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Abstract 

In this work, the use of modified diamond as an electrode material with superlative 

physical and electrochemical properties was investigated in a number of electrochemical 

applications. The surface chemistry of three differing forms of diamond, namely boron-doped 

microcrystalline diamond, boron-doped diamond powder and detonation nanodiamond 

powder was modified utilising such strategies as hydrogen plasma treatment, reactive ion 

plasma etching along with various chemical treatments. The surface and functional properties 

of the modified diamond electrodes were studied using a wide spectrum of techniques. The 

electrochemical activity of these materials was concomitantly investigated in order to expand 

the knowledge of diamond electrochemistry and to establish an understanding of how the 

surface chemistry of these materials impacts their electrochemical performance.  

In the first study, the nanostructuring strategies of boron-doped diamond surface with 

platinum nanoparticles were developed. In particular, two types of diamond nanostructures 

were produced: one consisting of platinum particles located on the top of diamond nanorods, 

the other with platinum particles located in the bottom of diamond nanopits. For the first 

time, the experimental evidence proving the mechanism of the diamond nanostructuring 

process was reported. The electrochemical activity of these nanostructured diamond 

electrodes with regard to the electrochemical oxidation of glucose and methanol was 

investigated. 

In the second study, the relationship between the surface chemistry of three differing 

forms of diamond, including microcrystalline boron-doped diamond, boron-doped diamond 

powder as well as detonation nanodiamond powder, and the electrode fouling in the result of 

the adsorption processes in methyl viologen and anthraquinonedisulfonate solutions was 

investigated. The influence of two dissimilar surface terminations: hydrophobic H-terminated 

and hydrophilic O-terminated on the electrode performance was studied in detail. This work 

provides a useful insight on the likely reasons for the undesirable adsorption occurrence 

which may be experienced in many electroanalytical applications that utilise solid and 

powdered forms of diamond.  

The third project extends the discussion on the study of the diamond electrodes, 

modified with detonation nanodiamond and boron-doped diamond powders and investigates 

the electrochemical behaviour of these materials. In this work, charge transport within the 

diamond powder films, partition coefficients of different redox mediators along with 

heterogeneous electron transfer constants were identified. The chemical modification of these 

electrodes with platinum nanoparticles along with the mechanism of nucleation and growth of 

the latter were studied. The enhanced electrode performance with regard to methanol 

electrooxidation reaction was demonstrated. 

The fourth study investigates the preparation of nickel modified boron-doped 

diamond electrodes and ascertains the relationship between the surface chemistry of the 

modified diamond and the associated electrocatalytic performance of nickel nanoparticles in 

hydrogen peroxide and glucose electrooxidation. 

The fifth study reports on the development of a novel surface functionalization 

strategy, based on porphyrin and amide coupling chemistry, which allows the creation of 

hybrid biomimetic diamond interface that was used as the artificial β-alanine receptor. 
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1 Chapter One – Introduction 

1.1 Synthetic Diamond 

With the development of Chemical Vapour Deposition (CVD) techniques, the possibility of 

growing synthetic diamond in the form of thin films under controlled conditions has 

stimulated intensive research in many areas in order to exploit the excellent properties of this 

material in a wide range of different applications.
1
 

Until recently, diamond has been mainly utilized in mechanical drilling, cutting and abrasion 

areas, where the hardness of the material is of a great advantage. Some of diamond’s useful 

and unique properties can be found in Table 1.  

Table 1 Some basic properties of diamond (taken from2) 

Properties Value 

Extremely high hardness (Vickers)  Ca. 10000 kp m
-2

 

High thermal conductivity 20 W cm
-1

 K
-1

 at 300K 

Optical transparency (undoped) λ=2.5 μm to 230 nm 

Large electronic bandgap (undoped) EGAP=5.5 eV 

Young’s modulus 1.22 GPa 

Density  3.52 g cm
-3

 

Refractive index  2.42 at 546 nm 

Melting point 4027 K 

Chemically inert surface  Up to 850 K in air 

 Up to 2000 K in vacuum 

 

Among them, the most notable are the high hardness and the excellent thermal conductivity 

near room temperature. Diamond is highly resistant to abrasion and is extremely rigid, with a 

Young modulus of 1.22 GPa. Diamond is also transparent to visible and infrared radiation 

and has a very high refractive index. Moreover, due to advances in chemical vapour 

deposition (CVD) techniques, diamond can be controllably doped with boron, which results 

in electrical conductivity characteristic of semiconducting or metallic-like states. The latter is 

achieved with a boron concentration of typically 10
21

 cm
-3

 or about one boron atom per 1000 

carbon atoms.
2
 Since boron-doped diamond surpasses many conventional materials in 
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mechanical, physical, biological and chemical fields due to its various excellent properties, it 

has now been established as an electrode with superior performance in many electrochemical 

applications.  

In Figure 1, the annual number of articles concerning diamond electrochemistry is compared 

to that of a well-established analogue - glassy carbon. Before the mid-1990s, diamond 

electrode was found to be utilized mainly for a scientific curiosity. However, from 1995, the 

growth of the interest in diamond electrochemistry is illustrated by a rapid increase in the 

number of scientific publications. After this point, the diamond activity can be referred to as 

electrochemistry field of its own, establishing various practical and commercial applications 

in the area.  

 

Figure 1 Historical data for the period 1988-2014, illustrating the annual number of scientific publications regarding 

diamond electrochemistry in comparison to similar data for glassy carbon. The data for glassy carbon were divided 

by a factor of 3. 
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1.2 Synthetic Diamond in Electrochemistry  

During electrochemical measurement, the electrode should provide a measurable and 

reproducible response to a particular reaction in a certain potential range. In addition, such a 

response should not be masked by competing electrochemical reactions or background 

signals arising from undesirable capacitance in the circuit. The choice of the electrode 

material is of the utmost importance in electrochemical procedures as it contributes to the 

reaction of interest.  

Depending on the application, the electrodes can vary significantly. They can be metallic and 

semiconducting, in a solid or liquid state. For example, bulk electrochemical processes 

employ electrodes which can reach several square metres in area, and which are expected to 

work for many months, whereas others such as electrochemical biosensor can be less than a 

square centimetre in area and may be discarded after a single measurement.
3
  

It is evident that the optimal choice of an electrode for a particular application depends on the 

diverse properties of the material. If the electrode is to be used in hostile environments, the 

robustness, strength and resistance to corrosion are therefore the most important properties to 

look for. For example, in many electrochemical measurements an electrode can be poisoned 

by adsorption of electrically insulating compounds on its surface, which may result in the 

overall system failure. Thus, an inherent resistance to the electrode fouling is a necessary 

requirement.
4
  

In this context, there are several advantages to boron-doped diamond electrodes as compared 

to other conventional electrode materials such as glassy carbon and graphitic electrodes that 

are often employed in many electrochemical applications, where rapid, sensitive, 

reproducible and easily measurable signal response is the primary requirement.
4-6

 Firstly, 

boron-doped diamond electrodes exhibit a relatively low signal-to-background current ratio 
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due to their smaller double layer capacitance relative to other materials (~10 µF cm
-2

) and a 

lower density of ionisable and redox active groups on the surface. The minimal presence of 

these groups on the diamond surface normally results in a significant decrease in the 

electrochemical data of undesirable distinct background peaks as well as pseudo-capacitive 

background. Secondly, the chemically inert nature of the diamond surface provides a wide 

potential window with the width of 3-4 V in aqueous and 5-7.5 V in non-aqueous media.
7
 In 

aqueous solutions, the potential window is generally defined as a potential range between the 

onset of hydrogen evolution (rise of current at negative potentials) and oxygen evolution (rise 

of current at positive potentials) reactions. For example, Figure 2 shows cyclic 

voltammograms obtained during water electrolysis in 0.5 M H2SO4 solution, where in 

comparison to other conventional electrodes, the electrochemical potential window of 

diamond electrode is found to be the biggest and the background current - the smallest. It is 

also interesting to note that the change in the boron doping level makes it possible to control 

the range of the potential window of the electrode.  

 

Figure 2 Cyclic voltammograms of water electrolysis in 0.5 M H2SO4 at two boron-doped polycrystalline films. B: 

PCD(NRL) with 5×1019 [B]∙cm-3 and B: PCD(USU) with 5×1020 [B] cm-3 are compared to a single crystal boron-doped 

diamond B: (H)SCD with 3×1020 [B] cm-3and with an undoped diamond (H)SCD. Data for Pt, Au and glassy carbon 

are also presented. The plots were shifted vertically for the comparison. Reproduced from8 
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Due to the exceptional microstructural stability of the diamond material at high temperatures 

and high current densities, the latter is also of a great interest in the development of important 

electroanalytical applications, such as sonoelectroanalysis, where the application of 

ultrasound in electrochemical system results in the development of cavitational processes, 

which enhance mass transport to the electrode surface, therefore improving sensitivity and 

preventing electrode from undesirable adsorption.
2
  

Electrode fouling is a common problem in electrochemistry. The decreased amount of surface 

groups on the diamond interface results in the weak adsorption of the analyte in many cases 

and leads to improved resistance to fouling. Another striking characteristic of diamond 

electrode is the high degree of the reproducibility of electrochemical response that it provides 

due to the decreased amount of the surface groups. Finally, the long-term responsiveness, 

robustness along with the optical transparency of diamond in the UV-Vis and IR regions of 

the electromagnetic spectrum as mentioned above, makes it attractive for 

spectroelectrochemical applications. 

Although natural diamond is an electrical insulator with a bandgap of 5.5 eV at 300 K, its 

boron-doped form is electrically conductive.
2
 Boron-doping became most prevalent due to 

chemical vapour deposition (CVD) growth techniques, where boron incorporation was 

accomplished by the addition of gaseous boron compounds, such as diborane or trimethyl-

borane, to the growth chemistry. It is noteworthy that other types of dopants such as 

phosphorus
9
, nitrogen

10
, hydrogen

11
 or sulphur

12
 have been explored; however, most of the 

work in diamond electrochemistry is focussed on the boron-doped type materials.  

Although boron forms an acceptor level approximately 0.35 eV above the valence band when 

present at low concentrations (~10
17

 cm
-3

), superior conductivity and electrochemical 

properties are achieved with boron concentrations of 10
19

-10
21

 cm
-3

 and carrier mobility of 
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0.2-0.5 cm
2
 V

-1
 s

-1
. When the boron concentration increases, boron centres interact and 

broaden into an impurity band that moves towards the valence band and thus mediates 

conduction. 

The choice of diamond particularly for electrochemical applications depends on a broad 

range of factors, including commercial availability, material cost, selection of the appropriate 

phase purity, microstructure of crystallites comprising the film and electrical and surface 

conductivity of the material along with its surface chemistry. For the purpose of clarity, the 

diamond material available can be classified by the grain size - microcrystalline, 

nanocrystalline and ultrananocrystalline diamond films - and by the crystalline orientation: 

polycrystalline and monocrystalline films. The following section summarises several 

important structural properties of diamond materials used in this work and their influence on 

electrochemistry.  

1.2.1 Microcrystalline boron-doped diamond 

The majority of research in diamond electrochemistry has been performed on 

microcrystalline boron-doped diamond (MCD). It is available in the form of large area wafers 

and as-grown films on large area substrates, with a crystal size of different crystallographic 

orientation varied in the range of 5 to 50 µm. A typical electron micrograph of MCD is 

presented in Figure 3. The electrochemical properties of such diamond are mainly influenced 

by the phase purity, boron concentration and its distribution. These characteristics can be 

effectively controlled by the choice of the growth conditions, in which low methane-

hydrogen ratios in the reactor feedstock results in phase-pure materials with large grain sizes, 

whilst a higher methane concentration leads to the opposite effect. Boron-doped MCD with 

relatively low sp
2
 content has found widespread use in electroanalysis, electrosensing, 

electrosynthesis of organic and inorganic compounds as well as waste water treatment.
13,14-17
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Figure 3 SEM of microcrystalline boron-doped diamond electrode 

 

1.2.2 Nanodiamond powders 

The immobilisation of diamond fine powders in the form of porous layers on the diamond 

electrode is known to result in improved detection of target compounds.
18

 In addition, by 

varying both hydrophobicity and hydrophilicity of the porous layer, adsorption on the 

electrode surface can be significantly decreased; therefore prolonging the operational life-

time of the material.
19

  

Diamond electrodes are known to be the least susceptible to fouling compared to any other 

conventional carbon electrode. The wide potential window of boron-doped diamond allows 

the minimisation of undesirable masking effects that arise from oxygen or hydrogen 

evolution reactions. However, as previously mentioned, some chemically complicated 

reactions have imposed the requirement of improved diamond sensitivity. Thus, the ‘porous 

layer’ approach seems to be especially appealing for the advancement of diamond sensitivity, 

which can be achieved by creating chemically selective permeable coatings of a high surface 

area, as schematically presented in Figure 4. 
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Figure 4 Schematic illustration of diamond powder porous layer on the top of diamond electrode 

 

Two particular modifiers: finely divided diamond powders, namely detonation nanodiamond 

powder and boron-doped nanocrystalline diamond powder, can be employed in this ‘porous 

layer’ modification strategy in order to provide enhanced surface area, unique surface 

chemistry and improved selectivity. These diamond powders differ fundamentally with 

regard to conductivity.  

Detonation nanodiamond (DND) is a carbon based nanomaterial. It is formed, as the name 

suggests, by the detonation of carbon containing explosive mixtures; where the application of 

high temperature and high pressure shock waves thereby results in the formation of small 

quantities of diamond particulates, approximately of 5-10 nm in diameter. The material 

recently became freely available at low cost and large quantity, mainly from China and 

Russia. Nanodiamond particles consist of an sp
3
 diamond core surrounded by an amorphous 

shell with a highly functionalised surface.
20

  

Surface chemistry of DND particles strongly depends on production and purification 

procedure. Commercially obtained DNDs are normally found in a highly oxidized form, 

containing hydroxyl, carbonyl, carboxyl and lactone surface groups.
21

 Existence of these 

hydrophilic groups and sp
2
 carbon residues result in the strong agglomeration of 100-
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1000 nm particles, which are possible to break apart only partially by power ultrasound 

techniques or ball milling.
22

  

Recently metallically B-doped diamond nanopowders (BDP) consisting of 100-500 nm 

nanoparticles have been produced.
23

 The material can be fabricated by either milling of 

boron-doped diamond films
24

 or by the CVD growth of the conductive layer over the DND 

surface.
25

 Initial studies in this work have shown that the two physical forms of BDP and 

DND are quite different. The latter, as expected, consists of uniformly aggregated 

nanoparticles, as newly milled boron-doped diamond powder displays a very broad size 

distribution as shown in Figure 5. By carrying out centrifugation, uniform boron-doped 

diamond film, with a particle size of approximately 100 nm can be produced.  

 

Figure 5 SEM of as-milled boron-doped diamond powder 

 

1.3 Applications of diamond electrodes 

In recent years, boron-doped diamond electrodes have been widely employed in a number of 

distinct electrochemical areas such as electroanalysis,
26-30

 electrosynthesis,
17,31

 

electrocatalysis,
32-35

 energy harvesting
36,37

 and water purification.
38-40

 At the moment, the 

term ‘electrochemistry at boron-doped diamond electrodes’ accounts for more than 2550 

publications in SciFinder database.
41

 This encompasses the use of diamond in differing 
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forms, including ultrananocrystalline diamond,
42

 nanocrystalline diamond,
43

 microcrystalline 

diamond,
44

 nanowhiskers,
45

 single crystal diamond,
46

 diamond powders
47

 and microfiber 

arrays.
48

 All of them can be effectively modified by various approaches, including plasma 

treatment, chemical and electrochemical reactions along with deposition of various materials 

such as metals and metal oxides.
49-51

 

At the moment, a number of excellent reviews discussing the electroanalytical and 

electrocatalytic aspects of boron-doped diamond electrodes are available. For example, a 

2003 review by Marken et al gives an in-depth summary on the types of diamond electrodes, 

their properties and applications in electroanalysis.
2
 The work by Luong et al reviews the 

synthesis, electrochemical properties as well as surface modification procedures developed 

for diamond electrodes.
52

 More recent reviews by Krueger et al and Holt et al discuss the 

modification strategies of detonation nanodiamond powders, their properties and 

applications.
53,54

 An interesting review on the modification of boron-doped diamond with 

metal nanoparticles by K. Toghill et al is also available for the reader. 
55

 

1.4 Aims and Scope of this thesis 

In the literature discussed above, boron-doped diamond electrodes have shown better 

electrochemical performance as compared to their conventional analogues. With the growing 

demand for diamond materials in biochemical and electrochemical fields, this thesis aims to 

extend and improve electrochemical applications of modified diamond electrodes. During 

this work, several new structuring and modification strategies of the diamond interfaces were 

developed, and the relationship between the surface chemistry of the diamond electrode and 

the electrochemical processes was investigated in detail. 

In Chapter 3, the nanostructuring technique of diamond with platinum nanoparticles via 

etching in oxygen and hydrogen plasmas was developed. Two types of diamond 
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nanostructures were produced: the first one consists of platinum particles located on the top 

of diamond nanorods, the second one has platinum particles in diamond nanopits. The 

experimental evidence was suggested to prove the mechanism of the diamond 

nanostructuring. The electrochemical activity of the nanostructured diamond electrodes with 

regard to the electrochemical oxidation of glucose and methanol was demonstrated. 

Chapter 4 investigates the electrochemical behaviour of differing forms of diamond, 

including microcrystalline boron-doped diamond, boron-doped diamond powder as well as 

detonation nanodiamond powder with regard to their fouling as a result of the adsorption 

processes in methyl viologen and anthraquinonedisulfonate solutions. In this work, two types 

of electrode pre-treatments were employed to produce two dissimilar surface terminations: 

hydrophobic H-terminated and hydrophilic O-terminated. The relationship between the 

diamond surface chemistry and the electrode fouling was studied in detail. 

Chapter 5 further extends the discussion on the electrochemical behaviour of detonation 

nanodiamond and boron-doped diamond powders. In particular, charge transport within the 

diamond powder films, partition coefficients of redox mediators along with heterogeneous 

electron transfer constants were studied in this chapter. These powder films were further 

modified with platinum nanoparticles. The kinetics of the nucleation and growth mechanism 

of platinum nanoparticles were analysed with regard to the nature of the diamond material. 

The immobilisation of diamond powders has enhanced the electrode performance in 

methanol electrooxidation reaction by providing uniform morphology, homogeneous catalyst 

dispersion and improved stability of platinum nanoparticles. 

Chapter 6 describes the preparation of nickel modified boron-doped diamond electrodes and 

investigates the relationship between the surface chemistry of the diamond electrode and the 
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associated electrocatalytic performance of nickel nanoparticles in glucose and methanol 

electrooxidation. 

Chapter 7 reports on the preparation of hybrid biomimetic diamond interfaces, in particular, 

on the development of the artificial β-alanine receptor from the zinc protoporphyrin 

covalently attached to the diamond electrode  

1.5 References 

1 Ristein, J. Diamond surfaces: familiar and amazing. Appl. Phys. A 82, 377-384, 

doi:10.1007/s00339-005-3363-5 (2006). 

2 Compton, R. G., Foord, J. S. & Marken, F. Electroanalysis at diamond-like and 

doped-diamond electrodes. Electroanalysis 15, 1349-1363, 

doi:10.1002/elan.200302830 (2003). 

3 Bioinorganic Electrochemistry.  (Springer, 2008). 

4 Compton, R. G. & Banks, C. E. Understanding Voltammetry.  (Imperial College Press, 

2011). 

5 Bard, A. J. & Faulkner, L. R. Electrochemical methods:fundamentals and 

applications.  (John Wiley & Sons, 2001). 

6 Wang, J. Analytical Electrochemistry.  (John Wiley & Sons, 2000). 

7 Yoshimura, M. et al. Factors controlling the electrochemical potential window for 

diamond electrodes in non-aqueous electrolytes. Diamond and Related Materials 11, 

67-74, doi:10.1016/s0925-9635(01)00522-2 (2002). 

8 Nebel, C. E., Rezek, B., Shin, D., Uetsuka, H. & Yang, N. Diamond for bio-sensor 

applications. Journal of Physics D-Applied Physics 40, 6443-6466, doi:10.1088/0022-

3727/40/20/s21 (2007). 

9 Koizumi, S., Kamo, M., Sato, Y., Ozaki, H. & Inuzuka, T. Growth and 

characterization of phosphorous doped {111} homoepitaxial diamond thin films. 

Applied Physics Letters 71, 1065-1067, doi:10.1063/1.119729 (1997). 

10 Jiang, N. & Ito, T. Electrical properties of surface conductive layers of homoepitaxial 

diamond films. Journal of Applied Physics 85, 8267-8273, doi:10.1063/1.370668 

(1999). 

11 Gaudin, O., Whitfield, M. D., Foord, J. S. & Jackman, R. B. Deep level transient 

spectroscopy of CVD diamond: the observation of defect states in hydrogenated films. 

Diamond and Related Materials 10, 610-614, doi:10.1016/s0925-9635(00)00418-0 

(2001). 

12 Sakaguchi, I. et al. Sulfur: A donor dopant for n-type diamond semiconductors. 

Physical Review B 60, R2139-R2141, doi:10.1103/PhysRevB.60.R2139 (1999). 

13 Hupert, M. et al. Conductive diamond thin-films in electrochemistry. Diamond and 

Related Materials 12, 1940-1949, doi:10.1016/s0925-9635(03)00260-7 (2003). 

14 Rodrigo, M. A. et al. Oxidation of 4-chlorophenol at boron-doped diamond electrode 

for wastewater treatment. Journal of the Electrochemical Society 148, D60-D64, 

doi:10.1149/1.1362545 (2001). 

15 Saez, C., Rodrigo, M. A. & Canizares, P. Etectrosynthesis of ferrates with diamond 

anodes. Aiche Journal 54, 1600-1607, doi:10.1002/aic.11492 (2008). 



Chapter One – Introduction 

13 
 

16 Wadhawan, J. D. et al. Emulsion electrosynthesis in the presence of power ultrasound 

Biphasic Kolbe coupling processes at platinum and boron-doped diamond electrodes. 

Journal of Electroanalytical Chemistry 507, 135-143, doi:10.1016/s0022-

0728(01)00372-2 (2001). 

17 Griesbach, U., Zollinger, D., Putter, H. & Comninellis, C. Evaluation of boron doped 

diamond electrodes for organic electrosynthesis on a preparative scale. J Appl 

Electrochem 35, 1265-1270, doi:10.1007/s10800-005-9038-2 (2005). 

18 Henstridge, M. C., Dickinson, E. J. F., Aslanoglu, M., Batchelor-McAuley, C. & 

Compton, R. G. Voltammetric selectivity conferred by the modification of electrodes 

using conductive porous layers or films: The oxidation of dopamine on glassy carbon 

electrodes modified with multiwalled carbon nanotubes. Sensors and Actuators B-

Chemical 145, 417-427, doi:10.1016/j.snb.2009.12.046 (2010). 

19 Xiao, L., Wildgoose, G. G. & Compton, R. G. Investigating the voltammetric 

reduction of methylviologen at gold and carbon based electrode materials. Evidence 

for a surface bound adsorption mechanism leading to electrode 'protection' using 

multi-walled carbon nanotubes. New Journal of Chemistry 32, 1628-1633, 

doi:10.1039/b804842h (2008). 

20 Mochalin, V. N., Shenderova, O., Ho, D. & Gogotsi, Y. The properties and 

applications of nanodiamonds. Nature Nanotechnology 7, 11-23, 

doi:10.1038/nnano.2011.209 (2012). 

21 Schrand, A. M., Hens, S. A. C. & Shenderova, O. A. Nanodiamond Particles: 

Properties and Perspectives for Bioapplications. Critical Reviews in Solid State and 

Materials Sciences 34, 18-74, doi:10.1080/10408430902831987 (2009). 

22 Krueger, A. et al. Deagglomeration and functionalisation of detonation diamond. 

Physica Status Solidi a-Applications and Materials Science 204, 2881-2887, 

doi:10.1002/pssa.200776330 (2007). 

23 Fischer, A. E. & Swain, G. M. Preparation and characterization of boron-doped 

diamond powder - A possible dimensionally stable electrocatalyst support material. 

Journal of the Electrochemical Society 152, B369-B375, doi:10.1149/1.1984367 

(2005). 

24 Salazar-Banda, G. R., Eguiluz, K. I. B. & Avaca, L. A. Boron-doped diamond powder 

as catalyst support for fuel cell applications. Electrochemistry Communications 9, 59-

64, doi:10.1016/j.elecom.2006.08.038 (2007). 

25 Ay, A., Swope, V. M. & Swain, G. M. The physicochemical and electrochemical 

properties of 100 and 500 nm diameter diamond powders coated with boron-doped 

nanocrystalline diamond. Journal of the Electrochemical Society 155, B1013-B1022, 

doi:10.1149/1.2958308 (2008). 

26 Tenne, R., Patel, K., Hashimoto, K. & Fujishima, A. Efficient electrochemical 

reduction of nitrate to ammonia using conductive diamond film electrodes. Journal of 

Electroanalytical Chemistry 347, 409-415, doi:http://dx.doi.org/10.1016/0022-

0728(93)80105-Q (1993). 

27 Stradiotto, N. R., Toghill, K. E., Xiao, L., Moshar, A. & Compton, R. G. The 

fabrication and characterization of a nickel nanoparticle modified boron-doped 

diamond electrode for electrocatalysis of primary alcohol oxidation. Electroanalysis 

21, 2627-2633, doi:10.1002/elan.200900325 (2009). 

28 Toghill, K. E., Wildgoose, G. G., Moshar, A., Mulcahy, C. & Compton, R. G. The 

Fabrication and Characterization of a Bismuth Nanoparticle Modified Boron Doped 

Diamond Electrode and Its Application to the Simultaneous Determination of 

Cadmium(II) And Lead(II). Electroanalysis 20, 1731-1737, 

doi:10.1002/elan.200804277 (2008). 



Chapter One – Introduction 

14 
 

29 Dejmkova, H., Scampicchio, M., Zima, J., Barek, J. & Mannino, S. Determination of 

Total Phenols in Foods by Boron Doped Diamond Electrode. Electroanalysis 21, 

1014-1018, doi:10.1002/elan.200804508 (2009). 

30 Ivandini, T. A., Sato, R., Makide, Y., Fujishima, A. & Einaga, Y. Electroanalytical 

application of modified diamond electrodes. Diamond and Related Materials 13, 

2003-2008, doi:http://dx.doi.org/10.1016/j.diamond.2004.07.004 (2004). 

31 Fardel, R., Griesbach, U., Pütter, H. & Comninellis, C. Electrosynthesis of 

trimethylorthoformate on BDD electrodes. J Appl Electrochem 36, 249-253, 

doi:10.1007/s10800-005-9057-z (2006). 

32 Harfield, J. C., Toghill, K. E., Batchelor-McAuley, C., Downing, C. & Compton, R. G. 

Nickel Nanoparticle Modified BDD Electrode Shows an Electrocatalytic Response to 

Adenine and DNA in Aqueous Alkaline Media. Electroanalysis 23, 931-938, 

doi:10.1002/elan.201000658 (2011). 

33 Bian, L. Y., Wang, Y. H., Zang, J. B., Yu, J. K. & Huang, H. Electrodeposition of Pt 

nanoparticles on undoped nanodiamond powder for methanol oxidation 

electrocatalysts. Journal of Electroanalytical Chemistry 644, 85-88, 

doi:10.1016/j.jelechem.2010.04.001. 

34 Hu, J. P., Lu, X., Foord, J. S. & Wang, Q. Electrochemical deposition of Pt 

nanoparticles on diamond substrates. Physica Status Solidi a-Applications and 

Materials Science 206, 2057-2062, doi:10.1002/pssa.200982226 (2009). 

35 La-Torre-Riveros, L. et al. Diamond Nanoparticles as a Support for Pt and PtRu 

Catalysts for Direct Methanol Fuel Cells. ACS Appl. Mater. Interfaces 4, 1134-1147, 

doi:10.1021/am2018628 (2012). 

36 Christy, A. Y. M. T. et al. Lithium insertion studies on boron-doped diamond as a 

possible anode material for lithium batteries. Ionics 14, 157-161, doi:10.1007/s11581-

007-0164-1 (2008). 

37 Ferreira, N. G., Mendonça, L. L., Airoldi, V. J. T. & Rosolen, J. M. Electrochemical 

intercalation of lithium into boron-doped CVD diamond electrodes grown on carbon 

fiber cloths. Diamond and Related Materials 12, 596-600, 

doi:http://dx.doi.org/10.1016/S0925-9635(02)00273-X (2003). 

38 Zhu, X., Ni, J. & Lai, P. Advanced treatment of biologically pretreated coking 

wastewater by electrochemical oxidation using boron-doped diamond electrodes. 

Water Research 43, 4347-4355, doi:http://dx.doi.org/10.1016/j.watres.2009.06.030 

(2009). 

39 Schmalz, V., Dittmar, T., Haaken, D. & Worch, E. Electrochemical disinfection of 

biologically treated wastewater from small treatment systems by using boron-doped 

diamond (BDD) electrodes – Contribution for direct reuse of domestic wastewater. 

Water Research 43, 5260-5266, doi:http://dx.doi.org/10.1016/j.watres.2009.08.036 

(2009). 

40 Scialdone, O., Randazzo, S., Galia, A. & Silvestri, G. Electrochemical oxidation of 

organics in water: Role of operative parameters in the absence and in the presence of 

NaCl. Water Research 43, 2260-2272, 

doi:http://dx.doi.org/10.1016/j.watres.2009.02.014 (2009). 

41 SciFinder.     (American Chemical Society, 2014). 

42 Gruen, D. M. Ultrananocrystalline diamond in the laboratory and the cosmos. Mrs 

Bulletin 26, 771-776 (2001). 

43 Gruen, D. M. Nanocrystalline diamond films. Annual Review of Materials Science 29, 

211-259, doi:10.1146/annurev.matsci.29.1.211 (1999). 

44 Butler, J. E. & Sumant, A. V. The CVD of nanodiamond materials. Chemical Vapor 

Deposition 14, 145-160, doi:10.1002/cvde.200700037 (2008). 



Chapter One – Introduction 

15 
 

45 Baik, E. S., Baik, Y. J. & Jeon, D. Aligned diamond nanowhiskers. Journal of 

Materials Research 15, 923-926, doi:10.1557/jmr.2000.0131 (2000). 

46 Martin, H. B., Argoitia, A., Angus, J. C. & Landau, U. Voltammetry Studies of 

Single ‐ Crystal and Polycrystalline Diamond Electrodes. Journal of The 

Electrochemical Society 146, 2959-2964, doi:10.1149/1.1392035 (1999). 

47 Holt, K. B. Undoped diamond nanoparticles: origins of surface redox chemistry. 

Physical Chemistry Chemical Physics 12, 2048-2058, doi:10.1039/b920075d (2010). 

48 Nebel, C. E. et al. Diamond nano-wires, a new approach towards next generation 

electrochemical gene sensor platforms. Diamond and Related Materials 18, 910-917, 

doi:http://dx.doi.org/10.1016/j.diamond.2008.11.024 (2009). 

49 Hoffmann, R. et al. Electrochemical hydrogen termination of boron-doped diamond. 

Applied Physics Letters 97, doi:10.1063/1.3476346 (2010). 

50 Bennett, J. A. & Swain, G. M. Investigating the Nucleation and Growth of 

Electrodeposited Pt on Polycrystalline Diamond Electrodes. J. Electrochem. Soc. 157, 

F89-F95, doi:10.1149/1.3430501 (2010). 

51 Kuo, T. C., McCreery, R. L. & Swain, G. M. Electrochemical modification of boron-

doped chemical vapor deposited diamond surfaces with covalently bonded 

monolayers. Electrochemical and Solid State Letters 2, 288-290, 

doi:10.1149/1.1390813 (1999). 

52 Luong, J. H. T., Male, K. B. & Glennon, J. D. Boron-doped diamond electrode: 

synthesis, characterization, functionalization and analytical applications. Analyst 134, 

1965-1979, doi:10.1039/B910206J (2009). 

53 Krueger, A. & Lang, D. Functionality is Key: Recent Progress in the Surface 

Modification of Nanodiamond. Advanced Functional Materials 22, 890-906, 

doi:10.1002/adfm.201102670 (2012). 

54 Holt, K. B. Diamond at the nanoscale: applications of diamond nanoparticles from 

cellular biomarkers to quantum computing. Philosophical Transactions of the Royal 

Society A: Mathematical, Physical and Engineering Sciences 365, 2845-2861, 

doi:10.1098/rsta.2007.0005 (2007). 

55 Toghill, K. E. & Compton, R. G. Metal Nanoparticle Modified Boron Doped 

Diamond Electrodes for Use in Electroanalysis. Electroanalysis 22, 1947-1956, 

doi:10.1002/elan.201000072 (2010). 

 



 
Chapter Two – Experimental Theory and Techniques 

16 
 

2 Chapter two – Experimental Theory and Techniques 

This chapter explains the theoretical background of the techniques employed in this thesis. 

These include the use of X-ray Photoelectron Spectroscopy (XPS), Scanning Electron 

Microscopy (SEM), Raman Spectroscopy and X-ray Diffraction (XRD) as a means of surface 

and microstructure characterisation. A special emphasis is given to electrochemical 

techniques used for investigation and characterisation of diamond materials.  

2.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy, also referred as Electron Spectroscopy for Chemical 

Analysis (ESCA), is a non-destructive surface sensitive spectroscopic technique that allows 

determination of surface chemical composition of a material as well as chemical and 

electronic state of the atoms and molecules comprising the surface. XPS allows the analysis 

of low-energy electrons (in the range of 20-2000 eV) which are ejected from the specimen as 

a result of the photoemission process. Historically, the study of photoemission processes 

began in the late 1880s, when German physicist Heinrich Hertz discovered that electrically 

isolated metal placed under vacuum showed an increased ability to spark if exposed to light.
1
 

This effect, known as photoelectric effect, later led to the determination of the ratio of 

Plank’s constant over electronic charge, ℎ 𝑒⁄ , and the work function, 𝜙, an energy required to 

remove an electron from the Fermi level into vacuum.
2
 In 1905, Albert Einstein explained the 

photoelectric effect in terms of energy quantisation and showed that it arises from the transfer 

of energy of photons, ℎ𝜈, (in the form of light) to the electrons bound within the atoms of a 

specimen.
3,4

 If this energy of transfer exceeds the energy that binds an electron in an atom of 

a sample, the induced photoemission from a surface is observed. For the introduction of the 
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concept of the photon (a quantum of energy with zero rest mass) and the law of the 

photoelectric effect he was awarded the Nobel Prize in Physics in 1921.  

On the basis of these fundamental phenomena, Kai Siegbahn and co-workers in the 1960s 

constructed an instrument that measured core photoelectron emissions with high energy 

resolution, so that elemental composition of a surface could be determined. For this 

contribution to the development of high-resolution electron spectroscopy Kai Siegbahn 

received the Nobel Prize in Physics in 1981. Further advances in the ultra-high vacuum 

technologies have now resulted in widespread industrial and scientific use of XPS.  

A schematic presentation of photoelectron emission process is displayed in Figure 6 (a). A 

surface of a sample is irradiated by soft monochromatic X-rays, usually MgKα (1253 eV) or 

AlKα (1486.6 eV) under ultra-high vacuum conditions. The energy of irradiation excites core 

electrons (K shell or 1s electrons in the scheme) which propagate further towards the surface 

and then are emitted if their kinetic energy is high enough to overcome the work function. As 

it is shown in Figure 6 (b), the energy of the emitted electrons is then analysed by the electron 

spectrometer and the final photoelectron spectrum is presented as a plot of intensity versus 

electron energy. 

 

Figure 6 (a) Schematic presentation of the XPS process, where photoionisation of an atom by the emission of 1s 

electron occurs; (b) principle scheme of an XPS instrument, adapted from5 
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The kinetic energy, 𝐸𝐾, of the emitted electron, is the experimental quantity measured by the 

spectrometer. 𝐸𝐾 is related to the binding energy, 𝐸𝐵, of the electron through the following 

equation 2.2.1: 

𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 − 𝜙 (Equation 2.2.1) 

Where ℎ𝑣 is the photon energy, 𝐸𝐵 is the binding energy of the core level from which the 

electron was emitted and 𝜙  is the spectrometer work function. In contrast to 𝐸𝐾  which 

depends on the photon energy and therefore cannot be considered as intrinsic material 

property, 𝐸𝐵 is unique to each element and may be referred to the ionisation energy of the 

atom for a specific shell. While X-rays can penetrate into the sample as deep as 1 - 10 μm, the 

escape depth of the emitted electrons is limited to ~5-10 nm from the surface. Electrons 

emitted in the bulk below this limit lose energy whilst travelling to the surface and are 

inelastically scattered, thus contributing to the background of the spectrum.  

Apart from the main photoemission process described in Figure 6 (a), some electrons in the 

XPS are emitted as a result of the Auger effect. As it is shown in Figure 7 (a), when a first 

electron to depart leaves a hole in the K shell, an electron from a higher level (L2,3 in the 

example) can fall into this hole (Figure 7 (b)). Due to the principle of energy conservation, 

the energy that was released can result either in generation of radiation known as X-ray 

fluorescence or in the ejection of another L2,3 electron, thus causing a secondary 

photoemission, as presented in Figure 7 (c). The secondary electron emitted is referred as 

KL2,3L2,3 Auger electron in this case, and is a fingerprint to the material present.  
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Figure 7 Schematic presentation of an Auger process – relaxation of the ionized atom the ejection of a KL2,3L2,3 

Auger electron, adapted from5 

 

2.1.1 XPS Instrumentation 

All XPS measurements in this work were performed using an XPS spectrometer that 

functions under ultra-high vacuum in the range of ~10
-9

-10
-10

 Torr. The spectrometer consists 

of an X-ray source, an electron energy analyser and a detection system, all of which are 

placed within a vacuum chamber. The schematic presentation of the spectrometer modules is 

given in Figure 8. 

The mounting of a sample into the UHV analysis chamber is achieved through a preparation 

chamber, which is equipped with a fast entry lock. During the sample mounting, the pressure 

in the preparation chamber is raised to atmospheric. This is followed by an outgassing 

procedure until a pressure of 10
-6

 Torr is reached. The sample is transferred from the 

preparation chamber to the UHV analysis chamber by means of magnetically controlled arms 

and positioned so that an angle of 450 between the X-ray beam, sample and the detector is 

preserved. The pressure in the UHV analysis chamber is held below 10
-9

 Torr by means of 

turbo pumps. This UHV environment is necessary to prevent the formation of adsorbed gas 

monolayers on the sample surface and to avoid possible scattering of low energy electrons 

ejected from the sample by residual gas molecules.
7
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Figure 8 Schematic presentation of XPS apparatus experimental set-up, reprinted from6 

 

The X-ray source consists of an X-ray tube that generates X-rays by directing a high energy 

electronic beam to aluminium or magnesium metallic solid where transitions from 2p orbitals 

to the ionised 1s orbital result in Kα radiation. The metallic solid is referred as an X-ray 

anode with the electron source being the cathode.  
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When the electrons are emitted from the surface, their kinetic energy is generally too big for 

the analyser to produce sufficiently high resolution, therefore they are retarded.
7
 The latter 

process is achieved via variable electron lenses which adjust the energy of the electrons and 

focus them on the hemispherical analyser, therefore increasing its resolution. The 

hemispherical analyser is comprised of two concentric hemispheres with a potential 

difference applied across them. This potential difference implies that only photoelectrons of a 

particular energy will be able to pass around the sphere. In all XPS experiments, the 

hemispherical analyser was operated under a constant potential which corresponds to a fixed 

analyser transmission (FAT) mode. FAT provides consistent spectral resolution throughout 

all kinetic energies.
7
 Survey XPS scans were recorded using high pass energy of 50 eV, 

whereas narrow scans were collected with pass energy of 25 eV in order to achieve a higher 

resolution. For a narrow region of interest 30 scans were recorded, whilst for a survey region 

5 scans were taken. The electrons passed through the hemispherical analyser under the FAT 

mode further travel to the electron detector equipped with a multi-channel plate electron 

multiplier. The detector processes the associated current in order to produce corresponding 

XPS spectrum that will be digitised by the software. All spectra recorded were analysed with 

CasaXPS software.8 

2.1.2 XPS Spectral Features  

A typical XPS spectrum is displayed as a plot of intensity (usually expressed as counts per 

second) versus electron binding energy that begins at zero point. A detailed discussion of 

XPS features will be presented below.  

2.1.2.1 The main photoelectron line 

Figure 9 presents an example of a typical XPS spectrum consisting of the individual intensive 

photoelectron peaks and the associated Auger lines arising from de-excitation process that 
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succeeds photoemission. As discussed above, the intense, well-defined and narrow 

photoemission peaks are due to the electrons emitted from core orbitals without energy loss. 

Electrons that emerge with random and multiple energy losses contribute to a continuous 

background at higher binding energies. The most intense photoelectron lines from insulators 

are generally found to be symmetrical although some asymmetry can arise due to coupling 

with metal conduction band electrons, inelastic scattering and instrumental response.
9
 The 

resulting peak width is considered as a function of the natural line width, the width of the X-

ray line and the instrumental contribution to the line width.
10

  

 

Figure 9 An example of a typical survey spectrum demonstrating the appearance of XPS and Auger peaks above a 

background of scattered electrons, reprinted from10 

 

Another source of the XPS peaks is spin-orbit coupling which is illustrated in Figure 10. The 

p, d and f orbitals become split upon ionisation, resulting in the p1/2, p3/2, d3/2, d5/2, f5/2 and f7/2 

states in which the occupying electrons have either the opposite or the same spin 

respectively.
11
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Figure 10 A typical spin-orbit coupling of Pt 4f spectrum 

 

2.1.2.2 Auger Peaks 

In Figure 9, Auger lines originating from non-fluorescent relaxation are also present along 

with the main XPS peaks. The most common are KLL, LMM, MNN and NOO series which 

are notated in terms of initial and final vacancies in the Auger transition. For example, KLL 

series correspond to the initial vacancy in the K shell and final double vacancy in the L shell. 

