (black), Br-BDD (grey) and Cl-BDD (black dotted). 

Chemical conversion of bromine into azide termination led to the complete disappearance of 
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the Br3p signal (183.9eV and 190.5eV) (Figure 6.6B), indicating the substitution of the 

bromine functions of the monolayer. The substitution reaction of bromine with azide groups 

resulted in the appearance of a signal in the N1s region of the XPS spectrum (Figure 6.6C).  
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Figure 6.6. (A) XPS survey spectrum of azide terminated diamond surfaces (N3-BDD), (B) 
High-resolution XPS spectrum of Br3p, (C) The high-resolution XPS spectrum of N1s.  

Careful analysis showed the presence of a split peak at 401 and 405eV (Figure 6.6C), the 

high- and low-binding energy peaks are, respectively, assigned to the central, 

electron-deficient N atom in the azide group, and to the two nearly equivalent azide N atoms, 
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in a region which did not show any signal for the brominated boron-doped diamond (Br-BDD) 

electrodes. This peak splitting indicated the presence of two nitrogen species present in the 

azide-terminated monolayer, and reflects the differently charged nitrogen atoms in the azide 

group, suggesting the presence of chemically different nitrogen atoms consistent with the 

chemical composition of the monolayer [21]. 

Moreover, the complete disappearance of the bromine peak (Figure 6.6C) that was 

observed in the brominated diamond surface suggests a complete conversion of the bromine 

functions to azide (>95%) or to a competitive oxidation reaction. Such functionalized 

azide-terminated monolayers now represent a substrate that could be employed in 1, 3-dipolar 

cycloaddition reactions if reacted with terminal acetylene substituted molecules. To 

demonstrate this possibility, ethynyl ferrocene was used for “clicking” with the azide 

terminated diamond surface. 

Reaction of the terminal azido groups with ethynyl ferrocene in the presence of Cu(I) 

catalyst led to the appearance of a new peak in the XPS survey spectrum at ~ 710eV due to 

Fe2p (Figure 6.7A).  

After clicking ferrocene groups onto the azide-terminated BDD surface, the peak at 405eV 

disappears and the one at 400eV doesn’t show any obvious change (Figure 6.7C). This can 

be taken as an evidence for the transformation of the azide group to the 1, 2, 3-triazole unit 

bound to the terminal ferrocene head via “click chemistry”. Furthermore, a huge increase of 

the O1s peak was observed due to a competitive oxidation reaction during the “clicking” step. 

In addition, the scan of the Fe2p region demonstrates the presence of ferrocene moieties 

onto the BDD surface (Figure 6.7B). The Fe2p3/2 and 2p1/2 have been, respectively, found at 

711.7 and 725.6eV with a 2:1 peak area ratio, this clearly indicates that the Fe species exists 

mainly in its (III) oxidation state, in agreement with previously reported results on ferrocene 

moieties anchored to hydrogen-terminated silicon [19] and azide-terminated BDD [21 

surfaces. The corresponding binding energy and full width at half maximum (FWHM) values 

are close to the data previously reported on ferrocene derivatives anchored onto Si(100) and 

BDD surfaces [19,21]. 
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Figure 6.7. (A) XPS survey of the azide-terminated BDD surface after “clicking” with 
ethynyl ferrocene (B) The high-resolution XPS of the Fe 2p (C) The high-resolution XPS of 
the N1s. 
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6.4. Reaction mechanism  

6.4.1. Halogenation reaction 

Among various radical initiators, benzoyl peroxide was found to be the most effective in 

abstracting hydrogen on the surface. Due to its low dissociation energy, the O-O bond in these 

peroxides breaks easily, generating radicals [22-24]. When benzoyl peroxide is thus heated up 

to temperatures of about T = 60-80°C, it decomposes into benzoyl radicals. In the presence of 

a H-terminated diamond surface in CCl4 (under N2 atmosphere, at T = 80°C for t = 3h), the 

benzoyl radicals formed can abstract a hydrogen atom on the diamond surface, then halogen 

atoms were introduced from N-halogenosuccinimide (N-bromosuccinimide or 

N-chlorosuccinimide), accompanied with succinimide radicals generation (Figure 6.8). The 

succinimide radicals continue abstracting hydrogen atoms from the surface, and succinimide 

radicals propagate simultaneously. A succinimide radical, once formed, rapidly reacts with 

whatever is available. In reality if more than one hydrogen is present, the starting material 

would keep reacting till there is no succinimide radical any more, it is termination. 

