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1.1. Synthetic diamond film 

1.1.1. Diamond 

Diamond is a well-known gemstone. Due to the outstanding properties, such as the 

hardness and chemical stability, diamonds find extensive applications in industry. 

Diamond structure is composed of tetrahedral bonded carbon atoms in a covalent network 

lattice (sp3), which is a variation of the face centered cubic structure (Fig. 1.1). 

Fig. 1.1. Face centered cubic structure of diamond [2]. 

The ideal models of mono-hydrogenated diamond {100} and {111} surfaces are 

shown in Fig. 1.2. The (2×1) monohydride is the stable state of the diamond {100} (Fig. 

1.2). The {111} surface is constituted by 6-atom hexagonal rings and adjacent atoms are 

arranged alternatively displaced upward and downward from the plane. The different 

surface C-C length, as shown in Fig. 1.2, leads to different surface reactivity. 
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Fig. 1.2. Side view of mono-hydrogenated diamond {100} (left) and {111} (right) 

surfaces. 

1.1.2. Synthesis of diamond film 

Diamond was artificially synthesized under high-pressure and high-temperature in 

1955 [1]. In this process, graphite mixed with transition-metal (Fe, Ni, Co, etc.) catalyst 

powders is subjected to high-pressure and high-temperature (300 kbar, 2200 - 3000 K) [2]. 

The role of catalyst is to decrease the activation energy of the conversion of graphite to 

diamond for ensuring them to reconstitute as diamond [3]. Chemical vapour deposition 

(CVD) provides a way for diamond synthesis by converting a gas phase carbon-containing 

species into diamond crystallites at lower pressure compared to the high-pressure high-

temperature technique [4-6]. CVD diamond has been realized for technological 

applications since it can be synthesized as a thin film, chemically bonded to a nondiamond 

substrate [3]. 

Hot filament-assisted CVD (HFCVD) is the most common method for diamond film 

deposition due to its low-cost and simplicity. In this method, a tungsten filament heated at 

2000 °C, which is placed above the substrate heated at ~700 - 1000 °C, is used for thermal 
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decomposition of carbon containing species. A mixture of methane (CH4) and hydrogen 

(H2) gas is often used as the carbon source. During deposition, atomic hydrogen is believed 

to remove the graphitic carbons and makes it possible to selectively grow diamond. The 

growth rate of diamond on the substrate is 0.2~2 µm h−1 [3]. The hot filament-assisted 

CVD method allows the production of electrodes with large surface areas (up to 0.3 m2) for 

industrial applications, but contaminations from the filament can not be fully avoided and 

contains a fraction of sp2 carbon impurity. The effect of heating temperature, pressure, gas 

source and substrates is discussed in detail in literature [5]. 

1.1.3. Boron-doped diamond film 

Hydrogenated diamond was found to have high surface conductivity in 1989 [7], and 

is known as surface transfer doping [8-11]. Hydrogen terminated diamond is a p-type 

conductor and induced by electron affinity near the surface [9, 10]. Conductivity is lost by 

 

Fig. 1.3. Energy diagrams of selected states in the bandgap of diamond [2, 20]. 
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heat treatment [12, 13] as well as electrochemical processes [14]. For most electrochemical 

applications, it is necessary to use stable conducting diamond obtained by doping. For this 

purpose, there are two types of dopants: for n-type conductivity, nitrogen (charge carrier 

activation energy 1.6 - 1.7 eV) [15-17], phosphorus (charge carrier activation energy 0.6 

eV) [16, 18, 19], or for p-type conductivity, boron (a low charge carrier activation energy 

0.37 eV) (Fig. 1.3) [3, 20]. Boron-doped diamond (BDD) film has become the most 

popular material and has been widely studied since the synthesis of p-type doping of 

diamond is much easier than that of n-type doping [16]. 

Diamond, a wide-gap insulator, can be converted to a conductor by boron doping. 

Conductive boron-doped diamond (BDD) was first grown in 1973 by chemical vapor 

deposition [21]. The boron-doping agent is usually added by using a fraction of diborane, 

trimethyl boron or organic borates in the gas phase, while solid-state boron sources have 

also been used [2, 3]. The conductivity of boron-doped diamond film depends on the 

doping level. Semi-metallic behavior can be obtained by doping diamond with a high 

concentration of boron from 1018 to 1019 cm−3 (200-1600 ppm). Good conductivity and 

electrochemical properties are possible with heavy boron-doping of typically 1020 cm−3 

(2000 ppm) [2], which corresponds to about one boron atom per 1000 carbon atoms.  

Boron-doped diamond film is an attractive electrode material for various applications 

thanks to its wide potential window, dimensional stability and low double layer 

capacitance compared with other carbonaceous material, which leads to the growth of a 

new field for fundamental and applied electrochemistry. Various electrochemical 

applications based on the outstanding properties of BDD electrode have been recognized. 

Several factors, including primary crystallographic orientation, boron doping level, non-
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diamond impurities and surface termination are known to affect its electrochemical 

properties. Modifications have been proposed for enhancing the intrinsic properties of 

BDD electrodes, which improves their electrochemical performance for industrial 

applications. 

The small electrochemically active surface area of BDD electrode is disadvantageous 

for certain electrochemical applications. If the surface area of BDD electrodes can be 

enhanced without loss of other properties (i.e., conductivity, dimensional stability and wide 

potential window), it is expected that BDD electrodes can be used for large-scale industrial 

applications. In particular, porous BDD electrode with large surface area would be 

advantageous for electrolysis, electro-synthesis and electro-analysis, since higher 

utilization of diamond surface and operation at higher current density can be realized. 

Nanostructured BDD has been suggested as an attractive approach [2, 3]. However, the 

hardness of diamond, consisted of strong covalent sp3 bonds, makes it difficult to 

mechanically fabricate porous structures. Preferential etching methods have been adopted 

to synthesize nanostructured BDD electrodes [2]. 
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1.2. Electrochemical applications of BDD electrodes 

Semiconducting diamond electrodes were first used for photo-electrochemistry [23]. 

The electrochemical applications of boron-doped diamond (BDD) electrodes were reported 

for the electro-reduction of nitrate to ammonia [24] and analytical applications in 1993 

[25]. In recent years, several groups have been heavily involved in the applications of 

BDD electrodes including Fujishima (Japan) [26-61], Swain (U.S.A.) [62-74], Comninellis 

(Swiss) [75-97], Pleskov (Russia) [23, 98-101], Angus (U.S.A.) [11, 21, 22, 102-104] as 

well as Foord and Compton (England) [14, 105-116]. The most interesting properties of 

BDD electrodes are its superior chemical and dimensional stability, low background 

current and very wide potential window (Fig. 1.4). Many reviews concerning various 

 

Fig. 1.4. Cyclic voltammograms of various electrodes in 0.5 M H2SO4 at scan rate of 200 

mV s−1. (a) high-quality diamond, (b) low-quality diamond, (c) platinum, (d) highly 

ordered pyrolytic graphite [22].  
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aspects on research and development of BDD electrodes can be found in the literature [20, 

30, 98, 99, 117-120]. Here, some representative electrochemical application and properties 

of BDD electrodes are briefly summarized. 

 1.2.1. Waste water treatment and water disinfection 

Wastewater treatment 

Organic compounds in water can be removed through electrochemical reduction and 

oxidation routes [121, 122]. For reduction processes, some organic pollutants can be 

converted to nontoxic compounds. For example, halogenated aliphatic compounds can be 

electrochemically reduced to corresponding dehalogenated aliphatic hydrocarbons 

(Equation 1.1) [2]. In the case of oxidation process, organic pollutants can be oxidized to 

nontoxic compounds and finally into carbon dioxide (Equation 1.2) [3, 75, 121]. 