Unlike the photoelectric peaks, the kinetic energy of the Auger lines is independent of the 

photon energy of the X-ray source.
5
 The photon energy can be altered by changing the X-ray 

anode material. Such a change in the photon energy will result in the shift of photoelectric 

peaks, while Auger peaks will be observed at the same energy. 

2.1.2.3 Shake up satellites 

Apart from the main photoelectron lines described above, shake-up satellites may appear in 

the spectrum if the outgoing photoemitted electron simultaneously collides with a valence 

electron and excites it (shakes it up) to a higher energy level. The energy of the emitted 

photoelectron is therefore reduced, and a satellite structure appears a few electron volts 

higher than the main peak on a binding energy scale. Shake-up satellites most often have the 
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intensity of ~5-15% than that of the main line, with separations up to 15 eV from the main 

line.
7
 A typical example of a shake-up process involving π→π* transition brought about C 1s 

line is presented in Figure 11. 

 

Figure 11 π-bond shake-up satellite for the C 1s photoelectron peak in polystyrene, reprinted from11 

 

2.1.2.4 Other spectral features 

Multiplet splitting of a photoelectron peak can take place if atoms comprising the surface 

have a spin (unpaired electrons). The emission of an electron from a core level leaves an 

unpaired electron that interacts with other unpaired electrons in the atom and can form an ion 

with several electronic configurations of different energies. This creates a photoelectron line 

that is split asymmetrically into components similar to that shown in Figure 12 (a). Multiplet 

splitting effects can be generally observed in Mn, Cr 3s levels, Co and Ni 2p3/2 levels. 

 Plasmon losses occur both in XPS and Auger spectra and are commonly characteristic of 

clean metal surfaces. When the photoemitted electron excites collective oscillations in the 

conduction band electrons, it suffers a discrete energy loss or multiple losses as presented in 

Figure 12 (b). 
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Figure 12 (a) Multiplet splitting in the Cr 3s line; (b) Energy plasmon losses associated with 2s line of aluminium. 

Both figures reprinted from11 

 

The XPS spectrum can be further complicated by the presence of X-ray satellites and X-ray 

ghosts that do not possess any analytical use and might be considered as unwanted features 

because they might occur in the same binding energy range as the main photoemission lines 

of an element of interest. X-ray satellites appear if unmonochromated radiation is used, and 

arise from the excitement of characteristic transitions by a minor components, e.g. AlKα3,4, 

AlKα5,6 and AlKβ in case of aluminium cathode.
11

 X-ray ghosts originate from photoemission 

of an element other than the X-ray source or sample. For example, a small amount of 

characteristic X-radiation can be generated as a result of anode misalignment. 

2.1.3 XPS Quantification 

XPS spectrum quantification comprises the analysis of both peak intensities and peak 

positions. The former is indicative of how much of the material is present at the surfaces, 

whereas the latter is characteristic of an element and chemical composition. The peak 

positions, i.e. binding energies of photoelectron peaks, obtained from the XPS data depend 

extensively on the chemical bonding of the original atom. The change in the binding energy 
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is also known as a chemical shift. The chemical shift is a valuable source of information as it 

depends on several important factors such as the oxidation state of the element and 

electronegativity of neighbouring atoms or ligands. For example, if the oxidation state of the 

element increases, the chemical shift will also increase; the greater the electronegativity, the 

greater will be the binding energies of the core electrons. The detailed lists of chemical shifts 

are available elsewhere in the literature.
7,11

 

Apart from the chemical shifts, full width at half maximum (FWHM) is an important value 

which provides an insight into chemical state changes and physical influences. Thus, 

broadening of a peak might suggest: (i) changes in the number of chemical bonds 

contributing to a peak shape; (ii) a change in the sample condition and (iii) surface 

charging.
12

 

In order to extract quantitative data from an XPS peak, the area under the peak of intensity, 𝐼 

should be determined  

The intensity, 𝐼, of a photoelectron peak is given by a following equation:
5
 

𝐼 = 𝐽𝑝𝜎𝐾𝜆 (Equation 2.2.2) 

where 𝐽  is the photon flux, 𝑝  is the atoms concentration on the surface, 𝜎  is the 

photoionisation cross-section (probability) of photoelectron emission, 𝐾 is the function of 

instrument parameters dependent on the transmission function of the spectrometer, detector 

efficiency and the electron attenuation length and 𝜆 is the inelastic mean free path 

For a homogeneous material, in order to relate the measured intensity of two components 𝐴 

and 𝐵 as a part of the atomic concentration, the following equation 2.2.3 can be applied:
6
  

[𝐴]

[𝐵]
=

𝐼𝐴

𝐼𝐵

(𝜎𝐵𝜉𝐵𝜆𝐵𝜂𝐵)

(𝜎𝐴𝜉𝐴𝜆𝐴𝜂𝐴)
≈

𝐼𝐴𝑆𝐵

𝐼𝐵𝑆𝐴
 (Equation 2.2.3) 
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Where 𝜎 is the photoionisation cross section, 𝜉 is the fraction of photoelectron events which 

occur without intrinsic plasmon excitation, 𝜆 is the inelastic mean free path, 𝜂 is the kinetic 

energy dependent spectrometer transmission, 𝐼 is the integrated peak area of interest and 𝑆 is 

atomic sensitivity factor. Sensitivity factors are tabulated in literature,
13

 therefore, equation 

2.2.3 enables a surface composition of the material to be determined. 

2.1.4 XPS Experimental Procedure 

X-ray photoelectron spectroscopy spectra were recorded using a hemispherical analyser with 

Al Kα (1486.6 eV) X-ray source at 10 kV anode potential and 10 mA emission current. The 

survey scans and the high resolution scans were measured at 50 eV with 0.5 eV step and at 

20 eV energy passes with 0.1 eV step. The spectra recorded were analysed with CasaXPS 

software.
8
 The peaks were fitted using a Shirley background with Gaussian-Lorentzian sum 

functions without restrictions.
9
 The binding energies collected have an error of ±0.25 eV in 

accordance with calibration of C 1s peaks.
11

 The reported and normalised peak areas have an 

error of ~10%.
12

 

2.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is a qualitative imaging technique that is used to produce high-

resolution real-time topographic images of the sample surface.
14

 Figure 13 (a) presents a 

principle scheme of a scanning electron microscope. After the sample is placed in a vacuum 

chamber, a finely focused beam of electrons, of several nanometres in diameter, strike upon 

the surface by means of an array of lenses. This beam of electrons irradiates the surface of the 

specimen resulting in either backscattering of incident electrons or the emission of the 

secondary electrons. The former are the electrons that are deflected back out of the sample, 

while the latter are due to inelastic interaction of the electron beam with the electric field of 

an atom in the sample. The differences in the surface composition and its topography 
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influence the generation, transport and escape of these signals. By processing the intensity 

and velocity of the electrons emitted and backscattered, an image of the surface of the sample 

is produced.  

 

Figure 13 (a) The principle scheme of the basic components of SEM, adapted from15; (b) a typical SEM image of a 

microcrystalline boron-doped diamond electrode 

 

The scanning electron microscopy measurement can be performed using two independent 

operating modes: Secondary Electron Imaging (SEI) mode and Backscattered Electron 

Imaging (BEI) mode. The analysis in SEI mode yields sample characteristics such as surface 

topology, phase distributions and crystallinity, while BEI mode can be used in order to 

provide an information on the chemical composition.
15

 A typical SEM image of plain 

microcrystalline B-doped diamond which is comprised of [111], [100] and [110] diamond 

grains with an average grain size of 5-50 μm is presented in Figure 13 (b).  

2.3 Raman Spectroscopy 

Raman Spectroscopy is widely employed non-destructive analytical technique for evaluation 

of diamond materials. The technique is popular as each carbon morphology possesses a 

clearly identifiable Raman signature and requires no sample preparation.
16

 In Raman 
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spectroscopy, the changes in atomic states are investigated by analysis of the frequencies 

present in the radiation scattered by atoms. Atoms in crystals have characteristic vibrational 

modes that are specific to a chemical bond of an atom and lattice symmetry. If an incident 

monochromatic light with a frequency of 𝜈𝑖  interacts with the phonons in the crystal of 

frequency 𝜈𝑝ℎ , it can either activate or de-activate the lattice vibration, therefore causing 

inelastic scattering of the incident photons to give the anti-Stokes (𝜈𝑖+𝜈𝑝ℎ) and Raman Stokes 

( 𝜈𝑖 -𝜈𝑝ℎ ) lines (Figure 14).
17

 At room temperature, Stokes scattering intensity is much 

stronger than anti-Stokes scattering, and thus is commonly used for the analysis.  

 

Figure 14 Schematic illustration of Raman Scattering 

 

Depending on the symmetry of a crystal lattice and the resulting availability of vibrational 

modes, important information regarding the structure of a lattice can be obtained through the 

Raman measurements. Laser Raman spectroscopy is commonly used for characterisation of 

diamond and other carbon materials as each of these carbon forms possesses unique Raman 

features. Figure 15 (a) shows a typical Raman spectrum of a single crystal diamond surface 

which is dominated by a single first order Raman line at 1332 cm
-1

 that corresponds to the 

vibration of two interpenetrating face centred cubic (fcc) diamond sublattices.
16

 In contrast to 

a single crystal diamond, in polycrystalline diamond sp
2
 graphitic states usually present in 
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grain boundaries that give rise to the appearance of D band at 1357 cm
-1

 and G band at 

1580 cm
-1

. Therefore, a small ratio of the sp
2
 peak intensity to the sp

3
 peak intensity detected 

in the Raman spectrum is indicative of a good diamond quality.  

 

Figure 15 (a) General Raman spectrum of single crystal diamond excited at room temperature at a wavelength of 

228.9 nm. The first, second and third order Raman peaks are presented, reprinted from16; (b) Raman spectra of 

boron-doped diamond films at differing boron doping concentrations, reprinted from18. 

 

Characteristic changes to a Raman spectrum of diamond occur in the result of boron doping. 

Two broad peaks appear at 500 cm
-1

 and 1230 cm
-1

 which intensity increase with the increase 

of boron concentration, thus making it possible to deduce the boron concentration. At high 

boron concentration, characteristic single order diamond phonon becomes asymmetric and is 

shifted to a lower wavenumbers as presented in Figure 15 (b).
18

 

2.4 X-ray diffraction 

X-ray diffraction is a commonly used technique that allows an unknown sample's structure 

determination, including shape, symmetry and size of the unit cell. 
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The operating principles of XRD are based on the Bragg’s law:
19

 

2𝑑 sin Θ = 𝑛𝜆  (Equation 2.2.4) 

where 𝑑 is the lattice plane separation, Θ is the glacing angle, 𝑛 is the reflections order and 𝜆 

is the wavelength of incident X-rays. 

 

Figure 16 Schematic illustration of (a) X-ray powder diffractometer in Θ-2Θ orientation; (b) X-ray diffraction on a 

crystalline sample, adapted from19. 

 

In an X-ray diffraction experiment (Figure 16), X-rays incident upon the sample, interact 

with the electron density of the atoms and are scattered to give diffraction patterns. Heavy 

atoms cause a greater scattering than light atoms. Such a dependence on the number of 

electrons is expressed in terms of scattering factor, f, of the element.
17

 The greater the 

scattering factor, the greater is the X-rays scattering. For a unit cell, comprised of atoms with 
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the scattering factor 𝑓𝑖 and atom’s coordinates (𝑥𝑖𝑎, 𝑦𝑖𝑏, 𝑧𝑖𝑐), the overall amplitude of a wave 

diffracted by the (hkl) planes is given be the following equation:
19

 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑖𝑒
𝑗𝜙ℎ𝑘𝑙(𝑖)

𝑖  and 𝜙ℎ𝑘𝑙(𝑖) = 2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖); 𝑗 = (−1)1/2  (Equation 2.2.5) 

where 𝐹ℎ𝑘𝑙 is the structure factor. The observed intensity, 𝐼ℎ𝑘𝑙, at the detector is proportional 

to the square modulus of |𝐹ℎ𝑘𝑙|
2
.
19

 

In this thesis, XRD diffraction patterns were recorded using a Philips PANalytical X'pert Pro 

powder diffractometer with CuKα monochromatised radiation. The data were analysed by 

X'Pert Highscore software. 

2.5 Electrochemical Methods 

This section summarises basic principles underlying electrochemical theory and gives an 

introduction to main electrochemical techniques that were employed in this thesis in order to 

modify and investigate electrochemical properties of diamond materials. 

2.5.1 Principles of Electrochemical Theory 

Electrochemistry studies chemical phenomena associated with charge transfer across an 

electrode and electrolyte interface. An electrode is a conductor through which charge is 

carried by electronic movement; electrolyte is a phase through which charge is carried by the 

transport of ions. 

A simple electrochemical measurement requires at least two electrodes to be connected 

together by conducting paths both through an ionic conductor (electrolyte) and externally 

(electric wires), so that the charge can be transferred and monitored. As presented in Figure 

17, these electrodes comprise an electrochemical cell, which consists of the working 

electrode - an electrode where the electrochemical reaction of interest is taking place - and a 
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counter electrode. The latter can operate as a cathode, whilst the working electrode can work 

as an anode or vice versa. 

 

Figure 17 Schematic illustration of two-electrode electrochemical cell, adapted from22 

 

During the electrochemical measurement, faradaic and non-faradaic processes can take place 

in the cell. In the former process in accordance with the Faraday’s Laws, the quantity of the 

redox species involved in an electrode reaction is stoichiometrically proportional to the 

number of charges (electrons) flowing in the circuit. Since the total amount of redox species 

converted in the electrochemical process is proportional to the amount of charge, the reaction 

rate, 𝑘𝑗, corresponding to the amount of substance j converted in unit time per unit surface 

area, A, of the electrode, is proportional to the current density, i:
23

 

𝑘𝑗 =
1

𝐴

𝑑𝑣𝑗

𝑑𝑡
= 𝑣𝑗

1

𝑛𝐹
 (Equation 2.2.6) 

where 𝐹 is the Faraday constant (96487 C mol
-1

) and is the number of moles converted 

during the process. 

Deviations from the Faraday law are often observed if the charge aside from being involved 

in the electrochemical process is accumulated in certain parts of circuit, for example due to 
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reorientation of solvent dipoles, adsorption/desorption and movement of the electrolyte ions 

at the electrode/electrolyte interface. These processes are also known as non-faradaic.  

A typical electrochemical cell can either be employed to produce electrical energy as a result 

of a spontaneous reaction occurring inside it (i.e. a galvanic cell) or it can consume electricity 

from an external source to drive a specific reaction (i.e. an electrolytic cell). The schematic 

sequence of conductors comprising a galvanic cell is presented below: 

Cu | Zn | ZnCl2, aq | graphite | Cu 

In this work the main interest is drawn upon the investigation of electrolytic cells. The 

cathode in such systems is denoted as an electrode where reduction process is taking place, 

whereas the anode is referred to an electrode where an oxidation process occurs. The cathode 

is negative relative to the anode, whilst an opposite notation is commonly used in galvanic 

cells.  

The structure of an electrode-solution interface is presented in Figure 18. The inner layer of 

the interface, also referred to the inner Helmholtz plane, is comprised of adsorbed ions and 

solvent molecules structured at a distance χ1 from the electrode surface. The ions which are 

generally partially solvated, adhere strongly to the electrode surface. An outer Helmholtz 

plane consists of the fully solvated ions at a distance χ2 which are attracted by electrostatic 

interactions. As the charge neutrality should be preserved, the net charge accumulated at the 

electrode is balanced by a net opposite charge distribution in the solution phase. The latter 

process occurs thought the attraction of charged species and therefore the formation of a 

diffuse layer. 
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Figure 18 Helmholtz double layer model, adapted from22 

 

2.5.1.1 Equilibrium Electrochemistry 

Equilibrium electrochemical measurements are carried out in the cell under the conditions 

when no current flows, thus enabling thermodynamic parameters determination. Under these 

equilibrium conditions, a potential drop across the electrode-solution interface can be 

expressed by the following equation: 

∆𝜙𝑒/𝑠 = 𝜙𝑒 − 𝜙𝑠 (Equation 2.2.7) 

where 𝜙𝑒 is the potential on the electrode and 𝜙𝑠 is the potential in the solution. 
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For the electrochemical reaction: 

𝑂𝑎𝑞 + 𝑛𝑒− ↔ 𝑅𝑎𝑞 (Equation 2.2.8) 

The Nernst equation can be used to determine the potential difference established at an 

electrode at equilibrium: 

𝐸𝑒𝑞 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln

[𝑂]

[𝑅]
  (Equation 2.2.9) 

where [𝑂] and [𝑅] are the concentrations of the reactants at the electrode surface, 𝐸0 is the 

standard electrode potential which corresponds to the value of electrode potential that is 

measured when the acitivities of the reactants are unity, F is the Faraday constant 

(96485 C mol
-1

), n is the number of electrons, 𝑅 is the universal gas constant 

(8.314 J K
-1

 mol
-1

), T is the Kelvin temperature. 

2.5.1.2 Non-equilibrium Electrochemistry 

Electrochemical cells can also work under the conditions where a current flows. Under such 

non-equilibrium conditions, overpotential is needed to drive an electrochemical reaction. The 

latter is described by following expression: 

𝜂 = 𝐸 − 𝐸𝑒𝑞 (Equation 2.3.0) 

Therefore, in order to drive an oxidation process, the electrode potential, 𝐸, should be greater 

than 𝐸𝑒𝑞 and conversely, for the reduction process to occur, 𝐸 should be smaller than 𝐸𝑒𝑞. In 

the case of reaction 2.8 under non-equilibrium conditions, the overpotential will cause the 

reduction of O to R, and the current 𝐼 will start to flow in the cell. The magnitude of this 

current is given by: 

𝐼 = 𝐴𝐹𝑗 = 𝐴𝐹𝑘[𝑂] (Equation 2.3.1) 
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where 𝐴 is the electrode area, 𝐹 is the Faraday constant (96485 C mol
-1

), 𝑗 is the flux of O 

species to the electrode surface and 𝑘 is the rate constant of the charge transfer reaction. The 

rate constant can be further described on the basis of the transition state model in the form of 

Arrhenius equation:
24

 

𝑘 = 𝑍𝑒
−∆𝐺∗

𝑅𝑇  (Equation 2.3.2) 

where 𝑍 is the frequency factor associated with the rate of collision of the redox species with 

the electrode surface and ∆𝐺∗ is the standard free energy of activation.  

The standard free energy of activation depends on the change in the potential difference 

between the working electrode and the solution. Therefore, the rate constant can be 

considered as a function of the imposed overpotential described in equation 2.3.0. The rate 

constant can be quantified by the following expressions:
24

 

𝑘𝑅𝑒𝑑 = 𝑘𝑟𝑒𝑑
0 𝑒

−𝛼𝐹𝜂

𝑅𝑇  (Equation 2.3.3) 

𝑘𝑂𝑥 = 𝑘𝑂𝑥
0 𝑒

(1−𝛼)𝐹𝜂

𝑅𝑇  (Equation 2.3.4) 

where 𝛼 is the transfer coefficient, the value of which lies in the range of zero to unity (0< 𝛼 

<1), and 𝑘0 is the standard rate constant. 

The transfer coefficient concerns with the sensitivity of the transition state to the changes in 

the potential difference. If 𝛼 is close to zero, the transition state (*) resembles the reactant, 

whilst if 𝛼 is near unity, the transition state (*) is product like. In case if 𝛼 is close to 0.5, the 

transition state lies between the reactant and product. 

The overall reaction current in the cell can be expressed as a difference between the oxidation 

and reduction  processes : 

𝐼 = 𝐼𝑎 − 𝐼𝑐 = 𝑛𝐴𝐹(𝑘𝑂𝑥[𝑅]0 − 𝑘𝑅𝑒𝑑[𝑂]0)  (Equation 2.3.5) 
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In order to introduce the model that will describe the electrode kinetics as a function of the 

transfer coefficient and the imposed overpotential, the equations 2.3.3 and 2.3.4 are 

substituted in the equation 2.3.5 to give equation 2.3.6. The resulting expression is known as 

Butler-Volmer equation:
24

 

𝐼 = 𝑘𝑅𝑒𝑑
0 𝑒𝑥𝑝 [

−𝛼𝐹(𝐸−𝐸𝑓
0

𝑅𝑇
] [𝑂]0 − 𝑘𝑂𝑥

0 𝑒𝑥𝑝 [
𝛽𝐹(𝐸−𝐸𝑓

0

𝑅𝑇
] [𝑅]0  (Equation 2.3.6) 

and  𝐼0 = 𝑛𝐴𝐹𝑘0[𝑅]𝑏𝑢𝑙𝑘
𝛼 [𝑂]𝑏𝑢𝑙𝑘

1−𝛼  (Equation 2.3.7) 

where  𝐼0  is the exchange current that is associated with the value of the standard rate 

constant and experimental conditions. Figure 19 illustrates the variation of the net current 𝐼 as 

a function of the overpotential for the two limiting scenarios: (a) large 𝐼0 and (b) small 𝐼0. 

 

Figure 19 Dependence of the current with overpotential for (a) large I0 (reversible) and (b) small I0 (irreversible). 

 

Under the conditions when overpotential is zero, no net current flows for both scenarios 

(equilibrium conditions). In the case when 𝐼0 is large (a), a small overpotential is required to 

drive the reaction. Such a reaction is referred to as reversible. Conversely, in order to drive 
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the process in the scenario (b), a large overpotential should be imposed. The associated 

reaction is known to be irreversible. 

The pathway of electrochemical process can be quite complex, involving a sequence of 

several steps. As illustrated in Figure 20, these can include: (i) mass transfer from the bulk to 

the electrode surface by means of such processes as diffusion, migration and convection; (ii) 

chemical transformations prior electron transfer; (ii) adsorption/desorption processes.
22 

 

Figure 20 Scheme of electrode reaction pathway, adapted from22 

 

The rate constant of these reactions is determined by the slowest step in a sequence. A simple 

reaction pathway generally encompasses the mass transport of redox species to the electrode 

surface which is followed by the electron transfer across the interface, and the migration of 

the converted redox species back to the bulk solution. More complex reactions are 

accompanied by additional chemical transformations or surface processes. 

The diffusion phenomenon, which occurs during the mass transfer from the bulk, originates 

from the concentration gradient. If an uneven concentration distribution exists, the redox 
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species will diffuse from the area with higher concentration to the area with lower 

concentration. This process can be described by the first Fick’s Law:
24

 

𝑗 = −𝐷𝐶
𝜕[𝐶]

𝜕𝑥
  (Equation 2.3.8) 

where 𝑗 is the flux corresponding to the number of moles of species C that pass through unit 

area in unit time, 𝐷𝐶  is the diffusion coefficient of species C and 
𝜕[𝐶]

𝜕𝑥
 is the local 

concentration gradient at point 𝑥.  

In order to describe how the concentration of species C varies with time during the diffusion 

process, the second Fick’s Law can be applied:
24

 

𝜕[𝐶]

𝜕𝑡
= 𝐷𝐶

𝜕2[𝐶]

𝜕𝑥2   (Equation 2.3.9) 

2.5.2 Electrochemical measurements 

In general, electrochemical measurements differ with regard to the type of signal used for the 

quantification of the charge transfer in the cell and can be principally classified as either 

potentiometric or potentiostatic.  

In potentiometric techniques, if two connected dissimilar electrodes are immersed in the 

analyte, then the difference between the two interface potentials can be measured under the 

zero current conditions where equilibrium exists at each electrode surface. The established 

potential of the cell depends on the standard electrode potentials of the electrochemical 

couples and on the solution concentrations of the electroactive species. Thus, if the working 

electrode is made truly selective to the target species, then an accurate electrochemical sensor 

can be produced. Various types of sensors have been developed to monitor species such as 

protons, fluoride anions, and calcium and potassium cations; a well-known potentiometric 

sensor is the pH meter glass electrode. A considerable advantage of such potentiometric 
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sensors is their cost-effectiveness; however, problems arise due to the lack of the required 

selectivity, when electroanalytical tasks are more complex.  

Potentiostatic or controlled-potential techniques study charge transfer at the 

electrode/electrolyte interface under dynamic (non-zero current) conditions. In such systems 

an applied potential to the working electrode drives a charge transfer reaction. As a result, the 

recorded current can not only provide information on the concentration of the target analyte, 

but also give an insight into the kinetics and thermodynamics of the electrochemical process.  

One of the most versatile approaches in the whole field of potential-controlled measurements 

is voltammetry. This enables a very sensitive detection (down to picomolar) to be carried out; 

as well as the distinction of several electroactive species to be made simultaneously providing 

they react at different potentials. These voltammetric measurements require the use of three 

electrodes rather than just two as in potentiometry. In this case, a potentiostat is employed to 

control the current flowing through the working electrode as a function of potential applied 

between it. Additionally, a reference electrode is connected, through which no current flows. 

It is used to provide a stable, solution properties independent value of potential to which the 

potential of the working electrode can be referred. Finally, a third electrode, known as an 

auxiliary or counter electrode, provides a balancing counter current to that flowing through 

the working electrode. 

2.5.3 Cyclic Voltammetry 

Cyclic voltammetry is one of the most widely employed methodologies in the whole area of 

voltammetry. In such a system, current flowing through the working electrode is recorded as 

a function of an applied potential. As presented in Figure 21 (a), the potential of the working 

electrode is set up to an E1 value, then it is swept linearly to a potential, E2, at which point the 
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direction of scan is reversed to return to the potential E1. The resultant current-potential 

graph, known as a voltammogram, is a plot of the current signal versus the excitation 

potential. 

 

Figure 21 (a) linear potential sweep during cyclic voltammetry; (b) cyclic voltammogram obtained at boron-doped 

diamond electrode in 0.1 mM K3Fe(CN)6 in 0.1 M KCl at 0.05 Vs-1 

 

An example of the cyclic voltammetry data obtained from a diamond electrode in 0.1 M 

K3Fe(CN)6 solution is illustrated in Figure 21 (b). The ordinate of Figure 21 (b) represents the 

current flowing through the diamond electrode; the abscissa corresponds to the potential 

applied to the working electrode versus the Ag/AgCl reference electrode. At the beginning of 

the experiment, the potential is swept from 0.5 V to 0.1 V. At this time, electrons are supplied 

to the Fe(CN)6
3-

 species, giving rise to the reduction peak at 0.13 V. As the potential is swept 

back from -0.1 V to 0.5 V, an oxidation process takes place (electrons are removed from the 

species). It is noteworthy that the redox reaction of interest occurs only in the potential region 

that makes the electron transfer thermodynamically and kinetically favourable. The electron 

transfer kinetics are presented by the peak-to-peak separation,  ∆𝐸𝑝, of anodic and cathodic 

processes: 
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∆𝐸𝑝 = 𝐸𝑝
𝑎 − 𝐸𝑝

𝑐  (Equation 2.4.0) 

If peak separation is below 57 mV, the kinetics are fast and reversible. As the kinetics 

become slower, the peak-to-peak separation increases, as a greater electrical driving force - 

overpotential is needed.  

The peak current value for the reversible diffusion limited process is described by the 

Randles- Ševčík equation:
24

 

𝐼𝑝 = 0.4463
𝑛3/2𝐹3/2

𝑅1/2𝑇1/2 𝐴𝐷1/2𝑐𝑣1/2  (Equation 2.4.1) 

where 𝑛  is the number of electrons,  𝐹  is the Faraday constant (96485 C mol
-1

),  𝑅  is the 

universal gas constant (8.314 J K
-1

 mol
-1

), T is the Kelvin temperature, 𝐴 is the electrode area, 

𝐷 is the diffusion coefficient, 𝑐 is the concentration and 𝑣 is the scan rate. 

The voltammetric data allows a fundamental understanding of the electrochemical system; 

therefore underpinning the production of the electrochemical system related to the sensor. In 

practical applications, greater sensitivity can be accomplished if pulsed potential waveforms 

are employed. This has resulted in the development of several alternative voltammetric 

methods, closely related to the cyclic voltammetry approach described above. There are 

several excellent books
 
available to the reader which provide an in-depth coverage of the 

subject.
22,24,25

 

2.5.4 Chronoamperometry  

Chronoamperometry is a potential-controlled based technique where the current response is 

measured as a function of applied potential. The technique involves setting the potential of 

the working electrode from a value at which no faradaic current flows to a value at which the 

surface concentration of redox species is zero as illustrated in Figure 22 (a). The potential can 
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be generated in the form of steps, pulses or waves. If the reaction is carried out at a stationary 

working electrode under non-stirring conditions, mass transport process is solely controlled 

by diffusion. Under these conditions, the resulting current-time transient is the function of 

changing concentration gradient in the vicinity of the electrode surface. This includes a 

gradual extension of the diffusion layer coupled with the depletion of the reactant, resulting 

in the decrease of the concentration profile slope with a time (Figure 22 (b)). 

 

Figure 22 (a) potential-time dependence of chronoamperometric measurement; (b) change of concentration profiles 

with time; (c) resulting current-time transient, adapted from22 
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The associated current recorded at a planar electrode decays with time (Figure 22 (c)). It is 

described by the Cottrell equation:
22

 

𝐼(𝑡) =
𝑛𝐹𝐴𝑐𝐷1/2

𝜋1/2𝑡1/2
= 𝑘𝑡−1/2 (Equation 2.4.2) 

A constant dependency with 𝑡−1/2  is also known as ‘Cottrell behaviour’. Deviation from 

Cottrell behaviour generally happens over 100 s due to natural convection.  

Electroanalytical applications of chronoamperometry include the measurement of diffusion 

coefficients of redox species. The techniques can be also applied for electrodeposition 

studies. The latter will be further discussed in Chapter 5. 

2.5.5 Chronocoulometry  

Chronocoulometry is another type of potential-controlled technique where the charge is 

measured as a function of time. This is achieved by integrating the current generated by the 

potential step. Chronocoulometry is found to be particularly useful for adsorption studies due 

to possibility to distinguish and separate the charge arising from adsorbed and solution redox 

species. A resulting charge (Q) versus square root of time (𝑡−1/2) transient yields an intercept 

at t=0 that represents the sum of the charge associated with the reaction of the adsorbed 

molecules double-layer charging.20 The latter can be measured in an identical experiment in 

the blank solution. If this value is further subtracted from the resulting charge (Q), the 

adsorption charge can be estimated. This technique was employed in order to investigate the 

adsorption properties of diamond materials discussed in this thesis. 

2.5.6 Rotating Disk Electrode 

In a case when an electrochemical experiment should provide an efficient and reproducible 

mass transport of the redox species, rotating disk electrode can be applied. As presented in 
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Figure 23, rotating disk electrode consists of vertically aligned motor which is rotated with 

constant angular velocity, 𝜔, perpendicular to the plain disk surface: 

𝜔 = 2𝜋𝑓  (Equation 2.4.3) 

where f is the rotation speed (rps). 

 

Figure 23 Scheme of rotating disk electrode 

 

Due to this motion, the solution in the adjacent layer develops a radial velocity that transfers 

it away from the disk centre.
22

 This solution is then restored by a flow normal to the surface. 

Thus, rotating disk electrode acts as a pump that brings a fresh fluid from the bulk. The 

diffusion layer thickness is given by: 

𝛿 = 1.61𝐷1/3𝜔1/2𝜈1/6   (Equation 2.4.4) 

where 𝐷 is the diffusion coefficient and 𝜈 is the kinematic viscosity. 
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The limiting current for a reversible system depends on the square root of the angular 

velocity: 

𝐼𝑙𝑖𝑚 = 𝑛𝐹𝐴𝐷2/3𝜔1/2𝜈−1/6𝑐  (Equation 2.4.5) 

where 𝑛 is number of electrons, 𝐹 is the Faraday constant, 𝐴 is electrode area, is diffusion 

coefficient, 𝜔 is angular velocity and 𝜈 is the kinematic viscosity. 

2.5.7 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance spectroscopy (EIS), also known as dielectric spectroscopy, is an 

electrochemical technique that measures the impedance of a system over a range of 

frequencies. In an EIS measurement, a small alternating current (AC) is applied to a working 

electrode which is held at the potential of interest where redox species can be transformed. 

Due to the presence of the alternating current, a transient state arises at the electrode during 

each half-period, and the state attained in any half-period changes to the opposite state during 

the next half-period.
23

 These changes are constantly repeated across a range of AC 

frequencies, and the system is referred as quasisteady (i.e. its average state is time invariant). 

The data obtained in the measurement can be presented graphically as a Nyquist plot that is 

shown in Figure 24. 

 

Figure 24 Typical Nyquist plot of EIS measurement 
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The analysis of the data is accomplished by the design of an equivalent circuit model that is 

related to the physical components of the electrochemical cell (Figure 25).  

 

Figure 25 A model of Randles circuit, where RS is the bulk solution resistance, RCT is the charge transfer resistance, 

ZW is the Warburg resistance and CDL is the double layer capacitance 

 

This allows various kinetic and electrical parameters of the redox system to be determined 

with great precision. At the electrode interface, three layers can be distinguished: (1) the 

double layer; (2) the diffusion layer and (3) the bulk solution. Due to the application of an 

alternating current, the alignment of ions and solvated counter ions along the electrode 

interface takes place, resulting in the formation of the double layer with an associated 

capacitance, CDL. In the EIS measurement, the charge transfer resistance, RCT, caused by the 

diffusion of the redox molecule, is influenced by the potential of the redox reaction at the 

electrode interface as well as the activation barrier formed in the result of electrostatic and 

steric hindrance.
26

 RS is associated with solution resistance, whereas the Warburg impedance, 
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ZW, describes the difficulty of mass transport of the redox species. The values of CDL.and RCT 

characterise with a high degree of sensitivity the changes in the electrode/solution interface. 
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3 Chapter Three – Decorated nanostructured diamond 

electrodes: preparation and electrochemistry 

3.1 Introduction  

This chapter discusses the preparation and characterisation of nanostructured diamond 

electrodes, decorated with platinum (Pt) particles. The preparation of the nanostructured 

diamond electrode involves the electrodeposition of Pt nanoparticles on the diamond 

electrode surface, after which the structure is treated with either an oxygen plasma or an 

hydrogen plasma. In the former treatment, the Pt particles serve as a hard resist during the 

oxygen plasma etching of the diamond, yielding structures consisting of Pt particles located 

on the top of diamond nanorods. In the latter treatment, the Pt catalysed gasification of 

diamond in the hydrogen plasma occurs, leading to the localisation of the Pt particles in 

nanopits on the electrode interface. The mechanism of diamond nanostructuring under the 

hydrogen plasma treatment has been hypothesised in several publications; although no 

experimental evidence was offered to confirm the hypothesis.
1-5

 The experiments carried out 

in this chapter provide further insight and clarify the suggested mechanism. The 

electrochemical activity of the nanostructured diamond electrodes with regard to the 

electrochemical oxidation of both glucose and methanol is discussed in this chapter. This 

work demonstrates that the hydrogen plasma treatment provides a viable route for the 

preparation of Pt decorated electrodes with significantly improved chemical stability.  

The production of nanostructured diamond electrodes described in this thesis was carried out 

in collaboration with the laboratory of Professor Christoph Nebel at the Fraunhofer Institute 

of Applied Solid State Physics (Freiburg, Germany). 
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3.1.1 Unmodified nanostructured diamond  

Boron-doped diamond has been established as an electrode material with excellent 

performance in electroanalysis, water purification, electrosynthesis, fuel cells and energy 

harvesting due to its exceptional chemical stability, wide potential window, low signal-to-

background current ratio and variable electrical resistivity controlled by dopant 

concentration.
6-12

 The modification of boron-doped diamond electrodes (BDEs) with catalyst 

nanoparticles (NPs) has significantly broadened its electrochemical applications.
13-17

 The 

preparation of platinum (Pt) decorated BDEs in particular is a subject of significant research 

in connection with fuel cell technologies and electrochemical sensors.
18-20

 In order to find an 

effective preparative route, the electrodeposition of Pt on BDEs has thus been extensively 

studied.
15,21,22

 A major problem is that the deposited Pt shows poor adhesion to the 

underlying diamond electrode; it therefore tends to be lost from the electrode during 

electrochemical applications. A range of methods have been studied to overcome this 

problem. These have included the ion implantation of Pt and co-deposition of Pt and diamond 

during CVD growth of the electrode structure.
23,24

 However, all of these methods are 

problematic. During co-deposition of Pt and diamond, the Pt nanoparticles become buried in 

the diamond lattice so lose their catalytic activity. Pt ion implantation damages the electrodes 

and also leads to burial of the Pt, therefore hindering the overall electrochemical 

performance. 

There has also been interest in diamond electrochemistry in the use of nanostructured 

diamond which has recently become available for electrochemical sensing, DNA sequence 

technologies, molecular filter applications and energy conversion systems.
25-32

 

Nanostructured diamond is available in the form of nanograss, also known as nanorods or 

nanowires) and nanopits (or nanopores) as presented in Figure 26. 
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Figure 26 Schematic illustration of unmodified diamond nanograss and nanopores structures; (a) vertically aligned 

nanograss, reprinted from33, (b) nanopores in the diamond surface, reprinted from34 

 

When used as electrodes, nanostructured diamond has several advantages over the planar 

diamond as it provides greater electrode surface area, lower detection limits and an increased 

signal-to-noise ratio in electrochemical sensing, as well as the possibility to conduct spatially 

and temporally resolved electrochemical measurements.
35

 In comparison to a non-modified 

plain diamond electrode, an enhanced electrochemical detection of glucose,
36 

dopamine,
37

 

tryptophan,
38

 catechol
39

 and diapenem
40

 has been achieved on a non-modified diamond 

nanograss electrode. Nebel et al have shown that vertically aligned diamond nanowires can 

also be successfully employed for the sensing of DNA hybridisation in the picomolar 

(10
-12 

mol L
-1

) range.
41
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The nanostructuring of diamond is technologically challenging due to exceptional hardness 

and inertness of the material. Several methods based on the hot filament and bias assisted 

CVD diamond growth were employed to produce nanosculptured surfaces.
42,43

 However, 

further implementation of these techniques was hindered due to the lack of control over the 

diamond geometries as well as poor quality of the diamond materials produced.  

In contrast to hot filament and bias assisted CVD diamond growth, effective diamond 

nanostructuring can be achieved by reactive ion etching as it allows precise control over the 

structure and does not affect the diamond quality. Reactive ion etching process can be 

described in three main steps:
44

 

(i) an introduction of a plasma resistive mask on a diamond sample;  

(ii) subsequent treatment of the mask modified diamond sample with the reactive ion 

plasma;  

(iii) chemical removal of the mask. In the etching experiment, a diamond sample is 

placed in a vacuum chamber which is filled with the gas.  

An application of a strong oscillating electric field in the chamber results in the generation of 

the plasma consisting of reactive ions. These ions interact with the unmasked diamond by 

means of chemical etching and physical sputtering and etch the diamond material away, 

whilst the areas covered with the mask remain untouched. Another type of diamond etching 

is catalytic etching. In this process, the mask deposited onto the diamond sample acts as a 

catalyst and dissolves the diamond material, forming pores and channels on the surface.  

3.1.2 Nanostructured diamond modified with catalyst particles 

When such a nanotextured boron-doped diamond is modified with useful electrocatalyst 

nanoparticles, the range of the compounds probed and the detection limits achieved can be 
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significantly improved. For example, a strategy based on the preparation of nanostructured 

diamond modified with catalyst nanoparticles was used for the development of a potential 

biosensor platform.
45

 In particular, B-doped diamond nanograss, produced by the maskless 

oxygen plasma etching, was decorated with Ni(OH)2 particles by electroreduction in order to 

anchor histidine-tagged peptides.
45

 However, the electroreduction step resulted in the catalyst 

nanoparticles being deposited everywhere on the nanograss. 

3.2 Aims of the project 

This work investigates the ways to produce Pt decorated, nanostructured diamond electrodes, 

which can demonstrate both enhanced Pt catalyst stability whilst also achieving better defined 

spatial selectivity in the location of the catalyst.  

The novel two-step strategy developed during this project commences with the controlled Pt 

electrodeposition on a planar diamond electrode, which is followed by an etching step, either 

in an H2 plasma to produce diamond nanopits with Pt nanocatalyst inside or in an O2 plasma 

to produce diamond nanorods with Pt nanocatalyst on top which are schematically presented 

in Figure 27. In the H2 plasma etching process, Pt catalyses the graphitisation and subsequent 

gasification of diamond in the atomic hydrogen rich environment; in the O2 plasma etching 

process the deposited Pt particles serve as a hard etch resist.  
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Figure 27 Schematic presentation of diamond texturing strategies 

 

The aim of this project was to systematically study the Pt modified nanostructured electrodes 

prepared in this way and compare them against Pt modified planar diamond electrodes. In 

this project the relationship between the geometry of the textured surface and the stability of 

the nanoparticles was investigated. The application of Pt modified nanostructured diamond 

for electrochemical oxidation of methanol and glucose was demonstrated. 

3.3 Experimental Methods 

3.3.1 Electrochemical measurements 

Prior to utilisation, plain polycrystalline boron-doped diamond electrodes (from Element Six 

Co, 10×10×0.6 mm size, [B] >10
20

 cm
-3

) were cleaned using the following procedure:  

(i) the electrodes were polished for 3 min by 0.3 µm alumina powder to remove any 

physically adsorbed contaminants at the electrode surface;  

(ii) the electrodes were subsequently placed in the distilled water and sonicated in the 

ultrasonic bath for 10 min to ensure the removal of alumina species; 
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(iii) this was followed by a hot aqua regia cleaning procedure (60 min, 60ºC);  

(iv) the electrodes were then thoroughly rinsed with distilled water and sonicated 

again in distilled water for 10 min.  