6.4.2. Nucleophilic substitution 

The bromine terminal group can be easily substituted by azide group through a nucleophilic 

substitution reaction with sodium azide, where the nucleophile is the N3
− and the leaving 

group is Br−. During the substitution reaction of halogenated hydrocarbons using sodium 

azide (Figure 6.9), the lone-pair electrons on the N3
− ion will be strongly attracted to the δ+ 

carbon, and will move towards it, beginning to make a co-ordinate (dative covalent) bond. In 

the process, the electrons in the C-Br bond will be pushed even closer towards the bromine, 

making it increasingly negative. There is obviously a point in which the N3
− is half attached to 

the carbon and the C-Br bond is half way to being broken. This is called a transition state. It 

isn't an intermediate. It can't be isolated-even for a very short time. It's just the mid-point of a 

smooth attack by one group and the departure of another. The movement goes on until the N3
− 

is firmly attached to the carbon, and the bromine has been expelled as a Br− ion. The solvent 

is important. If water is present it tends to get substitution by OH− instead of N3
−. 
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Figure 6.8. Mechanism of the halogenation reaction of hydrogenated diamond surfaces using 
a radical initiator. 
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Figure 6.9. Mechanism of nucleophilic substitution of Br moieties by azide groups. 

6.4.3. Click reaction 

Clicking ethynyl ferrocene with azide terminated diamond surface is a typical Cu 

(I)-catalyzed cycloaddition (Figure 6.10). The reaction mechanism was discussed in details in 

the Chapter 4. Cu (II) and sodium ascorbate were used to generate a catalytically active Cu (I) 

species and the reaction was carried out in the most commonly used solvent: water/ethanol at 

50oC (for the sake of higher reaction rate). 

BDD

N3 N3 N3

Fe

Cu(II),Sodium ascorbate

ethanol/water(1/2),50oC

N
N

N

Fe

BDD  

Figure 6.11. Click reaction between ethynyl ferrocene and azide-terminated BDD surface. 

6.5. Conclusion  
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In summary, the results presented here demonstrate an easy-to-perform and controllable 

formation of Br-BDD and Cl-BDD on a diamond film. The interest of halogen-functionalised 

BDD is in the high reactivity of the surface-bound halogens that can be utilised for the 

introduction of other surface functionalities. This was demonstrated by exposing Br-BDD to 

alkyl-Grignard reagents. Azide termination on diamond surfaces (N3-BDD) can be obtained 

by a nucleophilic substitution reaction with sodium azide. Finally, the azide termination was 

exploited for “clicking” ethynyl ferrocene to the BDD electrodes. The attachment of an 

electroactive ferrocene moiety was achieved in high selectivity and yield. Because of the 

gentle nature of the procedure, the strategy developed in this work can be used as a general 

platform to prepare functionalized surfaces for various applications.  

6.6. Perspectives 

From the XPS analysis, it was clear that the nucleophilic substitution of -Br by -N3 groups 

was accompanied by a partial oxidation of the surface. Surface oxidation is known to 

influence the electrochemical properties of the BDD surface. This aspect has to be optimized 

in order to reduce surface oxidation during Br displacement.  

Furthemore, in order to prepare functional surfaces for biosensing applications, 

biomolecules bearing an acetylene group should be immobilized on the azide-terminated 

BDD surface using “click” chemistry. 
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CHAPTER 7  

CONCLUSION AND PERSPECTIVES 

For many years, diamond surfaces were considered as chemically inert, which restricts their 

use in various aspects of life sciences and biotechnology. In the last ten years, there has been 

a huge progress in the development of strategies for derivatization of diamond surfaces. These 

techniques are based on photochemical, electrochemical and chemical approaches, and have 

shown their strength in tethering functional groups to the diamond surface.  

To make it competitive with silicon technology, the core advantages of diamond, including 

the chemical stability, the low electrochemical background current and its wide potential 

window will have to be optimized. The control of the surface chemistry of diamond will play 

a crucial role in this perspective. While these interfaces are nowadays used as analytical 

devices in different areas, the development of new surface chemistries on diamond has 

somehow stagnated over the years. Two approaches to functionalize diamond interfaces have 

been mainly used: photochemical linking of functional alkenes and diazonium-based 

chesmitry. The difficulty in controlling the formation of a monolayer using diazonium-based 

chemistry and the immobilization of long functionalized alkene chains hindering largely 

electron transfer opens the search for new functionalization pathways. Some interesting 

approaches have been recently proposed through the direct amination of H-terminated 

diamond. The possibility to pattern the surface makes diamond an adapted platform for the 

generation of microarrays. Indeed, the future application of diamond will be in 

high-throughput systems and biotechnology. Whether diamond will be the material of choice 

for biosensing applications will depend on the effort put into the control of its surface 

chemistry. 