CmH2m+2-pClp + 2pe− + pH+  →  CmH2m+2 + pCl−                             (1.1) 

CmHn + 2mH2O  →  mCO2 + (n + 4m)H+ + (n+4m)e−                    (1.2) 

The weak interaction between the diamond surface and hydroxyl radical leads to a 

high overpotential for oxygen evolution (wide potential window) and high reactivity for 

organics oxidation [97]. In general, there are two processes for electrochemical oxidation 

of organic pollutants by using BDD electrodes, “direct” and “indirect” processes. In the 

direct processes, organic pollutants in water can be electrochemically oxidized by 

hydroxyl radicals that are formed by water decomposition [78, 79, 81]. In the indirect 

processes, the organic pollutants can be oxidized by the generated oxidants (such as O3, 

H2O2, H2S2O8, active chlorine and so on) [80, 81, 86-88, 90, 92, 122, 123].  
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Water disinfection 

Many problems associated with the lack of clean, fresh water are known. In recent 

years, effective electrochemical disinfection systems for conventional water treatment 

have been developed, which are based on the electrochemical production of disinfecting 

agents. The advantages (such as environmentally friendliness, low cost and easy operation) 

of electrochemical disinfection make them more attractive than other methods (such as 

physical disinfection) [124-126]. The most popular method of electrochemical disinfection 

is electrochlorination (such as Cl2, HClO, ClO−), generating by using DSA® type anodes 

based on mixed metal oxides of IrO2 and/or RuO2 [124-126]. BDD electrodes show 

attractive advantages that can be used for electrochemical disinfection. Because of its wide 

potential window, BDD electrode can further oxidize hypochlorite to chlorate and 

perchlorate, which are not formed at DSA® type and Pt electrodes [125, 127]. In another 

case, if water with low or zero chloride concentration is required, the addition of sodium 

chloride is not acceptable and free chlorine cannot be produced [125]. Therefore, 

disinfection should be based on other electro-generated species (e.g., ozone). By using 

BDD electrode as anode, ozone can be produced with much higher current efficiency (up 

to 47 %) than DSA® type and Pt electrodes [125, 128]. Moreover, BDD thin films 

deposited on Si, Ti, Nb, and W by chemical vapor deposition also show excellent 

electrochemical stability that is suited for electrochemical disinfection [3, 117, 121]. 

1.2.2. Inorganic and organic electro-synthesis 

 The large overpotential for the evolution of hydrogen and oxygen create a large 

electrochemical window that should enable a variety of chemical transformations on BDD 

electrodes. In addition, the remarkable corrosion stability, stability during long-term 
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cycling in acidic media, and low adsorption properties of BDD electrode are also 

beneficial to electro-synthesis [117].  

Because of the high overpotential for oxygen evolution in aqueous electrolytes, BDD 

electrodes are suited for the electrochemical production of strongly oxidizing agents. It has 

been shown for several of these agents that electrochemical production with BDD anodes 

is superior for the electro-synthesis compared with other electrode materials. Strongly 

oxidizing inorganic substances can be produced with BDD anodes with higher efficiencies 

than conventional electrode materials as listed in Table 1.1. 

 

 

Table 1.1. Inorganic substances produced by anodic oxidation with BDD anodes in 

aqueous electrolyte [20]. 

E0 / V 
vs NHE  Substance Reaction Reference 

2.20  Ferrate Fe3+ + 4H2O → FeO4
2− + 3e− +8H+ 32, 130 

2.12  Peroxodisulfate        3HSO4
− → S2O8

2− + 2H+ +2e− 83 

2.07  Ozone      3H2O → O3 + 6e− + 6H+ 80, 87, 91, 134 

2.07  Peroxodiphosphate             2PO4
3− → P2O8

4− + 2e− 131 

1.98  Silver (II)                  Ag+ → Ag2+ + e− 84 

1.80  Peroxycarbonate        2HCO3
− → C2O6

2− + 2e− + 2H+ 132 

1.71  Cerium (IV)                 Ce3+ → Ce4+ + 6e− 29 

1.60  Periodate      IO3
− + H2O → IO4

− + 2e− + 2H+ 133 

1.51  Permanganate 2Mn2+ + 4H2O → MnO4
− + 5e− + 8H+ 49 
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The conversion of organic compounds on BDD electrodes is an emerging field, due to 

its extremely large potential window in aqueous solutions. They are good substitutes for 

graphite electrodes because of mechanical, thermal and chemical stability. Some organic 

reactions, such as alkoxylation [95], fluorination [134] and phenol coupling reactions 

[135], can be achieved through anodic oxidation on BDD electrode. Some cathodic 

reactions are also reported by using BDD electrodes, like reduction of oximes and 

reductive carboxylation [3].  

1.2.3. Electroanalytical applications 

Electrochemical analysis of biological chemical species with BDD electrode is 

attractive methods, due to the higher sensitivity, long-term reliability, high accuracy and 

low cost compared to other detection methods [2]. Glassy carbon and metal electrodes 

have been typically used for electrochemical detection systems. BDD electrodes are 

superior to such conventional electrode materials for electroanalysis, due to the wider 

potential window, higher stability, lower background current and lower adsorption of 

contaminants [1, 3, 109]. Some substances detected by using BDD electrodes are 

summarized in Table 1.2. Electrochemical detection is sensitive to the pH of electrolyte 

[44], as well as the surface termination of BDD electrodes. Different surface termination 

brings about drastic changes in the electrochemical behavior, such as detection of oxalic 

acid [54]. Oxygen terminated BDD are reported to have better stability in the 

electroanalysis of chemical species [37].  
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 1.2.4. Electrochemical energy applications 

BDD with high mechanical and chemical stability is suggested to be a good support 

for catalyst, for example as fuel cell catalyst supports. Many efforts have been made to 

improve adherence and dispersion between the metal and metal oxide particles and BDD 

surface. Thermal decomposition of appropriate precursors that have been dissolved in 

suitable solvent is reported to spread metal and metal oxide particles on BDD films. 

However, the long-term stability is not sufficient at the current state of development [136]. 

Electro-deposition is another widely used method for the preparation and deposition of 

metal and metal oxide particles on BDD surface, due to at or near room temperature 

operation, controlled growth and low cost [136]. In addition, the sol-gel technique is 

known as a suitable process for coating substrates, because of its advantages, including 

Table 1.2. Substances detected by using BDD electrodes. 

Analyte      Potential / V pH Reference 

NADH Eox: 0.58 vs SCE - 27 

Biogenic amines E1/2: 0.9 vs Ag/AgCl 10 66 

Biogenic amines Eox: 0.49 vs SCE 7 33 

Caffeine Eox: 1.8-7.5 vs SCE 1.47-0.19 44 

Theophylline Eox: 1.8-8.9 vs SCE 1.47-0.03 39, 44 

Carbamate pesticides Eox: 1.45 vs Ag/AgCl 7.0 46 

Oxalic acid Eox: 1.32 vs Ag/AgCl 2.1 54 

Uric Acid Eox: 0.76-0.91 vs SCE 1-2.5 37 

Chlorophenols Eox: 1.4 vs SCE 2 39 

Azide Eox: ~1 vs SCE 7.2 64, 67 
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better homogeneity, size and morphological control. With the aim to improve electro-

catalytic response, the modification of the BDD electrode with Pt-metal oxide catalysts 

prepared by sol-gel methods has been studied for fuel cell applications [137-140]. The 

results also indicate that the deposits prepared by sol-gel methods show a good stability on 

diamond surface [137-140]. Enlarging the surface area of BDD can increase the catalyst 

loadings, which enhances its performance for fuel cell applications [41]. 

The use of BDD as an electrode material for electric double layer capacitors has also 

been studied [36, 38]. Commonly, electrochemical capacitors require electrode materials 

with not only large surface area but also large overpotential for the evolution of hydrogen 

and oxygen. The advantage of BDD electrode with a wide potential window in aqueous 

electrolyte is useful for increasing the cell voltage. In order to enlarge the surface area, 

honeycomb structured BDD electrodes have been fabricated by oxygen plasma etching 

with porous alumina masks, which leads to 200-fold increase in surface area [36]. Porous 

BDD electrode with large surface area and wide potential window in aqueous solution (2.5 

V) may be an ideal electrode candidate for electrochemical capacitors. 
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1.3. Modification of BDD electrodes 

The attractive characteristics of BDD electrode have led to innovation in 

electrochemistry in the past decade. As a way to extend the capabilities of BDD electrode, 

modifications of BDD surface have attracted much interest. BDD electrodes with 

functional surfaces and structures may enhance their performance in electrochemistry 

(such as high capacitance and high catalyst loadings). In this section, several methods of 

modification will be reviewed. 