A µ-AUTOLAB III electrochemical workstation (Eco-Chemie, Netherlands) was used for all 

electrochemical measurements. A standard three-electrode configuration was employed with 

a boron-doped diamond electrode as a working electrode, an Ag/AgCl reference electrode 

and a Pt counter electrode. The diamond electrode was incorporated in a PTFE holder, so that 

a circular area of 0.4 cm
2
 was exposed to a working solution. In order to create a reproducible 

surface termination on the electrode prior to electrodeposition, the latter was conditioned by 

potential cycling in 0.1 M nitric acid between -1.5 V and 2.5 V, which standardly yields a 

hydrophilic surface containing a high concentration of oxygen functionalities such as 

hydroxyl, carbonyl and carboxyl species. 

Platinum nanoparticles were electrodeposited from a deaerated 2 mM K2PtCl6 in 0.1 M 

H2SO4 solution via potentiostatic method at a potential of -0.2 V vs. Ag/AgCl for 100 s. The 

electrochemical active area (EAA) of the electrodes was estimated from cyclic voltammetry 

(CV) recorded in 0.1 M H2SO4 at a scan rate of 0.05 Vs
-1

.  

3.3.2 Diamond nanostructuring procedure 

In order to produce the diamond nanostructures, the protocol that was developed at the 

Fraunhofer Institute for Applied Solid State Physics was used. This protocol is based on the 

previous detailed studies of the plasma etching of diamond.
2,33,46,47

 

Diamond structuring in the form of nanopits was achieved via catalytic etching in an 

hydrogen plasma at 900ºC for a duration of 90 min in accordance with the method described 

previously.
47

 The base H2 pressure in the induction furnace was 500 mbar with a 100 SCCM 
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H2 flow rate. The photograph of the apparatus employed for the hydrogen catalytic etching is 

presented in Figure 28. 

 

Figure 28 Photograph of hydrogen induction furnace used for catalytic etching of boron-doped diamond electrodes 

 

Diamond structuring in the form of nanorods was performed via oxygen inductive coupled 

plasma etching in accordance with the method described earlier.
48

 The samples were kept at 

the temperature of 23ºC, a pressure of 5×10
-2

 mbar, oxygen gas flow 20 SCCM and a power 

of 1000 W for 2 min. 

3.3.3 Morthology and microstructure characterisation 

A scanning electron microscope with a 20 kV acceleration voltage was used to examine the 

surface morphology. X-ray photoelectron spectroscopy (XPS) spectra were recorded using a 

hemispherical analyser and Mg Kα (1253.6 eV) X-ray source. The survey scans and the high 

resolution scans were measured at 50 eV energy pass with 0.5 eV step and at 20 eV energy 
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pass with 0.1 eV step respectively. The data recorded was analysed by CasaXPS software.
49

 

The peaks were fitted using a Shirley background.
50

 

3.3.4 Chemicals 

All chemicals (from Sigma-Aldrich, UK) were of analytical grade and used without any 

further purification. Solutions were prepared using ultrapure water (18.2 MΩ∙cm at 23ºC, 

Millipore water systems, UK). The glucose solutions were prepared in 0.1 M phosphate 

buffered saline. The methanol solutions were made in 0.1 M H2SO4. 

3.4 Results and discussion 

3.4.1 Morphology and microstructure characterisation 

The SEM of a typical plain polycrystalline B-doped diamond surface before Pt deposition is 

presented in Figure 30 (a). It is comprised of [111], [100] and [110] oriented diamond grains 

in the size range of 5-50 µm. Spherical, 200-300 nm in diameter Pt nanoparticles were 

electrodeposited via chronoamperometry at a constant potential of -0.2 V. In order to confirm 

the formation of Pt nanoparticles on the electrode surface, the cyclic voltammetry was carried 

out in 0.1 M H2SO4 between 0.1 V and -0.3 V at the scan rate of 0.05 V s
-1

 (Figure 29). 

Several characteristic peaks arising from the electrochemical activity of Pt nanoparticles are 

presented in Figure 29. In the cathodic regime, the peaks between 0.05 and -0.25 V are 

associated with the reduction of H+ ions and the resulting formation of H2 adsorbed 

monolayers on a differing facets of Pt nanoparticles.
51,52

 At the potential below -0.26 V, the 

hydrogen evolution reaction can be detected. When the potential is reversed in the anodic 

scan, the oxidation of the adsorbed hydrogen can be observed.  
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Figure 29 Cyclic voltammetry of Pt decorated boron-doped diamond in 0.1 M H2SO4 recorded at the scan rate of 

0.05 Vs-1. 

 

The hydrogen oxidation charge of 7.5 mC cm
-2

 was estimated by integrating the anodic 

faradic current corresponding to the oxidation of adsorbed hydrogen during the anodic scan. 

Given that the charge to oxidise a monolayer of hydrogen on the Pt (111) surface is 

0.21 mC cm
-2

, the electrochemical active platinum area per cm
2
 of the electrode can thus be 

calculated as 35.9 cm
2
.
53

 Assuming that the Pt nanoparticles are of a spherical shape, the 

specific surface area of each particle was derived using the following equation: 

𝑆 = 4𝑛𝜋(𝑑 2⁄ )2/𝑚  (Equation 3.1) 

where n is the number of electrons, d is the particle diameter, m is the mass of the whole Pt 

deposited. The latter is given by: 

𝑚 = 𝜌𝑉 =
4

3
𝑁𝜋(𝑑 2⁄ )3𝜌  (Equation 3.2) 
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Where N is the number of deposited Pt nanoparticles, 𝜌 is the Pt density (21.45 g cm
-3

). The 

electrochemical parameters estimated from cyclic voltammetry are summarised in Table 2. 

Table 2 Electrochemical characterisation of Pt decorated boron-doped diamond electrode 

Parameter Value 

H-Oxidation Charge (mC cm
-2

) 7.5 

Electrochemical Pt active area (cm
2
) 35.9 

Specific Pt NPs area (m
2
 g

-1
) 71.1 

Estimated Pt NPs size (nm) 3.9 

 

The SEM image of Pt decorated boron-doped diamond electrode is shown in Figure 30 (b). 

 

Figure 30 SEM image of (a) polycrystalline boron-doped diamond electrode; (b) Pt nanoparticles deposited on boron-

doped diamond electrode 

 

It is interesting to note that during electrodeposition process Pt particles grow preferentially 

at the edge of diamond grains which is in agreement with the previously reported results.
22

 

Conductive AFM studies
54-58 

show very heterogenous conductivity across diamond electrode 

surfaces due to enhanced sp
2
-conductivity of the intercrystalline regions,

59
 the increased 

number of defects within these regions
60

 and heterogeneity of boron doping
61

, all of which 

could contribute to this observation.  
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3.4.1.1 Pt decorated diamond textured in the form of nanopits 

The Pt decorated plain boron-doped diamond electrode was placed in induction furnace and 

was etched in an H2 atmosphere at 900ºC, at a pressure of 500 mbar to produce a Pt decorated 

nanopits textured surface (Pt_PDE). The SEM image of Pt_PDE diamond electrode is 

presented in Figure 31 (a). As it can be seen in Figure 31 (b) whilst Pt nanoparticles remain 

spherically shaped, the pits formed during the etching process have flat sidewall faces, 

sharply defined edges and certain geometry.  

 

Figure 31 SEM image of (a) Pt decorated boron-doped diamond that is textured in the form of nanopits; (b) Pt etch 

pits formed, inset (i) four-sided pyramid with Pt nanoparticle inside, (ii) elongated channel containing Pt nanoparticle, 

(iii) hexagonal pit with Pt nanoparticle; (c) Pt NPs of Pt_PDE are highlighted in red; (d) Pt nanopits at [100] oriented 

surface 
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The surface formed includes [100] oriented diamond grains with etch pits in the form of an 

inverted four-sided pyramid and Pt nanoparticle of ~200-300 nm inside (Figure 31 (b), 

inset (i), and Figure 31 (c)-(d)). The pore holes in grains with [110] orientation were 

structured in the form of straight channels (Figure 31 (b), inset (ii)), whereas the etch pits on 

[111] grains were of hexagonal structure (Figure 31 (b), inset (iii)).
47

 The etch pits tend to be 

concentrated near the grain boundaries since this is where the Pt is predominantly deposited. 

The morphology of the pits depends on the symmetry of the diamond cubic cell in [100], 

[110] and [111] orientations as well as the etching mechanism. A detailed discussion on the 

etch pits morphology study can be found in the works of W. Smirnov
34

, J. Hees, C. Nebel et 

al 
47

 and Sonin
3
.  

In order to understand the geometry of the pits observed in SEM, the etching mechanism 

should be first considered. The schematic illustration of the etching process is presented in 

Figure 32. 

 

Figure 32 Schematic illustration of catalytic etching mechanism  

 

During the hydrogen plasma etching, the diamond surface below the Pt/diamond interface 

starts to graphitise due to the formation of amorphous carbon. It is suggested that at 900ºC 

this amorphous carbon can further diffuse into the Pt nanoparticle. Carbon diffusion into Pt 



 
Chapter Three – Decorated nanostructured diamond electrodes: preparation and 
electrochemistry 

65 
 

nanoparticle is followed by the precipitation of amorphous carbon at the external Pt/hydrogen 

interface that is not in contact with diamond surface. At the external Pt interface, hydrogen 

atoms react with the precipitated amorphous carbon to form methane or CHx complexes that 

subsequently evaporate.
1
 The process described above allows the Pt particle to move 

downwards into the forming hole. The rate of the particle movement depends on the density 

and symmetry of sp
3
 carbon bonds below the Pt particle, i.e on the diamond crystal 

orientation. Figure 33 shows the model of sp
 3

 bonded carbon atoms in a face centred cubic 

diamond cell. The lattice planes with [100], [110] and [111] orientations are highlighted in 

red. The number of the in plane and out of plane bonds of sp
3
 carbon atoms in the cell are 

given in Table 3.
34

  

Table 3 The number of carbon bonds in a diamond face depending on the crystallographic orientation, adapted 

from34 

Plane In plane bonds Out of plane bonds (downwards) Out of plane bonds (upwards) 

[100] 0 2 2 

[110] 2 1 1 

[111] 3 1 0 

For the [111] diamond crystallographic orientation, the surface density of carbon atoms is the 

highest; therefore, the etching rate will be the slowest on such surfaces.  

 

Figure 33 Diamond lattice structure view from [100], [110] and [111] planes 
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The three dimensional model of the pits structure can be determined by considering a cubic 

cell of an arbitrary length, a, with the octahedron inside.
3,34

 The latter consists of [111] planes 

that represent three dimensional diamond structure. Figure 34 (a) illustrates the schematic 

model of an [111] plane octahedron in a cubic unit cell. The planes of a cubic unit cell are 

highlighted as they would be visible if the reader looks on the [100], [110] and [111] planes. 

The associated cross-sections of octahedron are presented in Figure 34 (b). The plain and 

three dimensional structures of the etch pits are displayed in Figure 34 (c) and (d) 

respectively. 

 

Figure 34 (a) schematic structure of an [111] plane octahedron in a cubic unit cell. The latter is positioned in [100], 

[110] and [111] orientations; (b) cross-sections through the [100], [110] and [111] planes of the octahedron and 
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associated geometric forms with the angles assigned; (c) possible structures of etch pits from the above view (d) three 

dimensional structures of the etch pits with the spherical Pt nanopartical inside, adapted from34 

If compared with the SEM image in Figure 31(b), the geometrical structures derived from the 

considerations above are in a good agreement with the experimental structures of the etch pits 

in the inset (i), (ii) and (iii), Figure 31(b).  

3.4.1.2 Pt decorated diamond textured in the form of nanorods 

In order to produce Pt decorated boron-doped diamond textured in the form of nanorods 

(Pt_RDE), the reactive ion etching was performed in the oxygen plasma at 23ºC and a 

pressure of 5×10
-2

 mbar. The process is schematically illustrated in Figure 35. The platinum 

particles act as a hard resist. The reactive ion etching occurs by both physical sputtering and 

ion-enhanced chemical etching,
62

 which in case of O2 plasmas is achieved through the 

reaction of the O2
+
 ions with the diamond surface and generation of CO and CO2 volatile etch 

products.
63-65

 

 

Figure 35 Schematic illustration of reactive ion etching mechanism 

 

The SEM images of the nanorod textured Pt decorated boron-doped diamond formed by O2 

inductive coupled plasma etching of the plain Pt_BDE are shown in Figure 36. The resulting 

surface is covered by vertically aligned diamond rods of ~500-800 nm height with Pt 
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nanoparticles approximately 200-400 nm in diameter on top of the rod as shown in a higher 

resolution image in Figure 36 (c) and (d). 

 

Figure 36 (a) and (b) SEM images of nanorods textured Pt decorated boron-doped diamond that was etched in O2 

plasma; (c) the rods formed; (d) Pt nanoparticle on the top of the rod highlighted in red 

 

As in the case of nanopits, the location of the nanorods is also influenced by the position of 

the electrodeposited Pt. The rods were mainly observed at the grain boundaries due to the fact 

that the platinum nanoparticles are located preferably at the grain boundaries (Figure 36 (a)). 

The minor fraction of rods were formed at the diamond facets. Although this distribution is 

obviously influenced by the location of the Pt, it is also affected by the nature of the etching 

process. It was shown previously that for the B-doped diamond the formation of nanorods 

tends to be especially concentrated along the grain boundaries and areas with increased boron 

concentration.
29

 This behaviour was linked to the more intense electron emission from boron 
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sites in the diamond and the formation of a local electrical field at the vicinity of the boron 

site. The latter is found to contribute to the formation of the rods in the O2 plasma etching.
29

 

3.4.2 X-ray Photoelectron Spectroscopy Study 

In order to understand the changes in the chemistry of the diamond/platinum interface before 

and after etching, the samples were analysed using x-ray photoelectron spectroscopy. A 

typical high-resolution C 1s spectrum of the platinum decorated boron-doped diamond 

electrode prior to the etching procedure is presented in Figure 37 (a). A C 1s component 

characteristic of the bulk diamond was positioned at 285.0 eV in each fitting. The peaks at 

285.5 eV and 286.6 eV are attributable to C-Hx (x = 2,3) species in polyhydride 

configurations and hydroxyl surface groups respectively.
66-68

 The peak at 283.6 eV with the 

chemical shift of -1.3 eV is generally ascribed to the graphite states involved in π-bonding, 

which are also known as sp
2
-defects.

69
 The Pt 4f spectrum of Pt_BDE surface (Figure 37 (b)) 

presents two well-resolved doublets with the main line of Pt (0) 4f7/2 at 72.6 eV and 

Pt (0) 4f5/2 at 76.0 eV respectively; as well as Pt (+4) 4f7/2 at 73.7 eV and Pt (+4) 4f5/2 at 

77.8 eV due to the presence of surface oxide.
70

  

The major change in the C 1s spectrum of the Pt_PDE surface after H2 plasma etching arise 

from the presence of the peak at 282.7 eV as shown in Figure 37 (c). The raw intensities prior 

and after etching are compared in Figure 37 (c), inset (i). The chemical shift of -2.3 eV, 

relative to the bulk diamond at 285.0 eV, is much larger than that of ~-1  -1.3 eV shift, 

characteristic of the sp
2
-defects. The presence of this peak can be explained by the formation 

of a surface carbide phase PtCx since the second step of the etching mechanism involves 

dissolution of the graphitised carbon through the Pt nanoparticle. This observation is also in 

agreement with the previous XPS data available on Pt-C compounds
71-75

 It is interesting to 
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note that in comparison to Pt 47/2 peak at 72.6 eV of a plain polycrystalline Pt_BDE, the 

Pt 4 peak of Pt_PDE moves by +0.4 eV after the etching step, as depicted in Figure 37 (d).  



 
Chapter Three – Decorated nanostructured diamond electrodes: preparation and 
electrochemistry 

71 
 

 

Figure 37 C 1s XPS spectra of (a) Pt_BDE, (c) Pt_PDE with the inset of raw intensities of (- -)Pt_BDE and () 

Pt_PDE with (II) C 1s PtCx peak and (I) C 1s sp2 defects of Pt_PDE, (e) Pt_RDE; Pt 4f XPS spectra of (b) Pt_BDE, 

(d) Pt_PDE, (f) Pt_RDE 
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This charge-shift relationship is associated with a small electron transfer from Pt to C, and 

supports the carbide phase formation.
76

 A detailed description of XPS binding energies and 

FWHM can be further obtained in Table 4 and Table 5. 

Table 4 XPS binding energies for Pt_BDE, Pt_PDE and Pt_RDE samples 

Sample Binding Energies (eV) 
 C 1s  Pt 4f 

 C-C C-CHx –C=O sp
2
 def C-Pt Pt (0) 4f7/2 Pt (0) 4f5/2 Pt (+4) 4f7/2 Pt (+4) 4f5/2 

Pt_BDE 285.0 285.5 286.6 283.6  72.6 76.0 73.7 77.8 
Pt_PDE 285.0 285.5 286.5 283.9 282.7 73.0 73.8 76.4 79.4 
Pt_RDE 285.0 285.9 287.6 283.8  71.2 72.4 74.7 76.3 

 

 

Table 5 FWHM values for Pt_BDE, Pt_PDE and Pt_RDE samples 

Sample FWHM (eV) 

 C 1s  Pt 4f 

 C-C C-CHx –C=O sp
2
 def C-Pt Pt (0) 4f7/2 Pt (0) 4f5/2 Pt (+4) 4f7/2 Pt (+4) 4f5/2 

Pt_BDE 1.3 1.5 2.0 1.3  1.6 1.8 1.3 3.0 
Pt_PDE 1.3 1.4 2.0 1.4 1.5 1.7 1.9 1.6 2.0 
Pt_RDE 1.5 2.0 2.0 1.8  1.7 1.8 1.5 2.4 

 

 

As presented in Figure 37 (e), the C 1s spectrum of the Pt decorated diamond structured in 

the form of nanorods (Pt_RDE) was found to contain an increased graphitic carbon peak at 

283.7 eV, which is in agreement with the graphitisation character of O2 inductive coupled 

plasma etching. The Pt 4 peak (Figure 37 (f)) is very similar to that of Pt 4 of Pt_BDE.  

The Pt:C ratio deduced from the spectra using the appropriate sensitivity factors
49,70

 showed 

that 87% of the initially deposited Pt was lost during the reactive ion etching procedure in the 

oxygen plasma. This is a result of O2
+
 ions bombardment, compared to the freshly prepared 

Pt_BDE sample. In contrast, only 20% of Pt was removed from Pt_PDE during catalytic H2 

etching. 

An interesting characteristic feature arising from the analysis of the Pt-C compounds XPS 

spectra is that the Pt 4 peak asymmetry decreases with the increase of the carbon 
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content.
72,77-79

 The asymmetry of the Pt 47/2 line is given as the ratio of the left half width to 

the right half width at half maximum of the peak. In the Pt_BDE and Pt_RDE samples, the 

Pt 47/2 asymmetry was found to be 1.7, whereas in Pt_PDE, etched in H2 plasma, the peak 

asymmetry was 1.1. Therefore, such a decrease suggests the increased carbon content in the 

Pt phase. This decrease in the asymmetry of the Pt 47/2 peak is related either to the possible 

gain of the s-like electron density once the Pt d-band has been completely filled or to the 

hybridization of the d-level of Pt with the s-p levels of C, which contributes to the screening 

of the scattered electrons and therefore to the reduction of the peak asymmetry.
80

  

3.4.3 Electrochemical Characterisation 

The electrochemical performance and electrocatalytic stability of the nanotextured electrodes 

were investigated by cyclic voltammetry in 0.1 M H2SO4. Figure 38 (a) and (b) display the 

cyclic voltammograms of Pt_PDE and Pt_RDE electrodes obtained prior and after the 

stability tests. In the cathodic scan, as exhibited in Figure 38 (a), a peak associated with the 

hydrogen adsorption onto Pt facets in the potential range from 0 to -0.25 V is observed. It is 

followed by the onset of the hydrogen evolution reaction below -0.25 V. In the anodic scan, a 

peak at -0.26 V is related to the hydrogen desorption process. In order to assess the 

electrocatalytic stability, the electrodes were cycled during 600 times in 0.1 M H2SO4. A 

slight decrease in the electrochemical signal (red line, Figure 38 (a)) suggests that the 

catalytic activity of Pt nanoparticles in the nanopits etched diamond can be preserved over a 

long time. Figure 38 (b) shows CV data recorded at Pt nanorods textured electrode. Although 

the initial CV scan obtained from Pt_RDE was similar to that of Pt_PDE, the cyclic 

voltammogram recorded after the long-term stability revealed significant losses in 

electrochemical activity of Pt nanoparticles located on the top of the nanorods.  
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Figure 38 CV in 0.1 M H2SO4 of (a) (–) Pt_PDE prior to stability tests, () Pt_PDE after stability tests; (b) (–) 

Pt_RDE prior to stability tests, () Pt_RDE after stability tests. All CVs were recorded at 0.05 Vs-1. 

 

In accordance with the standard procedure, the electrochemical active area associated with 

the Pt (EAA) was estimated by integration of the anodic current peak arising from the 

oxidation of hydrogen adsorbed on Pt, between -0.3 V and 0.1 V.
81,82

  

The EAA decreased as the potential on the electrode was cycled between -0.3 V and 0.1 V, 

and the calculated Pt loss, normalised to that present at the start of the electrochemical 

measurements, as a function of the number of cycles, is presented in Figure 39. 
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Figure 39 Calculated platinum loss (%) from (i) Pt_RDE, (ii) Pt_BDE, (iii) Pt_PDE electrodes 

 

The loss of electrochemical active area at the Pt_PDE did not exceed more than 35%, 

whereas 60% and 90% losses were observed at Pt_BDE (Figure 4 (b)) and Pt_RDE 

(Figure 4 (c)) samples. 

It may therefore be concluded that the hydrogen etching treatment presents a straightforward 

route to enhance the stability of Pt particles on diamond electrodes. This increased stability of 

the Pt_PDE electrode may be related to the particles being trapped in the diamond pits. 

However in view of the identified PtCx phase detected in XPS, it is also possible that the 

hydrogen plasma treatment, which is carried out at elevated temperatures, enhances the 

bonding strength at the Pt nanoparticle/diamond interface. The Pt_RDE sample is found to be 

the least stable, which is perhaps unsurprising given that the Pt nanoparticles are exposed at 

the top of the pillars. In this type of geometry, the Pt nanoparticles are exposed to the 
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hydrogen bubbles which are formed during the electrochemical cycling to negative potentials, 

leading to the physical removal of Pt from the surface. 

The areas of the Pt 4f and C 1s peaks displayed in Figure 37 can be used to determine the 

relative platinum to carbon ratios using the relevant sensitivity factors.
70

 The surface 

composition measured by XPS prior and after electrochemical cycling in 0.1 M H2SO4 is 

shown in Table 6. The XPS measurements were over the entire active electrode area so 

determined the total Pt content. It can be seen that 53%, 91% and 30% of Pt remained on 

Pt_BDE, Pt_PDE and Pt_RDE respectively after the electrochemical experiments, which is in 

agreement with the stability trend obtained from the decrease of the measured EAA. 

Table 6 Pt/C atomic ratios of the diamond nanostructured electrodes before and after atability tests* 

Ratios Pt_BDE Pt_PDE Pt_RDE 

 
Prior After Prior After Prior After 

Pt/C (×10
-2

) 1.5 0.8 1.2 1.1 0.2 0.06 

% Pt retained 
 

53 
 

91 
 

30 

*Prior and after stability tests 

 

This project demonstrated that the hydrogen etching treatment has useful application to 

improve the stability of the Pt nanoparticles on diamond. This, however, is only of use if the 

Pt nanoparticles retain their electrocatalytic properties. Therefore, the nanostructured 

electrodes were tested with regard to the electrochemical oxidation of glucose and methanol. 

The former was chosen since it is an important step in the detection of glucose using enzyme-

free biosensors which often employ Pt nanoparticles.
83,84

 The second was selected since it 

forms the basis of methanol fuel cells, which again utilise Pt nanoparticles. 

Figure 40 (a) shows the cyclic voltammetry wave arising from the electrochemical oxidation 

and reduction of 1 M glucose at the Pt_PDE electrode. A prominent oxidation wave is seen at 

0.6 V and the associated reduction wave occurs at 0.03 V, as expected confirming the Pt 
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remains electrochemically active in this configuration. This was confirmed since if the Pt on 

the Pt_PDE electrode is removed by dissolving in aqua regia (see Figure 40 (a), red line) no 

clear redox peaks can be observed when the electrode is exposed to the glucose solution. 

 

Figure 40 Cyclic voltammograms of (a) (–) Pt_PDE in 1 M glucose, 0.1 M PBS at 0.05Vs-1, (·····) after aqua regia 

treatment, Pt_PDE in 1 M glucose, 0.1 M PBS at 0.05Vs-1; (b) (–) Pt_PDE in 1 M CH3OH, 0.1 M H2SO4 at 0.05 Vs-1, 

(·····) Pt_PDE after aqua regia treatment in 1 M CH3OH, 0.1 M H2SO4 at 0.05 Vs-1 

 

The methanol electrooxidation process was studied by CV in 1 M CH3OH dissolved in 0.1 M 

H2SO4 solution on the Pt_PDE electrode and data is presented in Figure 40 (b).  

The CV recorded is characteristic of a classical methanol oxidation on Pt diamond 

substrates.
85

 The first peak in the anodic scan represents the increase in methanol oxidation 
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kinetics which slows at high positive potentials due to the passivation of the Pt. The latter is 

caused by the adsorption of incompletely oxidised species. A peak is then seen in the 

cathodic scan at low positive potentials due to the re-oxidation of adsorbed intermediates 

such as COads and the reactivation of the electrode. Again, in order to confirm that the waves 

observed arise solely from the presence of catalytically active Pt nanoparticles on the Pt_PDE 

electrode, the Pt was dissolved from the Pt_PDE electrode. The subsequent scan in 1 M 

CH3OH, 0.1 M H2SO4 solution shows the absence of catalytic activity for methanol 

electrooxidation. 

3.5 Concluding remarks 

In Chapter 3, a two-step production process to prepare Pt modified boron-doped diamond, 

with the Pt present in nanopits or on the top of nanorods, has been demonstrated. The 

approach involved treating a diamond electrode, with Pt electrodeposited on it, in either O2 or 

H2 plasmas. The mechanism of the diamond nanostructuring in O2 and H2 plasmas was 

discussed in detail in this chapter. The use of X-ray photoelectron spectroscopy has enabled 

detection of the formation of platinum carbide phase during the catalytic hydrogen plasma 

etching process which was only hypothesised previously as a part of the etching mechanism. 

This is the first study of the direct platinum carbide phase detection during the catalytic 

hydrogen plasma etching.  

In this project it was shown that the H2 plasma treatment yields the electrode structures with 

the Pt present in nanopits of differing geometry. The principles determining the geometry of 

the etch pits were discussed in this chapter. It was shown that Pt nanoparticles in etch pits are 

significantly more stable than Pt simply electrodeposited on planar electrodes, and remain 

electrochemically active after the plasma treatment over the long-term. This therefore 

presents a straightforward route for the preparation of Pt-decorated diamond electrodes which 
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show improved stability over those formed without the plasma treatment. Electrochemical 

activity has been demonstrated with regard to the enzyme-free oxidation of glucose and the 

oxidation of methanol.  

In contrast to the H2 plasma etching, it was shown that the O2 plasma treatment removes a 

significant amount of the Pt, and the resulting electrode structures readily lose most of the 

remaining Pt (from on top of the nanorods) when electrochemically cycled. 
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4 Chapter Four – Adsorption electrochemistry at diamond 

electrodes: the influence of surface chemistry 

4.1 Introduction 

This chapter investigates the electrochemical behaviour of differing forms of diamond, 

including microcrystalline boron-doped diamond, boron-doped diamond powder as well as 

detonation nanodiamond powder with regard to their fouling as a result of the adsorption 

processes in methyl viologen and anthraquinonedisulfonate solutions. In this work, two types 

of electrode pre-treatments were employed to produce two dissimilar surface terminations: 

hydrophobic H-terminated and hydrophilic O-terminated. In the case of methyl viologen, it 

was found that the reduced neutral molecule adsorbed on all three electrodes if they were 

hydrogen terminated, but not if they were oxygen terminated. For anthraquinonedisulfonate, 

no adsorption was found on the solid diamond electrode, although significant adsorption was 

identified on the powder electrodes, provided they were hydrogen terminated. The reasons 

underlying these observations are discussed in terms of hydrophobic and coulombic 

interactions and the electrode morphology. This work provides information into the likely 

occurrence of adsorption and concomitant electrode fouling, which may be experienced in 

electrochemical applications using solid and powdered forms of diamond.  

4.1.1 Adsorption properties of diamond materials 

Boron-doped diamond has attracted interest in a number of distinct electrochemical fields in 

recent years. The areas include electroanalysis, electrosynthesis, water purification, fuel cells 

and energy harvesting.
1-8

 For these particular applications there are several notable 

advantages to boron-doped diamond electrode (BDE) as compared to other conventional 

electrode materials. These encompass exceptional chemical stability in aqueous and non-
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aqueous environments, good biocompatibility and attractive electrochemical properties such 

as wide potential window, low signal-to-background current ratio and, more importantly, 

resistance to electrode fouling.
9-12

  

Apart from the use of solid diamond electrodes, there has been increasing interest in the use 

of conductive boron-doped diamond powders and insulating detonation nanodiamond 

powders in areas such as fuel cell electrochemistry and in electrochemical sensing 

applications, where enhanced surface area could be advantageous.
13-18

 

4.1.1.1 Background on Detonation Nanodiamond and Boron-doped Diamond Powders 

Detonation Nanodiamond (DND) is a carbon based nanomaterial which is produced via the 

detonation process of carbon containing explosive compounds, where the application of high 

temperature and high pressure shock waves result in the formation of small quantities of 

diamond particles, approximately 5-10 nm in diameter. The particle consists of an sp
3
 

diamond core surrounded by an amorphous sp
2
 shell with a highly functionalised surface 

containing hydroxyl, carbonyl, carboxyl and lactone surface groups.
19,20

  

Although DND is undoped and therefore insulating in a dry state, it is capable of producing 

an effective electrochemical response in solution due to the surface chemistry of DND 

particles. Further discussion of this exciting phenomenon is available in Chapter 5. 

In contrast to the detonation nanodiamond, boron-doped diamond powders are boron-doped, 

and thus are conductive both in a dry state as well as in solutions. Conductive boron-doped 

diamond powders (BDP) can be produced by milling plain boron-doped diamond films
21

 or 

by the CVD growth of the conductive layer over the DND particles.
15

 The material is 

generally comprised of ~100 – 500 nm particles of irregular shape. Depending on the 
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production technique, the surface chemistry of BDP typically tends to be similar to that of 

plain polycrystalline boron-doped diamond. 

The morphology and the size of both DND and BDP powders play an important role in their 

physical and chemical properties.
22,23

 The size control of these powders is required to produce 

high surface area electrodes as well as to achieve desirable electrochemical activity. 

4.2 Aims of the project 

One of the significant features that make diamond material so attractive in many 

electrochemical applications is its inert and stable surface chemistry. In contrast to other 

conventional carbon and metal based electrodes, boron-doped diamond has been generally 

reported to exhibit significant resistance to electrode fouling, which is of particular advantage 

in electroanalytical applications, where adsorption to the electrode is a frequent reason for 

electrode failure.
24,25

 However, contrary to the widespread belief that adsorption at boron-

doped diamond electrodes is negligible, in recent studies BDE was found to be surprisingly 

efficient in adsorbing large organic compounds.
26-28

  

For example, an interesting study by Compton et. al. shows that quinizarin strongly adsorbs 

to the electrode surface, dependent on the pre-exposure of the electrode to organic solvents.
29

 

Another report on the electrochemical studies of surface-bound processes at diamond 

electrodes was published by Swain et. al.
24

 Chronocoulometry and cyclic voltammetry were 

employed to investigate the electrochemistry of anthraquinone-2,6-disulfonate (2,6-AQDS) 

which was chosen as a model compound. Although no attention was given to the surface 

chemistry of the electrodes, the authors concluded that both diamond electrode and glassy 

carbon (GC) were less susceptible to fouling as compared to highly oriented pyrolytic 

graphite (HOPG) and GC electrode. In the latter case, it was suggested that 2,6-AQDS 
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physisorbs on various defect sites of HOPG electrodes and approximately forms a more than 

a monolayer on the surface, 40% of which can be removed by the rinsing procedure. 

It is thus obvious that the adsorption processes on boron-doped diamond electrodes can play a 

key role in controlling electrochemical performance in systems where electrode fouling is at 

risk of occurring. At present, little is known about how the surface termination of diamond 

controls the tendency for adsorption to take place and how this may vary between solid 

diamond and diamond powder electrodes. During the past few years, versatile methods of 

diamond surface chemical modification have been established.
30-34

 The ability to prepare 

several stable diamond surface terminations, among which H-termination and O-termination 

are the most commonly used, allows variation in important surface properties such as 

hydrophobicity and conductivity.
35

 These differing surface terminations are also expected to 

play a role in controlling the extent of electrode fouling. 

In order to examine how the tendency for adsorption to occur varies with the nature and 

surface termination of the diamond  materials used, the electrochemistry of methyl viologen 

dichloride hydrate (MV) and 9,10-anthraquinone-2,6-disulfonic acid disodium salt (2,6-

AQDS), which are known to adsorb strongly on Pt, Hg, Au and GC electrodes,
36-40

 was 

studied in this work at two widely used surface modifications of diamond: hydrophobic H-

terminated and hydrophilic O-terminated. The chemical structures of the molecules used in 

this work are presented in Figure 41. 

 

Figure 41 Chemical structures of (a) methyl viologen and (b) 9,10-anthraquinone-2,6-disulfonic acid used in this work 
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In this chapter, diamond powders as well as solid microcrystalline diamond electrodes were 

investigated, including detonation nanodiamond and milled boron-doped material. This work 

shows that the H-terminated diamond surface exhibits significantly stronger adsorption 

characteristics than the O-terminated surface, with the greatest extent of adsorption being 

observed at the DND electrode interface.  

4.3 Experimental Methods 

4.3.1 Electrode Preparation 

Microcrystalline boron-doped diamond electrode (BDE) was used as a working electrode in 

all experiments (from Element Six Co, 10×10×0.6 mm size, [B] ~ 10
20

 cm
-3

). BDP was 

produced by the milling of CVD boron-doped diamond ([B] ~ 10
20

 cm
-3

). Detonation 

nanodiamond powder (DND) with a particle size of 4 nm was purchased from Yorkshire 

Bioscience. The preparation of 200 nm thin film BDP and DND powder film electrodes was 

carried out via drop coating of 0.08 mg BDP or DND in 60 µL aliquot of absolute ethanol 

onto BDE surface. The samples were dried overnight at 23°C.  

Hydrogen plasma modification of diamond is known to provide hydrogen-terminated, defect 

free, clean and hydrophobic surfaces. In this work, the hydrogen termination of BDE, BDP 

and DND modified electrodes was produced by a previous method, using microwave 

hydrogen plasma treatment at 1.5 kW microwave power, an H2 gas flow of 200 sccm, 

60 mbar pressure and at a temperature of 600°C during 60 minutes.
41

 The sample was 

allowed to cool down in the hydrogen plasma by switching off the heating element and 

gradually reducing the microwave power until the plasma extinguished. The sample was 

cooled to a room temperature under a hydrogen flow. It was further confirmed by XPS that 
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the microwave hydrogen plasma treatment results in an electrode surface being largely free of 

adsorbed oxygen functionalities, hydrocarbons, and sp
2
 species.  

In order to produce an oxidised surface, as-prepared both powder and bare electrodes were 

treated by potential cycling via cyclic voltammetry in 0.1 M nitric acid between -1.5 V and 

+1.5 V. This procedure standardly results in the formation of a hydrophilic surface containing 

a high concentration of oxygen functionalities.
42,43

 

4.3.2 Characterisation 

A scanning electron microscope (SEM, Hitachi S530) with a 20 kV acceleration voltage was 

used to examine the surface morphology. X-ray photoelectron spectroscopy (XPS) spectra 

were recorded using a hemispherical analyser and Al Kα (1486.6 eV) X-ray source. The 

survey scans and the high resolution scans were measured at 50 eV pass energy with 0.5 eV 

step and at 20 eV pass energy with 0.1 eV step respectively. The spectra recorded were 

analysed with CasaXPS software.
44

 The peaks were fitted using Shirley background.
45

 Raman 

spectra were recorded using Raman microscope spectrometer (Renishaw inVia) with a 

514 nm argon laser.  

The electrical conductance of as-received DND and BDP was measured from the ohmic 

resistance of the samples placed between the two metal plates.  

The electrical conductance, 𝜎, is described by the following equation:  

𝜎 =
𝑙

𝑅𝐴
  (Equation 4.1.1) 

where 𝑅 is the measured ohmic resistance (Ω), 𝑙 is the thickness of the powder layer (cm), A 

is the cross-sectional area of the sample (cm
2
). 
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Electrochemical measurements were performed using a μ-AUTOLAB III electrochemical 

workstation (Eco-Chemie, Netherlands) at 23°C. A standard three-electrode configuration 

comprising the BDE as a working electrode, an Ag/AgCl reference electrode and a Pt counter 

electrode was employed in the study. The working electrode was incorporated in a PTFE 

holder, so that a circular area of 0.4 cm
2
 was exposed to a working solution. Cyclic 

voltammetry (CV) was employed to characterise electrochemical behaviour of the electrodes 

in 1 mM anthraquinone-2,6-disulfonate (2,6-AQDS), 0.1 M HNO3 and 1 mM methyl 

viologen (MV), 0.1 M KCl in the scan rate range of 0.02-0.1 V s
-1

. The surface coverage of 

the adsorbed analyte formed on the electrode surface after the CV measurements was 

estimated from a charge obtained at an area under the CV peak, as shown in equation 4.1.2:
46

 

𝑄 = 𝑛𝐹𝐴Γ  (Equation 4.1.2) 

where 𝑛 is the number of electrons involved in the redox process, 𝐹 is the Faraday constant 

(96485 C mol
-1

), 𝐴 is the diamond electrode area (0.4 cm
2
), Γ is the surface concentration of 

the analyte. 

As a comparison, chronocoulometry was also carried out during potential scanning of the 

electrode in the presence and absence of analyte using the methodology described 

previously.
24

 Chronocoulometry measures the charge that has been transferred across the 

electrode/electrolyte interface when the potential of the electrode is scanned from a value 

where no current is flowing to a value where a faradaic current flows. The charge detected 

provides quantitative information on the surface coverage of the adsorbed molecules. The 

charge measured is described by the following equation 4.1.3:
47

 

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑓𝑎𝑟𝑎𝑑𝑎𝑖𝑐 + 𝑄𝑑𝑙 + 𝑄𝑎𝑑𝑠 =
2𝑛𝐹𝐴√𝐷𝐶√𝑡

𝜋
+ 𝑄𝑑𝑙 + 𝑄𝑎𝑑𝑠 (Equation 4.1.3) 
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where n is the number of electrons transferred, F is the Faraday constant, A is the electrode 

area, D is the diffusion coefficient of redox species, C is the concentration. Qfaradaic in the 

equation 4.1.3 describes the faradaic charge that correlates with semi-infinite linear diffusion 

controlled electrolysis.
24

 The second term is the double layer charging, and the third 

corresponds to the adsorbed analyte. The double layer charging, Qdl was first determined by 

carrying out chronocoulometry only in the presence of background electrolyte. Subsequent 

cyclic voltammetry measurements in the presence of analyte and rinsing procedure were then 

followed by chronocoulometry again in order to estimate the amount of the analyte adsorbed 

to the electrode surface after the electrode rinsing. By plotting the measured charge in each 

experiment against t
1/2

 and estimating the difference between the intercepts at t = 0 of Qtotal 

after the rinsing procedure and Qdl plots, the amount of charge, Qads, required to 

instantaneously oxidise the adsorbed analyte left at the electrode was obtained. Surface 

coverage values can be further estimated by equating Qads to the term nFAΓ as in 

equation 4.1.2.  

4.3.3 Chemicals 

All chemicals (from Sigma-Aldrich, UK) were of analytical grade and used without any 

further purification. Solutions (1 mM) of methyl viologen dichloride hydrate (MV
2+

) and 

9,10-anthraquinone-2,6-disulfonic acid disodium salt (2,6-AQDS) were prepared in 0.1 M 

KCl and 0.1 M HNO3 respectively using ultrapure water (18 MΩ cm at 23ºC, Millipore water 

systems, UK). All solutions were deaerated by passing N2 gas for 20 min prior to experiment. 
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4.4 Results and Discussion 

4.4.1 Morphology and microstructure characterisation 

The SEM of a typical plain microcrystalline B-doped diamond electrode (BDE) used in this 

work is presented in Figure 42 (a). It is comprised of [111], [100] and [110] oriented diamond 

grains of ~5-50 µm size range. The SEM of as received boron-doped diamond powder (BDP) 

is shown in Figure 42 (b). BDP is formed of irregular particles with sharp edges of 100 nm –

 5 µm size. The SEM image of a dried film of detonation nanodiamond powder (DND) is 

displayed in Figure 42 (c). It consists of agglomerated ~10-100 nm densely packed spherical 

particles. Some cracks are visible in the powder film due to the solvent evaporation during 

the drop-coating procedure.  