In contrast to other semiconductors, linking organic molecules onto diamond surfaces does 

not require carbon-carbon (C-C) bond formation. Given the high chemical stability of C-O, 

C-N, C-S, C-P,…bonds, the functionalization of hydrogenated, oxidized, aminated,.. diamond 

surfaces will lead to the formation of stable organic monolayers. 

This study provided quantitative methods for the functionalization of boron-doped diamond 

surfaces. Coupling biological species onto the functionalized diamond surfaces in a controlled 

fashion will allow not only the construction of biosensing devices, but may be of interest for 
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fundamental studies of living cell morphology in contact with surface structures.  

This thesis aimed at the chemical modification of boron-doped hydrogen-terminated 

surfaces (BDD) for potential applications in biosciences. Several new strategies for surface 

derivatization of the diamond surface have been developed. 

7.1. Functionalization of oxygen-terminated diamond surfaces 

In spite of the high stability of diamond, oxidation of the hydrogenated surface is relatively 

easy to perform. Three different oxidation methods: (i) electrochemical oxidation through 

anodic polarization, (ii) photochemical oxidation using UV/ozone and (iii) oxidation using 

oxygen plasma of as-deposited moderately boron-doped diamond interfaces have been 

compared in terms of electrochemical behaviour and their surface properties were investigated 

using water contact angle measurements and X-ray photoelectron spectroscopy (XPS) 

analysis. It is demonstrated that diamond interfaces exhibiting better APTES grafting 

efficiency also show a more positive flat band position. This behaviour suggests strongly that 

a positive shift of the flat band potential is related to the formation of C-OH bonds rather than 

C-O-C groups. Based on this result, the electrochemical oxidation is one of the preferred 

methods, leading to the formation of the highest amount of C-OH groups without graphitizing 

the diamond interface, as observed in the case of oxygen plasma treatment. However, for 

APTES modified BDD surface, photochemical oxidation for short times (5 to 15 min) results 

in high N/O ratios together with an increase in electron transfer kinetics (for 15 min of 

treatment) and is an alternative for undoped diamond samples. 

7.1.1. “Clicking” organic and biological molecules bearing acetylene group to azide 

terminated boron-doped diamond surfaces 

We have demonstrated that “click” chemistry can be successfully applied for coupling 

organic molecules bearing a terminal alkyne group to azide-terminated BDD surfaces. 

Electroactive moieties such as thiophene, ferrocene and cyclophane were introduced on an 

azide-terminated BDD surface by using “click” chemistry in the presence of a copper(I) 

catalyst. The resulting surfaces were characterized using XPS, water contact angle and 

electrochemical measurements. As a result, 1) the attachment of an electroactive ferrocene 

moiety on azide-terminated BDD surface was achieved in high selectivity and yield, 2) the 

applicability of azide-alkyne [3+2] cycloaddition was successfully demonstrated with ethynyl 

thiophene and further electrochemical polymerization of the terminal “thiophene” units with 
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thiophene monomers in solution led to the formation of a polythiophene film covalently 

linked to the BDD surface, 3) alkyne-functionalized cyclophane can undergo click chemistry 

to conveniently attach these units onto a preformed azide-functionalized BDD surface. Azide 

termination was obtained through a simple esterification reaction between hydroxyl 

terminated BDD surface and 4-azidobenzoic acid in the presence of DCC and DMAP in dark 

at room temperature.  

In summary, due to the gentle nature of the procedure, the strategy developed in this work 

can be used as a general platform to prepare functionalized surfaces for various applications.  

7.1.2. Chemical functionalization of oxygenated boron-doped diamond using ionic 

liquids 

Ionic liquid-----1-(Methylcarboxylcacid)-3-octylimidazolium-bis(trifluoromethyl sulfonyl) 

imide was covalently grafted to the BDD surface through an esterification reaction between 

the carboxyl groups of the ionic liquid and the terminal hydroxyl groups of an oxidized BDD 

surface. The resulting surface was characterized and confirmed by XPS, water contact angle 

and electrochemical measurements. Anion exchange reaction between (CF3SO3)2N
¯  and BF4

¯ 

anions was also exploited. Contact angles of IL-modified BDD varied alternatively in the 

process of anion exchange reaction between (CF3SO3)2N
¯  and BF4

¯ anions, suggesting the 

successful anion exchange. 

This technique opens up new opportunities for chemical functionalization of diamond 

surfaces towards applications in analytical field and for studying fundamental electrochemical 

processes at hybrid electrodes.  