1.3.1. Electrochemical treatment 

The electrochemical behaviors of BDD electrodes are affected by the surface 

termination. Many redox couples present higher electron transfer kinetics on hydrogen 

than oxygen terminated BDD [1]. As-produced BDD thin films generally have a hydrogen-

terminated surface, which is due to the hydrogen-containing atmosphere during the CVD 

process [65, 102, 103]. Hydrogen termination is stable for several months when exposed to 

the atmosphere [65]. However, the surface of BDD is gradually oxidized by oxygen from 

air, which is detected by using [Fe(CN)6]3−/4− redox couple on the cathodically pre-treated 

BDD [141]. As shown in Fig. 1.5, the difference in peak potential (ΔEp) increases with 

increased exposure time in air, which is associated to a loss of superficial hydrogen due to 

oxidation by oxygen from air [141]. Thus, the cathodic pre-treatment should be conducted 

just before electrochemical experiments in order to ensure hydrogen termination [141]. 

Anodic oxidation has also been widely used as a surface treatment for the electrochemical 

investigation of BDD electrodes. Carbonyl groups can be introduced on the BDD surface 

by anodic polarization, which are reactive to DNPH (dinitrophenylhydrazine) [35]. Non-
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diamond sp2-carbon impurities in the BDD film can also be removed during anodic 

treatment without changes in the crystal shape and size, which leads to a high quality film 

[39, 47]. 

1.3.2. Plasma treatment 

In order to further functionalize BDD surface, plasma treatments with various gases 

have been used. It is generally known that BDD electrode surface terminations can be 

modified by H2 and O2 plasma treatments [1, 142]. Plasma treatments with NH3/N2 [143], 

Cl2 [57], CF4 [57, 144, 145] and Ar [57] have also been studied to understand the effect of 

the different surface terminations on the electrochemical behaviors. Short-duration with 

plasma treatments causes no marked change in surface morphology and crystal quality, 

while changing the elemental composition, surface wettability and electrochemical 

properties of diamond surfaces [57, 143]. The electron-transfer kinetics for [Fe(CN)6]3−/4− 

and Fe2+/3+ at the BDD electrodes decrease after Cl2 and CF4 plasma treatments, while the 

 

Fig. 1.5. Cyclic voltammograms for catholically pre-treated BDD (800 ppm) recorded in 

a 1.0 mmol K4[Fe(CN)6] + 0.5 mol L−1 H2SO4 aqueous solution at 0.05 V s−1 for 

different times [141]. 
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electron-transfer kinetics for [Ru(NH3)6]2+/3+ show no change after these plasma treatments 

[57]. The potential window of fluorinated BDD electrode that is prepared under CF4-He 

atmosphere has also been investigated. The result shows an increase in the potential 

window (5 V in aqueous solution), limited only by the formation of free hydrogen [E° (H• / 

H2) −2.3 vs SHE] and [E° (•OH, H+ / H2O) 2.74 vs SHE], compared to the 3.5 V of H-

terminated BDD electrodes [144]. 

1.3.3. Etching of BDD electrodes 

Various etching methods have been adopted to modify BDD surface. Highly ordered 

honeycomb structures on BDD surface are fabricated by oxygen plasma etching through an 

alumina mask (Fig. 1.7(a and a’)) [36, 38]. The BDD honeycomb exhibits 200 times 

higher capacitance than that of as-deposited BDD with the same wide electrochemical 

potential window (2.5 V) [36]. Oxygen plasma etching without mask fabricates a whisker 

structure on the highly boron-doped diamond substrates (Fig. 1.7(b)), and the effect of the 

etching conditions and the boron concentration in diamond on the whisker morphology is 

 

Fig. 1.6. Cyclic voltammograms of fluorinated BDD, platinum and gold electrodes in 1 

M HClO4 at scan rate of 0.2 V s−1 [144]. 
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investigated [61]. Vertically aligned BDD nanowires with controlled length of wires and 

distance between wires are fabricated by reactive ion etching with nanodiamond particles 

as a hard mask (Fig. 1.7(c)) [146, 147]. Due to advantages such as chemical stability, low 

background current and hardness forming a robust biosensing interface, BDD nanowire is 

applied for electrochemical DNA detection, resulting in high sensitivity as well as in 

single-base mismatch discrimination [146, 147]. Nano-porous structure can be formed on 

BDD surface through catalytic (Ni) etching in a hydrogen atmosphere (Fig. 1.7(b, b’ and 

b’’)) [148]. The etching method is an effective way for fabricating nanostructured BDD 

electrodes, which can enhance its electrochemical performance for practical applications. 
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Fig. 1.7. SEM images of (a and a’) nanoporous honeycomb BDD fabricated by oxygen 
plasma etching with alumina mask [36, 38], (b) BDD whisker fabricated by maskless 
oxygen plasma etching [61], (c) BDD nanowires fabricated by reactive ion etching with 
nanodiamond particles as a hard mask [146, 147], (d) nano-porous BDD fabricated with 
Ni as catalysts through heat treatment in a flowing gas mixture of H2 (10 %) and N2 
(90 %) at 900 °C for (d) 2 h, (d’) 10 h and (d’’) 24 h [148]. 
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1.4. Objective of this thesis 

Conductive boron-doped diamond (BDD) is a novel electrode material for various 

electrochemical applications owing to its wide potential window, electrochemical stability 

and low background current compared to other carbonaceous materials. Fabrication of 

nanostructures on BDD surfaces without loss of other properties (i.e., conductivity, 

dimensional stability, wide potential window) may enhance the performance for specific 

application. The objective of this thesis is to study steam and CO2 activation with emphasis 

on the fundamental mechanism of preferential etching for boron-doped polycrystalline 

diamond electrodes. The effect of boron content on steam activation of BDD was studied 

by using BDD with different boron content (800, 2500 and 5000 ppm boron) (Chapter 2). 

In chapter 3, CO2 activation was conducted on polycrystalline BDD electrode (800 ppm) 

composed of a mixture of {111} and {100} planes for investigating the etching behavior. 
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2.1. Introduction 

BDD electrodes have been applied to electrochemical wastewater treatment [1-4] as 

well as electrolytic production of ozone [2, 5] and NF3 [6]. However, the small 

electrochemically active surface area is disadvantageous for industrial applications, as 

large-scale electrodes are necessary. The development of high-surface area of BDD 

electrodes while maintaining other distinctive properties (i.e., conductivity, dimensional 

stability, wide potential window) is desired. Three methods have so far been developed for 

the preparation of porous BDD electrodes; namely dry etching, catalytic etching and steam 

activation. Dry etching of BDD with oxygen plasma through porous alumina masks gives 

honeycomb structures with 30−400 nm diameter cylindrical pores [7]. Nanoscale pits and 

channels can be prepared by catalytic etching of BDD with hydrogen gas using metal 

nanoparticles as catalysts [8, 9]. Steam activation, which is usually operated at 800-1000 

°C and atmospheric pressure, is a conventional manufacturing process of activated carbon 

[10-16]. We have reported that steam activation leads to roughening of the BDD surface 

with a distinctive columnar texture [17]. Another characteristic of steam activation is that 

graphitic impurities are removed during the activation process, affording a wider potential 

window than the pristine BDD. 

Diamond etching by gas phase (O2 and H2O) has been studied for fundamental 

understanding the etching behavior on different diamond planes. The etching experiments 

on natural diamond planes at 800 or 1400 °C in air revealed a number of different pit 

morphologies on the {111}, {110} and {100} planes [18]. Etching of diamond {111} and 

{100} planes at a temperature range of 700-900 °C by dry O2 and O2/H2O were also 

investigated [19-21]. The results show that {111} surface is completely rough without any 
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crystallographic orientation, while etched {100} surface are covered with numerous small 

and shallow pits as well as large and steeper pits. The different etching behavior on 

diamond is explained by the different reactions between the diamond surfaces and the 

adsorbed oxygen [19-21]. Theoretical studies by using thermal and hyperthermal oxygen 

atomic indicates that the diamond {100} planes are more resistant to erosion than {111} 

planes [22-24]. The study of diamond oxidation by H2O fluids at high temperature and 

high pressure (1150-1500 °C and 1 GPa) shows different etching degree between {111} 

and {100} plane, indicating that the relative oxidation rate is sensitive to diamond plane 

[25]. In a previous work [17], steam activation was conducted on BDD electrodes with a 

fixed boron content of 1300 ppm at different activation temperatures (700, 800 and 900 

°C) with emphasis on the progressive etching behavior. High temperature activation leads 

to a porous surface with a characteristic columnar microstructure. The characteristic 

etching behavior was suggested to be a result of the preferential etching of the {111} plane 

based on microstructural observation of the etched surface. In order to understand the 

details of the possible preferential etching, in particular the initial stages of the activation 

process, this chapter reports the steam activation of BDD electrodes with different levels of 

boron doping (800, 2500 and 5000 ppm boron) at 800 °C. It is known that the boron-

doping level affects the crystal morphology of polycrystalline BDD electrode with the 

fraction of {111} planes increasing as the B/C ratio increases [26].  
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2.2. Experimental Section 

Boron-doped were synthesized by hot filament-assisted chemical vapor deposition on 

Nb substrate (2 × 2 cm2). BDD with boron content of 800, 2500 and 5000 ppm was 

prepared, and will be denoted as BDD(800), BDD(2500) and BDD(5000), respectively. 