 

Figure 42 SEM image of (a) boron-doped diamond electrode; (b) 200 nm layer of boron-doped diamond powder; (c) 

200 nm layer of detonation nanodiamond powder. 

 

The electrical conductance of dry BDP was measured as described in Section 4.3.2, using a 

sample of 1×1×0.1 cm dimension. The value of 1.8 Ω
-1

 cm
-1

 was estimated in a good 

agreement with the results reported previously,
14,15,17,48

 indicative of a boron doping of 

~10
20

 cm 
-3

.
49

 Further studies of B-doping and morphology were carried out by Raman 



 
Chapter Four – Adsorption electrochemistry at diamond electrodes: the influence of 
surface chemistry 

93 
 

spectroscopy. The Raman spectrum of the BDP film is presented in Figure 43 (a). 

 

Figure 43 Raman spectrum of (a) Boron-doped diamond powder; (b) Detonation nanodiamond powder, reprinted 

from16 

 

It is characteristic of a good quality diamond with the single first-order phonon at 1330 cm
-1

. 

The peak detected at 1580 cm
-1

 is ascribed to the sp
2
-bonded carbon. Since the argon laser is 

almost 100 times more sensitive to sp
2
 carbon,

50
 the small ratio of the sp

2
 peak intensity to the 

sp
3
 intensity suggests that the BDP is of a high phase purity. With the position of the first-

order phonon at 1330 cm
-1

, no Fano-type line shape is observed; however the asymmetry in 

the first-order phonon is still present which is in a good agreement with the suggested boron 

concentration of ~10
20

 cm
-3

.
51 

Thus, in accordance with the conductance measured and 

Raman data obtained, the boron concentration of BDP is consistent with 10
20

 cm
-3

 values.  

The Raman spectrum of the DND sample was identical to those measured and described in 

detail previously.
16

 As shown in Figure 43 (b), characteristic sp
3
 peak for DND is detected at 

1325 cm
-1

 which is lower than that of bulk diamond at 1330 cm
-1

. This feature is attributable 

to the phonon confinement effect predicted for nanoparticles of this size.
16

 A broad 

asymmetric band at 1620 cm
-1

 is assigned to sp
2
 defects on the DND surface.

52
 A shoulder at 

~1590 cm
-1

 suggests the presence of G band, whereas no D band at ~1350 cm
-1

 was 
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detected.
16

 The conductance of the dry DND powder was found to be much lower than the 

BDP, about 3∙10
-5

 Ω
-1

 cm
-1

 as expected due to the absence of doping. However, despite this 

lower conductance in the dry state, as we observe below DND is capable of producing an 

active electrode in solution.
16,17,53

 This feature will be discussed in detail in Chapter 5.  

4.4.2 XPS characterization of hydrogenated and oxidised diamond electrodes 

4.4.2.1 Wide scan XPS 

After the hydrogen plasma treatment and before carrying out electrochemical measurements, 

the diamond samples were analysed by XPS in order to evaluate the initial chemical state of 

the surface. Figure 44 (a) displays a typical survey scan of H-terminated diamond electrode 

(HBDE) which is representative of the initial hydrogenated diamond surface used throughout 

this work. The associated atomic concentrations, binding energies and FWHM values can be 

found in Table 7, Table 8 and Table 9. The C 1s photoemission peak at 285 eV as well as 

characteristic C KVV and C KLL Auger peaks at 980 eV and 1000 eV confirm the elemental 

purity of the hydrogenated diamond sample.
54

 A minor O 1s component at 532 eV binding 

energy is also present in the spectrum, mainly due to adsorbed water vapour. Assuming the 

uniformity of oxygen species distribution, the relative signal areas were converted to relative 

atomic concentrations using standard XPS sensitivity factors.
44

 The O 1s elemental 

concentration within the XPS sampling depth is estimated at around 3.4%.  

Table 7 XPS binding energies for hydrogenated and oxidised boron-doped diamond electrodes 

Sample Binding energies (eV) 

 C 1s O 1s 

 Csp
3
 C-CHx C=O sp

2
 def O–C O=C H2O 

HBDE 285.0 285.8 286.5 283.4 n/a 533.7 530.1 
OBDE 285.0 285.8 287.4 282.2 532.4 534.7 530.0 

 

Table 8 XPS elemental ratios and charging values for hydrogenated and oxidised boron-doped diamond electrodes 

Sample Elemental concentrations (%) Charging (eV)  

 O 1s Relative to C 1s (285.0 eV) 
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HBDE 3.4 8.0 
OBDE 12.1 8.4 

 

Table 9 FWHM values for hydrogenated and oxidised boron-doped diamond electrodes 

Sample FWHM (eV) 

 C 1s O 1s 

 Csp
3
 C-CHx C=O sp

2
 def O–C– O=C H2O 

HBDE 1.2 1.1 2.0 1.5 n/a 2.3 4.2 
OBDE 1.8 1.4 2.1 1.6 2.1 2.0 1.8 

 

In order to produce an oxidised diamond surface, the electrodes were conditioned in 0.1 M 

nitric acid by potential cycling (40 scans) between -1.5 V and + 2.5 V as described in 

section 2. A wide XPS scan of an oxidised boron-doped diamond electrode used in this work 

is presented in Figure 44 (b). The C 1s component at 285 eV with characteristic C KVV and 

C KLL Auger peaks at 980 eV and 1000 eV and a distinct O 1s peak at 532 eV are observed 

in the spectrum. The minor lines from silicon Si 2s and Si 2p core levels are related to a 

possible SiO2 contamination from glassware. As presented in Table 8, the O 1s/C 1s ratio 

within the XPS sampling depth is calculated to be at 12.1% which is almost 4 times greater 

than that of hydrogenated boron-doped diamond. 
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Figure 44 XPS wide scan spectra of (a) hydrogen terminated boron-doped diamond electrode; (b) oxygen terminated 

boron-doped diamond electrode 

4.4.2.2 Hydrogen termination and induced surface conductivity 

As it will be shown in the following sections, hydrogen plasma treatment introduces 

significant changes to the electrochemical performance of the diamond electrodes. In order to 
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understand the underlying principles of this effect, characteristic surface-induced 

conductivity resulting from the hydrogen plasma treatment will be discussed below.  

Undoped, high quality diamond with a band gap of 5.5 eV is known to be one of the best 

insulators with a resistivity of more than 10
11

 Ω cm. In 1989, Landstrass and Ravi showed 

that if undoped CVD diamond was terminated with a chemically bound hydrogen in the result 

of a hydrogen plasma treatment, a pronounced conductivity was detected when a sample was 

exposed to air.
55

 The surface conductivity disappeared if a diamond sample was annealed. In 

order to explain the effect observed, it was suggested that at elevated temperatures (above 

800°C) hydrogen atoms diffuse into the diamond lattice generating additional acceptor states 

with the positive hole carrier densities (up to 10
13

 cm
-2

), and therefore introducing a p-type 

conductivity which is confined to a narrow near-surface region. 

This reversible transformation of undoped diamond from insulating to metallic state has 

attracted a widespread attention and caused a lot of controversy. Chakrapani et. al. reported 

that a surface conductivity also occurs at undoped hydrogen terminated diamond/liquid 

interface, originating from the migration of carries from diamond into the liquid.
56

 Two 

electrochemical models were suggested to describe the phenomenon, 
57,58

 according to which 

electrolyte layers adsorbed on the diamond surface react with the hydrogen layer, causing the 

creation of holes. However, these layers were found to be ill-defined as it was difficult to 

describe the electrochemical basis of the phenomenon.
59

  

For the migration or tunnelling of the electrons from the solid into the electrolyte to be 

possible, the empty electronic states should be present in the liquid. These empty states can 

be filled if no substantial energy barrier exists between the solid/liquid interfaces. In 

semiconductors, the valence band filled with electrons is considered to be the main electron 
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source in the tunnelling process.
59

 As most of the semiconductors have a valence-band 

maximum lower than associated electrochemical levels, surface dipole layers are required to 

tune this process. Therefore, by changing the termination of the diamond surface from 

oxygen to hydrogen, it is possible to shift the valence-band maximum to a higher level as 

displayed in Figure 45. 

 

Figure 45 Schematic illustration of the increase in the valance band energy which is achieved through the changes of 

diamond surface termination from oxygen to hydrogen, adapted from59 

As further illustrated in Figure 45, for this tunnelling to be possible, the energy level of the 

valence-band maximum of the diamond surface should be greater than the chemical potential 

of the electrolyte. As hydrogen termination results in the formation of a C–H surface dipole 

layer with a negative charge concentrated on the carbon atom (C
δ-

) and a positive charge on 
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the hydrogen atom (H
δ+

), this dipole generates electrostatic potential, perpendicular to the 

surface over a distance of the order of the C–H bond length (1.1 Å), and shifts all energy 

levels of diamond up to 1.6 eV with regard to the chemical potential of an electrolyte. The 

latter results in the ‘negative electron affinity’ which is caused by the conduction band states 

of the diamond being above the vacuum level of the electrolyte. Therefore, it is energetically 

favourable for the electrons from the diamond valence band to tunnel into the empty 

electronic states of the electrolyte until a thermodynamic equilibrium between the Fermi level 

of diamond and electrochemical potential of the electrolyte is established. 

Boron-doped diamond is also known to show surface induced conductivity upon 

hydrogenation.
60-62

 It was shown that hydrogen termination of a boron-doped diamond results 

in the formation of additional hole carries in the surface as compared to oxidised boron-doped 

diamond, and the carrier density was found to be independent of a boron doping 

concentration.  

A general trend to arise from these studies is that the change in the surface termination 

introduces significant changes to the electrochemical behaviour of the diamond electrodes. 

For example, Fe(CN)6
3-/4-

 redox couples are found to be very sensitive to the surface 

chemistry of a diamond electrode as the electron transfer kinetics can change by several 

orders of magnitude with regard to the electrode termination.  

In the following sections, the extent to which the changes in the surface chemistry of the 

boron-doped diamond electrodes influence the associated electrode performance as well as 

the electrode fouling will be investigated using electrochemical techniques and high-

resolution X-ray photoelectron spectroscopy. 
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4.4.3 Electrochemistry of methyl viologen 

Methyl viologen is known to exist in three main oxidation states as presented in Figure 46.  

 

Figure 46 Structure of methyl viologen at three main oxidation states 

 

The cyclic voltammetric behaviour of 1 mM methylviologen in 0.1 M KCl, scanned at 

0.05 Vs
-1

 from 0 to -1.4 V at hydrogenated and oxidised boron boped diamond electrodes is 

compared in Figure 47. The associated peak positions and current responses (i.e. current 

normalised by electrode area) are summarised in Table 10 and Table 11. 

At the oxygen terminated BDE (OBDE) (Figure 47 (a)), the reduction peak 1 at -0.71 V vs 

Ag/AgCl corresponds to the formation of cation MV
·+

 through the following process:
63

 

MV
2+

 + e
-
 ↔ MV

·+
 (peak 1) (Equation 4.1.4) 

The second reduction peak 2 at -1.05 V results from formation of neutral molecules MV
0 

in 

solution :
63

 

MV
·+

 + e
-
 ↔ MV

0
 (peak 2) (Equation 4.1.5) 



 
Chapter Four – Adsorption electrochemistry at diamond electrodes: the influence of 
surface chemistry 

101 
 

As the potential sweep is extended to the oxidation regime, two peaks 2' and 1' at -0.99 V and 

-0.65 V respectively appear due to the following reactions:
63

 

MV
0
 ↔ MV

+·
+ e

-
 (peak 2')  (Equation 4.1.6) 

MV
+
↔ MV

2+
 +e

-
 (peak 1')  (Equation 4.1.7) 

 

Figure 47 Cyclic voltammogram of 1 mM methyl viologen in 0.1 M KCl recorded at 0.05 V s-1 at (a) hydrogen 

terminated boron-doped diamond; (b) oxygen terminated boron-doped diamond 
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Table 10 Peak position and current response data recorded in 1 mM MV, 0.1 M KCl at oxygen terminated boron-

doped diamond electrode at 0.05 V s-1 

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 -0.71 -9.44×10
-5

 -2.36×10
-4

 

2 -1.05 -9.59×10
-5

 -2.39×10
-4

 

2’ -0.99 2.94×10
-5

 7.35×10
-4

 

1’ -0.65 3.08×10
-4

 7.70×10
-3

 

 

Table 11 Peak position and current response data recorded in 1 mM MV, 0.1 M KCl at hydrogen terminated boron-

doped diamond electrode at 0.05 V s-1 

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 -0.71 -6.59×10
-5

 -1.64×10
-4

 

2 -1.04 -8.52×10
-5

 -2.13×10
-4

 

3 -0.85 2.32×10
-4

 5.80×10
-4

 

1’ -0.65 1.06×10
-4

 2.65×10
-4

 

 

The peak-to-peak separation, ∆EMV
2+

/MV
·+

, for the curve recorded at OBDE is 66 mV at 

0.05 Vs
-1

. The apparent electron transfer rate constant for the MV
2+

/MV
·+

 redox process 

(without double layer or IR effects correction), k
0

app, was determined in accordance with the 

theoretical model of Nicholson:
64

 

𝑘𝑎𝑝𝑝
0 = 𝜓(𝜋

𝑛𝐹𝜈

𝑅𝑇
𝐷0)1/2/𝛾  (Equation 4.1.8) 

where 𝜓 is dimensionless charge transfer parameter related to ∆Ep. 𝜓 value that corresponds 

to a specific ∆Ep value is tabulated in reference 
64

. 𝑛 is the number of electrons transferred, 𝐹 

is the Faraday constant, 𝜈 is the scan rate, 𝑅 is the universal gas constant (8.314 J K
-1

 mol
-1

), 

T is the Kelvin temperature, 𝐷0 is the diffusion coefficient of MV
2+

 (6.56×10
-6

 cm
2
 s

-1
) and 

𝛾 = (
𝐷0𝑥

𝐷𝑟𝑒𝑑
)1/2 is assumed to equal unity.

64,65
 

An application of Equation 4.9 gives the k
0

app value of 2.6×10
-2

 cm s
-1

 (ψ=4) which is in 

agreement
 
with previously reported.

12,25
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As presented in Figure 48, at OBDE, the peak currents for both redox processes were found 

to increase linearly with the square root of scan rate (from 0.02 to 0.1 V s
-1

, R
2 

= 0.9958), thus 

suggesting a diffusion control reaction at the interface. 

 

Figure 48 (a) Cyclic voltammogramm of 1 mM MV, 0.1 M KCl recorded at oxygen terminated boron-doped diamond 

electrode with the scan rates of 0.02 to 0.07 Vs-1; (b) corresponding plots of peak currents versus square root of scan 

rate 

 

At hydrogen terminated BDE (HBDE) (Figure 49 (a)), two cathodic peaks at -0.71 V 

and  -1.04 V vs Ag/AgCl correspond to the reduction of MV
2+

 and MV
·+

 as in 

equation (4.1.4) and (4.1.5). The MV
2+

/MV
·+

 redox reaction was found to be diffusion 

controlled as verified by the constancy of Ip vs ν
1/2

 values (ν from 0.03 to 0.1 V s
-1

, 

R
2 

= 0.9897) (as presented in Figure 49 (b)). For the cyclic voltammogram obtained at HBDE, 

∆EMV
2+

/MV
·+

 is reduced to 58 mV at 0.05 Vs
-1

 with k
0

app=0.13 cm s
-1

 (ψ=21), thus suggesting 

a faster electron transfer on an H-terminated surface.  
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Figure 49 (a) Cyclic voltammogramm of 1 mM MV, 0.1 M KCl recorded at hydrogen terminated boron-doped 

diamond electrode with the scan rates of 0.03 to 0.1 Vs-1; (b) corresponding plots of peak currents versus square root 

of scan rate; (c) plot of peak current 3 versus scan rate 

In the anodic scan, an important difference induced by the hydrogen termination of the 

diamond electrode is observed in the appearance of peak 3 at -0.85 V, uncharacteristic of O-

terminated BDE. Peak 3 solely arises from the surface bound process as it was shown in the 

recent studies of methyl viologen reduction at carbon based electrodes by Compton et al:
39

 

MV
0

ads ↔ MV
+

aq + e
-
 (peak 3)  (Equation 4.1.9) 

The Ip
OX

 values of peak 3 increase linearly with the scan rate from 0.03 to 0.1 Vs
-1

, thus 

indicating the occurrence of adsorption controlled process (Figure 49 (c)).
66

 The amount of 

MV
0

ads formed in the first scan on the H-terminated diamond electrode was estimated from 

the charge corresponding to the peak area under the oxidation peak 3, as shown in equation 

4.1.9. Thus, 11 nmol cm
-2

 of MV
0

ads was found to form on the HBDE surface after the first 

scan. The monolayer coverage of methyl viologen is known to be 0.2 or 0.4 nmol cm
-2

 

depending on vertical or flat orientation of the molecule.
67

 Therefore it can be concluded that 

many monolayers are adsorbed on the HBDE electrode when in solution, driven by the π-π 

interactions between adjacent MV
0

ads
 
molecules.

67
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In order to investigate the formation of MV
0

ads on the H-terminated BDE further, cyclic 

voltammetry was performed in the conditions, where the sweep potential was held at -1.3 V 

for 30 and 60 s before reversing the direction of the scan (Figure 50 (a)).
39

  



 
Chapter Four – Adsorption electrochemistry at diamond electrodes: the influence of 
surface chemistry 

106 
 

 

Figure 50 Cyclic voltammogram in 1 mM MV, 0.1 M KCl recorded at (a) HBDE (–) initial scan, (–) HBDE was held 

for 30 s, (–) HBDE was held for 60 s; (b) HBDE (–) initial scan, (–) OBDE was held for 30 s, (–) HBDE was held for 

60 s 

As shown in Figure 50 (a), the treatment results in the consecutive enlargement of peak 3, 

whilst peak 1 and 2 increase insignificantly, therefore indicating that peak 3 is the only 

surface bound process that occurs in the system. It should be noted that under the same 
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conditions at O-terminated BDE (Figure 50 (b)), peak 3 is not observed, thus confirming that 

the surface bound process is characteristic only of H-terminated diamond and may lead to a 

suggestion that MV
0

ads does not adsorb at hydrophilic diamond surfaces. The adsorption at 

HBDE is most likely to arise from the hydrophobic interaction between the hydrophobic 

hydrogen-terminated diamond surface and hydrophobic and low polar MV
0

ads. Such a 

tendency was previously assigned to a favourable accumulation of hydrophobic compounds 

by H-terminated diamond surface in order to decrease the overall hydrated surface.
66

 

Another interesting feature, characteristic only of O-terminated BDE during -1.3 V treatment 

is the disappearance of peak 2' (MV
·+

) which takes place after reversing the direction of a 

scan (Figure 50 (b)). The same effect was reported previously and is due to the following 

reaction:
68

 

MV
2+

+MV
0
+2Cl

-
→2MVCl↓   (Equation 4.2.0) 

This process is supported by the observation that MV
0
 does not adsorb at O-terminated BDE 

and is thus available to react with MV
2+

 species.  

Figure 51 displays the cyclic voltammograms of 1 mM methylviologen in 0.1 M KCl 

recorded at hydrogenated and oxygen terminated boron boped diamond powder electrodes. 

The associated peak positions and current response can be found in Table 12 and  

Table 13. In the cathodic scan, reduction peaks are similar for both HBDP and OBDP 

surfaces and comparable to those seen at H- and O-terminated BDEs. ∆EMV
2+

/MV
·+

 at OBDP 

is 62 mV at 0.05 Vs
-1

 and k
0

app is 5.7×10
-2

 cm s
-1

 (ψ=9). The peak currents were found to vary 

linearly with the square root of scan rate from 0.02 to 0.1 V s
-1

, suggesting the presence of 

diffusion controlled process at the interface (Figure 52). Similar to O-terminated diamond 

electrode, peak 2' (Figure 51 (b)) characteristic of MV
0
 ↔ MV

+
 + e

-
 process does not appear 

at OBDP surface due to the influence of the chemical reaction (Equation 4.2.0).
68
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Figure 51 Cyclic voltammograms in 1 mM MV, 0.1 M KCl recorded at (a) HBDP; (b) OBDP. The scans were 

recorded at 0.05 Vs-1 

Table 12 Peak position and current response data recorded in 1 mM MV, 0.1 M KCl at 0.05 V s-1 at hydrogen 

terminated boron-doped diamond powder modified electrode  

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 -0.71 -6.76×10
-5

 -1.69×10
-4

 

2 -1.04 -1.04×10
-4

 -2.60×10
-4

 

3 -0.89 1.22×10
-4

 3.05×10
-4

 

1’ -0.60 1.24×10
-4

 3.10×10
-4
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Table 13 Peak position and current response data recorded in 1 mM MV, 0.1 M KCl at 0.05 V s-1 at oxygen 

terminated boron-doped diamond powder modified electrode 

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 -0.71 -7.95×10
-5

 -1.98×10
-4

 

2 -1.07 -1.99×10
-4

 -4.98×10
-4

 

1’ -0.65 2.23×10
-4

 5.78×10
-4

 

 

 

Figure 52 Cyclic voltammogramm of 1 mM MV, 0.1 M KCl recorded at (a) oxygen terminated boron-doped diamond 

powder with the scan rates from 0.02 to 0.1 Vs-1; (b) corresponding plots of peak currents versus square root of scan 

rate 

 

At HBDP, ∆EMV
2+

/MV
·+

 is 116 mV with k
0

app = 2.5×10
-3

 cm s
-1

 (ψ=0.39). In the anodic scan, 

the peak at -0.89 V corresponding to MV
0

ads is again characteristic only of H-terminated BDP 

and is not detectable at O-terminated BDP. As shown in Figure 53 (c), peak 3 is found to vary 

linearly with the scan rate from 0.02 to 0.08 V s
-1

, therefore confirming the occurrence of the 

adsorption process.  

The surface coverage of MV
0

ads in the first scan is estimated at 7 nmol cm
-2 

at HBDP (Table 

16). Despite the significant increase in the surface roughness which occurs by coating the 

plane BDE electrode with BDP, the amount of MV
0

ads
 
adsorbed is thus surprisingly smaller 

than at the plane BDE electrode. This shows that the tendency to form thick multilayer 

MV
0

ads
 
phases must be quite sensitive to the diamond surface morphology.  
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Figure 53 Cyclic voltammogramm of 1 mM MV, 0.1 M KCl recorded at (a) hydrogen terminated boron-doped 

diamond powder with the scan rates from 0.02 to 0.08 Vs-1; (b) corresponding plots of peak currents versus square 

root of scan rate; (c) plot of peak 3 currents versus scan rate 

 

Figure 54 compares the cyclic voltammograms of 1 mM methylviologen recorded at the 

oxygen terminated DND powder modified electrode (dash dot, red line) and hydrogen 

terminated DND electrode (black line). The related peak positions and current responses are 

presented in  

Table 14 and Table 15. The electrochemical behaviour of methylviologen at ODND electrode 

is similar to that of OBDE. ∆EMV
2+

/MV
·+

 at ODND is 83 mV and k
0

app is 6.4×10
-3

 cm s
-1

 (ψ=1). 

At HDND, ∆EMV
2+

/MV
·+

 is 78 mV with k
0

app = 8.9×10
-3

 cm s
-1

 (ψ=1.4). In the anodic process 

at HDND, again there is an evidence that the adsorption of MV
0 

is favoured by the H 

termination of the electrode as witnessed by the shift in the oxidation peak current from -

0.98 V to -0.89 V as the termination is changed from O-terminated to H-terminated, although 

the difference in the electrochemical traces for the two surface terminations are not as big as 

for the other electrodes investigated. The surface coverage of MV
0

ads in the first scan is 

estimated to be less than 5 nmol cm
-2 

at HDND (Table 16). 
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Figure 54 Cyclic voltammograms in 1 mM MV, 0.1 M KCl recorded at (–) HDND; (–·–) ODND. The scans were 

recorded at 0.05 Vs-1 

 

Table 14 Peak position and current response data recorded in 1 mM MV, 0.1 M KCl at 0.05 V s-1 at oxygen 

terminated detonation nanodiamond powder modified electrode  

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 -0.71 -1.29×10
-4

 -3.22×10
-4

 

2 -1.06 -1.33×10
-4

 -3.33×10
-4

 

2’ -0.99 8.49×10
-5

 2.12×10
-4

 

1’ -0.63 2.64×10
-4

 6.60×10
-4

 

 

Table 15 Peak position and current response data recorded in 1 mM MV, 0.1 M KCl at 0.05 V s-1 at hydrogen 

terminated detonation nanodiamond powder modified electrode 

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 -0.70 -1.39×10
-4

 -3.48×10
-4

 

2 -1.03 -7.17×10
-5

 -1.79×10
-4

 

3 -0.89 7.95×10
-5

 1.98×10
-4

 

1’ -0.62 1.55×10
-4

 3.88×10
-4

 

 

In order to assess the stability and persistence of the adsorbed MV
0
 at H-terminated diamond, 

the effects of electrode rinsing were investigated. Freshly prepared electrodes were held in 

1 mM methylviologen for 60 s at -1.3 V to accumulate MV
0

ads at the electrode surface. The 

electrodes were then removed from the cell and rinsed four times with 5 ml of water. 
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Afterwards, the cyclic voltammetry was performed as described earlier in a blank solution of 

0.1 M KCl (no methylviologen). The data recorded are presented in Figure 55. 

 

Figure 55 Cyclic voltammograms at (–) HBDE in 1 mM MV, 0.1 M KCl, (–··–) HBDE after rinse in background 

electrolyte (0.1 M KCl), the inset displays a magnified MV0ads peak remained on the HBDE electrode surface after 

the rinsing procedure 

 

Table 16 MV0 adsorption data at hydrogen terminated electrodes 

Electrode CV MV
0

ads peak area (C) CV Γ data (nmol cm
-2

) CC Γ data (nmol cm
-2

) XPS data  

 in solution after rinse in solution after rinse after rinse 
N 1s/C 1s ratio 

(×10
-3

) 

HBDE 4.2×10
-4

 4.6×10
-6

 10.8 0.1 0.09 2.4 
HBDP 2.7×10

-4
 1.3×10

-5
 7 0.4 0.25 6.9 

HDND 1.8×10
-4

 4.5×10
-5

 5 1.2 1.17 8.7 

 

The amount of MV
0

ads left on the electrode surface was estimated from the area under the 

oxidation peak 3 as in equation 4.1.9. The data are summarised in Table 16. The greatest 

amount of MV
0

ads (1.2 nmol cm
-2

) is found on the HDND electrode with three times less 

(0.4 nmol cm
-2

) at the HBDP electrode, and negligible amounts at the HBDE surface. This 
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most likely arises since at the HDND and HBDP electrodes the MV
0

ads species become 

trapped within the powder layer and therefore are not easily removed by flowing water over 

the external surface.  

4.4.3.1 Chronocoulometry study of methyl viologen adsorption 

In further experiments, chronocoulometric (CC) measurements were used in a similar way to 

examine the adsorption properties of MV
0

ads
 
at H-terminated electrodes: in the presence and 

absence of the analyte by scanning the electrode from -1.0 V to -0.7 V over 5 s. Figure 56 

presents chronocoulometric Q-t
1/2

 curves of the oxidation of 1 mM methylviologen at the 

HBDE, HDBP and HDND electrodes. Qdl (red line 1) was obtained in the background 

electrolyte (0.1 M KCl). The as-prepared electrodes were than exposed to 1 mM methyl 

viologen for 60 s at -1.3 V as described in CV measurements. The treatment was followed by 

the rinsing procedure (four times with 5 mL of water). The subsequent chronocoulometric 

measurement in background electrolyte provides the value of Qafter rinse (black line 2). The 

difference between the intercepts (t = 0) of Qafter rinse and Qdl with the ordinate is the charge 

which is required to oxidise instantaneously an adsorbed layer of MV
0

ads (Figure 56 (b-f)). 

The intercepts with the ordinate were estimated from the data points between 1 to 1.5 s time 

period. The surface coverage values obtained from chronocoulometry are compared in Table 

16. After the rinsing procedure, the surface coverage of MV
0

ads was found to be 

1.17 nmol cm
-2

 at HDND, 0.25 nmol cm
-2

 at HBDP and 0.09 nmol cm
-2

 at HBDE 

respectively.  These are in a good agreement with the values estimated by CV.  
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Figure 56 Chronocoulometric curves recorded during the potential scanning from -1.0 V to -0.7 V at (a) HBDE in (1) 

background electrolyte 0.1 M KCl, (2) after the rinsing procedure, (b) associated charge difference at HBDE; (c) 

HBDP in (1) background electrolyte 0.1 M KCl, (2) after the rinsing procedure, (d) associated charge difference at 

HBDP; (e) HDND in (1) background electrolyte 0.1 M KCl, (2) after the rinsing procedure, (b) associated charge 

difference at HDND 
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4.4.3.2 XPS analysis of adsorbed methyl viologen at diamond electrodes 

An additional series of XPS experiments were performed in order to understand the changes 

in the surface chemistry of the diamond after the exposure to methyl viologen. Again, freshly 

prepared electrodes were held in 1 mM methylviologen solution for 60 s at -1.3 V before 

being removed from the cell and rinsed four times with 5 ml of water. The XPS data recorded 

are shown in Figure 57, with associated peak parameters and elemental ratios in Table 17, 

Table 18 and Table 19. The high resolution C 1s spectra of HBDE are presented in Figure 

57 (a). A C 1s component characteristic of the bulk diamond was positioned at 285.0 eV. The 

peaks at 285.7 eV and 287.3 eV correspond to C-Hx (x = 2,3) species in polyhydride 

configurations and carboxyl surface groups respectively.
69-71

 The peak at 283.4 eV is ascribed 

to the graphitic type states involved in π-bonding, such as associated with sp
2
 defects.

72
 The 

N 1s spectral region is shown in Figure 57 (b). An N 1s component located at 400.5 eV 

confirms the presence of neutral MV
0
 species which is in agreement with the CV data 

described above. The C 1s spectra of HBDP were found to be similar to that of HBDE 

(Figure 57 (c)). Figure 57 (d) displays the N 1s spectral region of HBDP. The N 1s binding 

energy of 399.9 eV is also consistent with typical values of N bonded in neutral state in 

carbon polymeric materials.
73

 The C 1s region of HDND (Figure 57 (e)) is characterised by a 

slight change in the peak shape at a higher binding energies due to stronger photoelectron 

signals from C-CHx and COOH species. The N 1s component of HDND is presented in 

Figure 57 (f). A well resolved singlet at 399.8 eV confirms the presence of MV
0

ads. 
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Figure 57 (a) C 1s XPS region at HBDE; (b) N 1s region at HBDE; (c) C 1s region at HBDP; (d) N 1s region at 

HBDP; (e) C 1s region at HDND; (f) N 1s region at HDND; 
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Table 17 XPS binding energies for hydrogen terminated boron-doped diamond, boron-doped diamond powder and 

detonation nanodiamond powder modified electrodes 

Sample Binding energies (eV) 

 C 1s N 1s 

 Csp
3
 C-CHx C=O COOH sp

2
 def  

HBDE 285.0 285.7 286.5 n/a 283.4 400.5 
HBDP 285.0 286 n/a 288.1 282.7 399.9 
HDND 285.0 286.0 287.2 288.5 282.6 399.8 

 

Table 18 FWHM values for hydrogen terminated boron-doped diamond, boron-doped diamond powder and 

detonation nanodiamond powder modified electrodes 

Sample FWHM (eV) 

 C 1s N 1s 

 Csp
3
 C-CHx C=O COOH sp

2
 def  

HBDE 1.2 1.4 1.5 n/a 2 1.5 
HBDP 1.6 1.9 n/a 1.9 1.2 1.6 
HDND 1.5 1.6 1.6 1.5 1 2.3 

 

Table 19 XPS elemental ratios and charging values for hydrogen terminated boron-doped diamond, boron-doped 

diamond powder and detonation nanodiamond powder modified electrodes 

Sample N 1s/C 1s ratios (×10
-3

) Charging (eV) 

  Relative to C 1s (285.0 eV) 
HBDE 2.4 5.8 
HBDP 6.9 11.3 
HDND 8.7 11.3 

 

The N:C ratios deduced from the spectra using the appropriate sensitivity factors
44

 are shown 

in Table 19. Again, the same qualitative trend as seen in the electrochemical studies can be 

noted, with the amount of MV
0
 adsorbed being greatest on HDND and significantly smaller 

on HBDE. The amount of MV
0
 adsorbed on the latter surface is clearly very small and the 

surface concentration in nmol cm
-2

 can be calculated under these circumstances using the 

following equation:
73

 

𝐼𝐴

𝐼𝐵
=

𝑛𝐴𝑆𝐴

𝑃𝐴 ∫ 𝐷𝐵𝑆𝐵𝑒−𝑥/𝜆𝐵
∞

0 𝑑𝑥
=

𝑛𝐴𝑆𝐴

𝑃𝐴𝐷𝐵𝑆𝐵𝜆𝐵
  (Equation 4.2.1) 

where A – adsorbed species, B – uniform solid surface, 𝑛𝐴  is the number density of the 

adsorbed species A, 𝜆𝐵 is the inelastic mean free path of emitted photoelectrons from the bulk 

diamond through the overlayer of adsorbed species A, PA is their transmission probability 
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through the adsorbed layer A, SA,B are the surface sensitivity factors which are estimated by 

dividing the conventional bulk factors
74

 by appropriate value of inelastic mean free path,
41

 DB 

is the atomic density of atoms in the bulk solid and 𝑥 is the distance below the solid surface.
73

 

Diamond is the main source of carbon at these low MV
0

ads coverages, for which an inelastic 

mean free path (appropriate to Al Kα C 1s electrons) of 1.7 nm can be used, along with a 

density of carbon atoms of 1.8×10
23

.
41

 PA is assumed to equal unity given the low 

concentration of MV
0
. The use of these factors in the equation 4.2.1 gives the surface 

coverage of 0.1 nmol cm
-2

 at HBDE electrode which is consistent with a surface 

concentration well below a monolayer as observed in the electrochemical studies. A similar 

analysis for HBDP and HDND yielded surface concentrations of 0.3 and 0.5 nmol cm
-2

 

respectively, indicative of monolayer coverage, although there is probably some errors in 

using such an analysis for these more morphologically complex interfaces.  

4.4.4 Electrochemistry of anthraquinonedisulfonate 

In acidic media, the redox transformation of anthraquinonedisulfonate is described by the 

following reaction: 

 

Figure 58 The redox reaction of 2,6-AQDS in acidic media 
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Figure 59 Cyclic voltammograms of 1 mM 2,6-AQDS, 0.1 M HNO3 recorded at (a) (–) HBDE; (b) HBDE at the scan 

rate from 0.02 to 0.1 Vs-1; (c) corresponding plot of reduction and oxidation peak currents at HBDE vs square root of 

the scan rate; (d) (–) HDND, (–) HDND in 0.1 M HNO3 after the rinsing procedure; (e) HDND at the scan rates from 

0.02 to 0.1 Vs-1; (f) corresponding plot of reduction and oxidation peak currents vs square root of the scan rate; (g) (–) 

HBDP, (–) HBDP in 0.1 M HNO3 after the rinsing procedure; (b) HBDP at the scan rates from 0.02 to 0.1 Vs-1; (c) 

corresponding plot of reduction and oxidation peak currents at HBDP vs square root of the scan rate 
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Figure 59 shows CV curves of 1 mM 2,6-AQDS dissolved in 0.1 M HNO3 recorded at a H-

terminated diamond electrodes. The associated peak positions and current responses are 

summarised in Table 20. 

Table 20 Peak position and current response data recorded in 1 mM 2,6-AQDS, 0.1 M HNO3 at 0.05 V s-1 at hydrogen 

terminated diamond electrodes 

Electrode Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

HBDE 
1 -0.176 -1.07×10

-4
 -2.68×10

-4
 

2 -0.005 1.16×10
-4

 2.90×10
-4

 

HDND 
1 -0.186 -4.49×10

-4
 -1.12×10

-3
 

2 0.024 2.84×10
-4

 7.10×10
-4

 

HBDP 
1 -0.123 -1.56×10

-4
 -3.90×10

-4
 

2 -0.035 1.83×10
-4

 4.58×10
-4

 

 

At HBDE (Figure 59 (a)), a typical quasi-reversible CV response is observed with a peak 

separation ∆Ep = 171 mV, corresponding to a k
0

app of 8.9×10
-4

 cm s
-1

 as estimated by the 

Nicholson method described in Section 4.4.3. The diffusion coefficient of 5×10
-6

 cm
2
 s

-1 
was 

used in the calculations.
24

 Consistent with this picture, the peak currents are close to those 

estimated from the transport limited, two electron transfer, irreversible electrochemical 

reaction.
46

 As presented in Table 21, from the integration of the CV data, 4.4 nmol cm
-2

 of 

dihydroxyanthracene was formed during the cathodic scan, and 4.4 nmol cm
-2

 of the 

corresponding anthraquinone were re-formed in solution during the first anodic scan.  

Table 21 2,6-AQDS adsorption data at hydrogen and oxygen terminated electrodes 

Electrode CV Γ data in solution (nmol cm
-2

) CV Γ data after rinse (nmol cm
-2

)  

 Red Ox Red Ox 
HBDE 4.4 4.4  0 0 
HBDP 6.5 6.4 0.8 0.8 
HDND 18 15 11 6 
OBDE n/a 0.2 0 0 
OBDP 2.2 2.6 0 0 
ODND 2.3 2.9 0 0 

 

The Ip
OX

 and Ip
RED

 (Figure 59 (c)) seem to increase linearly with the (scan rate)
1/2

 between 

0.02 and 0.1 V s
-1

, confirming the occurrence of diffusion controlled process.  
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Dramatic differences are seen at the HDND electrode. An interesting feature observed from 

the CV curve at HDND electrode (Figure 59 (d)) is that the reduction of 1 mM 2,6-AQDS 

occurs with a peak height 4 times greater than that of HBDE electrode. This significant 

increase in peak current must be indicative of pre-concentration effects of the analyte at the 

electrode surface, thus giving rise to enhanced currents. To prove this, the electrode was 

removed from the 2,6-AQDS solution, rinsed and studied in background electrolyte. 

Voltammetric peaks of an amplitude similar to those seen in the 2,6-AQDS solution are 

observed, showing that a significant amount of 2,6-AQDS must be adsorbed in the DND 

layer. By contrast, if this experiment was repeated at the HBDE electrode, negligible signal 

responses were seen in the background electrolyte. Clearly, the high surface-area-to-volume 

ratio of the hydrogenated DND powders tend to accumulate a high amount of the analyte. 

Therefore a deviation from linearity of Ip
OX

 and Ip
RED

 with the (scan rate)
1/2

 between 0.02 

and 0.1 V s
-1

 in 1 mM 2,6-AQDS solution is observed in Figure 59 (f). As presented in Table 

21, the highest amount of 18 nmol cm
-2

 of dihydroxyanthracene and 15 nmol cm
-2 

of 

anthraquinone were formed at HDND electrode. The subsequent scan in the background 

electrolyte after the rinsing procedure shows reduction and oxidation peaks corresponding to 

the transfer of 11 nmol cm
-2 

dihydroxyanthracene to the background electrolyte. 

Although adsorption seems to be dominating the voltammetric response, it is notable that the 

voltammetric peak profiles do not show the classical symmetric adsorption voltammetric 

response characterised by ∆Ep = 0 which can be expected.
46

 Rather the profiles are somewhat 

characteristic of diffusional voltammetry and look quite similar whether the voltammetry is 

carried out in the redox solution or in the background electrolyte. A likely explanation is that 

when immersed in the 2,6-AQDS solution, the redox molecule becomes adsorbed on the high 

surface HDND particles, so is not efficiently removed when the electrode is rinsed. However, 

when transferred to fresh background electrolyte, the 2,6-AQDS slowly dissolves as a result 
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of the large concentration gradient, thus giving rise to voltammetric curves which look quite 

similar to those recorded in the redox solution itself. 

The cyclic voltammetric curve for the HBDP electrode is presented in Figure 59 (g). Again, 

the simple diffusional model in the plots of peak current versus (scan rate)
1/2

 are observed 

(Figure 59 (i)). The scan in the supporting electrolyte after the rinsing procedure clearly 

shows that the transfer of the analyte to the background solution takes place, although not to 

the extent seen for the HDND electrode. From the CV recorded (red line, Figure 59 (i)) in the 

background electrolyte, a transfer of 0.8 nmol cm
-2

 of dihydroxyanthracene was detected at 

the HBDP surface. This is about 13 times smaller than seen at the HDND electrode (as 

compared in Table 2), and is likely to be associated with the lower electrode surface area of 

the HBDP powder layer.  