7.2. Functionalization of hydrogen-terminated diamond surfaces 

Brominated and chlorinated surfaces are obtained via a radical substitution reaction of C-H 

groups on diamond with bromine and chlorine radicals. The conditions for the halogenation 

involve refluxing in anhydrous CCl4 in the presence of a radical initiator, such as benzoyl 

peroxide to result in Br-BDD and Cl-BDD interfaces. This versatile strategy was developed 

for chemically functionalizing hydrogenated boron-doped diamond (H-BDD) surfaces in a 

manner that stabilizes the underlying diamond against oxidation and allows for both chemical 

and electrochemical functionalization of the surface. The chemical reactivity of the 

halogenated BDD surfaces was confirmed by exposing the brominated BDD surface to a 

Grignard reagent. Subsequently, azide termination was obtained by a nucleophilic substitution 
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reaction with sodium azide. The resulting azide-terminated BDD surface was covalently 

coupled to ethynyl ferrocene using “clicking chemistry”. These redox-active 

ferrocene-containing layers on a boron-doped diamond (BDD) surface, because of their 

ability to store and release charges reversibly, have the potential to be used as hybrid 

molecular/ semiconductor memory devices.  

7.3. Perspectives 

Despite the rapid progress made in the past ten years in the science and technology behind 

diamond films prepared by chemical vapour deposition (CVD), the commercialization of this 

amazing material is still in its infancy. Researchers and industry are concentrating their efforts 

on the development of methods to scale up the CVD process and reduce production costs to 

the level at which it becomes economically viable to use diamond as the material of choice. 

The material is far from being the “ultimate engineering material” even though some devices 

are already on the marketplace, such as diamond heat spreaders, windows, cutting tools and 

surface acoustic waves (SAW) filters. In the next future, we expect to see diamond films in 

many more applications, especially in electronics and bioelectronics. 

The field of chemical functionalization and assembly of organic monolayers on diamond 

surfaces will remain very active for the coming years. This will be mainly driven by potential 

applications of such hybrid structures in different fields ranging from molecular electronics to 

biosensors, biological microelectromechanical systems (bioMEMS) and nanotechnology. 

There is a huge progress in the elaboration of new grafting techniques under mild conditions 

and steps towards understanding the reaction mechanism involved during the grafting process.  

However, there are some limitations to overcome before reaching stable, reproducible and 

reusable devices based on organic monolayer/diamond hybrids. The main drawback for using 

diamond/organic monolayer as a biochip substrate and fluorescence for the detection scheme 

of biomolecular interactions on the surface is the possible fluorescence quenching in the close 

vicinity of the semiconductor. Finally, the improvement of the monolayers quality to resist 

biofouling is a real challenge to design selective and sensitive devices for monitoring 

biomolecular interactions. 

The extension of the functionalization strategies developed on diamond surfaces to 

diamond-like carbon (DLC) films and diamond nanoparticles will open new opportunities for 

potential applications of thin carbon-based films in biomaterials, drug delivery, biosensors and 

bioimaging.
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APPENDIX 

Appendix 1. Ultrasonic bath 

Ultrasonic cleaning is the most up-to-date cleaning process for removing particles from the 

substrate surfaces, for supporting amphiphile dissolution and for periodic cleaning of 

containers and glassware. Its special advantages include the most thorough cleaning of the 

components to be cleaned, in the shortest time, without additional manual work and without 

damaging the items to be cleaned. The ultrasonic treatment will remove even the most 

stubborn dirt from inside drillings and cavities in seconds. The object to be cleaned is placed 

in a chamber containing a suitable ultrasound conducting fluid (an aqueous or organic solvent, 

depending on the application). An ultrasound generating transducer built into the chamber, or 

lowered into the fluid, produces ultrasonic waves in the fluid by changing size in concert with 

an electrical signal oscillating at ultrasonic frequency.  

In this thesis work, sonication was performed in an Ultrasonic bath (BRANSON 2500) 

using water as the transmitter. 

Appendix 2. Orbital platform shaker 

Heidolph Rotamax 120 orbital platform shaker was used for cleaning and some chemical 

reaction agitation. 

Appendix 3. UV-ozone  

An easy method for oxidizing substrate surfaces is the treatment in UV-ozone [1]. Figure 1 

illustrates an example of an ultraviolet ozone oxidation system which combines ultraviolet 

radiation, ozone, and heat to gently and effectively remove organic contaminants from a 

variety of substrates [2].  

The UV-ozone oxidation system includes a source of ozone in this case which is provided 

by feeding dry oxygen through a particulate filter and feeding the dry particulate free oxygen 

through an ozone generator (equations 1, 2). The ozone then flows into a reaction chamber of 

the ultraviolet ozone oxidation system. The reaction chamber includes a UV lamp positioned 
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above a heated sample stage. The exhaust from the reaction chamber may be passed through 

an optional ozone killer such an ozone decomposition catalyst unit where unreacted ozone is 

destroyed before entering the atmosphere (equation 4). 