The BDD electrodes were positioned in a silica boat with the BDD facing up and set in a 

silica furnace tube. Steam activation was conducted in the following manner. Ultrapure 

water (>18 MΩ cm) was introduced at saturated vapor pressure (40 °C) into the silica 

furnace tube at 100 mL min−1 with N2 (99.99995 %) as the carrier gas. The furnace 

temperature was raised to 800 °C at a rate of 5 °C min−1 and held for 2 h. Activation 

process was conducted in an open system with the outlet gas exposed to atmospheric 

pressure. The electrodes after steam activation will be denoted as a-BDD(800), a-

BDD(2500) and a-BDD(5000). Steam activation of non-doped diamond films were 

conducted in the same manner for BDD electrodes. 

The etching of pure diamond by steam activation was conducted using diamond 

crystallites with an average diameter of 0.3 mm (TOMEI DIAMOND Co. Ltd., IMS-25), 

following the method for diamond film. The diamond crystallites have a cubo-octahedral 

structure with well-defined {111} and {100} planes. 

A field emission-scanning electron microscope (FE-SEM; Hitachi S-5000) was used 

for morphological observation. Atomic force microscopy (Bruker, Digital Instruments 

Nanoscope III ADC 5) was performed in air using silicon cantilevers (Bruker, NCHV-A) 

and a 130 µm scanner (AS-130V). The crystalline structure of the pristine BDD was 

characterized by X-ray diffraction (XRD, Rigaku RINT-2500HF/PC with monochromated 

CuKα radiation at 40 kV and 40 mA). The microstructure was characterized by Raman 
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spectroscopy (Kaiser Optical Systems, Inc., Raman Microscope System 3000) with a YAG 

laser (excitation wavelength 532 nm) as the excitation source. X-ray photoelectron 

spectroscopy (XPS) was performed on a Kratos Axis Ultra DLD X-ray photoelectron 

spectrometer with a standard Mg Kα (1256.6 eV) X-ray source operated at 15 mA and 15 

kV. All binding energies were referenced to Au (4f7/2) at 83.7 eV. The C1s spectra were 

fitted with asymmetric mixed Gaussian-Lorentzian sum functions using the XPS peak 

fitting software XPSpeak (version 4.1). 

Electrochemical measurements were performed in a single compartment glass cell 

(Princeton Applied Research, Model K0235 Flat Cell) with a potentio/galvanostat 

(ALS/CH Instruments; Model 760). A Ag/AgCl (sat. KCl) electrode (0.2223 V vs. RHE) 

was used as the reference electrode and a platinum mesh served as the counter electrode. 

The exposed geometric area of the working electrode was 1 cm2. A Luggin capillary was 

positioned facing the working electrode at a distance of 1 mm. All measurements were 

performed at 25 ± 1 °C in 0.5 M H2SO4 de-aerated by nitrogen gas. 
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2.3. Results and discussion 

As a preliminary control experiment, non-doped diamond crystallites were subjected 

to steam activation in order to gain a macroscopic insight into the activation process. 

Typical FE-SEM images of diamond particles after steam activation at 900 °C for 2 h are 

shown in Fig. 2.1. After steam activation, the {100} plane (Fig. 2.1(a’)) has point-

bottomed square shaped pits with large size of 0.5 - 2 µm and pit density of 0.8 pits µm−2. 

The {111} plane is heavily etched with 0.5 - 3 µm sized triangular pits with pit density of 

0.13 pits µm−2 (Fig. 2.1(b’)). Many steps can be observed on the walls of the triangular pits 

on the steam-activated {111} plane. The surface roughness (R) was obtained from AFM 

images (Fig. 2.2). Before activation, the roughness is R < 10 nm for both {100} and {111} 

planes. The roughness of the steam-activated {111} plane is R = 169 nm, approximately 

two times higher than steam-activated {100} plane (R = 89 nm). Steam activation etches 

both {111} and {100} plane, although the {111} plane is more easily etched than the {100} 

plane. 

Typical FE-SEM images of the pristine non-doped diamond and BDD electrodes are 

shown in Fig. 2.3(a-c), and low-magnification images are shown in Fig. 2.4(a-c). The 

BDD(800) electrode consists of randomly oriented crystallites with both cubic {100} and 

triangular {111} planes exposed on the surface. The cubic {100} planes appear as regions 

with slightly brighter contrast compared to the triangular {111} planes in the FE-SEM 

images obtained with secondary electrons due to different electron affinity [27-29]. The 

brighter-contrasted cubic {100} regions gradually disappear as the B/C ratio increases. At 

the maximum boron content of 5000 ppm, the surface is dominated by triangular {111} 

planes. The preferential orientation was also confirmed with XRD (shown in Fig. 2.5). The 
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ratio of the peak intensity of (111) to (400) was I(111)/I(400) = 1.2, 2.8, and 4.2 for boron 

concentration of 800, 2500, and 5000 ppm (shown in Fig. 2.5), which indicates that the 

pristine BDD with higher boron content has a more {111} oriented structure. These 

observations are in accordance with literature data [26]. 

Typical FE-SEM images of steam-activated BDDs are shown in Fig. 2.3(a’-c’), and 

low-magnification images are shown in Fig. 2.4(a’-c’). The degree of etching increases 

with increased boron concentration. The a-BDD(800) electrode shows evidence of partial 

etching of the surface, while nanometer-size pits can be observed throughout the surface of 

a-BDD(5000). In the case of a-BDD(800), both smooth and roughened surfaces are 

observed. The cubic {100} surface of a-BDD(800) and a-BDD(2500) is smooth and seems 

to be unaffected by steam activation. On the other hand, etching of the {111} planes is 

obvious. The majority of the pits were trigon or deformed trigon in shape (shown with 

arrows), which most likely reflects the atomic arrangement of the {111} planes. 

The FE-SEM images show that under the conditions applied, the {111} planes are 

preferentially etched, and BDD with higher boron concentration is etched to a higher 

degree since the amount of {111} planes are more abundant. The observed preferential 

etching of {111} planes is in good accordance with the studies on the steam activation of 

BDD (1300 ppm boron) electrodes at various activation temperatures (700, 800 and 900 

°C) [17], where triangular pits and islands were observed for BDD treated at 700 °C and a 

highly porous structure with a columnar texture was obtained at 900 °C. In this study, BDD 

with higher boron content was etched more than that with lower boron content under the 

same steam-activation conditions. The preferential etching may be due to a higher 

reactivity of {111} planes compared to {100} or boron may act as pit initiation sites. As a 
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comparing experiment, steam activation of non-doped diamond film was conducted. In 

Fig. 2.3(d), the diamond film consists of randomly oriented crystallites with both cubic 

{100} and triangular {111} planes exposed on the surface. After steam activation (Fig. 

2.3(d’)), the {111} planes are preferentially etched, forming many trigon pits in the size of 

50-100 nm on the surface. The trigon pits with the wall having many steps can be 

observed. However, {100} planes show a smooth surface. Thus, preferential {111} etching 

of BDD surface with steam activation is due to the higher reactivity of {111} compared to 

{100} planes in the diamond structure. 