The electrochemical behaviour of oxidised electrodes presented in Figure 60 differs 

significantly from that of hydrogen treated electrodes. An oxidised OBDE (Figure 60 (a)) is 

found to be largely inactive with the oxidation peak current at 0.32 V being almost twenty 

times smaller than that of H-terminated BDE surface.
 30

 The reduction process was not 

observed at OBDE during cathodic scan since it is lost in the background arising from 

hydrogen evolution, in part as a result of the higher overpotentials which seem to be 

associated with the OBDE electrode. This is attributable to the fact that 2,6-AQDS carries a 

negative charge and is thus repelled from the diamond surface due to the negative charge of 

the oxygen functionalities present. As displayed in Figure 60 (d), the introduction of 

electrically conducting OBDP film results in some restoration of the redox currents 

comparable to that of observed at HBDP.  
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Figure 60 Cyclic voltammograms of 1 mM 2,6-AQDS, 0.1 M HNO3 recorded at (a) (–) OBDE, (–) OBDE in 0.1 M 

HNO3 after the rinsing procedure; (b) OBDE at the scan rate from 0.02 to 0.1 Vs-1; (c) corresponding plot of 

reduction and oxidation peak currents at OBDE vs square root of the scan rate; (d) (–) ODND, (–) ODND in 0.1 M 

HNO3 after the rinsing procedure; (e) ODND at the scan rates from 0.02 to 0.1 Vs-1; (f) corresponding plot of 

reduction and oxidation peak currents vs square root of the scan rate; (g) (–) OBDP, (–) OBDP in 0.1 M HNO3 after 

the rinsing procedure; (b) OBDP at the scan rates from 0.02 to 0.1 Vs-1; (c) corresponding plot of reduction and 

oxidation peak currents at OBDP vs square root of the scan rate 

 



 
Chapter Four – Adsorption electrochemistry at diamond electrodes: the influence of 
surface chemistry 

124 
 

 

Table 22 Peak position and current response data recorded in 1 mM 2,6-AQDS, 0.1 M HNO3 at 0.05 V s-1at oxygen 

terminated diamond electrodes 

Electrode Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

OBDE 
1 n/a n/a n/a 

2 0.307 2.98×10
-6

 7.45×10
-6

 

ODND 
1 -0.327 -1.43×10

-4
 -3.58×10

-4
 

2 0.161 5.33×10
-5

 1.33×10
-4

 

OBDP 
1 -0.317 -1.39×10

-4
 -3.48×10

-4
 

2 0.151 5.62×10
-5

 1.41×10
-4

 

 

The reaction kinetics are however much slower; at OBDP a large peak separation with 

∆Ep = 469 mV is seen, therefore suggesting slower electron transfer rates as compared to 

HBDP. Another difference is the ratio of cathodic and anodic peak currents at OBDP which 

is greater than unity; whereas Ip
RED

/Ip
OX

 ~ 1 was observed at HBDP. The former effect, 

characteristic of oxidised BDP, can be related to the occurrence of chemical processes 

associated with the reduced forms of 2,6-AQDS which can form, leading to molecular 

aggregation, thus removing dihydroxy AQDS for subsequent oxidation during the anodic 

scan.
75-77

 It is notable that this does not occur on the hydrogenated electrodes to such an 

extent as a result of the adsorption process noted above. The electrochemical response at the 

ODND electrode (Figure 60 (g)) is similar to that of OBDP with the ∆Ep value of 493 mV 

and Ip
RED

/Ip
OX

 ratio greater than unity. 

A major difference between the hydrogenated and oxidised diamond electrodes concerns the 

extent to which adsorption takes place. Whereas significant amounts of electrolyte were 

adsorbed on the former electrodes as discussed above, no evidence for adsorption was seen at 

the oxidised electrodes. This is after exposure to 2,6-AQDS, the ODND or OBDP electrodes 

were rinsed and then immersed in background electrolyte no voltammetric responses were 

observed as shown in Figure 60 (a, d and g), red line. 
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4.4.4.1 Chronocoulometry characterisation of 2,6-AQDS adsorption 

As a comparison to the electrochemical behaviour observed in CV experiments, further chronocoulometric studies 

were performed. The electrode potential was scanned from 0.6 V to -0.4 V in the presence and absence of 2,6-AQDS. 

The results are summarised in  

Table 23 Chronocoulometry data recorded at hydrogen terminated HBDP and HDND 

electrodes. The values obtained at H-terminated electrodes are in a good agreement with the 

cyclic voltammetry discussed above. Zero adsorption was detected at oxygen terminated 

electrodes, thus confirming that adsorption does not take place at hydrophilic, O-terminated 

surfaces mainly due to repulsion forces. 

 

Figure 61 Chronocoulometric curves recorded during potential scanning from 0.6 V to -0.4 V at (a) HBDP in (–) 

background electrolyte 0.1 M HNO3, (– –) after the rinsing procedure; (b) HDND in (–) background electrolyte 0.1 M 

HNO3, (– –) after the rinsing procedure 

 

Table 23 Chronocoulometry data recorded at hydrogen terminated HBDP and HDND electrodes 

Electrode Charge difference (×10
-4 

C) CC Γ data after rinse (nmol cm
-2

) 

   
HBDP 0.51 0.7 
HDND 4.2 5.5 
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4.4.4.2 XPS characterisation of 2,6-AQDS adsorption 

In further experiments, an additional series of XPS measurements were performed in order to 

understand the changes in the surface chemistry induced by the exposure of hydrogenated 

diamond electrodes to 2,6-AQDS solution. The data are presented in Figure 62 with 

associated peak parameters and elemental ratios in Table 24,  

Table 25, and Table 26. As expected, the XPS results for the HBDE electrode were typical of 

a clean hydrogen terminated, boron-doped diamond confirming zero adsorption on the 

electrode. The C 1s higher energy resolution scan recorded at H-terminated BDP electrode is 

shown in Figure 62 (a). A C 1s component at 285.0 eV is ascribed to the bulk diamond with 

the chemical shifts at 285.7 eV and 287.0 eV related to C-Hx (x = 2,3) species in polyhydride 

configurations and carbonyl surface groups respectively.
69-71

 The peak at 283.4 eV is 

characteristic of sp
2
-defects.

72
 An S 2p spectral region of HBDP is presented in Figure 62 (b). 

A well-defined S 2p component at 169.4 eV binding energy arises from -SO
-
3 groups of 2,6-

AQDS adsorbed on the HBDP surface.
73

 Typically for the HDND modified electrode, the 

C 1s region contains strong photoelectron signals arising from C-CHx and oxidised carbon 

species at 286 and 288.3 eV respectively (Figure 62 (c)). Figure 62 (d) displays the S 2p 

spectral region of the HDND electrode. A well-resolved S 2p singlet at 169.2 eV confirms the 

presence of -SO
-
3 groups of 2,6-AQDS confined to the electrode surface. The S:C ratios 

derived from the XPS spectra are summarised in Table 26. The XPS analysis confirms 

significant adsorption of 2,6-AQDS on the HDND electrode, with a less contamination found 

on the HBDP electrode.  

Table 24 XPS binding energies for hydrogen terminated boron-doped diamond, boron-doped diamond powder and 

detonation nanodiamond powder modified electrodes 

Sample Binding energies (eV) 

 C 1s S 2p 

 Csp
3
 C-CHx C=O COOH sp

2
 def  

HBDP 285.0 285.7 286.4 n/a 283.7 169.4 
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HDND 285.0 286.0 n/a 288.3 283.2 169.2 

 

Figure 62 (a) C1s XPS spectra of HBDP; (b) S2p XPS spectra recorded at HBDP; (c) C1s XPS spectra of HDND; (b) 

S2p XPS spectra recorded at HDND 



 
Chapter Four – Adsorption electrochemistry at diamond electrodes: the influence of 
surface chemistry 

128 
 

 

Table 25 FWHM values for hydrogen terminated boron-doped diamond, boron-doped diamond powder and 

detonation nanodiamond powder modified electrodes 

Sample FWHM (eV) 

 C 1s S 2p 

 Csp
3
 C-CHx C=O COOH sp

2
 def  

HBDP 1.4 1.2 1.5 n/a 1 1.9 
HDND 1.4 1.5 n/a 1.5 1 2.4 

 

Table 26 XPS elemental ratios and charging values for hydrogen terminated boron-doped diamond, boron-doped 

diamond powder and detonation nanodiamond powder modified electrodes 

Sample S 2p/C 1s ratios (×10
-3

) Charging (eV) 

  Relative to C 1s (285.0 eV) 
HBDP 1.5 10.34 
HDND 6.1 10.78 

 

4.5 Concluding remarks 

The electrochemical behaviour of methyl viologen and anthraquinonedisufonate has been 

studied at plain microcrystalline boron-doped diamond electrodes, boron-doped diamond 

powders and detonation nanodiamond powders with differing surface pre-treatments. The 

hydrogenated surface studied is known to be characterised by hydrophobic properties, with 

C
-

-H
+

 polar bonds. In contrast, the oxygenated surface investigated has hydrophilic 

character with the opposite bond polarity. 

The electrochemistry observed is found to be extremely sensitive to the chemical termination 

of the diamond surface. In the methyl viologen study, at hydrogen treated plain 

microcrystalline diamond electrode, methyl viologen oxidation results in the formation of 

MV
0

ads species which strongly adsorb to the H-terminated electrode surface, whilst at the 

oxidised analogue this process does not take place. The formation of MV
0

ads was found to be 

a function of diamond surface morphology as the amount of species detected varies 

depending on the electrode surface; the H-terminated DND and BDP electrodes show a 

greater tendency to adsorb methyl viologen than as-grown microcrystalline electrode studied.  
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Similar results are seen in the 2,6-AQDS study, with no adsorption being observed on the 

microcrystalline H- and O- terminated diamond electrodes. However, significant adsorption 

is seen on the H-terminated DND and BDP electrodes, but not on the O-terminated powder 

electrodes. 

Overall therefore the trend would appear to be that the tendency for adsorption to take place 

is increased if the electrode is H-terminated. Both of the redox couples studied possess 

hydrophobic ring moieties, along with polar functional groups, so one explanation is that the 

interaction of the former with the diamond surface dominates the observations. In addition, 

2,6-AQDS carries a net negative charge so repulsion is expected with the negatively charged 

oxygen functionalities on the oxidised surface, while it may be attracted to the positively 

charged adsorbed to H
+

 of C
-

-H
+

 bonds.  

With regard to morphology, a pronounced trend is seen with methyl viologen and 2,6-AQDS 

in that the rough powder diamond materials show a much larger tendency to exhibit 

adsorption.  

Overall, it can be concluded that the studies confirm that adsorption and electrode fouling on 

diamond electrodes does indeed occur, but that it is sensitive to the form and termination of 

the electrode, and can apparently be minimised by the use of O-terminated electrode 

structures.  
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5 Chapter five – Diamond powder films: electrochemical 

properties and applications in electrocatalysis 

5.1 Introduction 

Chapter 5 further discusses the electrochemical behaviour of boron-doped diamond 

electrodes modified with (a) boron-doped diamond powder and (b) detonation nanodiamond 

powder, and explores the application of such electrodes as electrocatalyst support for 

platinum nanoparticles. In this work, the permselective properties of boron-doped diamond 

powder films along with detonation nanodiamond powder films were systematically 

investigated. In the concentrated solutions of standard redox mediators with a concentration 

range of 1-10 mM, the presence of fine diamond powders on the electrode surface has little 

influence on the electrochemical behaviour observed. In contrast, in diluted solutions of 

standard redox probes, diamond powder modified electrodes were found to exhibit a distinct 

impact on the electrochemical properties recorded, causing a well-defined amplification of 

current responses in solutions of neutral (ferrocenemethanol) and positively charged redox 

mediators (Ru(NH3)6
3+

), whilst no significant difference was detected with negatively 

charged Fe(CN)6
3-

 and IrCl6
2-

redox probes. The amplification of current responses observed 

with neutral and positively charged redox probes is attributable to the partitioning of the latter 

within the powder film. The reasons underlying these effects are further discussed in terms of 

electrostatic interactions and powder films morphology. Partition coefficients, film 

permeabilities and associated diffusion coefficients of redox probes within the powder films 

were estimated in this chapter.  

In further studies, the powder modified electrodes were decorated with platinum 

nanoparticles, and the kinetics of nucleation and growth of platinum nanoparticles on the 

three diamond substrates was assessed. Platinum decorated boron-doped diamond powder 
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modified electrode was found to be the most efficient in methanol electrooxidation as 

compared to platinum modified plane boron-doped diamond and detonation nanodiamond 

powder modified electrodes. The work in Chapter 5 demonstrates that the modification of 

boron-doped diamond powders with platinum nanoparticles provides an effective route for 

the creation of highly stable and electrocatalytically active platinum-diamond interface. 

5.1.1 Diamond powders as a highly stable support for electrocatalytic materials 

Fuel cells are attracting an increasing attention as an efficient energy converting device due to 

the necessity to prevent environmental pollution whilst meeting the growing energy demand. 

Fuel cells can be utilized in automotive transport, in devices of portable power generation and 

in personal electronics. They can operate at low temperatures and pressures, can be fuelled by 

sustainable supplies, and in the case of hydrogen fuel cells, emit zero CO2.
1
 However, the 

widespread commercialization of fuel cells is limited by the cost, performance and stability of 

catalysts employed in such devices.
2
 Therefore, the development of cost-effective catalytic 

systems with a greater electroactive area, smaller particle size, and higher stability are vital 

for a widespread implementation of fuel cells.
3-5

 

In many fuel cells, platinum and platinum alloy catalysts deposited on porous carbon 

materials such as carbon black and graphite are used as an electrode system.
6-8

 The 

performance of these electrodes is limited by the stability of the sp
2
-bonded carbon support. 

Such supports were found to be susceptible to considerable corrosion and microstructural 

degradation in fuel cell operating environments along with catalytic activity loss through 

catalyst detachment.
5,9

 

An exceptionally stable alternative to sp
2
-carbon supports has emerged with the development 

of synthetic diamond that is now available at affordable price due to new gas and plasma 

phase deposition techniques.
10,11

 In comparison to sp
2
-carbon materials, diamond electrodes 
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in a boron-doped form exhibit exceptional chemical stability and wide potential window 

along with low signal-to-background current ratio.
12

  

At the moment, the preparation of platinum modified boron-doped diamond electrodes is a 

subject of significant research in connection with fuel cell technologies. Platinum modified 

boron-doped diamond electrodes have been extensively studied for methanol and ethanol 

electrooxidation along with oxygen reduction and hydrogen oxidation reactions – processes 

which are essential in fuel cells.
13-16

 A range of methods has been studied in order to find an 

effective route for the preparation of platinum decorated boron-doped diamond electrodes. 

These include electrochemical deposition via cyclic voltammetry, galvanostatic techniques, 

potentiostatic step methods, ion implantation of Pt and co-deposition of Pt during CVD 

diamond growth.
13,17-19

 As many of these deposition methods result in poor adhesion of Pt 

nanoparticles, the development of stable platinum/diamond interface is of particular 

importance. 

There has also been interest in the use of diamond in the form of finely divided powders: 

detonation nanodiamond powder (DND) and B-doped diamond powder (BDP) which have 

recently become available for electrocatalytic applications, electrochemical sensing and 

energy conversion.
20-23

 There are several advantages over the planar synthetic diamond as 

powders provide a porosity that is necessary for fuel cell electrode system, increased surface 

area and a possibility to conduct spatially and temporally resolved electrochemical 

measurements.
21,24-26

  

5.1.2 Detonation nanodiamond powder 

Detonation nanodiamond powder is a nanocarbon material which is produced by the 

detonation of carbon explosives such as trinitrotoluene, hexogen or octogen under the 

application of shock waves.
27

 During this process, the short time explosion with a negative 
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oxygen balance and a fast cooling rates (3000-4000 K min
-1

) result in the formation of 

detonation diamond crystallites of approximately 3-5 nm size. Apart from the diamond 

crystallites, other graphitic forms are found after the detonation process, and several cleaning 

procedures such as treatments with gaseous ozone and nitric acid are usually employed to 

dissolve sp
2
 carbon and metallic impurities.

27
 Detonation nanodiamond was first synthesised 

in the USSR under a cloak of secrecy, and its high volume production began in the late 

1980s.
28

  

Commercially available detonation nanodiamond is typically comprised of 98% of diamond 

in a form of 3-10 nm particles and a minor amount of sp
2
 carbon allotrope.

27
 The diamond 

particle itself has an sp
3
 diamond core that is surrounded by an amorphous carbon shell with a 

highly functionalised surface mainly consisting of hydroxyl, carbonyl, carboxylic and lactone 

surface groups (Figure 63).
29

  

 

Figure 63 Illustration of detonation nanodiamond particle structure, adapted from27 

 

Recently, detonation nanodiamond powders have attracted attention in several 

electrochemical applications.
27

 The detailed work by K. Holt et al. revealed that undoped and 

insulating in a dry state DND is capable of producing an effective electrochemical response 

in solution due to its surface chemistry.
30-32

 It was observed that the electrochemical response 
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in solutions of standard redox couples such as Fe(CN)6
3-/4-

 and Ru(NH3)6
3+/2+

 arose not only 

from the redox mediator, but also from the DND layer itself.
30,33

 The origin of this 

phenomenon was related to the electrochemical activity of unsaturated surface groups, in 

particular, to surface alcohol and unsaturated ketone/quinone groups.
30-32

 It was proposed that 

the underlying electrode is responsible for the reduction/oxidation of the redox probe. 

However, when this reduced/oxidised form of the redox probe diffuses within the DND 

surface, it becomes spontaneously oxidized or reduced by the redox active surface groups 

(ketone/quinone groups) of the DND powder itself, thus giving the rise to the amplified 

currents.
33

 

5.1.3 Boron-doped diamond powder 

As opposed to detonation nanodiamond powder, boron-doped diamond powder (BDP) is 

conductive both in a dry state and in solutions. The anticipated advantages to boron-doped 

diamond powders over conventional carbon supports include improved stability, higher 

surface electrode area along with enhanced electrode performance.  

The material can be fabricated by mechanical grinding of plain boron-doped diamond films. 

Another approach involves CVD growth of the conductive layer over the DND particles.
21,34

 

The stock BDP material consists of ~100 nm-50 μm particles of irregular shape. A more 

uniform particle size distribution can be achieved through the application of centrifugation 

step. As it will be discussed below, the surface chemistry of BDP typically is similar to that 

of a plain polycrystalline boron-doped diamond.  

5.2 Aims of the project 

Although some electrochemical studies of diamond powders and platinum and platinum-

ruthenium decorated diamond films have been reported,
14,21,35

 a comparative analysis of the 
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electrochemical properties of DND and BDP films as well as their platinum decorated forms 

has not been performed. In this chapter, a comparative investigation of electrochemical 

properties of powder diamond films as well as their characteristics as carbon support for 

platinum electrocatalyst will be presented. The mechanism of nucleation and growth of the 

platinum nanoparticles on the diamond substrates will be discussed.  

5.3 Experimental Methods 

5.3.1 Electrode Preparation 

Microcrystalline boron-doped diamond electrode (BDE) was used as a working electrode in 

all experiments (Element Six Co, 10×10×0.6 mm size, [B] ~ 10
20

 cm
-3

). Boron-doped 

diamond powder (BDP) was produced by the milling of CVD boron-doped diamond 

([B] ~ 10
20

 cm
-3

). Detonation nanodiamond powder (DND) with a particle size of 4 nm was 

purchased from Yorkshire Bioscience.  

The preparation of 200 nm BDP and DND powder films was carried out via drop coating of 

0.08 mg BDP or DND dissolved in 60 µL aliquot of absolute ethanol onto the BDE surface. 

The samples were dried overnight at 23°C.  

5.3.2 Characterisation 

A scanning electron microscope (SEM, Hitachi S530) with a 20 kV acceleration voltage was 

used to examine the surface morphology. X-ray photoelectron spectroscopy (XPS) spectra 

were recorded using a hemispherical analyser and Al Kα (1486.6 eV) X-ray source. The 

survey scans and the high resolution scans were measured at 50 eV pass energy with 0.5 eV 

step and at 20 eV pass energy with 0.1 eV step respectively. The spectra recorded were 

analysed using CasaXPS software.
36

 The peaks were fitted using Shirley background.
37
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Electrochemical measurements were performed using a μ-AUTOLAB III electrochemical 

workstation (Eco-Chemie, Netherlands) at 23°C. A standard three-electrode configuration 

comprising the BDE as a working electrode, an Ag/AgCl reference electrode and a Pt counter 

electrode was employed in the study. The working electrode was incorporated in a PTFE 

holder, so that a circular area of 0.4 cm
2
 was exposed to a working solution. Cyclic 

voltammetry (CV) was employed to characterise electrochemical behaviour of the powder 

modified electrodes in hexaamineruthenium (III) chloride (Ru(NH3)6Cl3), potassium 

ferricyanide (K3Fe(CN)6), ferrocenemethanol (FcCH2OH), and potassium 

hexachloroiridate (IV) (K2IrCl6) dissolved in 0.1 M KCl with 0.1 mM, 1 mM and 10 mM 

concentrations at the scan rate of 0.05 V s
-1

. 

Prior to platinum electrodeposition, the electrodes were cleaned in aqua regia as described in 

Chapter 3. The electrodes were then treated by potential cycling in 0.1 M nitric acid between 

-1.5 V and +1.5 V, which standardly yields a hydrophilic surface containing a high 

concentration of oxygen functionalities.  

Platinum nanoparticles were electrodeposited from a deaerated 2 mM K2PtCl6 dissolved in 

0.1 M H2SO4 via potentiostatic method during 100 s. A series of deposition potentials of -

0.05, -0.1, -0.2 and -0.25 V vs. Ag/AgCl were used in order to investigate the influence of the 

deposition potential on the particles morphology. The electrochemical active area (EAA) of 

Pt modified boron-doped diamond electrodes was estimated from cyclic voltammetry (CV) 

recorded in 0.1 M H2SO4 at a scan rate of 0.05 V s
-1

.  

All chemicals (from Sigma-Aldrich, UK) were of analytical grade and used without any 

further purification. Solutions were prepared using ultrapure water (18.2 MΩ∙cm at 293 K, 

Millipore water systems, UK) 
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5.4 Results and Discussion 

5.4.1 XPS characterisation of BDP and DND modified electrodes 

Prior to electrochemical characterisation, the surface composition of the boron-doped 

diamond electrode along with the DND and BDP modified electrodes was analysed using X-

ray Photoelectron spectroscopy. Figure 64 (a) shows a typical survey scan of unmodified 

boron-doped diamond electrode. For the BDE surface, the main features detected are the C 1s 

photoemission line at 285 eV along with the O 1s component at 532 eV. The O 1s elemental 

concentration within the XPS sampling depth is estimated at around 8%. A high resolution 

C 1s spectral region is presented in Figure 64 (b). The photoelectron signal at 285.0 eV is 

assigned to the sp
3
 bulk diamond. The peak at 285.6 eV and 287.2 are attributable to the C-

Hx (x = 2,3) species in polyhydride configurations and carbonyl surface groups 

respectively.
38

 The peak at 283.7 eV is characteristic of sp
2
 defects.

38
 The associated atomic 

concentrations, binding energies and FWHM values can be found in Table 27, Table 8 and 

Table 9. 

Table 27 XPS binding energies for the BDE, BDP and DND modified electrodes 

Sample  Binding energies (eV) 

  C 1s O 1s 

 Csp
3
 C-CHx C=O COOH esters sp

2
 def O–C O=C H2O 

BDE 285.0 285.6 287.2 n/a n/a 283.7 n/a 532.6 530.5 
BDP 285.0 285.7 287.1 n/a n/a 283.8 532.8 531.7 530.0 
DND 285.0 n/a 287.0 288.0 288.9 283.1 532.7 531.7 530.0 

 

Table 28 XPS elemental ratios and charging values for the BDE, BDP and DND modified electrodes 

Sample Elemental concentrations (%) Charging (eV) 

 O 1s Relative to C 1s (285.0 eV) 
BDE 8 6.1 
BDP 18 6.9 
DND 25 9.8 

The high resolution O 1s region, associated with the BDE surface, is shown in Figure 64 (c). 

The O 1s signal was fitted with two peaks at 532.6 eV and 530.5 eV respectively that arise 

from the presence of carbonyl surface groups and a minor presence of water molecules on the 

surface.
39
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Figure 64 (a) survey XPS spectra of BDE; (b) C 1s XPS region of BDE; (c) O 1s region of BDE; (d) survey XPS 

spectra of BDP; (e) C 1s region of BDP; (f) O 1s region of BDP; (g) survey XPS spectra of DND; (h) C 1s region of 

DND; (i) O 1s region of DND 
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Table 29 FWHM values for the BDE, BDP and DND modified electrodes 

 

As presented in Figure 64 (d), the survey scan at the BDP surface is found to be similar to 

that of the BDE sample, with a increase in the O 1s elemental concentration up to 17% (Table 

8). The high resolution C 1s region of the BDP sample is shown in Figure 64 (e). The C 1s 

signal was deconvoluted with four constituent peaks. The peak at 285 eV corresponds to the 

bulk diamond environment; the peak at 285.7 eV is assigned to carbon in polyhydride 

configurations.
38

 The peak at 287.1 eV is related to the carbonyl containing moieties, and the 

peak at 283.8 is characteristic of sp
2
 defects.

40
 The high resolution O 1s region was found to 

be similar to that of the BDE surface, with the small features arising from the presence of C-

OH and C=O species (Figure 64 (f)).
39

 

Dramatic differences are seen at the DND electrode. The O 1s elemental concentration is 

increased up to 25%. The changes in the high resolution C 1s area arise from the presence of 

strong signals at 287 eV, 288 eV and 288.9 eV characteristic of highly oxidized moieties such 

as carbonyl, carboxyl and carbonate ester groups (-C(O)-O-C(O)-) respectively (Figure 

64 (h)).
41

 The associated high resolution O 1s region is presented in Figure 64 (i). The O 1s 

components, located at 532.7 eV, 531.7 eV and 530 eV binding energy, are characteristic of 

highly oxidized carbonyl, carboxyl and carbonate ester species which is in agreement with 

the C 1s data described above.
38,41

 

5.4.2 Electrochemical characterisation of BDP and DND modified electrodes 

Typical cyclic voltammograms of 0.1 mM Fe(CN)6
3-

, Ru(NH3)6
3+

, IrCl6
2-

 and FcCH2OH 

redox couples at BDP, DND modified electrodes and unmodified boron-doped diamond 

Sample FWHM (eV) 

 C 1s O 1s 

 Csp
3
 C-CHx C=O COOH esters sp

2
 def O–C– O=C H2O 

BDE 1.2 1.6 2.2 n/a n/a 1.9 n/a 2.4 1.7 
BDP 1.2 1.4 1.5 n/a n/a 2.4 2.7 2.4 2.0 
DND 1.9 n/a 1.5 1.5 2.1 1.1 2.4 1.9 1.9 



Chapter five – Diamond powder films: electrochemical properties and applications in 
electrocatalysis 

143 
 

electrode are presented in Figure 65. The associated peak positions and current responses are 

summarised in Table 30. 

 

Figure 65 Cyclic voltammograms recorded at (-) plain BDE, (- - -) 200 nm DND and (-∙-∙-) 200 nm BDP modified 

electrodes in (a) 0.1 mM in K3Fe(CN)6, 0.1 M KCl; (b) 0.1 mM in Ru(NH3)6Cl3, 0.1 M KCl; (c) 0.1 mM in K2IrCl6, 

0.1 M KCl; (d) 0.1 mM FcCH2OH, 0.1 M KCl at a scan rate of 0.05 Vs-1 

Table 30 Peak position and current response data recorded in 0.1 mM Fe(CN)6
3-, Ru(NH3)6

3+, IrCl6
2- and FcCH2OH 

solutions at BDP, DND modified electrodes and unmodified B-doped diamond electrode at a scan rate of 0.05 Vs-1 

Sample 0.1 mM Fe(CN)6
3-

 

 𝑬(𝑰𝒑
𝑹𝒆𝒅) (𝑽)  𝑰𝒑

𝑹𝒆𝒅 (𝑨) 𝒊𝒑
𝑹𝒆𝒅 (𝑨 𝒄𝒎−𝟐) 𝑬(𝑰𝒑

𝑶𝒙) (𝑽)  𝑰𝒑
𝑶𝒙 (𝑨) 𝒊𝒑

𝑶𝒙 (𝑨 𝒄𝒎−𝟐) 

BDE 0.151 -5.65×10
-6

 -1.41×10
-5

 0.234 6.13×10
-6

 1.53×10
-5

 

BDP 0.123 -4.15×10
-6

 -7.88×10
-6

 0.275 4.84×10
-6

 9.6×10
-6

 

DND 0.143 -7.83×10
-6

 -1.95×10
-5

 0.254 7.54×10
-6

 1.18×10
-5

 

 0.1 mM Ru(NH3)6
3+

 

BDE -0.195 -7.43×10
-6

 -1.86×10
-5

 -0.137 7.71×10
-6

 1.92×10
-5

 

BDP -0.203 -9.51×10
-6

 -2.37×10
-5

 -0.166 1.09×10
-5

 2.72×10
-5

 

DND -0.249 -1.58×10
-5

 -3.95×10
-5

 -0.199 1.97×10
-5

 4.93×10
-5

 

 0.1 mM IrCl6
2-

 

BDE 0.622 -8.67×10
-6

 -2.17×10
-5

 0.724 7.26×10
-6

 1.81×10
-5

 

BDP 0.650 -9.79×10
-6

 -2.43×10
-5

 0.691 7.57×10
-6

 1.79×10
-5

 

DND 0.674 -8.49×10
-6

 -2.12×10
-5

 0.711 6.32×10
-6

 1.28×10
-5

 

 0.1 mM FcCH2OH 

BDE 0.168 -5.17×10
-6

 -1.29×10
-5

 0.217 5.01×10
-6

 1.25×10
-5

 

BDP 0.172 -8.79×10
-6

 -2.20×10
-5

 0.221 8.27×10
-6

 2.07×10
-5

 

DND 0.172 -1.39×10
-5

 -3.48×10
-5

 0.217 1.32×10
-5

 1.32×10
-5
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Table 31 IOx
p/ I

Red
p ratio and peak-to-peak separation data estimated for 0.1 mM Fe(CN)6

3-, Ru(NH3)6
3+, IrCl6

2- and 

FcCH2OH redox couples at BDP, DND modified electrodes and unmodified boron-doped diamond electrode at a scan 

rate of 0.05 Vs-1 

Sample 0.1 mM Fe(CN)6
3-

 0.1 mM IrCl6
2-

 

 𝐼𝑝
𝑂𝑥/𝐼𝑝

𝑅𝑒𝑑  (𝐴) ∆𝐸𝑝𝑝 (𝑚𝑉) 𝐼𝑝
𝑂𝑥/𝐼𝑝

𝑅𝑒𝑑  (𝐴) ∆𝐸𝑝𝑝 (𝑚𝑉) 

BDE 0.92 83 1.19 102 
BDP 0.82 152 1.37 41 
DND 1.04 111 1.34 37 

 0.1 mM Ru(NH3)6
3+

 0.1 mM FcCH2OH 

BDE 0.96 58 1.03 49 
BDP 0.87 37 1.06 49 
DND 0.80 50 1.05 45 

 

It can be clearly seen from Figure 65 that the introduction of BDP and DND powder films 

results in the discernable amplification of redox signals when compared to the plain 

unmodified microcrystalline BDE. At the DND modified electrode, the oxidation and 

reduction currents in Fe(CN)6
3-

, Ru(NH3)6
3+

 and FcCH2OH solutions are found to be 2 μA 

and 8 μA, 8 µA and 12  µA, 9 µA and 8 µA respectively bigger if compared to those seen at 

the unmodified boron-doped diamond electrode. However, no significant changes in the 

current response were detected with the IrCl6
2-

 redox mediator. At the BDP modified 

electrode, an enhancement of the oxidative and reductive currents by 2 µA and 3 µA, 1 µA 

and 0.3 µA, 3 µA and 3 µA in Ru(NH3)6
3+

, IrCl6
2-

 and FcCH2OH solutions respectively can 

be observed, whereas voltammetric peaks of an amplitude similar to that of BDE are seen in 

the Fe(CN)6
3-

solution. Small peak shifts are also found on both DND and BDP modified 

surfaces as compared to unmodified microcrystalline boron-doped diamond electrode (Table 

31). 

The differences observed in the peak-to-peak separations and the peak currents are likely to 

arise from the changes in electron transfer kinetics as well as mass transfer characteristics that 

occur upon the introduction of the BDP and DND films on the electrode surface. An 

additional mechanism that can explain the observations above concerns electrostatic 

interactions between the negatively charged surface groups of the DND and BDP powders 
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and negatively, positively charged or neutral redox probes. In particular, electrostatic 

repulsion between the IrCl6
2-

 or Fe(CN)6
3- 

 redox mediators and negatively charged surface 

groups of the diamond powders may contribute to the effect observed above, whereas 

attraction forces can operate with the positively charged redox probes. 

In order to quantify these effects further and eliminate possible electrostatic interactions 

which may contribute to the electrochemical response in diluted solutions, the peak current 

responses of neutral FcCH2OH redox mediator were analysed in accordance with the 

Randles-Ševčík equation:
42

 

𝐼𝑝 = 2.69 × 105𝑛3/2𝐴𝐶𝐷1/2𝑣1/2 (Equation 5.1.1) 

where 𝐼𝑝 is the peak current, 𝛼 is the transfer coefficient, 𝑛 is the number of electrons, 𝐴 is 

the electrode area, 𝐶 is the bulk concentration, 𝐷 is the diffusion coefficient (7.8×10
-6

 cm
2 

s
-1

) 

and 𝑣 is the scan rate (0.05 V s
-1

).
43

 The results are summarised in Figure 66. 

 

Figure 66 Peak currents theoretically predicted by the Randles-Ševčík equation and experimentally recorded at BDE, 

BDP and DND electrodes during (a) cathodic scan; (b) anodic scan at a scan rate of 0.05 Vs-1 

 

For the unmodified microcrystalline boron-doped diamond electrode, the current response is 

found to be below than that predicted by the Randles-Ševčík equation. This is commonly 
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related to the roughness and spatially heterogeneous electrochemical activity of the diamond 

surface.
44

 In contrast, the peak current responses recorded at the BDP and DND modified 

electrodes exceed the predicted values. This partially can be attributable to the increased 

roughness of the powder modified boron-doped diamond electrode, but clearly could also 

have additional origins such as thin layer diffusional effects.  

In further analysis, the cyclic voltammetry data were assessed in terms of permeability.
45

 The 

permeability, 𝑃, of the redox probe through the diamond powder film is described by the 

following equation:
46

  

𝑃 =
𝐼𝑝(𝐹𝐼𝐿𝑀)

𝐼𝑝(𝑢𝑛𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐵𝐷𝐸)
⁄ × 100% (Equation 5.1.2) 

where 𝐼𝑝(𝐹𝐼𝐿𝑀) and 𝐼𝑝(𝑢𝑛𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐵𝐷𝐸) are the peak currents recorded at the powder modified 

electrode and unmodified microcrystalline boron-doped diamond electrode respectively. If 

the film exhibits a blocking effect, the P values below 100% are observed, whereas if a 

presence of the film results in the enhancement of redox currents, the P values above 100% 

are detected. The permeabilities obtained at the BDP and DND modified electrodes are 

summarised in Table 32.  

Table 32 Permeabilities of 0.1 mM Fe(CN)6
3-, Ru(NH3)6

3+, IrCl6
2- and FcCH2OH redox probes through DND and BDP 

modified electrodes. The data were recorded at a scan rate of 0.05 Vs-1 

Redox mediator P through DND modified electrode (%) P through BDP modified electrode (%) 
 Reduction scan Oxidation scan Reduction scan Oxidation scan 

 Fe(CN)6
3-
 139 123 73 79 

 Ru(NH3)6
3+

 213 256 128 141 

 IrCl6
2-
 98 87 113 104 

 FcCH2OH 269 263 170 165 

 

The results above show that the tendency to exhibit amplified current responses must be quite 

sensitive to the diamond surface morphology. Apart from the case with IrCl6
2-

 redox probe, a 

general trend arising from the cyclic voltammetry studies is that the peak currents at DND 
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modified electrode are bigger than that of observed at the BDP sample. This significant 

increase in the peak currents at the DND modified electrode are likely to stem from pre-

concentration effects of the analyte at the high surface area-to-volume ratio of the DND 

electrode. In addition, previously reported feedback mechanism observed at the DND powder 

can contribute as well.
30,33

 

Cyclic voltammetry studies in 0.1 mM Fe(CN)6
3-

, Ru(NH3)6
3+

, IrCl6
2-

 and FcCH2OH redox 

couples were also carried out at different scan rates from 0.02 to 0.1 V s
-1

. As expected, 

significant deviations from linearity of the peak currents with the square root of the scan rate 

were observed, thus suggesting the occurrence of other processes rather than simple diffusion 

controlled reaction at the interface. 

In further experiments, the cyclic voltammetry in 1 mM and 10 mM solutions of Fe(CN)6
3-

, 

Ru(NH3)6
3+

, IrCl6
2-

 and FcCH2OH redox mediators was carried out at BDP, DND modified 

electrodes and plain boron-doped diamond electrode, as shown in Figure 67. The associated 

peak positions and current responses are summarised in Table 33 and Table 34. 

It can be seen from Figure 67 that at a high concentrations of the redox species, the 

diffusional electrochemistry prevails at the BDP and DND films, and the current responses 

are very similar to that seen at unmodified BDE. Consistent with this picture, the peak 

currents were found to be close to those calculated from Randles-Ševčík analysis. This is in 

contrast to the situation when the cyclic voltammetry was performed in diluted solution of 

redox mediators, where the significant amplification of redox signals was detected at DND 

and BDP modified electrodes. 
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Figure 67 Cyclic voltammograms recorded at (-) plain BDE, (- - -) 200 nm DND and (-∙-∙-) 200 nm BDP modified 

electrodes in (a) 1 mM in K3Fe(CN)6, 0.1 M KCl; (b) 10 mM in K3Fe(CN)6, 0.1 M KCl; (c) 1 mM in Ru(NH3)6Cl3, 

0.1 M KCl; (d) 10 mM in Ru(NH3)6Cl3, 0.1 M KCl; (e) 1 mM in K2IrCl6, 0.1 M KCl; (f) 10 mM in K2IrCl6, 0.1 M KCl; 

(g) 1 mM FcCH2OH at a scan rate of 0.05 Vs-1 
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Table 33 Peak position and current response data recorded in 1 mM Fe(CN)6
3-, Ru(NH3)6

3+, IrCl6
2- and FcCH2OH 

redox probes at BDP, DND modified electrodes and unmodified B-doped diamond electrode at a scan rate of 0.05 Vs-1 

Sample 1 mM Fe(CN)6
3-

 

 𝑬(𝑰𝒑
𝑹𝒆𝒅) (𝑽)  𝑰𝒑

𝑹𝒆𝒅 (𝑨) 𝒊𝒑
𝑹𝒆𝒅 (𝑨 𝒄𝒎−𝟐) 𝑬(𝑰𝒑

𝑶𝒙) (𝑽)  𝑰𝒑
𝑶𝒙 (𝑨) 𝒊𝒑

𝑶𝒙 (𝑨 𝒄𝒎−𝟐) 

BDE 0.143 -4.76×10
-5

 -1.19×10
-4

 0.250 5.46×10
-5

 1.37×10
-4

 

BDP 0.102 -2.27×10
-5

 -5.68×10
-5

 0.279 3.14×10
-5

 7.85×10
-5

 

DND 0.127 -4.08×10
-5

 -1.02×10
-4

 0.258 4.57×10
-5

 1.14×10
-4

 

 1 mM Ru(NH3)6
3+

 

BDE -0.199 -7.17×10
-5

 -1.79×10
-4

 -0.129 6.31×10
-5

 1.58×10
-4

 

BDP -0.199 -6.71×10
-5

 -1.68×10
-4

 -0.133 6.44×10
-5

 1.61×10
-4

 

DND -0.220 -9.33×10
-5

 -2.33×10
-4

 -0.146 7.52×10
-5

 1.88×10
-4

 

 1 mM IrCl6
2-

 

BDE 0.662 -8.13×10
-5

 -2.03×10
-4

 0.720 7.67×10
-5

 1.92×10
-4

 

BDP 0.654 -6.65×10
-5

 -1.66×10
-4

 0.720 5.57×10
-5

 1.39×10
-4

 

DND 0.658 -8.09×10
-5

 -2.02×10
-4

 0.720 7.48×10
-5

 1.87×10
-4

 

 1 mM FcCH2OH 

BDE 0.164 -7.37×10
-5

 -1.84×10
-4

 0.234 7.07×10
-5

 1.77×10
-4

 

BDP 0.168 -5.79×10
-5

 -1.45×10
-4

 0.230 5.62×10
-5

 1.41×10
-4

 

DND 0.164 -6.86×10
-5

 -1.72×10
-4

 0.230 6.56×10
-5

 1.64×10
-4

 

Table 34 Peak position and current response data recorded in 10 mM Fe(CN)6
3-, Ru(NH3)6

3+, IrCl6
2- and FcCH2OH 

redox probes at BDP, DND modified electrodes and unmodified B-doped diamond electrode at a scan rate of 0.05 Vs-1 

Sample 10 mM Fe(CN)6
3-

 

 𝑬(𝑰𝒑
𝑹𝒆𝒅) (𝑽)  𝑰𝒑

𝑹𝒆𝒅 (𝑨) 𝒊𝒑
𝑹𝒆𝒅 (𝑨 𝒄𝒎−𝟐) 𝑬(𝑰𝒑

𝑶𝒙) (𝑽)  𝑰𝒑
𝑶𝒙 (𝑨) 𝒊𝒑

𝑶𝒙 (𝑨 𝒄𝒎−𝟐) 

BDE 0.10 -2.51×10
-4

 -6.28×10
-4

 0.296 3.29×10
-4

 8.23×10
-4

 

BDP 0.085 -1.85×10
-4

 -4.63×10
-4

 0.308 2.25×10
-4

 5.63×10
-4

 

DND 0.077 -2.09×10
-4

 -5.23×10
-4

 0.300 2.96×10
-4

 7.40×10
-4

 

 10 mM Ru(NH3)6
3+

 

BDE 0.10 -5.55×10
-4

 -1.39×10
-3

 -0.088 4.49×10
-4

 1.12×10
-3 

BDP 0.085 -6.12×10
-4

 -1.53×10
-3

 -0.096 5.29×10
-4

 1.32×10
-3

 

DND 0.077 -6.03×10
-4

 -1.51×10
-3

 -0.092 5.10×10
-4

 1.28×10
-3

 

 10 mM IrCl6
2-

 

BDE 0.625 -6.62×10
-4

 -1.66×10
-3

 0.761 6.04×10
-4

 1.51×10
-3

 

BDP 0.617 -6.12×10
-4

 -1.53×10
-3

 0.765 5.54×10
-4

 1.39×10
-3

 

DND 0.637 -6.60×10
-4

 -1.65×10
-3

 0.744 5.97×10
-4

 1.49×10
-3

 

Table 35 IOx
p/ I

Red
p ratio and peak-to-peak separation data estimated for 1 mM and 10 mM Fe(CN)6

3-, Ru(NH3)6
3+, IrCl6

2- and 

FcCH2OH redox probes at BDP, DND modified electrodes and unmodified B-doped diamond electrode at a scan rate of 0.05 Vs-1 

Sample 1 mM Fe(CN)6
3-

 10 mM Fe(CN)6
3-

 

1 𝐼𝑝
𝑂𝑥/𝐼𝑝

𝑅𝑒𝑑  (𝐴) ∆𝐸𝑝𝑝 (𝑚𝑉) 𝐼𝑝
𝑂𝑥/𝐼𝑝

𝑅𝑒𝑑  (𝐴) ∆𝐸𝑝𝑝 (𝑚𝑉) 

BDE 0.87 107 0.76 196 
BDP 0.72 177 0.82 223 
DND 0.89 131 0.71 223 

 1 mM Ru(NH3)6
3+

 10 mM Ru(NH3)6
3+

 
BDE 1.14 70 1.24 188 
BDP 1.04 66 1.16 181 
DND 1.24 74 1.18 169 

 1 mM IrCl6
2-

 10 mM IrCl6
2-

 
BDE 1.06 58 1.10 136 
BDP 1.19 66 1.10 148 
DND 1.08 62 1.11 107 

 1 mM FcCH2OH   
BDE 1.04 70   
BDP 1.03 62   
DND 1.05 66   
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The permeabilities obtained at the BDP and DND modified electrodes in 1 mM and 10 mM 

solutions of redox probes are summarised in Table 36.  