 

Figure 1. Schematic view of ultraviolet-ozone oxidation system [2]. 

In use, ozone flows into the reaction chamber and is uniformly distributed over the sample 

by the membrane diffuser. The UV lamp provides uniform UV radiation of the sample. Some 

of the ozone decomposes into oxygen molecules and atomic oxygen when exposed to the UV 

radiation (equation 3) and then sample surface is oxidized by bonding with atomic oxygen 

due to its high reactivity. Simultaneously, organic material such as photoresist, solvent 

residues, human skin oils, and pump oil are excited or disassociated by the short wavelength 

UV radiation. The atomic oxygen oxidizes the excited organic molecules to form simpler, 

harmless products such as carbon dioxide and water. This process cleans or removes organic 

contaminats from the sample which are then exhausted from the reaction chamber.  

 O2 + hν  2O·      λ=240nm                 (1) 

O2 + O·  O3                                (2) 

O3 + hν O2 + O·    λ=175nm                 (3) 

O3 + O·  2O2                               (4) 

In this work, UVO cleaner (Nr. 42-220, Jelight, USA) was used. Singlet oxygen, ozone 
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and/or high energy UV-light irradiation oxidize hydrogen terminated boron doped diamond 

surface. 

Appendix 4. Oxygen plasma 

Oxygen plasma has been used for oxidizing surfaces in a vacuum. Figure 2 shows a 

schematic view of our plasma instrument system (Plasmalab 80 Plus, Oxford Instruments). 

The oxidizing process takes place while the chamber is at 0.6 Torr in rough pumping mode 

and is of a short duration (1 - 10 minutes). The plasma oxidition is activated by operator 

command when needed. When activated the chamber is vented first to partial vacuum and 

then evacuation recommenced.  

At the correct pressure oxygen is bled into the plasma source and then plasma is ignited to 

create activated oxygen radicals for oxidizing (equations 5, 6). After a short time the plasma 

and oxygen leak are turned off and the system is pumped down to remove the residual 

oxidation products. 

 

Figure 2. Schematic view of plasma system [3]. 

O2 + O+  O2
+ + O·                          (5) 

O2
+ + e-  2O·                              (6) 

Oxygen ions and radicals are very effective cleaning agents. The oxidizing process involves 

the oxygen gas ions and radicals reacting with the hydrocarbons inside the chamber. These 

reactions yield H2O, CO and CO2 that are then removed from the system by the vacuum 
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pumps. 

Appendix 5. Contact angle 

 The contact angle is the angle at which a liquid/vapor interface meets the solid surface. The 

contact angle is specific for any given system and is determined by the interactions across the 

three interfaces. Most often the concept is illustrated with a small liquid droplet resting on a 

flat horizontal solid surface. The shape of the droplet is determined by the Young relation. 

Water contact angles are known to depend on both surface morphology and surface 

chemical composition. The wetting property of a surface is defined according to the angle θ, 

which forms a liquid droplet on the three phase contact line (interface of three media - Figure 

3a). A surface is regarded as wetting when the contact angle, which forms a drop with this 

one, is lower than 90° (Figure 3a). In the opposite case (the contact angle is higher than 90°), 

the surface is non wetting (Figure 3b). For water, the terms “hydrophilic” and “hydrophobic” 

are commonly used for wetting and non wetting surfaces, respectively. Superhydrophobic 

surfaces display water contact angles as high as 150° or even nearly 180° (as shown in Figure 

3b). 

 

Figure 3. Contact angles of normal surface (a) and superhydrophobic surface (b) [4] 

The contact angle of a liquid on a surface according to the surface tension is given by the 

relation of Young (1). The surface tension, notedγ, is the tension which exists at the interface 

of two systems (solid/liquid, liquid/liquid, and solid/gas). It is expressed in energy per unit of 

area (mJ.m-2), but can also be regarded as a force per unit of length (mN.m-1). From this 

definition, it is possible to identify three forces acting on the three phase contact line: γ
LG

 

(liquid surface stress/gas), γ
LS

 (liquid/solid surface stress) and γ
SG

 (solid surface stress/gas). 

The three forces are represented in Figure 4. 
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Figure 4. Surface forces acting on the three phase contact line of a liquid droplet deposited on 

a substrate. 

At the equilibrium state: 

0=++ SGLS γγγ ρρρ
                                  (7) 

By projection on the solid, the relation of Young [5] is obtained: 

0cosθγγγ −= SGLS                                 (8) 

It is also possible to establish the equation (8) by calculus of the surface energy variation 

related to a displacement dx of the three phase contact line: 

θγγγ cos)( dxdxdE SGLS +−=                        (9) 

At the equilibrium state, using energy minimization (dE = 0), the Young relation (8) is found. 