Raman spectroscopy was conducted to probe the microstructural changes induced by 

steam activation (Fig. 2.6). The assignment of the Raman peaks are summarized in Table 

2.1. The broad peak at 500 cm−1 (peak A) is known to be related to the phonon scattering 

by boron induced structural modifications [31], and thus can be used to probe any changes 

in the boron content or environment with steam activation. Idisordered-D is the intensity of the 

broad peak centered at 1220 cm−1 (peak B), which is attributed to disordered diamond 

structure [1, 31]. ID is the intensity of the sp3-bonded carbon in diamond (D band) at 1330 

cm−1 (peak C). IG is the intensity of the sp2-bonded graphitic carbon (G band) at 1580 cm−1 

(peak D), which is often found as a minor impurity in BDD electrodes prepared by hot-

filament assisted chemical vapor deposition [1]. 

In the case of pristine BDD, a progressive downward shift in wavenumber of peak A 

from 493 to 467 cm−1 is observed with increasing boron concentration in agreement with 

literature [31]. There is no obvious shift in the position of this peak after steam activation 

when compared with the respective pristine BDD electrodes at the same level of boron 

doping (Table 2.2). This is a strong indication that the boron concentration in bulk BDD 
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was unchanged after steam activation; in other words, selective etching of boron seems 

unlikely. 

For pristine BDD, the value of Idisordered-D/ID and ID/IG increases with increase in boron 

content. The trend in increasing Idisordered-D/ID and ID/IG with increasing boron content is in 

good agreement with previous reports [26, 32, 33]. After steam activation, Idisordered-D/ID and 

ID/IG are more or less unchanged (Table 2.2). Overall, it can be said that the steam-

activation process does not affect the bulk composition in the film, at least within 

resolution of Raman spectroscopy. 

XPS was acquired to study the change in the near surface composition as a result of 

steam activation. As shown in Fig. 2.7, the C1s peak for pristine BDD can be decomposed 

into five components. The main C1s peak is composed of two components centered at 

283.5 and 284.0 eV, which can be attributed to mono-hydrogenated surface (C-H sp3) and 

diamond-like carbon (C-C sp3), respectively [34, 35]. The peak at 282.7 eV corresponds to 

graphitic carbon (C-C sp2) that is often found in BDD prepared by hot filament-assisted 

chemical vapor deposition. Additional components corresponding to C-O is observed at 

285.5 eV and C=O at 287.2 eV [28, 36-40], due to partial atmospheric oxidation [38, 39]. 

The relative abundance of the five carbon species obtained from Fig. 2.7 for the 

pristine BDD is shown in Fig. 2.8. The decrease in graphitic carbon (C-C sp2) from 15 to 

6 % with increasing level of boron doping from 800 to 5000 ppm observed in pristine 

BDD is in agreement with the analysis of ID/IG from Raman spectra. The abundance of C-

O increases with increasing boron content, while no obvious changes for C=O species can 

be observed. The increase in C-O with increasing boron doping level was also reported for 

polycrystalline BDD [38, 40]. After steam activation, the relative amount of diamond-like 
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carbon (C-C sp3) increased, which correlates to the removal of graphitic impurity (C-C sp2) 

(Fig. 2.7). C-H sp3 decreased dramatically, while the amount of C-O increased as a result 

of steam activation. The amount of C-O in a-BDD is higher for higher boron content, 

reflecting the higher degree of etching. 

The change in surface area of BDD after steam activation was probed 

electrochemically. Fig. 2.9 shows cyclic voltammograms of BDD electrodes before and 

after steam activation in 0.5 M H2SO4 between −0.2 and 0.8 V vs Ag/AgCl. The electrical 

double layer capacitance per geometric surface area for the pristine BDD shows a slight 

increase with increase in boron concentration (Table 2.3). This phenomenon has been 

attributed to surface defects induced by boron doping, providing more electrochemically 

active sites, which in turn increases the electrical double layer capacitance [41]. After 

steam activation, a clear increase in electrical double layer capacitance is observed, 

indicating an enlargement in the electrochemically active surface area. The enhancement 

factor is more pronounced for BDD with higher boron concentration, reaching 838 µF 

cm−2 for a-BDD(5000), 17.5 times higher compared to BDD(5000). The voltammograms 

tend to tilt for steam-activated BDD with higher boron concentration, which is an artifact 

of the higher surface area. In order to take into account of the enhancement in the 

roughness, the current density was normalized by the capacitance (j / C). The capacitance-

normalized cyclic voltammograms are all comparable as shown in Fig. 2.9(B). Thus, it can 

be said that the steam activation does not have any negative effect on the bulk conductivity 

of BDD, i.e., the steam-activation process does not induce any increase in bulk electrode 

resistance. 
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Cyclic voltammograms recorded in a wide potential range (−1.0 to 2.5 V vs Ag/AgCl) 

are shown in Fig. 2.10. In addition to the increase in electrochemically active surface area, 

a wider potential window, one of the most important aspects of BDD electrodes, was 

observed after steam activation. Here the potential window is defined as the potential 

where Δj ΔE−1 C−1 is below 25 mA mF−1 V−1, where C is the capacitance measured 

between −0.2 and 0.8 V vs Ag/AgCl and ΔE is 40 mV. The potential windows for various 

electrodes estimated in this manner are shown in Fig. 2.10(B) and summarized in Table 

2.3. The potential window for the a-BDD(800) at 800 °C for 2 h was 3.34 V, appreciably 

larger than that for pristine BDD of 2.64 V. The increase is attributed to the removal of sp2-

bonded graphitic carbon that limits the potential window. 

Based on the obtained knowledge, the preferential etching mechanism is proposed as 

shown in Fig. 2.11. The ideal diamond surface prior to exposure is terminated with 

hydrogen atoms. The hydrogen abstraction from the surface is a result of the heat 

treatment, which leads to carbon atom with a dangling bond and sp3-bonds with 

neighboring carbon atoms formed on diamond surface. These dangling bonds provide sites 

of enhanced reactivity. The hydrogen atoms on the {111} surface are more reactive than 

those on the (2×1) restructured {100} plane (as shown in Chapter 1, Page 2), which leads 

to easier oxidation of {111} than {100} [24]. During heat treatment, H2O can release an 

active O atom easily at high temperature [42]. The active O atom adsorbed at dangling 

bond result into the formation of atop O atom. For {100} planes, surface trend to form 

ether (C-O-C) with one incoming O, making the surface carbon atoms unattractive to 

incoming O atoms. Once oxidation, the {100} planes reach its steady state and seems 

difficult to further oxidation [24]. The {111} surface has a significant number of carbon 

atoms with dangling bond, result into more active O atom. The incoming O atom collide 
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with an atop O atom, pushing it aside. The force of the collision broke a C-C bond, with 

the incoming O atom adding itself to the surface, forming an ether. Another C-C bond 

broken followed by an O-C ether bond broken. Finally, a C-C bond broke, releasing a CO2 

molecule. When second and third diamond layer break, the sp2 carbon formed that can be 

removed quickly, leading to the removal of carbon atom from {111} plane [23]. 

The macroscopic view of the steam activation of BDD with different boron content is 

schematically illustrated in Fig. 2.12. BDD with low boron content consists of cubic {100} 

and triangular {111} orientated planes exposed on the surface. Triangular {111} planes 

dominate the surface of BDD with high boron content. During steam activation at 800 °C, 

the removal of graphitic carbon from the surface occurs first, followed by the etching of 

{111} planes. For the steam-activated BDD with low boron content, the {111} planes are 

easily corroded, whereas, no etching behavior occurs on the {100} planes. In the case of 

BDD with high boron doping with the surface dominated by {111} planes, the etching 

occurs homogeneously throughout the surface of the film, inducing a heavily etched 

surface with trigonal pits. As a result, BDD with higher boron content showed a higher 

surface area after steam activation compared to BDD with low boron content. 
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2.4. Summary 

Steam activation of BDD electrodes with different levels of boron doping was 

conducted in order to gain more insight into the steam-activation process. The preliminary 

control experiment with non-diamond crystallites shows that steam activation etches both 

{111} and {100} plane, although the {111} plane is more easily etched than the {100} 

plane. The surface of BDD with 800 ppm boron consists of randomly oriented crystallites 

with cubic {100} and triangular {111} planes. After steam activation at 800 °C, selective 

etching of the {111} planes could be realized on the surface of steam-activated BDD (800 

ppm B). On the other hand, BDD with 5000 ppm boron, which is dominated by triangular 