Table 36 Permeabilities of Fe(CN)6
3-, Ru(NH3)6

3+, IrCl6
2- and FcCH2OH redox mediators in the concentration range 

of 0.1, 1 and 10 mM through DND and BDP modified electrodes. The data were recorded at a scan rate of 0.05 Vs-1 

Redox mediator P through DND modified electrode (%) P through BDP modified electrode (%) 
 Reduction scan Oxidation scan Reduction scan Oxidation scan 

1 mM solution:     

Fe(CN)6
3-

 86 84 48 58 

Ru(NH3)6
3+

 130 119 94 102 

IrCl6
2-

 100 98 82 73 

FcCH2OH 93 93 79 79 

10 mM solution:     

Fe(CN)6
3-

 83 90 74 68 

Ru(NH3)6
3+

 109 114 110 118 

IrCl6
2-

 100 99 92 92 

 

As it can be seen from Table 36, although a slight amplification of the peak currents detected 

at the DND surface with Ru(NH3)6
3+ 

are likely to be related to electrostatic attractions 

between the positively charged redox probe and negatively charged surface groups of the 

latter electrode, permeabilities close to 100% are detected. It can be further suggested that at 

the concentration range of 1 mM and 10 mM of redox solutions the amplification of the redox 

currents in cyclic voltammetry becomes invisible due to the overall high current densities. 

This is in contrast to a different picture seen in the diluted solutions, where permeabilities 

were largely increased. 

A useful insight can be further obtained from consideration of a charge transport within the 

diamond powder film under controlled hydrodynamic conditions. Hydrodynamic 

voltammetry was carried out at boron-doped diamond rotating disk electrode covered with a 

200 nm DND film in 1 mM solution of redox probes. In accordance with the Levich equation, 

the limiting current at an unmodified RDE electrode, 𝐼𝐿, is related to the rotation rate, 𝑤, 

through the following expression:
42

 

𝐼𝐿 = 0.62𝑛𝐹𝐴𝐶𝑠𝐷𝑠
2/3

𝑣−1/6𝑤1/2 (Equation 5.1.3) 
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where 𝑛 is the number of electrons involved in the redox process, 𝐹 is the Faraday constant, 

𝐴 is the electrode area, 𝐶𝑠 is the concentration of redox mediator in the bulk solution, 𝐷𝑠 is 

the diffusion coefficient of redox mediator in the bulk solution, 𝑣 is the kinematic viscosity of 

the solution and 𝑤 is the rotation speed of the rotating disk electrode.  

If the RDE is covered by a porous thin DND layer, the limiting current is characterised by the 

inverse Levich equation:
42

 

1

𝐼𝐿
=

𝑑

𝑛𝐹𝐴𝐷𝑎𝑝𝑝𝐶𝑠
+

1

0.62𝑛𝐹𝐴𝐶𝑠𝐷𝑠
2/3

𝑣−1/6𝑤1/2
 (Equation 5.1.4) 

where 𝐷𝑎𝑝𝑝 is the apparent diffusion coefficient of the redox mediators within the DND film. 

The apparent diffusion coefficient equals to 𝛼𝐷𝑠,𝐷𝑁𝐷, where 𝛼 is the partition coefficient of 

redox species through the DND layer and 𝐷𝑠,𝐷𝑁𝐷 describes the true diffusion coefficient of 

redox mediator in the DND film. 

A typical RDE data in 1 mM FcCH2OH dissolved in 0.1 M KCl recorded at unmodified 

microcrystalline BDE and DND modified electrode is presented in Figure 68.  

 

Figure 68 Koutecký-Levich plot of (-) unmodified BDE; (-) DND modififed BDE in 1 mM FcCH2OH dissolved in 

0.1 M KCl, inset of linear sweep voltammogram mfrom 0 V to 0.5 V at DND modified electrode in 1 mM FcCH2OH, 

0.1 M KCl, reprinted from reference47 
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The application of Equation 5.1.3 gives the value of Ds=6.6×10
-6

 cm
2
 s

-1
 which is lower than 

7.8×10
-6

 cm
2
 s

-1
 reported previously.

43
 This observation is in agreement with the fact that the 

actual geometrical area of microcrystalline boron-doped diamond electrode is greater than its 

active area due to the roughness of the electrode and spatially heterogeneous electrochemical 

activity. The apparent diffusion coefficient, Dapp, was found to be 0.9×10
-6

 cm
2
 s

-1
. This is 

much smaller than that of Ds, thus suggesting that some of the FcCH2OH species are trapped 

within the DND layer due to its extensive porosity.  

In further experiments, the partition coefficient, α, of FcCH2OH redox probe was measured 

via coulometric assay using linear sweep voltammetry (LSV) as presented in Figure 69. 

 

Figure 69 (a) subtracted LSV of FcCH2OH at the DND modified electrode, (b) associated electrolysis charge as a 

function of delay time, reprinted from47 

 

In order to estimate the amount of FcCH2OH partitioned within the DND film, the DND 

electrode was immersed into a 1 mM solution of FcCH2OH for six hours to achieve 

equilibration and was subsequently transferred into background electrolyte (0.1 M KCl). This 

was followed by the linear sweep voltammetry measurement (Figure 69 (a)), in which the 
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forward peak current after the subtraction of the background scan was integrated and then 

divided by the scan rate to give the electrolysis charge, 𝑄0. The latter is related to 𝛼 by the 

following expression:
43

 

𝛼 =
𝑄0

𝑛𝐹𝑉𝐹𝐼𝐿𝑀𝐶𝑠
⁄  (Equation 5.1.5) 

where 𝑛 is the number of electrons passed, 𝐹 is the Faraday constant, 𝑉𝐹𝐼𝐿𝑀 is the volume of 

the DND film (3.9×10
-12

 m
3
), 𝐶𝑠 is the bulk solution concentration of the FcCH2OH redox 

probe. 

This measurement was repeated in a range of delay times of 10-40 min (Figure 69 (b)), 

between transferring the DND modified electrode into background electrolyte and measuring 

the LSV. As presented in Figure 69 (b), the electrolysis charge recorded with the LSV 

experiments decreased proportionally with the delay time due to the diffusion of the 

FcCH2OH redox probe away from the DND film into the background electrolyte.  

The use of the factors in Equation 5.5 gives the 𝛼 value of 93 for FcCH2OH redox probe.  

The diffusion coefficient within the DND film can be further estimated through the following 

equation: 

𝐷𝑠,𝐹𝐼𝐿𝑀 =
𝐷𝑎𝑝𝑝

𝛼⁄  (Equation 5.1.6) 

The value of 𝐷𝑠,𝐹𝐼𝐿𝑀=0.01 cm
2
 s

-1
 was estimated for the FcCH2OH species. The fact that the 

true diffusion coefficient within the DND film is found to be smaller than that of in the bulk 

suggests that the introduction of the DND film on the electrode surface results in the 

occurrence of pre-concentration effects of the analyte within the film. 



Chapter five – Diamond powder films: electrochemical properties and applications in 
electrocatalysis 

154 
 

5.4.3 Platinum decorated diamond electrodes  

Platinum nanoparticles were electrodeposited on unmodified microcrystalline BDE as well as 

BDP and DND modified electrodes via chronoamperometry in accordance with the protocol 

described in Section 5.3.1. A typical SEM image of a Pt modified microcrystalline BDE 

(Pt_BDE) is presented in Figure 70 (a).  

 

Figure 70 SEM of (a) Pt decorated BDE; (b) Pt decorated BDP modified electrode; (c) Pt decorated DND modified 

electrode 

As expected, Pt particles were found to grow preferentially at the edge of the diamond grains 

which is in agreement with previously reported behaviour.
48

 This preferential growth of Pt 

nanoparticles on the edge of the diamond grains is attributable to heterogeneous conductivity 

across diamond electrode surfaces due to enhanced sp
2
-conductivity of the intercrystalline 

regions,
49

 the increased number of defects within these regions
50

 along with heterogeneity of 

B-doping.
51

 The analysis of SEM data in Figure 70 (a) shows that electrodeposition on the 

unmodified microcrystalline BDE results in the formation of spherical Pt particles of 300-

400 nm in size with the cluster coverage of approximately 0.6×10
8 

cm
-2

. The SEMs of Pt 

decorated BDP (Pt_BDP) and DND (Pt_DND) modified electrodes are presented in Figure 

70 (b) and (c) respectively. In contrast to the picture observed at unmodified microcrystalline 

BDE in Figure 70 (a), where a distinct segregation of Pt particles occurs, it can be clearly 

seen that on the BDP (Figure 70(b)) and DND (Figure 70 (c)) modified electrodes Pt 

dispersion is significantly improved with quite uniform distribution and cluster coverage of 

~32×10
8 

cm
-2

 and ~26×10
8 

cm
-2

 respectively. This is likely to result from the increased 
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surface roughness of the electrode along with some changes in the surface chemistry induced 

by the introduction of BDP and DND powders enriched with sp
2
 defects.

26
 

5.4.3.1 Investigation of Pt nucleation and growth on diamond electrodes 

In order to further investigate the effects observed above, the nucleation and growth 

mechanism of Pt nanoparticles on the three differing types of diamond was analysed. Figure 

71 shows typical platinum deposition currents recorded at a constant potential of -0.1 V from 

2 mM K2PtCl6 dissolved in 0.5 M H2SO4.  

 

Figure 71 Deposition current obtained from 2 mM K2PtCl6 dissolved in 0.5 M H2SO4 at a constant potential of -0.2 V 

at ( ̶  ·  ̶ )  BDE; (····) DND and ( ̶ ) BDP electrode surfaces 

 

At the beginning of the deposition process (Figure 71), a rapid current drop, IDL, which is 

attributable to the double layer charging, can be observed. This is followed by the initiation 

of the nucleation process at the minimum current. The rising part of the curve at the point of 

IFREE represents the growth of independent nuclei which is controlled by hemi-spherical 

diffusion. The IFREE current increases until the hemi-spherical diffusion zones start to interact 

with each other, thus giving rise to the deposition current with overlapping effects, IOVERLAP. 

When this overlap becomes significant, hemi-spherical mass transfer is changed to linear 
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mass transfer. This switch in the diffusion regime is characterised by the maximum current, 

IMAX. As soon as the IMAX is reached, the growth of the Pt cluster is controlled by the linear 

diffusion, and the deposition current constantly decreases.
52,53

 

An interesting feature characteristic of platinum electrodeposition on the unmodified BDE 

surface is that it starts at lower currents as compared to the DND and BDP modified 

electrodes (Figure 71). This is likely to arise from the increased number of sp
2
 defects on the 

DND and BDP powders which can act as additional source of the nucleation sites. 

The mass of Pt deposited onto the electrode surface was obtained from the charge, 𝑄𝑃𝑡  , 

recorded during the reaction:
42

 

𝑚(𝑃𝑡) =
𝑄𝑃𝑡𝑛𝑀

𝐹⁄  (Equation 5.1.7) 

where 𝑛 is the number of electrons transferred, 𝑀 is the atomic weight of Pt (195.09 g mol
-1

), 

𝐹 is the Faraday constant. This corresponds to a platinum loading of 5.05×10
-5

 g, which was 

identical in all deposition experiments. 

The mechanism of platinum formation was analysed via two classical nucleation and growth 

models:
54

 (1)‘Scharifker and Hills’ (SH model)
55

 in order to identify the nucleation 

mechanism; and (2) ‘Scharifker and Mostany’ (SM model)
56

 to estimate the number density 

of active sites on the electrode surface along with the nucleation rate. 

The number of nuclei, N, on the electrode surface is described by the following equation:
 45, 46

 

  ))exp(1(0 AtNtN 
 

(Equation 5.1.8) 

where N0 is the maximum number of active sites, A is the rate of conversion of an active site 

into a nucleus.  
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‘Instantaneous’ and ‘progressive’ nucleation are considered to be the limits of this expression 

for a relatively large A and infinitely small A. Instantaneous nucleation corresponds to the 

extreme situation of a fast nucleation on a relatively small number of active sites ( 0NN  ), 

assuming that all these sites are converted to nuclei instantaneously. In contrast, progressive 

nucleation is characterised by a slow nucleation on a relatively large number of active sites 

( tANN 0 ), where the number of nuclei, N, is a function of time, t. 

The theoretical relationship for the determination of the nucleation mechanism in the SH 

model is given by the following equations:
55
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Using the equations above, the I/Im term can be expressed as a function of t/tm, where Im and 

tm are experimental values of maximum current with associated time. The resulting non-

dimensional curves were further compared with the experimental transients in order to 

determine whether the nucleation mechanism has progressive or instantaneous character 

(Figure 72). 
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Figure 72 Non-dimensional plot of I/Im vs t/tm at -0.1 V obtained at Pt_DND electrode 

For all the surfaces, the experimental non-dimensional current-time transients match 3D 

instantaneous nucleation curve as shown in Figure 72. An effective instantaneous character of 

the nucleation process determined on three diamond surfaces indicates that all platinum 

clusters formed are almost of the same age, similar shape and grow at a similar rate. 

SM model was employed in order to estimate the nucleation rate, A, and the number density 

of active sites, N. A general expression of the potentiostatic current transient in SM theory is 

given by the following expression:
56

 

      











































  Aet

A

NcM
D

t

D
nFctI At /12exp1 0

2/1

2/3

2/1





 (Equation 5.2.3) 

where n  is the number of electrons transferred, c is the bulk concentration, D is the diffusion 

coefficient, M is the Pt molar mass and ρ is the density of Pt. The nucleation rate, A, and the 

number density of active sites, N0, were calculated from the first order derivative of 

equation 5.2.3
56

 by the Newton method using Wolfram Mathematica 7 Software.
57

 The 

resulting A and N0 are summarised in Table 37. 
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Table 37 Kinetic parameters of platinum nucleation on BDE, DND and BDP modified electrodes 

Parameter Deposition potential of -0.05 V Deposition potential of -0.1 V 

 BDE DND BDP BDE DND BDP 

N0 (cm
-2

) 1.0×10
7
 1.2×10

7
 3.5×10

7
 2.5×10

7
 3.8×10

7
 2.2×10

8
 

A (s
-1

) 6.6×10
2
 6.4×10

2
 6.1×10

2
 7.8×10

3
 4.8×10

3
 3.5×10

3
 

 Deposition potential of -0.2 V Deposition potential of -0.25 V 

N0 (cm
-2

) 4.4×10
7
 5.0×10

7
 1.0×10

8
 1.0×10

7
 1.3×10

7
 1.8×10

8
 

A (s
-1

) 4.9×10
3
 4.5×10

3
 4.1×10

3
 3.1×10

3
 1.9×10

3
 1.2×10

3
 

As presented in Table 37, the introduction of conducting BDP powder results in improved 

number of active sites which is an order of magnitude greater than that seen at the plane BDE 

and DND modified electrodes. This improved number of nucleation sites at the BDP surface 

concomitantly contributes to the enhanced dispersion of Pt particles seen in SEM (Figure 

70 (b)). Despite the significant increase in the surface roughness that arises from the coating 

of the plane BDE with DND, the amount of active nucleation sites at the DND surface is 

quite similar to that of estimated at the unmodified BDE electrode. This shows that the 

tendency to form Pt nuclei on the electrode surface must be quite sensitive to the diamond 

surface morphology. 

5.4.3.2 Electrochemical characterisation of platinum decorated diamond electrodes 

Following the platinum deposition procedure described in Section 5.3.2, cyclic voltammetry 

was performed in 0.5 M H2SO4 in order to compare the electrochemical properties of Pt 

deposited on the plane microcrystalline BDE, DND and BDP modified electrodes (Figure 

73).  

 

Figure 73 Cyclic voltammograms in 0.5 M H2SO4 recorded at 0.05 Vs-1 at ( ̶ ) Pt_BDE; ( ̶  ·  ̶ ) Pt_DND  and (····) 

Pt_BDP that were deposited at -0.1 V 
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In the cathodic scan in Figure 73, the cyclic voltammograms correspond to formation of 

hydrogen molecules due to the reduction process of H
+
 ions results in the adsorption of H2 

monolayers on the surface of Pt nanoparticles of differing crystallographic orientation.
58

 In 

the anodic scan, this process is reversed, and the distinct peak appears at -0.25 V vs Ag/AgCl 

in the result of the hydrogen oxidation. The peaks recorded at BDP and DND modified 

electrodes are 1.6 and 0.4 mA cm
-2

 larger than that of recorded at unmodified plane Pt_BDE. 

In accordance with the standard electrochemical method, based on the integration of the 

anodic peak arising from the oxidation of hydrogen adsorbed on platinum between the -0.3 V 

and 0.1 V, the electrochemical active area of the electrodes (EAA), specific platinum surface 

area along with platinum particle size were estimated as described in detail in Chapter 3. The 

results are summarized in Table 38. 

Table 38 Electrochemical characterisation of plane BDE, DND and BDP modified electrodes at a platinum loading of 

5.05×10-5 g  

Parameter Deposition potential of -0.05 V Deposition potential of -0.1 V 

 BDE DND BDP BDE DND BDP 

H-oxidation charge (mC cm
-2

) 8.5 12.2 13.4 10.1 15.1 19.8 

EAA (cm
2
)* 40.5 58.3 63.7 48 72.1 93.4 

Specific Pt NPs area (m
2
 g

-1
) 80.1 115.4 126.1 95 142.8 186.7 

Estimated Pt NPs size (nm) 3.5 2.4 2.2 2.9 2.0 2.0 

 Deposition potential of -0.2 V Deposition potential of -0.25 V 

H-oxidation charge (mC cm
-2

) 9.7 10.1 11 7.3 8.8 10.2 

EAA (cm
2
) 46 48.3 52.2 34.6 41.8 48.5 

Specific Pt NPs area (m
2
 g

-1
) 91.1 95.6 103.3 68.6 82.7 96 

Estimated Pt NPs size (nm) 3.1 2.9 2.7 4.1 3.4 2.9 

*electrochemical active area per cm
2
 of the substrate  

 

The electrochemical active area of Pt deposited onto the plane boron-doped diamond 

electrode is around 48 cm
2
, whereas at both DND and BDP modified electrodes these values 

are significantly improved with EAA=72 cm
2
 at DND and EAA =93 cm

2 
at BDP decorated 

at -0.1 V. The associated specific platinum surface area at the BDP modified electrode 

at -0.1 V is close to the values typically obtained at conventional highly dispersed 

electrocatalyst materials.
59

 The platinum particle size estimated from cyclic voltammetry 
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(Table 38) is much smaller than that of observed in SEM. The likely explanation is that the 

visual inspection of the SEM images tends to highlight the larger particles; therefore, a highly 

dispersed nature of the platinum nanoparticles cannot be straightforwardly deducted from the 

SEM studies.
26

 In addition, AFM investigations indicate that the platinum particles detected 

in SEM are often found in the form of agglomerates of much smaller crystals which 

contribute to the improved surface area observed in cyclic voltammetry studies.
26

 

In order to assess the persistence and stability of platinum particles on the plane 

microcrystalline BDE, DND and BDP modified electrodes, the effects of electrode 

performance during long-term cyclic voltammetry scans in 0.5 M H2SO4 were investigated. 

The estimated Pt loss (%), normalised to the EAA present at the start of the electrochemical 

measurements, as a function of the number of cycles, is presented in Figure 74.  

 

Figure 74 calculated Pt loss (%)at (1) Pt_BDP; (2) Pt_DND  and (3) Pt_BDE that were decorated at -0.1 V 

 

It can be seen that at unmodified Pt_BDE electrode the electrochemical active area decreased 

by 30 % as the potential on the electrode was scanned between -0.3 V and 0.1 V, whereas the 
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loss of EAA at the Pt_DND and Pt_BDP electrodes did not exceed more than 12% and 19% 

respectively. 

In further experiments, the surface composition of the electrodes decorated at -0.1 V prior 

and after electrochemical cycling in 0.5 M H2SO4 was characterised by XPS. The data are 

shown in Table 39. 

Table 39 Pt/C atomic ratios of the diamond electrodes decorated with Pt particles at -0.1 V before and after stability 

tests 

Ratios Pt_BDE Pt_DND Pt_BDP 

 
Prior After Prior After Prior After 

Pt/C (10
-2

) 2.1 0.9 2.2 1.6 2.3 1.9 

% Pt retained 
 

43 
 

72 
 

82 

*Prior and after stability tests 

 

As presented in Table 39, 82%, 72% and 43% of Pt retained on the Pt_BDP, Pt_DND and 

Pt_BDE respectively after the electrochemical scans, which is in agreement with the stability 

trend obtained from the decrease of the measured EAA, as shown in Figure 74.  

Therefore, it can be suggested that the modification of the diamond electrode with conductive 

boron-doped diamond powders as well as detonation nanodiamond powders has a useful 

application in improving the stability of the Pt nanoparticles deposited on diamond.  

A useful insight can be further obtained from the investigation of the electrochemical 

oxidation of methanol since such system forms the basis of methanol fuel cells that employ Pt 

nanoparticles as electrocatalyst material.
35

 

The methanol electrooxidation process was studied by cyclic voltammetry in 1 M CH3OH, 

0.5 M H2SO4 solution at three electrodes as presented in Figure 75.  
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Figure 75 Cyclic voltammetry in 1 mM CH3OH, 0.5 M H2SO4 recorded at a scan rate of 0.05 Vs-1 at ( ̶ )  Pt_BDE; 

( ̶  ·  ̶ ) Pt_DND and (····) Pt_BDP electrodes 

 

In Figure 75, the peak in the forward scan is characteristic of methanol oxidation process; in 

the reverse scan, a peak at lower positive potentials arises from the oxidation of adsorbed 

intermediates such as COads and the reactivation of the electrode. 

The electrocatalytic efficiency of the methanol oxidation is commonly characterised by the 

two main parameters: (1) the magnitude of the peak current If in the forward scan, a higher 

value of which corresponds to a greater catalytic activity of methanol oxidation, and (2) the 

ratio of the forward scan to the reverse scan, If/Ir, the higher the ratio of which the more 

complete oxidation process takes place at the electrode.
2
 The If value recorded at Pt_BDP 

electrode is found to be 30% enhanced as compared to the Pt_DND and Pt_BDE samples. 

The If/Ir ratio of 1.4 is estimated for the Pt_BDP which is also greater than that of observed at 

Pt_BDE and Pt_DND, thus suggesting the lower poisoning of Pt/BDP.  

5.5 Concluding remarks 

In Chapter 5, the electrochemical studies of two differing types of finely divided diamond 

material, namely boron-doped diamond powder and detonation nanodiamond powder have 
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been discussed. It was observed in this work that at high concentrations of standard redox 

mediators, the diffusional electrochemistry at the films prepared from each of the two 

powders prevails, and the electrochemical behaviour of the films is found to be quite similar 

to that seen at unmodified microcrystalline boron-doped diamond electrode. However, 

significant differences arise at low concentrations, where the powder modified electrodes 

have shown amplified currents that are likely to be attributable to the pre-concentration 

effects within the powder film. 

Platinum decorated diamond electrodes have become of great interest in many useful 

electrochemical applications such as fuel cells and electrochemical sensors. In Chapter 5, it 

was demonstrated that the electrochemical properties of such electrodes can be significantly 

improved upon modification of the latter with conductive boron-doped diamond powder. The 

improvement in electrochemical performance is likely to be related to the microscopic 

roughening of the electrode surface and resulting enhanced dispersion of platinum particles. 

The investigation of nucleation and growth of platinum nanoparticles on the three differing 

forms of diamond have also shown that the BDP surface provides the highest number of 

nucleation sites, thus contributing to the better dispersion seen in SEM. 

The electrocatalytic activity of Pt_BDP modified electrode with respect to the oxidation of 

methanol was found to be the largest when compared to Pt_BDE and Pt_DND modified 

substrates. Finally, it was shown that Pt nanoparticles electrodeposited on the BDP modified 

diamond provides a highly stable platinum/diamond interface in long term. 
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6 Chapter six – The effect of the surface pre-treatment on the 

electrochemical behaviour of nickel modified boron-doped 

diamond electrodes 

This chapter discusses the effects of the surface pre-treatments on the electrocatalytic activity 

and adhesion of nickel particles on the boron-doped diamond electrode surface. The 

preparation of nickel modified diamond electrode involves the electrodeposition of Ni 

nanoparticles on two dissimilar diamond electrode surfaces: hydrophobic H-terminated and 

hydrophilic O-terminated. The use of nickel modified boron-doped diamond electrode for the 

electroanalysis of hydrogen peroxide and glucose was investigated. It was shown that a nickel 

modified hydrogen terminated boron-doped diamond provides an improved electrochemical 

performance and stability as compared to nickel modified oxygen terminated boron-doped 

diamond electrode. The reasons underlying these observations are discussed in terms of 

electronic properties of the two dissimilar diamond surface pre-treatments.  

6.1 Introduction 

With the progress of Chemical Vapour Deposition techniques, boron-doped diamond has 

become widely available in different forms and variety of doping levels. The properties of 

boron-doped diamond electrode including excellent chemical stability, wide potential 

window and low signal-to-background current ratio make it exceptionally attractive in many 

electrochemical applications such as wastewater treatment, electrosynthesis, fuel cells and 

energy harvesting.
1-7

  

Recently, the decoration of boron-doped diamond electrodes (BDEs) with catalyst metal 

nanoparticles (NPs) to modify the electrode activity has been examined, resulting in a 

considerable diversity of possible electrochemical applications.
8-12

 The preparation of nickel 

(Ni) modified boron-doped diamond electrode in particular is a subject of increasing interest 
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in connection with water splitting technologies and electrochemical sensing such as enzyme-

free detection of glucose,
13,14

 methanol
15

, adenine and DNA
16

 along with primary alcohols.
17

 

The summary of some electroanalytical applications that employ nickel modified boron-

doped diamond electrodes is given in Table 40. 

Table 40 Nickel modified boron-doped diamond electrode and their electroanalytical applications 

 

As shown in Table 40, several preparative routes to nickel immobilisation on the diamond 

electrode surface have been developed, including ion implantation, drop coating and 

evaporation as well as electrochemical deposition.
15-17,19-22

 Among them, the direct formation 

of nickel particles via electrodeposition is found to be the most advantageous as it yields 

highly dispersed particles on the surface without causing any damage to the electrode 

surface.
14

 

Apart from the modification of the boron-doped diamond electrode with catalyst particles 

mentioned above, the electrode surface itself can be terminated with oxygen or hydrogen 

functionalities. Oxygen termination can be produced by electrochemical oxidation, oxygen 

plasma treatment, ultrasonic treatment as well as ozone oxidation along with chemical 

oxidation in the presence of mineral acid mixtures such as aqua regia or piranha solution.
23-

26
 Electrochemical oxidation is an effective straightforward technique that results in the 

electrode surface being terminated with different oxygen functional groups such as hydroxyl, 

carbonyl as well as carboxyl, which are responsible for the hydrophilic properties of the 

Electrode modification Analyte  Reference 

   
Nickel (drop coated on BDE) Glucose 18 

Nickel (electrodeposited) Glucose 13 
Nickel (implanted) Glucose 19 

Nickel (electrodeposited) Ethanol and Glycerol 17 
Nickel (electrodeposited) Methanol 15 

Nickel (implanted) Tetracyclines 20 
Nickel (ultrasound assisted electrodeposition) L-alanine 21 

Nickel (electrodeposited) Adenine and DNA 16 
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diamond surface.
14,16,17,19,22,27

 A full termination of the diamond electrode with hydrogen 

atoms can be achieved mainly by the hydrogen plasma treatment which gives rise to 

hydrophobic properties of the electrode surface.
28

 

Oxygen termination leads to an insulating character of the diamond surface with positive 

electron affinity, whereas hydrogen termination gives rise to negative electron affinity and 

surface induced conductivity.
29,30

 Despite very dissimilar surface properties of H- and O-

terminated diamond, only a few recent reports have investigated the influence of the diamond 

surface chemistry on the electrochemical performance of the electrode.
31-33

 

It is interesting to note that all previous electrochemical studies of nickel modified boron-

doped diamond electrodes were performed on electrochemically cleaned and therefore 

oxidised diamond electrode. At present, little is known about how the diamond surface pre-

treatment influences the electrochemical performance of Ni modified diamond electrodes.  

6.2 Aims of the project 

The work in this chapter explores in detail how the surface chemistry of diamond electrode 

affects the chemical properties of Ni modified boron-doped diamond electrode. The methods 

employed commence with controlled formation of either hydrophobic H-terminated or 

hydrophilic O-terminated surface at a boron-doped diamond electrode, which is followed by 

the nickel electrodeposition. In the former process, microwave hydrogen plasma was used to 

prepare a hydrogen terminated boron-doped diamond; in the latter process the 

electrochemical oxidation was used to produce a highly oxidised diamond surface. 

The electrodes prepared in this way were systematically studied, and the differences in 

electrocatalytic activity and adherence of nickel particles to the H- and O-terminated diamond 

surface were investigated. The application of the hydrogen plasma pre-treatment for the 
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improved electrochemical detection of glucose and hydrogen peroxide at the Ni modified H- 

terminated boron-doped diamond was demonstrated in this work. 

6.3 Experimental methods 

6.3.1 Preparation of nickel modified boron-doped diamond electrode 

6.3.1.1 Preparation of oxygen terminated boron-doped diamond surface 

As it was previously described in Chapter 4, in order to produce an oxidised diamond surface, BDE 

was conditioned by potential cycling in 0.1 M nitric acid between -1.5 V and + 2.5 V, which results in 

a hydrophilic surface containing a high concentration of oxygen functionalities such as hydroxyl, 

carbonyl and carboxylic acid groups.
34,35

 

6.3.1.2 Preparation of hydrogen terminated boron-doped diamond surface 

A hydrogen terminated boron-doped diamond surface was produced as described in Chapter 4 by 

microwave hydrogen plasma treatment at 1.5 kW microwave power, 60 mbar pressure and at a 

temperature of 600°C during 60 minutes.
36

 The sample was cooled down in the hydrogen plasma by 

switching of the heating element and gradually reducing the microwave power until the plasma 

extinguished. The sample was cooled to a room temperature under hydrogen flow. This treatment 

yields a surface being largely free of adsorbed oxygen functionalities, hydrocarbons and sp
2
 species. 

6.3.1.3 Preparation of nickel modified boron-doped diamond electrode 

Electrochemical measurements were performed with a μ-AUTOLAB III electrochemical 

workstation (Eco-Chemie, Netherlands) at 23°C. A standard three-electrode configuration 

consisting of a boron-doped microcrystalline diamond electrode (BDE from Element Six Co, 

10×10×0.6 mm size, boron doping concentration of ~10
20

 cm
-3

) as a working electrode, an 

Ag/AgCl reference electrode and a Pt counter electrode was used. The boron-doped diamond 

electrode was mounted in a PTFE holder, so that a circular area of 0.4 cm
2
 was exposed to a 
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solution. Nickel particles were electrodeposited from deaerated 1 mM Ni(NO3)2 in 0.1 M 

acetate buffer solution (pH 5). During the electrodeposition procedure, 400 mC were passed 

using chronoamperometry at a potential of -1.3 V vs Ag/AgCl for 600s. In accordance with 

the method reported previously, nickel particles formed on the electrode surface were 

subsequently enriched with Ni(OH)2 by cyclic voltammetry in 1 M KOH, H2O solution 

during 500 scans at a scan rate of 0.05 V s
-1

.
13,16,17,22,37

 Cyclic voltammetry and 

chronoamperometry were employed to investigate the electrochemical detection of 0.1 mM 

hydrogen peroxide and 1 mM glucose solutions. 

All chemicals (purchased from Sigma-Aldrich, UK) were of analytical grade and used 

without any further purification. Solutions were prepared using ultrapure water (18.2 MΩ∙cm 

at 293 K, Millipore water systems, UK). 

6.3.2 Surface characterisation of nickel modified boron-doped diamond electrode 

The surface morphology was examined with a scanning electron microscope at a 20 kV 

acceleration voltage. X-ray photoelectron spectroscopy (XPS) spectra were collected using a 

hemispherical analyser and Al Kα (1486.6 eV) X-ray source. The survey scans and the high 

resolution scans were recorded at 50 eV with 0.5 eV step and at 20 eV energy passes with 

0.1 eV step respectively. The associated data were analysed by CasaXPS software.
38

 The 

peaks were fitted using a Shirley background.
39

 High resolution X-ray diffraction (XRD) 

measurements were performed using a Philips Xpert Diffractometer with monochromatic 

CuKα radiation (λ = 1.5406 Å). 
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6.4 Results and Discussion 

6.4.1 Morphology and microstructure of nickel modified boron-doped diamond 

electrodes 

6.4.1.1 SEM characterisation of nickel modified boron-doped diamond electrodes 

A typical SEM image of a microcrystalline boron-doped diamond (BDE) electrode surface 

prior to Ni electrodeposition is presented in Figure 76 (a). It consists of diamond grains with 

[111] and [110] crystallographic orientation with an average grain size of 5-50 µm. The 

hydrogen and oxygen terminations of the boron-doped diamond electrode were produced as 

described in Sections 6.3.1.1 and 6.3.1.2. In the following experiments, Ni nanoparticles were 

electrodeposited on the BDE via chronoamperometry at a constant potential of -1.3 V vs 

Ag/AgCl from 1 mM Ni(NO3)2 solution in 0.1 M acetate buffer (pH 5). The formation of 

metal Ni particles is described by the following equation:
40,41

  

Ni
2+

 +2e
-
 → Ni

0
  (Equation 6.1.1) 

The SEM images of Ni decorated oxygen terminated boron-doped diamond electrode (further 

denoted as Ni_OBDE) and Ni modified hydrogen terminated boron-doped diamond electrode 

(Ni_HBDE) are shown in Figure 76 (b) and Figure 76 (c) respectively. 

 

Figure 76 SEM image of (a) microcrystalline BDE; (b) Ni NPs deposited on oxygen terminated BDE; (b) Ni NPs 

deposited on hydrogen terminated BDE; 
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It can be seen from Figure 76 (b and c) that hemispherical Ni particles of an average size of 

200-300 nm are distributed with some preferential location at the edge of diamond grains. 

This is in agreement with the previously observed behaviour that was related to the presence 

of heterogeneous conductivity across diamond electrode surface in the result of enhanced sp
2
-

conductivity of the intercrystalline regions
24

 and heterogeneity of boron doping.
42-47

 

The analysis of the SEM images suggests the presence of approximately 2.1×10
6
 particles per 

cm
-2

 on the oxidised and 2.3×10
6
 particles per cm

-2 
on hydrogenated diamond surfaces. This 

corresponds to the presence of 22 µg cm
-2

 and 24 µg cm
-2

 of nickel on the oxidised and 

hydrogenated diamond surfaces respectively. 

The electrodeposition currents were used to simulate the mechanism of Ni particles formation 

on oxidised and hydrogenated diamond surfaces. Ni electrodeposition currents were analysed 

by ‘Scharifker and Hills’ (SH) nucleation model as described in detail in Chapter 5.
48

 

Analogous to the analysis presented in Chapter 5, the nucleation mechanism (progressive or 

instantaneous) was determined by comparison of the experimental curves with the theoretical 

as presented in Figure 77.  

 

Figure 77 The comparison of Ni electrodeposition current time-transient obtained at oxidised BDE at -1.3 V with SH 

model: non-dimensional plot of I/Im vs t/tm, () experimental current (∙∙∙∙) 3D Instantaneous nucleation, ( ∙ ∙ ) 3D 

Progressive, ( ∙ ) 2D Instantaneous ( ) 2D Progressive 
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For both oxidised and hydrogenated diamond surfaces, the experimental non-dimensional 

current-time transients matched closely to the 3D instantaneous nucleation curve as presented 

in Figure 77. Thus, it can be suggested that Ni particles on both surfaces should grow with a 

similar rate and of a similar size due to the distinct instantaneous character of the nucleation 

process. The number of Ni nuclei formed on both oxidised and hydrogenated diamond 

surfaces during electrodeposition were estimated by SH model using the following 

equation:
48

 

𝐼𝑚 = 0.6382𝑛𝐹𝐷𝑐(𝑘𝑁)1/2  (Equation 6.1.2) 

where 𝐼𝑚 is the maximum current observed during electrodeposition, 𝑛  is the number of 

electrons, 𝐹 is the Faraday constant (96485 C mol
-1

), 𝑘 is empirical constant that is expressed 

by 𝑘=(8πcM/ρ)
1/2

, 𝐷 is the diffusion coefficient of Ni ions, 𝑁 is the number of nuclei on the 

electrode surface. 

The application of the equation above gives the number of Ni nuclei of 3.1×10
6 

nuclei per 

cm
-2 

on the oxygen terminated diamond surface along with 4.3×10
6
 nuclei per cm

-2
 estimated 

at the hydrogen terminated diamond surface. These estimations are in a good agreement with 

the SEM data discussed above. Although the number of Ni nuclei calculated for both surfaces 

are of the same order of magnitude, slightly higher number of nuclei was predicted for the 

hydrogen terminated surface. This higher number of nuclei estimated for the hydrogen 

terminated surface is likely to be related to the surface conductivity of an H-terminated 

diamond electrode induced by the transfer doping mechanism.
28,49

 

6.4.1.2 XRD characterisation of nickel modified boron-doped diamond electrodes 

In further experiments, the XRD patterns were recorded at 23°C in the 10°-90° 2θ range 

using CuKα radiation as described in Section 6.3.2. The associated 2θ profile of the 
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Ni_HBDE sample is displayed in Figure 78. The reflections of Ni particles at 44.5°2θ and 

51.9°2θ degrees clearly reveal the presence of metal phase with [111] and [100] orientations 

respectively.
50

 The dominant diffraction peaks at 43.9 2θ and 75.3°2θ degrees correspond to 

[111] and [220] diamond grains.
51 

It is noteworthy that the XRD data were found to be 

identical for both hydrogenated and oxidised samples. This suggests that Ni particles 

produced by electrodeposition on both surfaces are of a similar form and exist mainly in 

metallic state, independently of the diamond surface chemistry.  

 

Figure 78 X-ray diffraction profile of the Ni_HBDE sample. Nickel particles were electrodeposited from1 mM 

Ni(NO3)2 in 0.1 M acetate buffer solution (pH 5) via potentiostatic method at a potential of -1.3 V vs Ag/AgCl. The 

diffraction profiles indexed with [hkl] notations correspond to metal Ni phase and BDE 

6.4.1.3 XPS characterisation of nickel modified boron-doped diamond electrodes 

A useful insight into the chemical state of the nickel/diamond interface can be further 

obtained by an XPS analysis. A typical wide scan spectrum of the hydrogen terminated 

diamond electrode prior to Ni electrodeposition is presented in Figure 79 (a). The C 1s 

photoemission line at 285 eV along with a small O 1s signal at 532 eV and the characteristic 

C KLL Auger line at 980 eV verify the elemental purity of the HBDE surface. The O 1s/C 1s 

ratio within the XPS sampling depth was found to be at around 4%, which is in agreement 

with the generally observed O 1s/C 1s levels recorded at hydrogen terminated diamond 

surfaces.
52
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Figure 79 (a) survey XPS spectra of hydrogenated boron-doped diamond electrode; (b) a high-resolution C 1s spectra 

of hydrogen terminated Ni_HBDE; (c) high-resolution Ni 2p spectra of Ni_HBDE; (d) survey XPS spectra of oxidised 

diamond electrode; (e) a high-resolution C 1s spectra of oxidised Ni_OBDE; (f) high-resolution Ni 2p spectra of 

Ni_OBDE 
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The high-resolution scan of the C 1s region of H-terminated diamond electrode in Figure 

79 (b) shows a peak at 285 eV that corresponds to the bulk diamond along with the peaks at 

285.7 eV and 287.1 eV that are attributable to C-Hx (x = 2,3) species in polyhydride 

configurations and carbonyl surface groups respectively.
53-55

 A small peak at 283.3 eV with 

the chemical shift of -1.3 eV is characteristic of the graphitic states involved in π-bonding, 

such as sp
2
-defects.