Appendix 6. Scanning electron microscopy (SEM) 

The SEM is a microscope that uses electrons instead of light to form an image. Since their 

development in the early 1950's, scanning electron microscopes have developed new areas of 

study in the medical and physical science communities. The SEM has allowed researchers to 

examine a much bigger variety of specimens. 

The scanning electron microscope has many advantages over traditional microscopes.  The 

SEM has a large depth of field, which allows more of a specimen to be in focus at one 

time.  The SEM also has much higher resolution, so closely spaced specimens can be 

magnified at much higher levels.  Because the SEM uses electromagnets rather than lenses, 

the researcher has much more control in the degree of magnification.  All of these advantages, 

as well as the actual strikingly clear images, make the scanning electron microscope one of 

the most useful instruments in research today. The SEM uses an electron beam to acquire 

knowledge about the sample morphology (shown as Figure 5). This method requires a 

conductive sample. In the case of non-conductive materials an ultra-thin layer of metal e.g. 

LGγρ

LSγρSGγρ
θ

0
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gold or platinum is deposited on top of the sample. The primary electron beam is produced at 

a cathode, placed at the top of column, named gun. There are two main types of electron guns, 

a hot filament gun, where electrons are extracted from a heated tungsten wire through 

thermionic emission, or the field emission gun (FEG) where the electrons are extracted from a 

needle shape cathode by the application of a strong electric field. The extracted electrons are 

accelerated from a few hundred to tens of thousands of electron volts. The primary electron 

beam is focused by a magnetic lens and apertures onto the sample surface. To limit electron 

scattering in the column a high vacuum is needed. This also prevents sample oxidation. Next, 

a set of scan coils deflect the beam in a scanning pattern over the sample surface. When the 

examined material is struck by the electron beam several types of signals are formed. 

Secondary electrons are produced by the interactions between the primary electrons and the 

weakly bonded conduction-band electrons in metals or the valence electrons of insulators and 

semiconductors. They have low energy, and thus come from a very shallow region at the 

sample surface. On this basis information about sample topography can be elucidated. 

Backscattered electrons are created by electron beam interaction with the positive charged 

nucleus via elastic collisions. They have high energy. This allows getting knowledge about 

morphology and average surface composition [6, 7].  

 

Figure 5. Schematic view of SEM [8] 
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I have used the scanning electron microscope ULTRA 55 Zeiss, Electron Gun is FEG (field 

effect gun) to image the diamond surfaces. Its features are shown as follow: 

• Acceleration Voltage 200 V -30 kV  

• Resolutions 1.7 nm at 1 kV and 1 nm at 15 kV 

• Magnification 20x to 900 000x 

• 2 Secondary detectors: INLENS and External 

• 2 backscratted detectors: QBSD and EsB 

• stage 130 mm x 130 mm 

Appendix 7. Atomic force microscopy (AFM) 

Scanning probe microscopes (SPM) are a set of tools with very small parts that help 

scientists to image objects at the nanometer. Each type of scanning probe microscope involves 

a very fine probe tip that scans back and forth over a surface. The first SPM was the scanning 

tunneling microscope (STM). STM is limited to surfaces that are electrically conductive. 

Later, Atomic Force Microscopy (AFM) was invented, which could scan any surface, 

conductive or not. The AFM has the advantage of imaging almost any type of surface, 

including polymers, ceramics, composites, glass, and biological samples. Binnig, Quate, and 

Gerber invented the Atomic Force Microscope in 1985. Their original AFM consisted of a 

diamond shard attached to a strip of gold foil. The diamond tip contacted the surface directly, 

with the interatomic van der Waals forces providing the interaction mechanism. Detection of 

the cantilever’s vertical movement was done with a second tip - an STM placed above the 

cantilever. 

AFM probe deflection: most AFMs instruments use a laser beam deflection system, 

introduced by Meyer and Amer, where a laser is reflected from the back of the reflective 

AFM lever and onto a position-sensitive detector. AFM tips and cantilevers are 

microfabricated from Si or Si3N4. Typical tip radius is from a few to tens of nm (Figure 6). 