{111} planes, was heavily etched by steam activation forming many nanometer-size pits on 

the surface. The increase in electrical double layer capacitance was observed after steam 

activation, and the enhancement factor was more pronounced for BDD with higher boron 

concentration. A 17.5 times increase in roughness was obtained by steam-activation of 

BDD with 5000 ppm B. Steam activation at 800 °C etches the {111} planes, but does not 

corrode the {100} planes. The study of non-doped diamond film indicates that the boron is 

probably not the active site for etching. The preferential etching mechanism was discussed 

based on the obtained results, indicating that {111} have higher reactivity compared to 

{100} planes against steam activation. The higher capacitance (surface area) obtained for 

BDD with higher boron content is attributed to the higher fraction of {111} planes exposed 

on the surface. Steam activation is an effective method to increase the active surface area 

of BDD electrodes and at the same time, enlarge the potential window by removing 

graphitic impurities. Steam-activated BDD electrode is anticipated to be advantageous for 

electrolysis applications. 
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Fig. 2.1. Typical SEM images of {100} and {111} plane of diamond crystallites (a, b) 

before and (a’, b’) after steam activation at 900 °C for 2 h. 
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Fig. 2.2. Typical AFM tapping mode images of {100} and {111} plane of diamond 

crystallites (a, b) before and (a’, b’) after steam activation at 900 °C for 2 h. 
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Fig. 2.3. Typical HR-SEM images of pristine BDD with boron content of (a) 800, (b) 
2500 and (c) 5000 ppm. Respective images of steam-activated BDD with (d) 800, (e) 
2500 and (f) 5000 ppm boron. (d) and (d’) are the images of non-doped diamond film 
before and after steam activation, respectively. 
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Fig. 2.4. Typical low-magnification HR-SEM images of pristine BDD with boron 

concentration of (a) 800, (b) 2500 and (c) 5000 ppm. Respective images of steam-activated 

BDD with (a’) 800, (b’) 2500 and (c’) 5000 ppm. 
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Fig. 2.5. XRD patterns for pristine BDD with boron concentration of (a) 800 ppm, (b) 2500 

ppm and (c) 5000 ppm. 
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Fig. 2.6. Raman spectra of (a) pristine BDD and (b) steam-activated BDD with different 

boron content (800, 2500, 5000 ppm). 
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Fig. 2.7. C1s spectra of pristine BDD with boron content of (a) 800, (b) 2500 and (c) 

5000 ppm. Respective spectra of steam-activated BDD with (d) 800, (e) 2500 and (f) 

5000 ppm. 
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Fig. 2.8. Relative abundance of the carbon species on BDD surface before and after steam 

activation based on XPS (from Fig. 2.7). 
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Fig. 2.9. (A) Cyclic voltammograms of BDD electrodes at 100 mV s−1 in 0.5 M H2SO4 

between −0.2 and 0.8 V vs Ag/AgCl (sat. KCl) for (a) BDD(800), (a’) a-BDD(800), (b) 

BDD(2500), (b’) a-BDD(2500), (c) BDD(5000) and (c’) a-BDD(5000). (B) Voltammograms 

from (A) with the current taking into account of the enhancement in roughness. 
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Fig. 2.10. (A) Cyclic voltammograms of BDD electrodes at 100 mV s−1 in 0.5 M H2SO4 

between −1 and 2.5 V vs Ag/AgCl (sat. KCl) for (a) BDD(800), (a’) a-BDD(800), (b) 

BDD(2500), (b’) a-BDD(2500), (c) BDD(5000) and (c’) a-BDD(5000). (B) Voltammograms 

from (A) with the current taking into account of the enhancement in roughness. 



Chapter 2 

 54 

 
 
 
 
 
 
 
 

 

Fig. 2.11. Proposed etching mechanism of diamond {111} and {100} plane by steam 

activation. 
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Fig. 2.12. Schematic illustration of the steam-activation process of BDD electrode with (a) 

low and (b) high boron content. 
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Table 2.1. Assignment of Raman peaks in Figure 2.6. 

Label Raman shift / cm−1 Characteristic species in the film 

A 500 Associated with the boron dopant atoms 

B 1220 Disordered diamond 

C 1330 sp3-bonded diamond carbon (D-band) 

D 1580 sp2-bonded graphitic carbon (G-band) 
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Table 2.2. Selected properties of pristine BDD and steam-activated BDD with different 

boron concentration from Raman spectra. 

BDD electrodes Raman shift of peak A  
/ cm−1 ID/IG 

(a) Idisordered-D/ID
 (b) 

800 ppm B 
Pristine 493 2.6 1.17 

Activated 490 2.8 1.10 

2500 ppm B 
Pristine 482 3.7 1.59 

Activated 483 3.4 1.55 

5000 ppm B 
Pristine 467 5.3 1.81 

Activated 465 5.0 1.80 

(a) The peak intensity ratio of the sp3-bonded carbon (D band) to the sp2-bonded carbon 

(G band) in diamond. 

(b) The peak intensity ratio of the disordered sp3-bonded carbon to the sp3-bonded carbon 

(D band). 
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Table 2.3. Electrochemical properties of pristine BDD and steam-activated BDD with 

different boron content. 

BDD electrodes Specific capacitance 

/µF cm−2
geometric 

Enhancement factor (a) 

/− 
Potential window (b) 

/V vs Ag/AgCl (sat. KCl) 

800 ppm B 
Pristine 38 − −0.57 − 2.07 

Activated 225 5.9               <−1.00 − 2.34 

2500 ppm B 
Pristine 44 − −0.71 − 2.14 

Activated 525 11.9 −0.75 − 2.27 

5000 ppm B 
Pristine 48 − −0.63 − 2.08 

Activated 838 17.5 −0.73 − 2.25 

(a) The geometric capacitance of steam-activated electrodes normalized by the geometric 

capacitance of the respective pristine BDD. 

(b) The potential window is defined as the potential region where Δj ΔE−1 C−1 < 25 mA 

mF−1 V−1 (ΔE = 40 mV). 
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Chapter 3 

Preferential {100} etching of boron-doped diamond 

electrodes by CO2 activation 
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3.1. Introduction 

The etching of diamond has been studied for both from fundamental standpoints [1-7] 

as well as for practical applications in conductive BDD electrodes [8-13].  The oxidative 

etching of diamond with O2 and O2/H2O, as well as thermal and hyperthermal atomic 

oxygen have indicated that the {100} planes are more erosion resistant compared to the 

{111} planes [1-7]. In chapter 2, a similar phenomenon was observed in the case of H2O 

etching of conductive boron-doped and non-doped diamond, where steam activation leads 

to preferential etching of the {111} planes. In addition to O2 and H2O, CO2 is also a 

common oxidative etchant. CO2 activation has been widely used to prepare activated 

carbon, and is known to lead to activated carbon with a different microstructure compared 

to steam activation [14-19]. CO2 activation produce an opening, followed by widening of 

microporosity, while steam activation widens the microporosity from the early stage of the 

process, the resulting activated carbon has a wide pore size distribution. Despite the 

abundant work on the preparation of activated carbon via CO2 and steam activation, 

information on the reaction between CO2 and diamond is scarce. The oxidative etching of 

diamond in kimberlite melts at high temperatures and high pressures have shown that 

oxidation of diamond with CO2 and H2O produce different surface features on {111} and 

{100} faces, suggesting that the relative oxidation rate is different for H2O and CO2 and is 

also sensitive to the diamond plane [20, 21]. To the best of our knowledge, the reaction 

between CO2 and boron-doped diamond has not been studied yet. These studies motivated 

us to study the CO2 activation of boron-doped diamond. In contrast to the {111} etching 

observed by steam activation in boron-doped diamond, CO2 activation is anticipated to 

lead to preferential etching of the boron-doped {100} planes. 
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Polycrystalline BDD is grown on substrates mainly by CVD processes and consists of 

randomly oriented crystallites with a mixture of cubic {100} and triangular {111} 

orientated planes exposed on the surface. Since electro-catalysis and redox reactions are 

both surface sensitive, BDD with preferential planes exposed to the surface would 

contribute to a better understanding of the kinetics and electrochemical activity of BDD 

surfaces. The ratio of the exposed planes in BDD electrodes is governed by the CVD 

conditions and is not easily controlled. For example, highly boron-doped BDD are 

composed mainly of {111} faces, thus it is difficult to grow diamond films with {100} 

orientation with high levels of boron doping. The higher level of boron doping in {111} 

has been suggested to be the cause of higher electron transfer kinetics for redox couples 

such as [Ru(NH3)6]2+/3+ and [Fe(CN)6]3−/4− for {111} than {100} [22, 23]. 