25
 The associated atomic concentrations, binding energies and FWHM 

values can be found in Table 7, Table 8 and Table 43.  

Table 41 XPS binding energies for hydrogenated and oxidised boron-doped diamond electrodes 

Sample   Binding energies (eV) 

   C 1s Ni 2p 

 Csp
3
 C-CHx C=O C-OH COOH sp

2
 def Ni (+2) 2p3/2 Ni (+2) 2p1/2 

Ni_HBDE 285.0 285.7 287.1 n/a n/a 283.1 855.1 872.5 
Ni_OBDE 285.0 285.6 n/a 286.7 288.7 282.2 855.1 872.3 

 

Table 42 XPS elemental ratios and charging values for hydrogenated and oxidised boron-doped diamond electrodes 

Sample Elemental concentrations (%) Charging (eV) 

 O 1s Relative to C 1s (285.0 eV) 
Ni_HBDE 4 5.3 
Ni_OBDE 13 6.2 

 

Table 43 FWHM values for hydrogenated and oxidised boron-doped diamond electrodes 

Sample   FWHM (eV) 

   C 1s Ni 2p 

 Csp
3
 C-CHx C=O C-OH COOH sp

2
 def Ni (+2) 2p3/2 Ni (+2) 2p1/2 

Ni_HBDE 1.1 1.5 1.2 n/a n/a 2.0 1.6 2.3 
Ni_OBDE 1.4 1.7 n/a 2.0 2.1 2.0 2.2 2.3 

 

The Ni 2p high resolution spectra recorded at hydrogen terminated boron-doped diamond 

electrode straight after Ni electrodeposition is presented in Figure 79 (c). The Ni 2p 

component presents two well-resolved doublet with a Ni (+2) 2p3/2 line at 855.1 eV and 

Ni (+2) 2p1/2 line at 872.5 eV.
56

 In the Ni 2p spectrum the principal line is accompanied by an 

evident shoulder at 858.1 eV attributable to the presence of NiO phase 
57,58

 which is formed 

on particle surface due to the spontaneous oxidation of metallic Ni when exposed to air and 
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water.
42,59,60

 The prominent satellite band with characteristic maximum at a higher binding 

energy of 864.4 eV originates from charge transfer multielectron transitions.
58,61

 

A wide XPS scan obtained from the oxygen terminated boron-doped diamond electrode is 

presented in Figure 79 (d). The C 1s line at 285 eV along with C KLL Auger series at 980 eV 

and pronounced O 1s peak at 532 eV can be observed in the spectrum. The O 1s/C 1s ratio 

within the XPS sampling depth was estimated at around 13% which is more than 4 times 

greater than that estimated at hydrogen terminated diamond. The high-resolution scan of C 1s 

region obtained from oxygen terminated diamond surface is presented in Figure 79 (e). The 

associated atomic concentrations, binding energies and FWHM values are summarised in 

Table 7, Table 8 and Table 43. As compared to the C 1s spectral region of Ni_HBDE, the 

main differences arise from the presence of more intense signals at 286.7 and 288.7 eV 

attributable to the presence of hydroxyl groups and carboxyl compounds respectively.
56

 

High resolution Ni 2p spectra recorded straight after Ni electrodeposition on the oxygen 

terminated boron-doped diamond electrode is presented in Figure 79 (f). The Ni 2p 

component shows characteristic Ni (+2) 2p3/2 line at 855.1 eV, with the transitions at 

857.7 eV that arise from the presence of NiO surface structures. A satellite peak at 861.6 eV 

is associated with the multielectron excitations.
32, 57

 

Table 44 Ni 2p/C 1s ratios estimated for the Ni_HBDE and Ni_OBDE samples 

Sample Ni 2p/C 1s ratio (×10
-2

) 

Ni_HBDE 3.4 
Ni_OBDE 3.6 

 

From the XPS analysis discussed above it can be concluded that the Ni 2p spectra of the 

freshly deposited Ni particles at HBDE and OBDE samples are found to be quite similar. The 

Ni 2p/C 1s ratio within the XPS sampling depth is estimated at around 3.4×10
-2

 and 3.6×10
-2

 

at hydrogenated and oxidised electrodes respectively (Table 44). This confirms that the 
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amount and the surface coverage of Ni particles produced by electrodeposition technique on 

both electrodes are rather similar. 

6.4.2 Electrochemical characterisation of nickel modified boron-doped diamond 

electrodes 

In further studies, cyclic voltammetry was used to characterise Ni decorated H- and O-

terminated boron-doped diamond electrodes. Figure 80 compares cyclic voltammograms 

obtained in 1 M KOH at 0.05 V s
-1

 straight after Ni electrodeposition on the hydrogen and 

oxygen terminated diamond electrodes. The associated peak positions and current responses 

are presented in Table 10.  

When metal nickel particles are in contact with 1 M KOH solution, their surface becomes 

spontaneously covered with the adlayer of Ni(OH)2.
42,62

 In the anodic scan of Ni_HBDE 

(dash dot red line, Figure 80 (a)), as the potential is swept in a positive direction, the 

appearance of a peak at 0.38 V vs Ag/AgCl corresponds to the consecutive electrooxidation 

of Ni(OH)2 (Ni
2+

) to NiOOH (Ni
3+

). The process can be described by the following reaction: 

Ni(OH)2 + OH
-
 → NiOOH +H2O+e

-
  (Equation 6.1.3) 

In the reduction scan, the peak observed at 0.34 V vs Ag/AgCl (Figure 80 (a)) is 

characterised by the reverse process of nickel oxyhydroxide reduction to nickel hydroxide.  

Table 45 Peak position and current response data recorded in 1 M KOH at Ni modified O- and H- terminated boron-

doped diamond electrodes at 0.05 V s-1 

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

at Ni_HBDE:    

oxidation scan 0.38 3.7×10
-4

 9.2×10
-4

 

reduction scan 0.34 -2.6×10
-4

 -6.6×10
-4

 

at Ni_OBDE    

oxidation scan 0.41 8.4×10
-5

 2.1×10
-4

 

reduction scan 0.35 -7.2×10
-5

 -1.8×10
-4
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Figure 80 Cyclic voltammograms recorded in 1 M KOH at 0.05 Vs-1 at (a) (-) Ni_OBDE and ( ∙ ) Ni_HBDE straight 

after Ni electrodeposition procedure; (b) after the enrichment process in 1 M KOH at 0.05 Vs-1 at (-) Ni_OBDE and 

( ∙ ) Ni_HBDE  

 

Although a physical state of nickel particles after electrodeposition appeared to be unaffected 

by the termination of the diamond electrode surface, dramatic differences in voltammetric 

behaviour can be observed, with the Ni_HBDE sample producing current densities four times 

bigger than that recorded at the Ni_OBDE. The peak-to-peak separation, ∆𝐸𝑝 , of the 
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Ni(II)/Ni(III) redox couple at the Ni decorated hydrogen terminated boron-doped diamond 

electrode is found to be 46 mV, whereas ∆𝐸𝑝 =55 mV was estimated for the Ni_OBDE 

sample, which suggests a decrease in heterogeneous electron transfer rates at Ni_OBDE 

surfaces. 

In further experiments, in order to enrich the electrodes with electrocatalytically active 

Ni(OH)2 layers, Ni_HBDE and Ni_OBDE were conditioned by potential cycling for 500 

cycles in 1 M KOH solution until a stable response was obtained (Figure 80 (b)).
13,17,22

 

Table 46 Peak position and current response data recorded in 1 M KOH after the enrichment procedure at Ni 

modified O- and H- terminated boron-doped diamond electrodes at 0.05 V s-1 

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

Ni_HBDE:    

oxidation scan 0.40 7.2×10
-4

 1.8×10
-3

 

reduction scan 0.33 -6.8×10
-4

 -1.7×10
-3

 

Ni_OBDE    

oxidation scan 0.41 1.6×10
-4

 4×10
-4

 

reduction scan 0.34 -1.6×10
-4

 -4×10
-4

 

 

Again, a similar trend as seen in electrochemical studies straight after nickel 

electrodeposition process can be observed, with the current densities being dramatically 

increased at the Ni_HBDE surface and much smaller currents at the Ni_OBDE. 

The amount of nickel hydroxide formed on the diamond surface prior and after the 

enrichment procedure was estimated from a charge obtained at an area under the reduction 

scan, as shown in the equation below: 

𝑄𝑟𝑒𝑑 = 𝑛𝐹𝐴Γ  (Equation 6.1.4) 

where 𝑛 is the number of electrons involved in the redox process, 𝐹 is the Faraday constant 

(96485 C mol
-1

), A is the diamond electrode area (0.4 cm
2
), Γ is the surface concentration of 

Ni(OH)2 (mol cm
-2

). 
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Figure 81 Surface concentration of Ni(OH)2, column A: at (●) Ni_OBDE after Ni electrodeposition and (■) at 

Ni_HBDE after Ni electrodeposition, column B: (●) Ni_OBDE after the enrichment procedure and (■) Ni_HBDE 

after the enrichment procedure 

 

The use of the equation above suggests that prior to the enrichment procedure, 0.6 nmol cm
-2

 

and 0.12 nmol cm
-2 

of Ni(OH)2 are formed on the Ni_HBDE and Ni_OBDE electrodes 

respectively (column A, Figure 81). After the enrichment procedure, the amount of 

1.1 nmol cm
-2

 and 0.2 nmol cm
-2

 of Ni(OH)2 were estimated on hydrogenated and oxidised 

surfaces (column B, Figure 81). The monolayer coverage of Ni(OH)2 is known to be 

1.06 nmol cm
-2

.
63

 This suggests a presence of Ni(OH)2 monolayer at the Ni_HBDE substrate 

and a less than a monolayer at Ni_OBDE.  

An additional series of XPS experiments were performed in order to estimate the changes in 

the Ni/diamond interface that were induced by the long-term potential cycling in 1 mM KOH. 

The high resolution Ni 2p spectral region of Ni_HBDE sample is presented in Figure 82. A 

well-resolved doublet with characteristic Ni (+2) 2p3/2 signal at 857.3 eV and Ni (+2) 2p1/2 

line at 875.1 eV can be observed.
56

 The distinct peaks at 863.3 eV and 881.5 eV correspond 

to the satellite bands respectively.
57

 The peak-to-peak separation of 17.8 eV between the 

Ni (+2) 2p3/2 and Ni (+2) 2p1/2 lines along with the absence of multielectron transitions in the 

N 2p spectra are consistent with the presence of a uniform Ni(OH)2 phase.
57

 This is in 
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contrast to the situation observed straight after electrodeposition process (Figure 79 (c)), 

where characteristic peaks attributable to the presence of NiO phases were detected. 

 

Figure 82 High resolution Ni 2p region of the Ni_HBDE electrode recorded after the enrichment procedure in 1 M 

KOH 

An important difference arising from the electrochemical studies of Ni_HBDE and 

Ni_OBDE electrodes is that, despite the fact that the amount and the physical state of the Ni 

particles initially electrodeposited on the H- and O- terminated diamond electrodes were 

almost identical, the surface concentration of Ni(OH)2 formed at Ni_HBDE electrode is 

dramatically bigger if compared to the Ni_OBDE. This is likely to arise from the differences 

in electrochemical reactivity of Ni particles that subsequently depend on the chemical 

termination of the diamond electrode. The H-terminated diamond surface is likely to be more 

electron donating than the O-terminated interface, as a result of the differing dipoles of the 

chemical bonds terminating the surface, with the increased electron density associated with 

the Ni particles on the H-terminated diamond leading to enhanced ease of oxidation.  

The observations above are supported by the study of Fujishima et al.
64

 In their work, the 

electrochemical investigations of the surface pre-treatments on the copper/diamond interface 

showed that electrochemical cathodic pre-treatment (which corresponds to the partial H-

termination of the diamond electrode) results in the current responses being dramatically 
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increased as opposed to the partially oxidised diamond surface.
64

 This feature was related to 

the differences in chemical structures of H- and O- terminated diamond surfaces.  

6.4.2.1 Electrochemical oxidation of glucose at nickel modified boron-doped diamond 

electrodes 

A non-enzymatic determination of glucose at nickel modified boron-doped diamond 

electrode has been a subject of significant research in connection with the development of 

electrochemical sensors.
14

 In this context, electrochemical behaviour of Ni nanoparticles 

deposited on the two differing diamond surfaces in glucose solution was studied. 

In the first sets of experiments, cyclic voltammetry was carried out at the Ni modified 

hydrogen terminated boron-doped diamond electrode, where ten scans were recorded from 

1 mM to 10 mM, with 1 mM glucose increment (Figure 83 (a)). The choice of the glucose 

concentration range was based on the fact that an average blood sugar levels in humans are 

known to vary between 3 mM and 8 mM.
13 

 

Figure 83 Cyclic voltammograms of 1 mM glucose additions in 1 M KOH solution recorded at 0.05 Vs-1 at (a) 

Ni_HBDE; (b) Ni_OBDE, (c) associated calibration plot of current densities vs glucose concentration at Ni_HBDE; 

(d) associated calibration plot of current densities vs glucose concentration at Ni_OBDE 
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The electrocatalytic effect of Ni(II)/Ni(III) redox couple arises from the presence of unpaired 

d-electrons or empty d-orbitals of the oxidized form of Ni(III) that are available for the bond 

formation with adsorbed species and intermediates.
14,65

 The mechanism of the glucose 

oxidation can be described by the following reactions:
42,66

 

Ni
2+

→ Ni
3+

 + e
-
  (Equation 6.1.5) 

Ni
3+

 + glucose → intermediate + Ni
2+

  (Equation 6.1.6) 

Ni
3+

 + intermediate → oxidised products + Ni
2+

  (Equation 6.1.7) 

where oxidised products such as gluconolactones, methanoates and gluconic acid can be 

formed in the result of the reaction.
67-71

 

As it can be seen from Figure 83 (a), the oxidation peak current of electroactive Ni(II)/Ni(III) 

redox couple at hydrogen terminated surface increases gradually with each glucose addition, 

and a peak potential shifts towards positive values upon addition of the glucose aliquot. The 

peak currents were found to increase linearly with the increase of the glucose concentration 

from 1 mM to 10 mM, with a correlation coefficient of 0.9989 and the slope of 

0.12 mA mM cm
-2

. The limit of detection (LOD) estimated using the 3σ/slope ratio is 33 µM.  

The changes in the electrocatalytic activity of the nickel modified electrode induced by the 

oxygen termination are presented in Figure 83 (b). Although the electrochemical behaviour is 

similar to that observed at Ni_HBDE, approximately 50% smaller current densities were 

recorded at the Ni_OBDE sample. This is consistent with the surface concentration of 

Ni(OH)2 at Ni_OBDE substrate being several times lower than that of detected at Ni_HBDE.  

The peak currents at Ni_OBDE showed a linear increase in the concentration range from 

1 mM to 10 mM (Figure 83 (d)). A similar analysis for the Ni_OBDE electrode yields the 
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slope value of 0.03 mA mM cm
-2

 and the LOD using the 3σ/slope of 140 µM. The major 

difference observed between the hydrogenated and oxidised nickel modified boron-doped 

diamond electrodes concerns the LOD value which is found to be almost 4 times smaller at 

the Ni_HDBE sample. 

 

Figure 84 Amperometric plot of 1 mM glucose additions recorded in 1 KOH at (1) Ni_HBDE and (2) Ni_OBDE  

 

The amperometric response of Ni_HBDE and Ni_OBDE electrodes to the 1 mM glucose 

additions in 1 M KOH is compared in Figure 84. At both samples, the injection of 1 mM 

glucose aliquot gives rise to the distinct amplification of the current density which is found to 

be the largest at the Ni_HBDE sample. This confirms that hydrogen pre-treatment can be 

effectively used for the enhancement of the detection limits at boron-doped diamond 

electrodes. 

6.4.2.2 Electrochemical oxidation of hydrogen peroxide at nickel modified boron-doped 

diamond electrode 

In further studies, Ni_HBDE and Ni_OBDE substrates were tested with regard to the 

electrochemical oxidation of hydrogen peroxide.  
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Figure 85 (a) shows ten consecutive cyclic voltammetry scans in 1 M KOH recorded at 

Ni_HBDE in the presence of H2O2 in the concentration range 0.1 mM to 1 mM, with 0.1 mM 

increment. 

The mechanism of the H2O2 electrooxidation can be described by the following reactions: 

Ni
2+

→ Ni
3+

 + e
-
  (Equation 6.1.8) 

Ni
3+

 + H2O2 → Ni
3+

-H2O2 intermediate + Ni
2+

 (Equation 6.1.9) 

Ni
3+

-H2O2 intermediate → oxidised products + Ni
2+

  (Equation 6.2.0) 

 

Figure 85 (a) Cyclic voltammetry recorded with 0.1 mM H2O2 additions in 1 KOH at Ni_HBDE; (b) corresponding 

calibration plot of peak currents vs H2O2 concentration; (ii) amperometric plot of 0.1 mM H2O2 additions in 1 KOH 

recorded at (1) Ni_HBDE and (2) Ni_OBDE 
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As it can be seen from Figure 85 (b), consecutive additions of hydrogen peroxide aliquots 

results in the enhancement of current responses of Ni(II)/Ni(III) redox couple. The anodic 

peak heights were found to increase linearly with the increase of the H2O2 concentration. The 

sensitivity value of 0.19 mA mM cm
-2

 and LOD of 64 µM were estimated for the Ni_HBDE 

substrate, while the sensitivity of 0.16 mA mM cm
-2

 and LOD of 0.1 mM were found at the 

Ni_OBDE.  

6.4.2.3 The effects of the surface pre-treatment on the adhesion properties of Ni particles 

In order to assess the stability and adhesion of Ni particles on the differently pre-treated 

diamond electrodes, the Ni_HBDE and Ni_OBDE substrates were exposed to a constant 

potential of -1.7 V in 1 M KOH solution for 6 hours via chronoamperometry. The decrease in 

the Ni surface concentration prior and after stability test in 1 M KOH was monitored by XPS. 

The data are summarised in Table 47.  

Table 47 Ni 2p/C 1s obtained prior and after stability tests in 1 M KOH 

 

As it can be seen from Table 47, approximately 95% of Ni signal remained on Ni_HBDE 

surface, whereas only 66% of Ni signal was detected at the Ni_OBDE substrate. In the case 

of oxygen terminated diamond electrode, the data above implicitly suggest that the adhesion 

properties of nickel particles, fully covered by the Ni(OH)2 adlayers, are affected by the 

coulombic interactions between the negatively charged surfaces functionalities on the OBDE 

electrode and negatively charged nickel clusters in the solution. 

XPS Ratios Ni_HBDE  Ni_OBDE  

 Prior After Prior After 

Ni 2p/C 1s (×10
-2

) 3.4 3.2 3.6 2.7 
% Ni retained  95  66 

*prior and after stability tests     
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6.5 Concluding remarks 

In this work, the effects of the diamond surface pre-treatment on the electrochemical 

properties of nickel particles deposited on the boron-doped diamond electrodes were 

investigated. Prior to nickel electrodeposition, the preparation approach involves treating 

diamond electrode in microwave hydrogen plasma to produce hydrogen terminated 

hydrophobic surface and electrochemical cycling in 0.1 M nitric acid which yields oxygen 

terminated hydrophilic surface. It was shown that independently of the surface pre-treatment, 

nickel particles electrodeposited on both hydrogen and oxygen terminated boron-doped 

diamond electrodes are of a similar physical state, form and size.  

In contrast, the electrochemical properties of nickel particles were found to differ 

dramatically with regard to the surface termination of the diamond electrode. On the 

hydrogen terminated diamond electrode, nickel particles showed much greater chemical 

reactivity than that observed at the oxygen terminated diamond electrode. Nickel modified 

hydrogen terminated diamond electrode has demonstrated much greater electrocatalytic 

activity with regard to the enzyme-free oxidation of glucose and hydrogen peroxide as 

compared to the activity observed at nickel modified oxygen terminated diamond electrode. It 

was also found that hydrogen plasma treated diamond surface yields superior adhesion of Ni 

particles to the diamond surface, whereas oxygen terminated diamond surface provides less 

adhesion to nickel particles due to high levels of oxidation of the surface. Hydrogen plasma 

treatment therefore presents a straightforward route for the preparation of stable Ni modified 

boron-doped diamond electrodes which show improved electrochemical activity over those 

formed without the plasma treatment.  

It can be concluded that electrochemical properties of nickel modified diamond electrodes 

can be strongly influenced by the surface chemistry of the diamond electrode.  
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7 Chapter seven – Chemical modifications of diamond surfaces: 

porphyrin-diamond hybrid interfaces 

7.1  Introduction 

In Chapter 7, a novel surface functionalization strategy of the boron-doped diamond interface 

using porphyrin and amide coupling chemistry was developed. The use of this strategy allows 

creation of hybrid biomimetic diamond interface that was successfully employed as the 

artificial β-alanine receptor. 

7.1.1 Smart diamond biosensors 

In recent years, advances in the fields of smart bioelectronics, sensors and biotechnology 

have developed the need for novel and stable biochip interfaces. Currently, silicon is the 

major constitutive material used in the biochip production.
1
 The main drawback of silicon is 

its interaction with biological medium which may result in high levels of noise if interfaced 

with electronics. In this context, diamond is an attractive choice since it is biocompatible and 

conductive when doped. It exhibits exceptional chemical stability and corrosion resistance 

along with attractive electrochemical properties such as wide potential window, low signal-

to-background current ratio and resistance to interface fouling, as discussed elsewhere in this 

thesis. 

A fundamental requirement of biosensors is a selective and stable response to the target 

compound in the presence of co-interfering species. Various electrochemical approaches 

allow characterisation of compounds on the basis of half-wave potential of the redox reaction, 

or rather subtle features such as the rate of the diffusion to the electrode surface, which can be 

complicated by the presence of chemically similar species. This situation is generally 

resolved if external techniques are employed. For instance, chemically similar compounds 



Chapter seven – Chemical modifications of diamond surfaces: porphyrin-diamond 
hybrid interfaces 

199 
 

can be separated using chromatographic systems, or a selective membrane can be introduced 

in which only the target species can permeate the membrane and reach the electrode surface. 

‘Molecular recognition’ strategy, which enables measurement of electrochemical signals 

derived only from the target compounds, can be suggested as a sophisticated alternative to the 

separation techniques, such as chromatography and membrane filtration. This can be 

achieved by chemical functionalization of electrode surface, so it only recognises the target 

compound.  

7.1.2 Chemical functionalisation of diamond surface 

Recently, versatile methods of diamond surface chemical functionalisation have been 

developed. These include hydrogen termination of the diamond surface which is typically 

generated in the CVD reactor on account of the growth process. Hydrogen terminated 

diamond surface is found to be very stable in the atmospheric moisture at room temperatures, 

although a very slow oxidation takes place if it is exposed to the air in the long term. 

If the hydrogenated diamond has been lastingly exposed to air, changes in the surface 

termination occur. The oxygen groups formed at the diamond surface during this exposure 

include carbonyl and ether groups, along with hydroxyl groups which are found to prevail if 

the surface was exposed to the ambient atmosphere.
2
 Diamond oxidization can be also 

produced by oxygen plasma treatment, anodic electrochemical oxidation, ultrasonic 

treatment, ozone oxidation or wet chemistry in the presence of mineral acids mixtures such as 

aqua regia or piranha solutions.
2-7

 

In 1998, Ohtani et al. published the work on chlorination and subsequent grafting of 

quaternary pyridinium salts on the CVD diamond surface.
8
 Chlorine termination can be also 

obtained either by plasma, photochemical or thermal decomposition of chlorine containing 
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gases.
9
 Today, chlorine termination is generally used as an intermediate step towards more 

complex diamond functionalizations.
10

 

Fluorine termination can be achieved by the exposure of diamond electrode to fluorine 

radicals; CF4 and C4F8 plasmas, atomic and molecular fluorine beams as well as chemical 

treatment in anhydrous HF.
10,11,12

 Surface fluorination results in significant extension of 

potential window of diamond electrode up to 5 V; thus allowing the electrochemical 

detection of various compounds in the widest potential range.
13

 Due to the imposed 

hydrophobicity, the controllable adsorption of bioactive compounds can be achieved at the 

fluorinated electrodes. 

Another important modification can be achieved by amination of the diamond surface. NH2-

terminated diamond surfaces are of particular interest because they allow various bioactive 

compounds to be covalently bonded to the diamond electrodes. Approaches, including the 

exposure of the H- or Cl- terminated diamond to NH3 gas under UV irradiation, plasma 

treatment with ammonia along with photochemical functionalization and the reaction of 

diamond with amines under weak base conditions have been applied to achieve NH2 

termination.
14-16

  

In addition to the covalent modifications of the diamond surface described above, various 

organic compounds with important biological functions can be further immobilised on the 

chemically modified diamond surfaces. For example, diamond sensors with covalently 

attached DNA and enzymes have been developed.
17,18 

 

In this context, modification of the diamond surface with covalently attached 

metalloporphyrins represents an important step in the development of hybrid biomimetic 

diamond interfaces. Until present, only one report on the covalent attachment of cobalt 

porphyrin to the azide-functionalised boron-doped diamond electrode has been published.
19 
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7.2 Aims of the project 

This chapter explores the covalent attachment of zinc (II) protoporphyrin IX (ZnP) to the 

diamond surface. In order to produce porphyrin-diamond hybrid interface, the controlled 

covalent amination of the diamond electrode was followed by the covalent functionalization 

of ZnP to the amine modified diamond. In order to introduce covalently bonded NH2 groups 

to the diamond interface, ethylenediamine electrochemical oxidation was employed.
20

 The 

covalent bonding of the ZnP molecules was achieved through the NH2- groups of the 

diamond surface via EDC/NHS amide coupling agent.  

7.2.1 Background on the zinc (II) protoporphyrin IX 

Zinc (II) protoporphyrin IX is a natural compound found in red blood cells.
21

 Four pyrrole 

nuclei are linked in an alpha positions by methine groups to form a macrocyclic structure 

where the 18 π out of 22 π electrons are delocalised to form an aromatic structure in 

accordance with Hückel’s rule (Figure 86).
22,23

 

 

Figure 86 Chemical structure of zinc (II) protoporphyrin IX 

 

For the design of hybrid biomimetic diamond interfaces, zinc (II) protoporphyrin IX is of a 

great interest due to its critical roles in biological processes such as heme biosynthesis.
21

 ZnP 

has various binding sites such as the hydrophobic binding pocket, lewis-acidic site (Zn), and 

electrostatic-recognition sites (COO- groups). As a result, ZnP may act as a binder for a 
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variety of ligands dependent on the size, charge and polarity of the guest compound.
24-26 

Due 

to its ability to bind both amines and amino acids, as confirmed by NMR and UV-Vis 

spectroscopies, ZnP was tested as an artificial peptide receptor in solutions.
25-28

 It was also 

shown that zinc porphyrins form 1:1 complexes with imidazoles and pyridine.
29,30

  

Therefore, this work investigates the applicability of ZnP covalently attached to the NH2-

modified boron-doped diamond electrode for the sensing of beta-alanine – a neurotransmitter 

and neuromodulator that was recently shown to be related to the pain sensing.
31

 

7.3 Experimental Section 

7.3.1 Electrode preparation 

Polycrystalline boron-doped diamond electrode (BDE) was used as a working electrode in all 

experiments (from Element Six Co, 10×10×0.6 mm size, [B] ~ 10
20

 cm
-3

). Prior to use, the 

BDEs were polished with alumina powder (particle size 0.3 µm). The electrodes were further 

cleaned by ultrasonication in water and acetone. This was followed by a three hour treatment 

in aqua regia solution which was prepared by mixing nitric and hydrochloric acid in a 1:3 

ratio. The electrodes were then thoroughly rinsed and ultrasonicated in water and acetone 

solutions. 

7.3.1.1 Hydrogen termination of diamond electrodes 

In this work, the hydrogen termination of polycrystalline boron-doped diamond electrode was 

produced following the method developed previously via microwave hydrogen plasma 

treatment.
32

 The MWCVD reactor was operated at 1.5 kW microwave power, an H2 gas flow 

of 200 sccm, 60 mbar pressure and at a temperature of 600°C for 60 minutes. The sample was 

allowed to cool down in the hydrogen plasma by switching off the heating element and 

gradually reducing the microwave power until the plasma extinguished. At this point, the 
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microwave power supply was turned off, and the sample was cooled to a room temperature 

under a hydrogen flow. A wide XPS scan confirmed that the microwave hydrogen plasma 

treatment results in an electrode surface being largely free of adsorbed oxygen functionalities, 

hydrocarbons and sp
2
 species. 

7.3.1.2 Ethylenediamine covalent functionalisation of polycrystalline boron-doped diamond 

electrodes 

Prior to electrochemical modifications, boron-doped diamond electrodes (BDE) were rinsed 

three times with anhydrous CH3CN solution and dried under nitrogen flow. In order to 

functionalise the diamond surface with ethylenediamine, an hydrogen terminated 

polycrystalline boron-doped diamond electrode was treated by potential cycling between 

0.2 V and 1.5 V during three scans via cyclic voltammetry in 1 mM ethylenediamine 

dissolved in anhydrous CH3CN, containing 0.1 M NBu4BF4 at a scan rate of 0.05 V s
-1

.
20

  

7.3.1.3 Ethylenediamine adsorption on polycrystalline boron-doped diamond electrode 

NH2- covalently modified electrodes were compared against the electrodes modified by 

adsorption. In order to prepare the electrode with ethylenediamine absorbed on its surface, an 

hydrogen terminated polycrystalline boron-doped diamond electrode (HBDE) was placed in 

1 mM ethylenediamine dissolved in anhydrous CH3CN solution for twelve hours.  

7.3.1.4 Zinc (II) protoporphyrin IX covalent grafting  

In order to covalently attach zinc (II) protoporphyrin IX (ZnP) molecules to the surface of an 

amino modified diamond electrode, an amide coupling reaction/s using N-(3-

dimethylaminopropyl)-N ′ -ethylcarbodiimide hydrochloride (EDC) and 

N-hydroxysuccinimide (NHS) was employed.
33

 Prior to this treatment, 0.1 mM zinc (II) 

protoporphyrin IX was dissolved in anhydrous acetonitrile and N, N-dimethylformamide 
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solution (4:1 ratio).
34

 This was followed by the addition of 3.2 µg of N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride.
35

 The ZnP and EDC were 

allowed to react for 20 min, stirring in a nitrogen atmosphere. At this point, 4.6 µg of 

N-hydroxysuccinimide (NHS) was added to the mixture. The amino modified boron-doped 

diamond electrode was then placed in this solution and left stirring in a nitrogen atmosphere 

for twelve hours to complete the reaction. 

For reference, the chemical structures of N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) are given in Figure 87. 

 

Figure 87 Chemical structures of (a) N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC); (b) N-

Hydroxysuccinimide (NHS) 

 

7.3.1.5 Preparation of Zinc (II) protoporphyrin IX adsorbed onto the ethylenediamine 

modified boron-doped diamond  

For comparison, BDE modified with physically absorbed ZnP was also prepared. In this case, 

freshly prepared ethylenediamine modified boron-doped diamond was placed in 0.1 mM 

zinc (II) protoporphyrin IX dissolved in anhydrous acetonitrile and N, N-dimethylformamide 

solution (4:1 ratio) and left for twelve hours in solution under a nitrogen atmosphere. 

7.3.2 Characterisation 

X-ray photoelectron spectroscopy (XPS) spectra were recorded using a hemispherical 

analyser and Al Kα (1486.6 eV) X-ray source. The survey scans and the high resolution scans 

were measured at 50 eV pass energy with 0.5 eV step and at 20 eV pass energy with 0.1 eV 

step respectively. The spectra recorded were analysed with CasaXPS software.
36

 The peaks 



Chapter seven – Chemical modifications of diamond surfaces: porphyrin-diamond 
hybrid interfaces 

205 
 

were fitted using Shirley background.
37

 The binding energies were referenced to the C 1s sp
3
 

peak positioned at 285.0 eV. 

Electrochemical measurements were performed using a μ-AUTOLAB III electrochemical 

workstation (Eco-Chemie, Netherlands) at 23°C. A standard three-electrode configuration 

comprising of the BDE as a working electrode, an Ag/AgCl reference electrode and a Pt 

counter electrode was employed in the study. The working electrode was mounted in a PTFE 

holder, so that a circular area of 0.4 cm
2
 was exposed to a working solution. 

The electrochemical characterisation of modified diamond electrodes was carried out using 

cyclic voltammetry under a nitrogen atmosphere in anhydrous acetonitrile/DMF solution (4:1 

ratio), containing 0.1 M NBu4BF4. 

7.3.3 Chemicals 

Tetrabutylammonium tetrafluoroborate (NBu4BF4), ethylenediamine (EDA), N-

hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 

(EDC), zinc (II) protoporphyrin IX, acetonitrile (CH3CN, anhydrous), tetrahydrofuran (THF, 

anhydrous) and dichloromethane (CH2Cl2, anhydrous) were used as-received from Sigma 

Aldrich, UK. N, N-dimethylformamide (anhydrous) was purchased from Rathburn Chemicals, 

UK. Prior to electrochemical measurements, all solutions were deaerated by passing N2 gas 

for 10 min. 

7.4 Results and discussion 

7.4.1 XPS characterization of hydrogen terminated boron-doped diamond electrode 

After the hydrogen plasma treatment and before performing any chemical modifications on 

the diamond electrode, the samples were characterised by XPS in order to establish the initial 

chemical environment at the diamond surface. A typical survey scan of a hydrogen 

terminated diamond surface used throughout this work is presented in Figure 88. 
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Figure 88 XPS wide scan spectra of hydrogen terminated boron-doped diamond electrode; (i) associated high-

resolution C 1s region 

 

The main C 1s photoemission line at 285 eV along with characteristic C KVV and C KLL 

Auger series at 980 eV and 1000 eV confirm that the substrate is well hydrogenated and is 

free of any metal contamination. The oxygen content is negligible, with a O 1s/C 1s ratio 

being less than 3%. A high-resolution C 1s spectra (Figure 88 (i)) was deconvoluted into four 

photoelectron peaks, with each peak exhibiting contributions from differing C 1s chemical 

bonding: the main signal at 285.0 eV is characteristic of C sp
3
 bulk diamond and the two 

minor peaks at 285.7 eV and 286.4 eV correspond to C-Hx (x = 2,3) species in polyhydride 

configurations and C-O surface groups respectively.
38-40

 A small peak towards a lower 

binding energy at 283.4 eV is attributable to the graphitic type states involved in π-bonding, 

such as those associated with sp
2
 defects.

4
 

7.4.2 Ethylenediamine covalent functionalisation of diamond electrode 

Electrochemical oxidation of ethylenediamine on boron-doped diamond electrode presents a 

straightforward route for a covalent introduction of NH2 groups to the electrode surface.
41
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This section investigates the nature of these NH2 bonded species via cyclic voltammetry and 

XPS. 

The cyclic voltammetric curves of 1 mM ethylenediamine dissolved in anhydrous CH3CN, 

containing 0.1 M NBu4BF4 at a scan rate of 0.05 V s
-1

 from 0.2 to 1.4 V at hydrogen 

terminated boron-doped diamond electrode are presented in Figure 89. The associated peak 

position and current response (i.e. current normalised by electrode area) are summarised in 

Table 48. 

 

Figure 89 Cyclic voltammetograms of 1 mM ethylenediamine dissolved in anhydrous CH3CN, containing 0.1 M 

NBu4BF4 at a scan rate of 0.05 Vs-1 recorded at hydrogen terminated boron-doped diamond 

 

Table 48 Peak position and current response data recorded at hydrogen terminated boron-doped diamond electrode 

in 1 mM ethylenediamine dissolved in anhydrous CH3CN, containing 0.1 M NBu4BF4 at a scan rate of 0.05 Vs-1 

Scan Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 1.2 1.47×10
-4

 3.67×10
-4

 

 

The first scan in Figure 89 shows an irreversible peak at 1.2 V vs Ag/AgCl which represents 

the ethylenediamine grafting process to the diamond surface. No cathodic peak is detected in 

the reverse scan, thus suggesting that the first electron transfer process involves a chemical 
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reaction. In the subsequent scans, the current response diminishes with the peak current being 

lost by the second scan. Similar results have been obtained for other carbon electrode 

materials such as glassy carbon, and this is believed to be due to the passivation of the 

electrode in the result of ethylenediamine attachment to the electrode surface.
42,43

 

The effect of the passivation of the electrode surface is further illustrated in Figure 90, where 

the cyclic voltammetry was carried out prior and post EDA grafting in 1 mM 

ferrocenemethanol dissolved in CH3CN/DMF solution, containing 0.1 M NBu4BF4. 

 

Figure 90 Cyclic voltammograms of 1 mM ferrocenemethanol dissolved in anhydrous CH3CN/DMF, containing 

0.1 M NBu4BF4 at a scan rate of 0.05 Vs-1 recorded at (–) hydrogen terminated boron-doped diamond prior to EDA 

grafting ; (–) HBDE post EDA grafting, (– –) after rinsing of EDA modified HBDE with 5 mL CH3CN and 5 mL 

CH2Cl2 solutions 

 

The first scan in Figure 90 (blue line) shows a well-defined redox reaction of 

ferrocenemethanol at a clean, hydrogen-terminated boron-doped diamond electrode. The 

electrode was then modified with 1 mM ethylenediamine as described in the previous section 

(Figure 89). The subsequent CV scan in 1 mM ferrocenemethanol (black line, Figure 90) 

shows no current response to the redox couple, which suggests that the electrode is blocked 

by the ethylenediamine chains on its surface. The rinsing procedure with 5 mL of CH3CN and 
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5 mL CH2Cl2 has no effect on the electrochemical activity of the EDA modified HBDE (red 

dash line, Figure 90), thus confirming that the EDA layer was not removed. 

The number of electrons, 𝑛, involved in the electrochemical oxidation of EDA was estimated 

using Equation 7.1. The latter describes a peak current for the transport limited n-electron 

transfer irreversible reaction:
44

 

𝐼𝑝 = 2.99 × 105𝑛(𝛼𝑛𝑎)1/2𝐴𝐶𝐷1/2𝑣1/2 (Equation 7.1) 

where 𝐼𝑝 is the peak current (A), 𝛼 is the transfer coefficient, 𝑛𝑎is the number of electrons 

involved in the rate determining step (equals unity in aprotic solvents),
41

 𝐴 is the electrode 

area (cm
2
), 𝐶  is the bulk concentration (mol cm

-3
), 𝐷  is the diffusion coefficient 

(1.4×10
-7

cm
2
 s

-1
)
45,46

 and 𝑣 is the scan rate (V s
-1

). The value of 𝑛 = 2.1 was obtained which 

is in a good agreement with the results previously reported for carbon electrodes.
41

 This two-

electron oxidation process is suggested to be caused by the occurrence of two monoelectron 

transfers to each amino group.
41

 The cation radical species formed in the result of this process 

then attack C-H bonds of the diamond surface, allowing the subsequent immobilization of 

EDA molecules through C-N bonds. Therefore, the most likely pathway of the 

ethylenediamine electrografting on the hydrogen terminated diamond electrode can be 

described by the following reaction, seen in Figure 91: 

 

Figure 91 Ethylenediamine oxidation at hydrogen terminated diamond electrode  
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The amount of ethylenediamine molecules grafted in the first scan on the H-terminated 

diamond electrode was estimated from the charge, 𝑄, corresponding to the area under the 

oxidation peak in accordance with Equation 7.2: 

𝑄 = 𝑛𝐹𝐴Γ  (Equation 7.2) 

where 𝑛 is the number of electrons involved in the redox process, 𝐹 is the Faraday constant 

(96485 C mol
-1

), 𝐴 is the diamond electrode area (0.4 cm
2
), Γ is the surface concentration of 

the analyte. The value of 𝑄 = 4.84×10
-4

 C was obtained from the area under the oxidation 

peak. Therefore, 5.7 nmol cm
-2

 of EDA was found to form on the HBDE surface after the 

first scan. The monolayer coverage of ethylenediamine is around 0.5 nmol cm
-2

.
47

 Therefore 

it can be concluded that several monolayers are formed on the HBDE electrode which causes 

the passivation of the electrode driven by the formation of polyethylenimine chains on the 

electrode surface. 

7.4.2.1 XPS characterisation of amino functionalised diamond electrodes 

XPS experiments were carried out in order to compare the electrochemical modification route, 

which allows covalent grafting of ethylenediamine to the diamond surface, to a simpler 

physical adsorption route. XPS experiments were used to investigate the chemical changes at 

the two types of EDA modified diamond surfaces: 

1. Ethylenediamine thin film physically adsorbed on the H-terminated diamond 

electrode 

2. Ethylenediamine deposited via electrochemical oxidation route on the H-terminated 

diamond electrode  

The preparation of a thin ethylenediamine film adsorbed on the hydrogen terminated diamond 

surface was carried out by placing the HBDE into 1 mM ethylenediamine dissolved in 
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anhydrous CH3CN solution for twelve hours. The associated XPS survey scan is presented in 

Figure 92 (a). 