In the experiments presented in this thesis dimension 3100 AFM was used, and the 

tapping mode was employed (as shown in Figure 7). The Dimension 3100 AFM is an 

instrument capable of imaging specimens with a horizontal and vertical resolution down to a 

fraction of a nanometer. The instrument works by measuring the deflection produced by a 

sharp tip on micron-sized cantilever as it scans across the surface of the specimen. Sample 

sizes that can be handled by the instrument range from small pieces to 150mm diameter 

wafers. 
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(A)                         (B) 

 

Figure 6. A schematic 3D description of basic principle of atomic force microscope (AFM) 
(A) and its amplified representation (B) [9] 

 

Figure 7. Overall dimension 3100 AFM view 

Appendix 8. Fourier-Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy provides information about chemical compounds structure. This is 

due to the interaction between the infrared (IR) radiations with matter. The photon energy in 

this range is not enough to excite electrons but induces vibrational excitation of covalently 

bounded atoms and groups. The atoms in a molecule are constantly oscillating around average 

positions changing the bonds length (stretching vibrations) and angles (bending vibrations) 

between them. Atoms in a given molecule absorb a unique set of IR radiation frequencies 

matching the frequencies of the molecular oscillations and the spectrum with bands 

corresponding to functional groups can be recorded [10]. In principle the absorption of IR 

radiation is possible, if the vibrations cause a change in the dipole moment of the molecule.  

In the experiments of this thesis the transmittance spectra of porous silicon surfaces were 

recorded. The FTIR spectra were measured by detection of attenuated light after its passage 
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through the sample. To acquire detailed information about species adsorbed on metal support 

the reflectance technique was used [11]. This non-destructive method allows studying very 

thin films and to determine the orientation of molecules. The IR radiation is directed onto the 

surface of the sample at an angle of incidence (I) which is equal to the angle of the reflection 

(R) (Figure 8). The choice of the angle of incidence depends on the adsorbed film thickness 

and for very thin coatings it equals about 80°. 

 

Figure 8. Schematic illustration of IR 

Appendix 9. Cyclic voltammetry 

Cyclic voltammetry provides considerable information on the thermodynamics of redox 

processes, for example redox potential, and the kinetics of heterogeneous electron-transfer 

reactions and coupled chemical reactions or adsorption processes. For that reason the 

technique was chosen in this work to obtain qualitative information about electrochemical 

reactions. In this method the potential is swept between two values Ei and Ee at a fixed rate in 

forward scan and is then reversed and in backward scan swept back to Ei, forming a triangular 

potential waveform (Figure 9a).  

During the potential sweep the potentiostat measures the current resulting from the applied 

potential. The current vs. potential plot is used for the analysis (Figure 9b). When the bulk 

solution initially contains only a reduced form (Red) of the redox couple at the initial 

potential (lower than the redox potential) no conversion of Red to Ox occurs. As the applied 

potential approaches the redox potential, the anodic current increases until a peak is reached 
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Ip,a (forward scan). At this point the potential is sufficiently positive that any Red reaching 

electrode surface is converted to Ox (equation 10): 

Red  →  Ox + e                                 (10) 

The characteristic peak is formed because of the initial increase of Red concentration gradient 

and further depletion of Red form. At this point the current depends upon the rate of mass 

transfer to the electrode surface. During the reverse scan (backward scan), the previously 

generated Ox form accumulated near the electrode surface is reduced to Red form. This 

reaction results in increasing of the cathodic current which in reversible process produces a 

peak shape response (equation 11): 

Ox + e  →  Red                                 (11) 

When the reversible redox system remains in equilibrium throughout the potential scan the 

peak current for the Red-Ox couple at 25°C can be described by the Randles-Sevcik equation 

12[12]: 

( ) 2/12/13/251069.2 υ⋅⋅⋅⋅⋅⋅= DCAni p                  (12) 

Where: n – number of the electrons transferred 

   A – Electrode area (cm2) 

   D – Diffusion coefficient (cm2 s-1) 

   C – Redox probe concentration (mol cm-3) 

   υ – The scan rate (V s-1) 

 

 

Figure 9. a) Cyclic potential sweep b) resulting cyclic voltammogram. 
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Moreover, the equilibrium requires the surface concentration to be maintained according to 

Nernst equation. Under these conditions the cyclic voltammogram is characterised by the 

following properties: 

� the formal potential is centred between Ep,a and Ep,c; ( ) 2/,,
0

cpap EEE +=  

� the separation between the peak potentials is equal 59/n mV at 25°C for all scan rates, 

where n is the number of the transferred electrons; ( )cpapp EEE ,, −=   

� the peak width is equal to 28.5/n mV at 25°C for all scan rates; 2/12/ EEp =  

� the peak current ratio (ip,a/ip,c) is equal to unity for all scan rates 

� the peak current is linearly dependent on the concentration of the redox probe 

� the peak current increases linearly with the square root of the scan rate 

For the irreversible and quasi-reversible systems, when the chemical reaction is coupled to 

the redox process or adsorption of either reactants or products occur the individual peaks are 

reduced and widely separated. The peak current at 25°C in such a system is described by the 

following equation 13 [12]: 