In this chapter, CO2 activation is conducted on polycrystalline boron-doped diamond 

film composed of a mixture of {111} and {100} planes, as well as non-doped diamond to 

investigate the etching behavior on boron-doped diamond (BDD) surfaces. 
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3.2. Experimental section 

Boron-doped (800 ppm) diamond films were synthesized by hot filament-assisted 

chemical vapor deposition on a Nb substrate (2×2 cm2) following previously procedures 

[24, 25]. The electrode with the BDD layer facing up was positioned in a silica boat and set 

in a silica furnace tube. The furnace temperature was raised to the activation temperature at 

a rate of 5 °C min−1 under flowing N2 (99.99995 %). When the activation temperature was 

reached, N2 gas was changed to CO2 gas (200 mL min−1) and held for 2 h. Finally, the 

samples were cooled down to room temperature under flowing N2. The samples will be 

denoted as a-BDD(800°C) and a-BDD(900°C) for BDD activated at 800 and 900 °C, 

respectively. CO2 activation of non-doped diamond films and crystallites was conducted in 

a similar manner for BDD electrodes. Activation process was conducted in an open system 

with the outlet gas exposed to atmospheric pressure. 

A field emission-scanning electron microscope (FE-SEM; Hitachi S-5000) was used 

for morphological observation. Atomic force microscopy (Bruker, Digital Instruments 

Nanoscope III ADC 5) was performed in air using silicon cantilevers (Bruker, NCHV-A) 

and a 130 µm scanner (AS-130V). X-ray photoelectron spectroscopy (XPS) was performed 

on a Kratos Axis Ultra DLD X-ray photoelectron spectrometer with spectral resolution of 

approximately 0.8 eV using a standard Mg Kα (1256.6 eV) X-ray source operated at 15 

mA and 15 kV. All binding energies were referenced to Au (4f7/2) at 83.7 eV. The C1s 

spectra were fitted with asymmetric mixed Gaussian-Lorentzian sum functions using the 

XPS peak fitting software XPSpeak (version 4.1). The microstructure of BDD was 

characterized by Raman spectroscopy (Kaiser Optical Systems, Inc., Raman Microscope 

System 3000) with a YAG laser (excitation wavelength 532 nm) as the excitation source. 
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3.3. Results and discussion 

As a preliminary control experiment, non-doped diamond crystallites were subjected 

to CO2 activation for gaining a macroscopic insight into the activation process. As shown 

in Fig. 3.1(a), the {100} plane is rigorously etched with square pits (around 200 - 400 nm) 

with pit density of 5.7 pits µm−2. Etching of the {111} plane is less obvious with some 

point-bottomed trigons in the size of 100-300 nm (Fig. 3.1(b)). The trigonal pit density 

(0.1 pits µm−2) is similar to the defect density of pristine diamond {111} plane (Fig. 

2.10(b) in Chapter 2), suggesting that the etching occurs at the defect sites. The surface 

roughness (R) was obtained from AFM images (Fig. 3.2). Before activation, the roughness 

is R < 10 nm for both {111} and {100} planes (Fig. 2.2(a, b) in Chapter 2). After CO2 

activation, increase in roughness of only the {100} plane (R = 102 nm) is apparent, and no 

obvious change can be observed for {111} plane (R = 10 nm). CO2 activation leads to 

preferential etching of {100} and the {111} plane is resistant to activation, which is the 

opposite of what has been observed in the case of steam activation. 

The pristine BDD (800 ppm boron) electrode consists of randomly oriented 

crystallites with a mixture of cubic {100} and triangular {111} orientated planes exposed 

on the surface, as shown in Fig. 3.3(a and a’). The {100} and {111} planes can be 

identified by their shape as well as the difference in contrast in the FE-SEM images. In FE-

SEM images obtained with secondary electrons, the cubic {100} planes appear as regions 

with slightly brighter contrast compared to the triangular {111} planes due to different 

electron affinity [26]. Some inhomogeneity in the contrast is observed on the {100} 

surface, which may suggest inhomogeneity in the partial atmospheric oxidation of the 

surface.  
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A typical FE-SEM image of BDD after CO2 activation at 800 °C is shown in Fig. 

3.3(b and b’). For a-BDD(800°C), numerous nanopits (5-10 nm) can be observed on the 

{100} planes, while no etching is evident on the {111} planes, which is more clearly seen 

in images with higher magnification (Fig. 3.4). As a comparing experiment, CO2 activation 

was also conducted on the non-doped diamond film at 800 °C. As shown in Fig. 3.5, the 

mild etching of {100} planes forms numerous nanopits (5-10 nm), while no obvious 

etching occurs on the {111} plane. Since the similar etching behavior was observed for 

both CO2-activated non-doped and boron-doped diamond film, we presume that boron is 

probable not active site for etching. 

FE-SEM images of a-BDD(900°C) reveals that progressive etching of the {100} 

planes at 900 °C forms larger square pits with size of 200-400 nm along the crystal edges 

(shown with red arrows in Fig. 3.3(c and c’)), resulting in a macro-porous texture. Etching 

is so severe at 900 °C, that the {111} planes are no longer able to be distinguished after 

CO2 activation. In the case of activated carbon, CO2 first produces narrow micropores and 

then the pores are widened as activation progresses [14-19]. If the mechanism of CO2 

activation of BDD is similar to that of activated carbon, then the activation at 900 °C can 

be attributed to the widening of the nanopits to form large (200-400 nm) square pits. 

Raman spectroscopy was employed to probe the microstructure of the BDD film 

before and after CO2 activation (Fig. 3.6), and the selected properties are shown in Table 

3.1. Peak A at around 500 cm−1 is known to shift with the level of boron doping, and the 

broad peak B centered at 1220 cm−1 is attributed to the disordered diamond structure 

(disordered-D). The zone-center optical phonon of diamond (D-band) appears at 1330 cm−1 

(Peak C). The sp2-bonded graphitic carbon (G-band) is observed at 1580 cm−1 (peak D), 
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which is often found as a minor impurity in BDD electrodes prepared by hot-filament 

assisted chemical vapor deposition. After CO2 activation, no shift can be observed for peak 

A. The ratio of the intensity of D-band to G-band (ID/IG) and disordered-D to D-band 

(Idisordered-D/ID) are used to investigate microstructure changes of BDD film. For a-

BDD(800°C), ID/IG and Idisordered-D/ID are more or less unchanged as compared to the 

pristine BDD within resolution of Raman spectroscopy (Table 3.1). For a-BDD(900°C), 

the significant increase in ID/IG and decrease in Idisordered-D/ID indicates the removal of the 

non-diamond impurities by CO2 activation. 

XPS data was acquired to investigate the change in the carbon species on the surface 

of BDD (Fig. 3.7). The relative abundance of the five carbon species obtained from the 

XPS data is shown in Fig. 3.8. The percentage of C-C(sp2) decrease from 8.2 % for 

pristine BDD to 4 - 5 % for the CO2-activated BDD, indicating the removal of graphitic 

impurity by CO2 activation. This observation was also supported by Raman spectroscopy. 

Oxygen functional groups (C-O, C=O) in pristine BDD are due to partial atmospheric 

oxidation. After CO2 activation at 800 °C, the relative abundance of C=O increase from 5.6 

% to 7.7 % without any obvious change in the C-O. CO2 activation at 900 °C leads to a 

further increase in C=O content to 9.2 % and an increase in C-O from 11.8 % to 15.2 % 

compared to the pristine BDD. The abundance of C-H decreases from 23.7 % for the 

pristine BDD to 8.8 % for CO2 activated BDD at 900 °C. C=O is known to form on the 

{100} plane after oxidation of hydrogen-terminated diamond [27, 28]. A similar trend has 

been reported for anodic oxidation of BDD, producing C-O and C=O on the {100} plane, 

while C-O is generated on the {111} plane [29]. Coupled with the FE-SEM images 

showing the preferential etching of the {100} plane, the increase in C=O can thus be 

associated to the partial oxidation of the {100} plane. Although the conditions of oxidation 
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are different, the trend in the kinetics of oxidation by CO2 activation seems to be similar to 

oxidation of diamond and anodic oxidation of BDD. 