 

 

Figure 92 Survey XPS spectra of (a) EDA thin film adsorbed onto H-terminated BDE; (b) surface of the same sample 

after CH2Cl2/DMF rinsing procedure 

 

The survey spectrum in Figure 92 (a) has a characteristic C 1s photoemission peak at 285 eV 

and N 1s line at 400.5 eV along with C KVV and C KLL Auger peaks at 980 eV and 1000 eV 

respectively. An O 1s signal at 532 eV is likely to arise from H2O adsorption from the 

atmospheric moisture. Two lines from silicon Si 2s and Si 2p core levels at 103.8 eV and 
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154.3 eV are related to a minor SiO2 contamination from glassware. An application of the 

standard XPS sensitivity factors suggests a O 1s/C 1s ratio of 13.4% and N 1s/C 1s ratio of 

11.2%.
36

 

An important feature of the EDA film adsorbed on the diamond surface is that it is easily 

removed if subsequently rinsed with CH2Cl2 and DMF solutions. As presented in Figure 

92 (b), no nitrogen signal was detected during the survey scan of the rinsed electrode. 

Therefore, it can be concluded that no NH2-containing species have become covalently 

attached to the diamond electrode.  

In further experiments, cyclic voltammetry at the H-terminated BDE was performed in the 

conditions, where the potential of the electrode was swept from 0.2 V to 1.4 V in 1 mM EDA, 

dissolved in CH3CN, so the electrografting reaction can be completed. The electrode was 

then removed from the cell and cleaned by ultrasonication in CH2Cl2/DMF solution during 30 

min. The following XPS spectra of the as-prepared sample and a sample cleaned in 

CH2Cl2/DMF are presented in Figure 93 (a) and (b) respectively.  

 

Figure 93 Survey XPS scan of (a) EDA modified HBDE via electrochemical grafting; (b) surface of the same sample 

after the washing procedure with CH2Cl2; 

 

From Figure 93 (b) it can be seen that significant differences to electrochemically grafted 

EDA layers occur when the latter is washed and ultrasonicated in CH2Cl2/DMF solution. 
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Although N 1s signal decreases after the washing procedure, a significant amount of nitrogen 

now persists on the diamond surface and could not be easily removed by CH2Cl2/DMF 

rinsing. This is in contrast to the situation when the EDA film was physically adsorbed onto 

HBDE. In the latter case, all the ethylenediamine moieties were easily removed from the 

sample (Figure 92 (b)). 

A useful insight can be further obtained from consideration of the high-resolution XPS 

spectra of the C 1s, N 1s and O 1s regions of EDA covalently attached to the HBDE after the 

washing treatment. Associated peak parameters and elemental ratios are summarised in Table 

49 and Table 50. 

 

Figure 94 (a) high-resolution C 1s region of EDA modified HBDE via electrochemical grafting after the washing 

procedure with CH2Cl2; (b) high-resolution N 1s region of the same sample; (c) high-resolution O 1s region of the 

same sample 

 

Table 49 XPS binding energies and FWHM for the EDA modified hydrogen terminated boron-doped diamond 

electrode 

Sample Binding energies (eV) 

 C 1s N 1s O 1s 

 Csp
3
 C-N C-O COOH sp

2
 def   

HBDE 285.0 285.8 286.6 288.7 283.6 400.1 531.7 
electrochemically FWHM 

modified with C 1s N 1s O 1s 

EDA 1.03 1.55 1.41 1.98 1.47 2.5 3.4 

 

Table 50 XPS elemental ratios and charging values for the EDA modified hydrogen terminated boron-doped 

diamond electrode 

Sample N 1s/C 1s ratio (%) O 1s/C 1s ratio (%) Charging (eV) 

   Relative to C 1s (285.0 eV) 
EDA/HBDE 4.5 3.9 11.6 

 



Chapter seven – Chemical modifications of diamond surfaces: porphyrin-diamond 
hybrid interfaces 

214 
 

In the high-resolution C 1s spectra of the EDA modified HBDE (Figure 94 (a)) a different 

picture is seen if compared to C 1s spectra of HBDE in Figure 88 (i). The photoelectron 

signal at 285.0 eV is due to the sp
3
 bulk diamond. The major change in the C 1s spectra of the 

EDA modified HBDE arise from the significant increase in the intensity of the second 

component at 285.8 eV which can be related to the presence of C-N functionalities.
48,49

 This 

C-N binding energy is also consistent with typical values of C bonded in polyethyleneimine 

materials.
50

 The peaks at 286.6 eV and 288.3 eV correspond to hydroxyl and carboxyl surface 

groups respectively.
49

 The peak at 283.6 eV is associated with sp
2
 defects.

4
 The N 1s spectral 

region shows a peak at 400.1 eV that arises from NHx-C species (Figure 94 (b)). This binding 

energy is consistent with reported values for surface-bound ethylenediamine groups.
51

 The 

O 1s spectral region of EDA modified HBDE is presented in Figure 94 (c). The peak at 

531.5 eV is likely to arise both from C-O and COOH species formed as a result of the anodic 

treatment of the electrode and atmospheric moisture adsorbed on the electrode surface.  

The extent of the electrochemical grafting reaction can be quantified by estimating the 

grafting density of ethylenediamine species attached to the H-terminated boron-doped 

diamond electrode. If the monolayer of ethylenediamine species (component A) is grafted to 

a uniform and homogeneous diamond (component B), the surface concentration in nmol cm
-2

 

can be determined using the following equation:
49

 

𝐼𝐴

𝐼𝐵
=

𝑛𝐴𝑆𝐴

𝑃𝐴 ∫ 𝐷𝐵𝑆𝐵𝑒−𝑥/𝜆𝐵
∞

0
𝑑𝑥

=
𝑛𝐴𝑆𝐴

𝑃𝐴𝐷𝐵𝑆𝐵𝜆𝐵
  (Equation 7.3) 

where 𝐷𝐵  is the carbon density in the bulk, 𝜆𝐵  is the inelastic mean free path (IMFP) of 

emitted photoelectrons from the bulk diamond, 𝑃𝐴 is the transmission probability through the 

grafter overlayer A, 𝑛𝐴 is the number density of the grafted species A, SA,B are the surface 

sensitivity factors which are estimated by dividing the conventional bulk factors
52

 by the 

appropriate value of inelastic mean free path,
32

 and 𝑥 is the distance below the solid surface.
49
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For this estimate, an inelastic mean free path (appropriate to Al Kα C 1s electrons) of 1.7 nm 

will be used, along with a density of carbon atoms of 1.8×10
23

.
32

 𝑃𝐴 will be assumed to equal 

unity for this calculation. The use of these factors in the Equation 7.3 gives a rough estimate 

of the surface coverage of 2.3 nmol cm
-2

 at HBDE electrode which is in a good agreement 

with a surface concentration derived from the electrochemical studies. 

The electrochemical data and XPS analysis discussed above confirm that ethylenediamine 

can be covalently attached to the hydrogen terminated boron-doped diamond electrode via the 

electrografting procedure.  

7.4.2.2 Ethylenediamine modification of diamond electrode under base conditions 

In order to comprehensively investigate the ethylenediamine attachment to the diamond 

surface, another grafting strategy was also explored in this work.  This includes the 

spontaneous reaction of protonated primary amines -NH3
+
 with hydrogen terminated diamond 

in aqueous alkaline solutions (pH > 10).
16,53,54

 Although the mechanism of the bonding is still 

under investigation, it has been  suggested that a lone pair of amine -NH3
+
 group can react 

with an hydrogenated diamond surface.
54

  

A protocol reported in references
53,54

 was reproduced to test this strategy. A freshly prepared 

H-terminated BDE was placed into 1 M ethylenediamine dissolved in 0.1 M PBS (pH 10.3) 

and left for 20 hours. The changes to the surface of the diamond sample prior and after 

modification were monitored by cyclic voltammetry with standard redox couples and XPS. 

No post modification changes were detected in CV experiments with redox couple mediators. 

XPS analysis also did not show any N 1s photoelectron signals after 20 hours treatment, 

therefore suggesting that this amination strategy was not successful. Since it is not expected 

for the amines to react with the diamond surface under mild base conditions, possibly some 

unusual and yet unrealised feature is needed to drive this reaction. 
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7.4.3 Zinc (II) protoporphyrin IX covalent grafting via amide EDC/NHS coupling 

reaction 

In accordance with the procedure described in experimental Section 7.3.1.4, the EDA 

modified electrode was placed in 0.1 mM Zinc (II) protoporphyrin IX dissolved in 

CH3CN/DMF (4:1 ratio) containing EDC/NHS amide coupling agent and left stirring for 12 

hours. 

The scheme of Zinc (II) protoporphyrin IX grafting to the EDA covalently attached at the 

boron-doped diamond electrode via amide EDC/NHS coupling reaction in presented in 

Figure 95.
55

  

 

Figure 95 Schematic representation of Zinc (II) protoporphyrin IX grafting to the EDA modified boron-doped 

diamond electrode via amide EDC/NHS coupling reaction 

 

In order to investigate the nature of ZnP grafted species, the surface composition of the 

modified electrode was studied using XPS. Figure 96 (a) presents a survey scan of ZnP 
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immobilized onto the EDA modified boron-doped diamond electrode. The main 

photoelectron features are the C 1s peak at 285 eV along with the N 1s peak at 400.2 eV, 

O 1s at 532 eV and Zn 2p signal that is splitted into Zn 2p3/2 at 1020.6 eV and Zn 2p1/2 at 

1043.4 eV. 

 

Figure 96 (a) a survey scan of ZnP-EDA modified HBDE via EDC/NHS coupling; (b) high-resolution C 1s region of 

the same sample (c) corresponding high-resolution N 1s region; (d) corresponding high-resolution Zn 2p region  

 

A high-resolution C 1s spectral region of ZnP-EDA modified HBDE via EDC/NHS coupling 

is shown in Figure 96 (b). The C 1s peak was deconvoluted into five constituent peaks. The 

associated peak parameters and elemental ratios are given in Table 51 and Table 52. The C 1s 

peak that is characteristic of the bulk diamond was positioned at 285.0 eV. The peak at 

285.9 eV was assigned to C-N chemical environments.
49

 A strong peak detected at 287.1 eV 
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corresponds to carbonyl component arising from -C(=O)-NH- functional groups.
56-58

 This is 

in contrast to the C 1s peak of unmodified hydrogen-terminated boron-doped diamond 

electrode (Figure 88 (i)) and ethylenediamine modified HBDE (Figure 94 (a)), where no C=O 

component was recorded from the electrode surface. A weaker peak at 289.0 eV is associated 

with -COOH groups which are likely to arise from partially reacted ZnP species, and a small 

feature at 283.8 eV is characteristic of sp
2
-defects.

49
 Figure 96 (c) displays the N 1s spectral 

region of the ZnP-EDA modified HBDE electrode. A well-resolved N 1s component at 

400.1 eV binding energy is consistent with the typical values of nitrogen bonded in neutral 

state of NHx-C groups.
59

 The Zn 2p spectra of ZnP-EDA modified HBDE in Figure 96 (d) 

presents two well-resolved doublets with Zn 2p3/2 signal at 1020.7 eV and Zn 2p1/2 at 

1043.7 eV.
48

 The peak-to-peak separation (∆𝐵. 𝐸.𝑝 = 𝐵. 𝐸.𝑍𝑛 2𝑝1/2− 𝐵. 𝐸.𝑍𝑛 2𝑝3/2) of 23.0 eV 

is characteristic of a neutral zinc state.
48

 Thus, taking into account ZnP coupling mechanism 

(Figure 95) and the previous XPS data available on the -C(=O)-NH- compounds,
58

 it can be 

concluded that the appearance of a dominant signal from carbonyl component is consistent 

with the existence of peptide bonds. This confirms that ZnP species have become covalently 

attached to the EDA modified diamond surface. 

Table 51 XPS binding energies and FWHM for the ZnP-EDA modified hydrogen terminated boron-doped diamond 

electrode 

Sample Binding energies (eV) 

 C 1s N 1s O 1s Zn 2p3/2 Zn 2p1/2 

 Csp
3
 C-N C=O COOH sp

2
 def     

ZnP-EDA 285.0 285.9 287.1 289.0 283.8 400.1 532.6 1020.7 1043.7 
modified  FWHM (eV) 

HBDE C 1s N 1s O 1s Zn 2p3/2 Zn 2p1/2 

 1.17 1.44 1.90 2.39 1.56 2.70 2.84 1.99 2.10 

Table 52 XPS elemental ratios and charging values for the ZnP-EDA modified hydrogen terminated boron-doped 

diamond electrode 

Sample Zn 2p/C 1s ratio (%) N 1s/C 1s ratio (%) O 1s/C 1s ratio (%) Charging (eV) 

ZnP-EDA 
HBDE 

0.45 11.27 9.8 

Relative to C 1s 

(285.0 eV) 
10.06 

In order to prove the covalent attachment of ZnP species, the ZnP-EDA modified HBDE 

electrode was thoroughly rinsed by CH2Cl2, DMF and THF solutions. This was followed by 
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ultrasonication in CH2Cl2/DMF solution for 1 hour. The XPS data collected after this 

treatment is presented in Figure 97. The associated binding energies and FWHM values are 

given in Table 53. 

 

Figure 97 (a) a survey scan of ZnP-EDA modified HBDE via EDC/NHS coupling after the washing procedure; (b) 

high-resolution C 1s region of the same sample (c) corresponding high-resolution N 1s region; (d) corresponding 

high-resolution Zn 2p region  

 

It can be seen from Figure 97 (a) that the washing procedure produces very little change to 

the XPS spectra of the ZnP-EDA modified electrode. A significant amount of Zn 2p and N 1s 

remained on the diamond surface and cannot be washed off by extensive solvent rinsing or 

prolonged sonication. The Zn 2p/C 1s and N 1s/C 1s ratios deduced from the spectra by 

applying appropriate sensitivity factors
36

 are presented in Table 54. A value of 0.3% is 

calculated for the Zn coverage and 9.46% for the N coverage at the ZnP-EDA modified 
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HBDE after the rinsing treatment, compared to a value of 0.45% for the Zn coverage along 

with 11.3% for the N coverage at the ZnP-EDA modified HBDE surface with EDC/NHS 

coupling agent. This shows that ZnP molecules were likely to be covalently attached to the 

EDA modified HBDE electrode. 

Table 53 XPS binding energies and FWHM for the ZnP-EDA modified hydrogen terminated boron-doped diamond 

electrode after the rinsing procedure via ultrasonication in CH2Cl2/DMF 

Sample Binding energies (eV) 

 C 1s N 1s O 1s Zn 2p3/2 Zn 2p1/2 

 Csp
3
 C-N C=O COOH sp

2
 def     

ZnP-EDA 285.0 285.9 287.1 288.7 283.3 399.9 532.2 1020.5 1043.7 
modified  FWHM (eV) 

HBDE C 1s N 1s O 1s Zn 2p3/2 Zn 2p1/2 

  1.31 1.30 1.41 2.85 0.92 2.76 2.60 2.28 2.06 

 

Table 54 XPS elemental ratios and charging values for the ZnP-EDA modified hydrogen terminated boron-doped 

diamond electrode after the rinsing procedure via ultrasonication in CH2Cl2/DMF 

Sample Zn 2p/C 1s ratio (%) N 1s/C 1s ratio (%) O 1s/C 1s ratio (%) Charging (eV)  

ZnP-EDA 
HBDE 

0.30 9.5 12.6 

Relative to C 1s 

(285.0 eV) 

10.3 

 

As a comparison, a surface composition of two samples: (1) Zinc (II) protoporphyrin IX 

(ZnP) adsorbed on HBDE surface; and (2) ZnP adsorbed onto the EDA modified HBDE 

without EDC/NHS coupling agent were comprehensively analysed by XPS.  

The survey XPS spectra of ZnP adsorbed onto the clean HBDE surface (Figure 98 (a)) has 

the characteristic C 1s peak at 285 eV binding energy, N 1s at 398.2 eV along with O 1s core 

line at 532.5 eV. The photoemission peak at 1020.5 eV corresponds to Zn 2p3/2 signal, and 

the peak at 1043.2 eV is assigned to Zn 2p1/2. A high-resolution C 1s region in (Figure 98 (b)) 

was resolved into four constituent peaks. The peak at 285.0 eV was referred to carbon in the 

bulk diamond. A strong peak at 285.5 eV is attributable to carbon bonded in polyhydride 

configurations (-CHx, x≥2).
49

 The peak at 288.6 eV is due the COOH species present on  
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Figure 98 (a) a survey scan of ZnP adsorbed onto HBDE; (b) high-resolution C 1s region of the same sample (c) high-

resolution N 1s region of the same sample; (d) high-resolution Zn 2p region of the same sample 

the electrode surface.
49

 The peak at 283.5eV corresponds to sp
2
 defects.

49
 As expected, no 

signal arising from the presence of carbonyl groups was detected at this sample. This is in 

contrast to the situation when ZnP species were covalently attached to the EDA modified 

HBDE via peptide bond formation. In the latter case, a dominant signal from -C(=O)-NH- 

chemical environment was observed at 287.1 eV (Figure 97 (b)). The N 1s spectral region in 

Figure 98 (c) shows a single peak at 398.4 eV binding energy which arises from pyrrole rings 

of adsorbed ZnP species.
60

 The N 1s peak is 1.9 eV lower than that detected at ZnP/EDA 

modified HBDE (Figure 97 (c)). This again confirms the different nature of N 1s transitions 

at ZnP adsorbed onto HBDE and ZnP covalently grafted to the EDA modified HBDE. A 

high-resolution Zn 2p spectral region associated with ZnP adsorbed onto HBDE surface is 

presented in Figure 98 (d). The Zn 2p3/2 and Zn 2p1/2 photoelectron peaks at 1020.5 eV and 

1043.4 eV arise from the two spin orbit states of Zn. The final elemental Zn 2p/C 1s ratio 

estimated with appropriate sensitivity factors is approximately 0.59% (Table 56). A slightly 

higher Zn 2p/C 1s ratio than that of observed at ZnP-EDA HBDE indicates the tendency to 

form multilayer ZnP phases during the adsorption process. The decrease in the N 1s/C 1s 

ratio (the latter is around 1.24%) is consistent with the absence of EDA layer on the electrode 

surface as compared to the ZnP-EDA modified HBDE. 
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Table 55 XPS binding energies and FWHM for the ZnP adsorbed on the hydrogen terminated boron-doped diamond 

electrode 

Sample Binding energies (eV) 

 C 1s N 1s O 1s Zn 2p3/2 Zn 2p1/2 

 Csp
3
 -CHx C=O COOH sp

2
 def     

ZnP 285.0 285.5 n/a 288.6 283.5 398.4 532.5 1020.5 1043.4 
adsorbed 

on  
FWHMv(eV) 

HBDE C 1s N 1s O 1s Zn 2p3/2 Zn 2p1/2 

 1.20 1.44 n/a 2.51 0.87 1.34 2.56 1.85 2.01 

 

Table 56 XPS elemental ratios and charging values for the ZnP adsorbed on the hydrogen terminated boron-doped 

diamond electrode 

Sample Zn 2p/C 1s ratio (%) N 1s/C 1s ratio (%) O 1s/C 1s ratio (%) Charging (eV) 

ZnP-EDA 
HBDE 

0.59 1.24 6.0 

Relative to C 1s 

(285.0 eV) 
10.7 

 

In the following experiment, the ZnP adsorbed onto HBDE sample was thoroughly rinsed by 

CH2Cl2, DMF and THF solutions and ultrasonicated in CH2Cl2/DMF solution for 1 hour as 

described in the preceding section. The XPS data collected after this treatment (Figure 99) 

showed that the survey scan was restored to a state which is very similar to that of initial 

HBDE surface, thus confirming that the adsorbed ZnP species were effectively dissolved 

away.  

 

Figure 99 Survey XPS spectrum of ZnP adsorbed onto HBDE sample after the ultrasonication procedure in CH2Cl2 

 

A useful insight can be further obtained by the XPS analysis of ZnP species physically 

adsorbed onto the ethylenediamine modified HBDE without EDC/NHS linker. The resulting 

survey scan is presented in Figure 100 (a). 
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Figure 100 (a) a survey scan of ZnP adsorbed onto the EDA modified HBDE; (b) high-resolution C 1s region of the 

same sample (c) high-resolution N 1s region of the same sample; (d) high-resolution Zn 2p region of the same sample; 

(e) a survey scan of ZnP adsorbed onto EDA modified HBDE after the ultrasonication procedure in CH2Cl2/DMF 

 

The main photoemission features include the C 1s signal at 285.0 eV, N 1s at 400.7 eV, O 1s 

peak at 533.2 eV along with Zn 2p3/2 signal at 1021.5 eV and Zn 2p1/2 at 1044.2. A high-

resolution C 1s region in Figure 100 (b) was deconvoluted into four constituent peaks, with 

the peak at 285.0 eV having contribution from sp
3
 carbon in the bulk diamond (Table 57). A 

strong peak at 285.9 eV is referred to carbon bonded in C-N configurations due to the EDA 

grafting reaction.
49

 The peak at 288.6 eV is characteristic of the COOH groups, and a small 

feature at 283.9 eV corresponds to sp
2
 defects.

49
 Again, no carbonyl signal was found in the 

C 1s region, thus providing the necessary evidence that the EDC/NHS amide coupling agent 

is essential for the -C(=O)-NH- formation described above. The analysis of the N 1s 

photoelectron signal (Figure 100 (c)) suggests a contribution from two types of nitrogen 

species: the first signal at 398.8 eV arises from N atoms in pyrrole rings of ZnP moieties; the 
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second at 400.9 eV is attributable to NH2 groups of EDA layer.
49

 A high-resolution Zn 2p 

spectral region (Figure 100 (d)) contains a well-resolved doublet with Zn 2p3/2 line at 

1021.5 eV and Zn 2p1/2 at 1044.2 eV. The XPS elemental ratios are given in Table 57. 

In the subsequent experiment, the ZnP adsorbed onto the EDA/HBDE surface was rinsed in 

CH2Cl2, DMF and THF solutions and ultrasonicated in CH2Cl2/DMF for 1 hour. The XPS 

data recorded after this treatment is presented in Figure 100 (e). The absence of the Zn 2p 

signal and a significant decrease in the N 1s signal confirms the effective removal of ZnP 

molecules that were physically adsorbed on the EDA/HBDE surface.  

Table 57 XPS binding energies and FWHM for the ZnP adsorbed on the EDA modified HBDE 

Sample  Binding energies (eV) 

 C 1s N 1s O 1s Zn 2p3/2 Zn 2p1/2 

 Csp
3
 C-N C=O COOH sp

2
 def -N=p* NH2    

ZnP 285.0 285.9 n/a 288.1 283.5 398.8 400.2 532.5 1021.5 1044.2 

adsorbed 
on  

 FWHM (eV) 

HBDE C 1s N 1s  O 1s Zn 2p3/2 Zn 2p1/2 

 1.23 1.84 n/a 2.51 0.87 1.56 2.47 2.81 2.01 2.43 

-N=p* - N atoms in pyrrole rings        

 

Table 58 XPS elemental ratios and charging values for the ZnP adsorbed on the EDA modified HBDE 

Sample Zn 2p/C 1s ratio (%) N 1s/C 1s ratio (%) O 1s/C 1s ratio (%) Charging (eV) 

ZnP-EDA 
HBDE 

0.89 8.2 8.5 

Relative to C 1s 

(285.0 eV) 
9.1 

 

Therefore, the XPS surface characterisation described above shows clearly that ZnP can be 

covalently attached to the ethylenediamine modified boron-doped diamond electrode via 

EDC/NHS amide coupling agent. 

7.4.4 Electrochemical characterisation of ZnP modified elecrodes 

The cyclic voltammetric behaviour of ZnP covalently attached to the EDA modified HBDE 

surface via EDC/NHS amide coupling is presented in Figure 101. Cyclic voltammetry was 

performed in anhydrous CH3CN/DMF solution (4:1 ratio), containing 0.1 M NBu4BF4 at a 

scan rate of 0.05 V s
-1

. The associated peak positions and current responses (i.e. current 
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normalised by electrode area) are summarised in Table 59. Although no electrochemical data 

are available on the ZnP species covalently attached to the diamond surface, it can be 

expected to observe the ring based electrochemistry according to previous studies of zinc (II) 

protoporphyrin IX in solutions.
61

 As presented in Figure 101, ZnP covalent attachment to the 

EDA/HBDE results in restoration of electrochemical activity of the surface. This is in 

contrast to the situation when the electrode surface was blocked with the EDA layer, and no 

electrochemical activity was detected (Figure 90). 

 

Figure 101 CV data recorded at (–) ZnP covalently attached to the EDA modified HBDE in CH3CN/DMF solution 

(4:1 ratio), containing 0.1 M NBu4BF4 at a scan rate of 0.05 Vs-1 in (a) a reduction regime from 0 to -2.5 V; (b) an 

oxidation regime from 0 to +2.5 V; (···) background scan 

 

Table 59 Peak position and current response data recorded in CH3CN/DMF solution (4:1 ratio), containing 0.1 M 

NBu4BF4 at ZnP covalently attached to the EDA modified HBDE during the first scan at the scan rate of 0.05 V s-1 

Peak Peak Position (V) Current (A) Current Response (A cm
-2

) 

1 -1.42 -1.13×10
-4

 -2.83×10
-4

 

2 -1.97 -7.33×10
-5

 -1.88×10
-4

 

3 1.43 5.6×10
-6

 1.4×10
-5

 

4 2.15 8.2×10
-6

 2.1×10
-5

 

 

In the reduction regime (Figure 101 (a)), the peak 1 at -1.39 V vs Ag/AgCl corresponds to the 

formation of anion radical ZnP 
.- 

 due to the following reaction:
62

  

ZnP + e
-
 ↔ ZnP 

.-
(peak 1) (Equation 7.4) 
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The second reduction peak 2 at -1.97 V arises from the formation of Zn porphyrin dianion at 

the electrode surface:
62

 

ZnP 
.-
 + e

-
 ↔ ZnP

2-
 (peak 2) (Equation 7.5) 

The overall reduction process is found to be irreversible since no oxidation waves coupled to 

the reduction peaks 1 and 2 were detected.  

Figure 101 (b) shows an oxidation reaction for the freshly prepared ZnP covalently attached 

to the EDA modified HBDE surface. The presence of peak 3 and 4 at 1.43 V and 2.15 V 

respectively correspond to the formation of porphyrin cation radical and dication, as in the 

following scheme:
63

 

ZnP ↔ ZnP 
.+

 + e
-
 (peak 3) (Equation 7.6) 

ZnP 
.+

 ↔ ZnP 
2+

 + e
-
 (peak 4)  (Equation 7.7) 

Again, no reduction peaks were detected in the reverse scan, thus suggesting the occurrence 

of the irreversible process. 

The surface coverage of ZnP covalently attached to the EDA modified HBDE was estimated 

from the charge associated with the peak area under the reduction peak 1 in the first scan 

between -1.2 V and -1.6 V, in accordance with equation (NN). Thus, 5.2 nmol cm
-2

 of ZnP 

was found to be immobilised on the EDA modified HBDE surface. The estimated surface 

coverage approximately is attributable to the bilayer presence with a monolayer of ZnP 

moieties standing on the electrode surface with the ring oriented perpendicular to the 

substrate and the second layer being attached due to π-stacking and hydrophobic effects.
64

 

The electrochemical behaviour of ZnP species physically adsorbed on the EDA modified 

HBDE without EDC/NHS coupling agent (Figure 102) differs significantly from that of ZnP 

covalently bonded to the EDA/HBDE. In the reduction scan (Figure 102 (a)), a ZnP adsorbed 

onto EDA/HBDE shows only one distinct peak at -1.43 V, likely due to the overlap between 
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the first and the second reduction steps of the ring system.
65

 In the oxidation regime, a single 

peak related to the processes in Equation 7.6 and Equation 7.6 can be observed.  

 

Figure 102 CV data recorded during the first scan at (–) ZnP adsorbed  to the EDA modified HBDE in CH3CN/DMF 

solution (4:1 ratio), containing 0.1 M NBu4BF4 at a scan rate of 0.05 Vs-1 in (a) a reduction regime from 0 to -2.5 V; 

(b) an oxidation regime from 0 to +2.5 V 

 

Another interesting feature, characteristic of ZnP physically adsorbed on the EDA/HBDE, is 

the reduction current response which is almost 30% smaller than that observed at ZnP 

covalently grafted to the EDA/HBDE surface. The electrochemical properties of the two 

surfaces are likely to be dependant on the morphology and structural integrity of the adsorbed 

and covalently bonded ZnP species. 

In further experiments, ferrocenemethanol redox probe was chosen to investigate 

quantitatively the kinetics of the heterogeneous electron transfer at ZnP covalently attached 

and ZnP adsorbed onto EDA modified HBDE surface. Ferrocenemethanol redox mediator 

presents a convenient and electrochemically reversible, one electron transfer, outer sphere 

redox mediator.
66,67

  

Figure 103 shows cyclic voltammograms recorded at ZnP covalently attached and ZnP 

adsorbed onto EDA modified HBDE electrodes in 0.1 mM ferrocenemethanol, dissolved in 

anhydrous CH3CN/DMF, containing 0.1 M NBu4BF4. It can be seen from Figure 103 that 

electrochemical performance was restored for both samples in contrast to the behaviour 
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observed at EDA modified HBDE, where the electrode was blocked due to the 

ethylenediamine presence (Figure 90). With the ZnP covalently attached to the EDA/HBDE 

surface, the oxidation peak current of ferrocenemethanol occurs at 0.398 V and the reduction 

peak current at 0.345 V. The peak currents recorded at ZnP covalently attached to the 

EDA/HBDE surface are greater than that of observed at ZnP adsorbed to the EDA/HBDE 

surface. The associated peak-to-peak separation, ∆𝐸𝐹𝑐𝐶𝐻2𝑂𝐻+/𝐹𝑐𝐶𝐻2𝑂𝐻0 , at ZnP covalently 

attached to the EDA/HBDE sample is 63 mV, whereas the  ∆𝐸𝐹𝑐𝐶𝐻2𝑂𝐻+/𝐹𝑐𝐶𝐻2𝑂𝐻0 =81 mV 

was estimated for the ZnP adsorbed on the EDA/HBDE. 

 

Figure 103 Cyclic voltammograms of 0.1 mM ferrocenemethanol dissolved in anhydrous CH3CN/DMF, containing 

0.1 M NBu4BF4 at a scan rate of 0.05 Vs-1 recorded at (–) ZnP covalently attached to the EDA modified HBDE; (– –) 

ZnP adsorbed onto the EDA modified HBDE 

 

The electron transfer at a thin layer modified electrodes is known to occur via three possible 

pathways: (1) by tunnelling the electrons through the ZnP-EDA layer; (2) by permeation of 

the redox species into the ZnP-EDA layer which is followed by the diffusion in the layer and 

electron transfer at the HBDE electrode (membrane model) and (3) by the diffusion of the 

redox compound to pinhole or defect sites and electron transfer at the electrode surface 

(pinhole model).
68

 Two approaches were undertaken in order to investigate how the electron 
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transfer rate constant of the FcCH2OH
+
/FcCH2OH

0
 redox process is influenced by the two 

differing films: ZnP covalently bonded to EDA/HBDE and ZnP adsorbed onto EDA/HBDE. 

The first one estimates the apparent electron transfer rate constant of the 

FcCH2OH
+
/FcCH2OH

0
 redox reaction (without double layer or IR effects correction), k

0
app, 

in accordance with the theoretical model of Nicholson
69

 as described in Chapter 4. The 

diffusion coefficient of 2.4×10
-5

 cm
2
 s

-1 
was used in the calculations.

70
 

The value of k
0

app=8.5×10
-2

 cm s
-1

 was estimated for the ZnP covalently attached to the 

EDA/HBDE surface. In contrast, the ZnP adsorbed on the EDA/HBDE shows slower electron 

transfer kinetics with the value of k
0

app=1.2×10
-2

 cm s
-1

. 

Further experiments for both electrodes were performed via impedance spectroscopy in 

0.1 mM ferrocenemethanol dissolved in anhydrous CH3CN/DMF, containing 0.1 M NBu4BF4. 

The data recorded were fitted to the Randles equivalent circuit as shown in Figure 104. The 

latter consists of an uncompensated series resistance, 𝑅𝑆, which is connected to a constant 

phase element, CPE, in parallel with a charge transfer resistance, 𝑅𝐶𝑇 , and a Warburg 

impedance, 𝑍𝑊, in series as presented in Figure 104 (a). The fitted data are summarised in 

Figure 98. 
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Figure 104 Nyquist impedance plot (-Z´´, imaginary part of impedance vs. Z´, real part of impedance) recorded from 

(a) ZnP covalently binded to EDA/HBDE with the inset of the equivalent Randles circuit where Rs is the series 

resistance, CPE is the constant phase element, RCT is the charge transfer resistance and W is the Warburg impedance; 

(b) ZnP absorbed on the EDA/HBDE 

 

Table 60 Heterogeneous electron transfer constants derived from impedance spectroscopy and Nicholson model 

Sample  Impedance spectroscopy Nicholson model 

 𝑹𝑺 (Ω) 𝑪𝑷 (µF) n in CPE 𝑹𝑪𝑻 (Ω) 𝒌𝟎 (cm s
-1

) ∆𝑬𝒑(mV) 𝒌𝟎 (cm s
-1

) 

ZnP coval. binded to EDA/HBDE 76.0 1.2 0.94 564 1.2×10
-2

 63 8.5×10
-2

 

ZnP adsorbed on EDA/HBDE 94.0 1.5 0.82 633 1.0×10
-2

 81 1.2×10
-2

 

 

The analysis of the data gives a capacitance of 1.2 µF at ZnP covalently attached to the 

EDA/HBDE sample and a capacitance of 1.5 µF at ZnP adsorbed to the EDA/HBDE. The 

measured capacitance here is generally considered as the space charge capacitance at the 

electrode interface, as the double layer capacitance is normally of an order of magnitude 

larger.
71

 The differences observed above are likely to be related to the differences in the 

structural integrity (such as coverage, ZnP orientation and order) of the two differing ZnP 

layers.  

Another useful insight can be obtained from the n parameter of the constant phase element 

that can be derived as a result of the fitting procedure. The n parameter describes the 

deviation of the constant phase element from the ideal capacitor (n=1) due to the surface 
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impurities as well as inhomogeneous distribution of local electroactive regions at the 

interface. The value of n=0.94 was obtained at ZnP covalently attached to the EDA/HBDE 

surface, whereas n=0.82 was estimated at the ZnP adsorbed at the EDA/HBDE. Therefore it 

can be suggested that ZnP covalently attached to the EDA/HBDE exhibits more uniform 

electroactivity at the interface than that of ZnP adsorbed to the EDA/HBDE. 

The electron transfer rate given in Equation 7.8 was derived from the standard current-

potential equation for the electrochemical reaction under the conditions of kinetic control:
44

 

𝑘0 =
𝑅𝑇

(𝑛2𝐹2𝑐𝑜𝑥
𝛼 𝑐𝑟𝑒𝑑

𝛽
𝑅𝐶𝑇)

 (Equation 7.8) 

where 𝑅  is the universal gas constant, 𝑇  is the Kelvin temperature, 𝑛  is the number of 

electrons transferred during the redox reaction, 𝐹  is the Faraday constant, 𝑐𝑜𝑥/𝑟𝑒𝑑  is the 

concentration of the redox species, 𝛼, 𝛽 are the transfer coefficients and 𝑅𝐶𝑇  is the charge 

transfer resistance. 

The application of Equation 7.8 gives the value of 𝑘0 =1.2×10
-2

 cm s
-1

at ZnP covalently 

attached to the EDA/HBDE surface and 𝑘0 =1.0×10
-2

 cm s
-1 

at the ZnP adsorbed at the 

EDA/HBDE. Again, the same quantitative trend as in CV measurements is observed, with the 

𝑘0 being the largest at the ZnP covalently attached to the EDA/HBDE. 

Since both the Nicholson and impedance spectroscopy methods described above predict the 

𝑘0·values of an order of 10
-2

 cm s
-1

, which are much larger than the rate constant estimated 

by considering only the tunnelling process ( 𝑘𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔
0 ~10

-7 
cm s

-1
),

72
 it can be suggested that 

the defects sites can also contribute to the electron transfer process to the 

FcCH2OH
+
/FcCH2OH

0
 probe. The electron transfer via the membrane model was eliminated 

here, as the soaking experiments did not reveal any changes in cyclic voltammetry after the 

electrodes were exposed to ferrocenemethanol solution over 1 hour. 
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7.4.4.1 Zinc (II) protoporphyrin-diamond receptor of β-alanine 

In order to explore the electrochemical application of Zn protoporphyrin-diamond interfaces 

further, the binding of β-alanine to a freshly prepared ZnP covalently attached to the 

EDA/HBDE surface was investigated by cyclic voltammetry. The alanine aliquots (200-

800 µM range) were added under stirring before the CV scan was carried out at each 

concentration. The CV data are presented in Figure 105. The peak positions and current 

responses are summarised in Table 61. 

 

Figure 105 Cyclic voltammograms of ZnP covalently attached to the EDA modified HBDE in (–) anhydrous 

CH3CN/DMF, containing 0.1 M NBu4BF4 at a scan rate of 0.05 Vs-1; (–) in the presence of 200 µM of alanine; (–) 

400 µM of alanine; (–) 600 µM of alanine; (–) 800 µM of alanine; inset of peak current versus alanine concentration 

 

Table 61 Peak position and current response data recorded at hydrogen terminated boron-doped diamond electrode 

in 0.1 mM ethylenediamine dissolved in anhydrous CH3CN, containing 0.1 M NBu4BF4 at a scan rate of 0.05 Vs-1 

Scan 
Position of 
peak 1 (V) 

Peak 
current 1 

(A) 

Current response 
of peak 1 (A cm

-2
) 

Position of 
peak 2 (V) 

Peak 
current 2 

(A) 

Current response 
of peak 2 (A cm

-2
) 

1 -1.30 -2.5×10
-5

 -6.25×10
-5

 -1.90 -2.1×10
-5

 -5.25×10
-5

 

2 -1.70 -3.4×10
-5

 -7.13×10
-5

 -2.02 -2.3×10
-5

 -5.75×10
-5

 

3 -1.75 -3.5×10
-5

 -8.75×10
-5

 -2.08 -3.9×10
-5

 -9.75×10
-5

 

4 -1.96 -6.2×10
-5

 -1.55×10
-4

 -2.16 -4.1×10
-5

 -1.03×10
-4

 

5 -2.05 -8.4×10
-5

 -2.10×10
-4

 -2.33 -4.6×10
-5

 -1.15×10
-4
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In the first scan, prior to alanine addition, the reduction peak 1 and 2 at −1.3 V and at −1.9 V 

respectively correspond to the formation of the anion radical and dianion species as described 

earlier in Equation 7.4 and Equation 7.5. When 200 µM of alanine has been added, the peak 1 

and 2 shift to −1.7 V and −2.0 V respectively, with the peak current density being 

significantly increased (inset of Figure 105). Similar trends have been obtained in the 

following scans as the concentration of alanine was increased (Table 61). 

Hence the reduction potentials of ZnP covalently attached to EDA/HBDE surface are shifted 

to significantly lower values in the presence of alanine aliquots, it can be suggested that the 

axial bonding of alanine takes place, as the presence of a hydrophobic binding pocket and a 

Lewis acidic site (Zn) in the porphyrin system makes the ligation of the amino acid 

favourable (Figure 106).
73,74

  

 

Figure 106 Schematic illustration of possible alanine binding mode 

 

The increase in the current responses observed upon addition of the alanine aliquots is also 

consistent with the changes in charge transfer properties caused by the alanine binding. This 

behaviour is analogous with the previous studies by Hecht et al,
73

 where the addition of 
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imidazole to a Fe protoporphyrin immobilised on a gold electrode resulted in significant 

current enhancement. 

7.5 Concluding remarks 

For the first time, Chapter 7 investigated the creation of biomimetic diamond hybrid interface 

via covalent attachment of zinc (II) protoporphyrin IX to the ethylenediamine modified 

boron-doped diamond electrode. A new electrochemical route to covalently modify the 

diamond surface with NH2 groups prior to covalent binding of the porphyrin complex has 

been developed. As confirmed via XPS study, this method was found to be more successful 

than a previously reported scheme involving the reaction of diamond with amines under base 

conditions.  

Both covalent attachment and physical adsorption of the Zinc (II) protoporphyrin IX 

complexes to the ethylenediamine modified hydrogen terminated surface were found to be 

successful. However, significant variations in stability and electrochemical behaviour were 

observed depending on the preparation route. It has been demonstrated using XPS that a 

stable ZnP layer can be immobilized in the result of the covalent attachment via EDC/NHS 

amide coupling agent. In this case, the formation of peptide bonds between the COOH groups 

of the ZnP species and NH2 moieties of the EDA modified boron-doped diamond was 

detected by XPS.  

The solvent washing and subsequent ultrasonication procedure in CH2Cl2, DMF and THF 

solutions was found to introduce little changes to the ZnP covalently attached to the 

EDA/HBDE surface, whereas ZnP adsorbed to the EDA/HBDE was easily washed off as a 

result of the same procedure.  

The electrochemical behaviour of ZnP covalently attached to the EDA/HBDE was compared 

to ZnP attached via a physical adsorption method. The electron transfer rate constant was 
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derived both via the Nicholson method and impedance spectroscopy. The rate constant 

observed with FCCH2OH, an outer-sphere electron transfer mediator, is likely to be dependent 

upon the structural integrity of the ZnP film. The lower rate constant on ZnP adsorbed on the 

EDA/HBDE sample is consistent with a lower order of the porphyrin structural units on the 

diamond surface. This demonstrates the superior merits of ZnP covalently attached to the 

EDA/HBDE in electrochemical applications. Changes in the electrochemical response upon 

addition of β-alanine down to micromolar concentration ranges were observed, thus 

suggesting the ligation process that occurs in the system.  

In summary, this investigation demonstrates a successful preparation of covalently attached 

zinc protoporphyrin-diamond receptors for β-alanine. 
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