( ) 2/12/12/151099.2 να ⋅⋅⋅⋅⋅⋅⋅= DCAni p                (13) 

Where: α - transfer coefficient 

During the electrochemical reaction both the Red and Ox form can be involved in an 

adsorption-desorption process. When both forms adsorb on the electrode surface this 

interfacial behaviour satisfy the Nernstian equation and exhibits symmetrical cyclic 

voltammetric peaks ( 0=∆ pE ) and a peak half width of 90.6/n mV at 25°C. The peak current 

is linearly dependent on the surface coverage (Γ) and the potential scan rate (equation 14) 

[12]: 

TR

AFn
i p ⋅⋅

⋅⋅Γ⋅⋅=
4

22 ν
                               (14) 

where:  F is the Faraday constant (C mol-1) 

    Γ is the surface coverage (mol m-2) 

    R is the gas constant (J mol-1 K-1) 

    T is the temperature (K) 

The surface coverage can be determined by the quantity of charge consumed by the surface 

process (equation 15): 
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Γ⋅⋅⋅= AFnQ                                    (15) 

The prepeak or postpeak is observed on the voltammogram when either the Ox or the Red 

form is observed at a potential more positive or negative than the diffusion-controlled peak, 

respectively[12].  

In the thesis, electrochemical experiments were performed using an Autolab potentiostat 30 

(Eco Chemie, Utrecht, The Netherlands). The electrochemical cells were fabricated from 

white cylinders of PTFE.  The diamond sample that was to be used as a working electrode 

(WE) was laid horizontally and sandwiched between two PTFE cylinders (Figure 10). A 

platinum wire was used as counter electrode and all potential were relative to the 0.01M 

Ag+/Ag system. 

 

Figure 10.  A schematic diagram of an electrochemistry cell 

Appendix 10. X-ray Photoelectron Spectroscopy (XPS) 

XPS instruments consist of an x-ray source, an energy analyzer for the photoelectrons, and 

an electron detector. The analysis and detection of photoelectrons requires that the sample be 

placed in a high-vacuum chamber. Since the photoelectron energy depends on X-ray energy, 

the excitation source must be monochromatic. The energy of the photoelectrons is analyzed 

by an electrostatic analyzer, and the photoelectrons are detected by an electron multiplier tube 

or a multichannel detector such as a microchannel plate (as shown in Figure 11). 
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X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for chemical 

analysis (ESCA) is an electron spectroscopic method that uses X-rays to eject electrons from 

inner-shell orbitals. The principle is represented in Figure 12. Each atom in the surface has a 

core electron with the characteristic binding energy that is conceptually, not strictly, equal to 

the ionization energy of that electron. When an X-ray beam directs to the sample surface, the 

energy of the X-ray photon is adsorbed completely by the core electron of an atom. If the 

photon energy, hν, is large enough, the core electron will then escape from the atom and emit 

out of the surface. The emitted electron with the kinetic energy of Ekin is referred to as the 

photoelectron. The binding energy of the core electron is give by the Einstein relationship 

(equation 16) [14, 15]. 

 

Figure 11. Basic components of an XPS system [13] 

Eb = hν - Ekin - Wf                                 (16) 

Where hν is the X-ray photon energy (for monochromatic Al Kα, hν = 1486.6eV); Ekin is the 

kinetic energy of photoelectron, which can be measured by the energy analyzer; and Wf  is 

the work function induced by the analyzer, about 4~5eV. Since the work function, Wf can be 

compensated artificially. It is eliminated, giving the binding energy as follows (equation 17): 

Eb= hν - Ekin                                     (17) 

Where Wf is the work function of the spectrometer. 

The experiments of this thesis were carried out on a VG 220i XL system. The VG 220i XL 
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system is an extremely versatile XPS system. It is equipped with two types of X-ray sources, 

the twin-anode and the twin crystal monochromated source. XPS can identify all elements, 

since the binding energy of the peaks is characteristic of each element with a 0.1 atomic 

percent sensitivity, with the exception of H and He present in the outer 10nm of a sample. 

XPS can also provide information on chemical bonding. Other capabilities of the system 

include depth profiles, line scans, and angle resolved XPS and ion scattering (1keV 

He+).Technical specifications are shown as follows: 

- Small area XPS (<20µm) 

- Imaging XPS (~2 µm) 

- Typically 0.1 at. % (1000ppm) detection sensitivity 

- 0.5 eV energy resolution 

 

Figure 12. The principle of XPS [15] 
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