Based on the obtained knowledge, the possible CO2-activation mechanisms for 

diamond {111} and {100} plane are proposed in Fig. 3.9. Heat treatment results into the 

hydrogen abstraction from the surface, which leads to carbon atom with a dangling bond 

and sp3-bonds with neighboring carbon atoms forming on diamond surface. These 

dangling bonds provide sites of enhanced reactivity. CO2 is difficult to release O atom 

during heating [30]. CO2 adsorbed at dangling bond resulted into the formation of atop O 

atom, releasing CO molecular. The top O atoms on {111} plane react with CO reversely, 

generating CO2. The distance between atop O atoms on the {100} plane is shorter than that 

on the {111} plane. Thus, the neighbor atop atoms on the {100} collide with each other 

easily, forming C=O groups or releasing a CO2, which leads to the removal of carbon atom 

from {100} plane. 

The macroscopic view of the CO2 activation process of BDD is schematically 

illustrated in Fig. 3.10. CO2 activation at 800 °C leads to mild etching of {100} planes, 

forming numerous nanopits (5 - 10 nm) on the {100} plane. When the activation temper-

ature is raised to 900 °C, progressive etching of {100} plane occurs with widening of the 

pores, resulting in the formation of large square pits (200 - 400 nm) along the crystal 

edges. 
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3.4. Summary 

CO2 activation of boron-doped diamond (BDD) and non-doped diamond was 

conducted. To the best of our knowledge, this is the first study on the CO2 activation of 

boron-doped diamond under atmospheric pressure. The preliminary experiment on 

diamond crystallites also shows that CO2 activation leads to preferential etching of {100} 

and the {111} plane is resistant to activation. For BDD electrodes, preferential etching of 

{100} planes was observed for CO2 activation at 800 °C, forming numerous nanopits (5 - 

10 nm). At this temperature, etching of the {111} surface is minimal. When the activation 

temperature was set to 900 °C, a macroporous BDD surface composed of 200 - 400 nm 

pits was obtained. The study on CO2 activation of non-doped diamond film at 800 °C, 

indicates that the boron is active site for etching. The mechanism was discussed based on 

the microscopy and XPS analysis, which indicates that the {100} has higher structure 

sensitivity than {111} against CO2 activation. Preferential etching behavior of boron-doped 

and non-doped diamond is the opposite of what has been observed in the case of steam 

activation. The obtained results may allow one to fabricate BDD electrodes with different 

exposed surfaces at the same doping level, which is difficult to achieve under typical CVD 

procedures. 
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Fig. 3.1. Typical SEM images of (a) {100} and (b) {111} plane of diamond crystallites 

after CO2 activation at 900 °C for 2 h. 

 
 
 
 
 
 
 
 

 

Fig. 3.2. Typical AFM tapping mode images of (a) {100} and (b) {111} plane of diamond 

crystallites after CO2 activation at 900 °C for 2 h. 
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Fig. 3.3. Typical HR-SEM images of (a) pristine BDD, CO2-activated BDD at (b) 800 °C 

and (c) 900 °C, respectively. (a’), (b’) and (c’) are the respective low-magnification 

images. 
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Fig. 3.4. Enlarged image of CO2-activated BDD at 800 °C. 
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Fig. 3.5. Typical SEM images of non-doped diamond film (a) before and (b) after CO2 

activation at 800 °C for 2 h. 
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Fig. 3.6. Raman spectra of (a) pristine BDD, CO2-activated BDD at (b) 800 °C and (c) 900 

°C, respectively. 
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Fig. 3.7. C1s spectra of (a) pristine BDD and CO2-activated BDD electrodes at (b) 800 °C 

and (c) 900 °C for 2 h.  

 



Chapter 3 

 76 

 

 

Fig. 3.8. Relative abundance of the carbon species based on XPS analysis on BDD surface. 
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Fig. 3.9. Proposed etching mechanism of diamond {111} and {100} plane by CO2 

activation 
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Fig. 3.10. Schematic illustration of the CO2-activation process of polycrystalline BDD. 
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Table 3.1. Selected properties of CO2-activated BDD from Raman spectra. 

BDD electrodes ID/IG 
(a) Idisordered-D/ID (b) Raman shift of peak A / cm−1 

Pristine 1.3 1.00 491 

Activated at 800 °C 1.4 0.95 493 

Activated at 900 °C 1.8 0.45 491 

(a) The peak intensity ratio of the sp3-donded carbon (D-band) to sp2-bonded carbon (G-

band) in diamond. 

(b) The peak intensity ratio of the disordered sp3-bonded carbon to the sp3-bonded 

carbon (D-band). 
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Chapter 4 

Conclusions 



Chapter 4 

 81 

Boron-doped diamond film is a novel electrode material, due to its interesting 

electrochemical properties, such as wide potential window, dimensional stability and low 

double layer capacitance. Nanostructured BDD surface also attracts much attention for 

enhanced electrochemical performance. The etching methods have been explored to 

fabricate BDD electrode with various nanostructures. In this thesis, steam and CO2 

activation were applied to BDD electrodes in an attempt to fabricate porous electrode. The 

preferential etching behavior was observed for both boron doped and non-doped-diamond, 

and the mechanism of preferential etching were discussed. This study provides a simple 

and effective method to control the etching of specific surfaces of sp3 carbon. The obtained 

results are summarized below. 

In chapter 1, the development, electrochemical applications and modification of 

BDD film were introduced in order to clarify the background of this work. 

In chapter 2, steam activation of BDD electrodes with different levels of boron 

doping (800, 2500 and 5000 ppm boron) at 800 °C was conducted, in order to provide 

detailed insight into the steam-activation process, in particular the effect of boron content. 

Obtained findings are as follows: 

The preliminary control experiment on diamond crystallites shows that steam 

activation etches both {111} and {100} plane, although the {111} plane is more easily 

etched than the {100} plane. 

After steam activation at 800 °C, preferential etching of the {111} planes could be 

realized on the surface of steam-activated BDD (800 ppm B). On the other hand, BDD 

with 5000 ppm boron, which is dominated by triangular {111} planes, was heavily etched 

by steam activation forming many nanometer-size pits on the surface. 
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The increase in electrical double layer capacitance was observed after steam 

activation, and the enhancement factor was more pronounced for BDD with higher boron 

concentration. A 17.5 times increase in roughness was obtained by steam-activation of 

BDD with 5000 ppm boron. The higher capacitance (surface area) obtained for BDD with 

higher boron content is attributed to the higher fraction of {111} planes exposed on the 

surface. 

 The study of non-doped diamond film indicates that boron is probably not the active 

site for etching. The etching mechanism was discussed based on obtained results, which 

indicates that preferential {111} etching of BDD surface is due to the higher reactivity of 

{111} compared to {100} planes in the diamond structure. 

Steam activation is an effective method to increase the active surface area of BDD 

electrodes and at the same time, enlarge the potential window by removing graphitic 

impurities.  

In chapter 3, CO2 activation of boron-doped and non-doped diamond was conducted 

for investigating the etching behavior. This is the first study on the CO2 activation of 

boron-doped diamond under atmospheric pressure. The preferential {100} etching of 

boron-doped diamond is the opposite of what has been observed in the case of steam 

activation in chapter 2. Obtained findings are as follows: 

The preliminary control experiment on diamond crystallites shows that CO2 activation 

leads to preferential etching of {100} and the {111} plane is resistant to activation. 

For BDD electrodes, preferential etching of {100} planes was observed for CO2 

activation at 800 °C, forming numerous nanopits (5 - 10 nm). At this temperature, etching 

of the {111} surface is minimal. The progressive etching of the {100} planes at 900 °C 
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forms larger square pits with size of 200-400 nm along the crystal edges, resulting in a 

macro-porous texture. 

The study on CO2 activation of non-doped diamond film at 800 °C, indicates that the 

boron is probably not active site for etching. The mechanism was discussed based on the 

microscopy and XPS analysis, which indicates that the {100} has higher structure 

sensitivity than {111} against CO2 activation. 

The preferential etching by CO2 and steam may allow one to fabricate BDD 

electrodes with different exposed surfaces at the same doping level, which is difficult to 

achieve under typical CVD procedures. 
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