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1.1 Conversion of green-house gas CO2  

1.1.1 Motivation of converting CO2 

As human activities of combustion of fossil fuel and deforestation 

increase, significant upward rise of atmospheric CO2, severe environment 

and energy problems have occurred. According to the data from National 

Oceanic and Atmospheric Administration (NOAA) of U.S., the 

concentration of green-house gas CO2 in April 2020 (412 parts per million 

(ppm) [1]) hit a historical high record (Fig. 1.1). Ozone hole and global 

warming are the most well-known impacts of green-house effect. 

Furthermore, severe nature disaster, like unprecedented size wildfires in 

Australia and desert locust outbreak in Africa in 2019, are related with those 

climate changes as well [2]. The environmental crisis due to greenhouse gas 

emissions is motivating researchers to capture and convert CO2. 

Fig. 1.1 Globally concentration (in ppm) [2].  

 

In nature, CO2 serves as carbon source of photosynthesis of plants and 

other organisms [3]. It is indicated in Eqn. (1) that, CO2 and water are 

converted the into glucose and O2 through plants using the energy from light 

(hν). Furthermore, CO2 conversion was supposed existing even on Mars [4]. 

In this system, galvanic cell provides electronic energy and ferrous ions in 

magnetite serves as catalyst that would facilitate the reduction of CO2. These 
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natural reactions inspired humans to convert CO2 into useful chemicals and 

fuels as a novel strategy for environmental and energy problems [5–8]. 

 

6CO2 + 6H2O + hν → C6H12O6 + 6O2             (1) 

 

1.1.2 Artificial CO2 conversion 

CO2 conversion in industry 

In chemical industry, CO2 was extensively utilized as a viable feedstock 

for producing, e.g. urea, methanol, salicylic acid, formaldehyde [7]. The 

industrial reaction that consumes most CO2 as reagent is Bosch-Meiser 

process, which was first developed in 1922 [9]. This is a standard way of 

producing urea until now, with CO2 and ammonia as reagent under high 

temperature and pressure (eqn. (2) and (3)). On the other hand, CO2 is also 

playing an important role of industrial producing methanol. In the process of 

methanol production, Cu-based ZnO/Al2O3 is used as catalyst and synthesis 

gas (CO, CO2, H2) is the reactant. This process is operated at pressure less 

than 100 bar and temperature around 490-570 K [10] (eqn. (4), (5) and (6)). 

Industrial conversion of CO2 is achieved based on above reactions, but either 

with high pressure, high temperature or exothermal, which are not easy to 

control. 

 

CO2 + 2NH3 → H2NCOONH4                        (2) 

H2NCOONH4 → (NH2)2CO + H2O                    (3) 

CO + H2O→ CO2 + H2                              (4) 

CO2+ 3H2 → CH3OH + H2O                         (5) 

CO+ 2H2 → CH3OH                               (6) 
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CO2 conversion in lab 

(1) Biological process 

CO2 conversions using biological processes in laboratories with mild 

environment were extensively investigated, which is rather different from 

the critical process in chemical industry. Enlightened by natural 

photosynthesis, some organisms like cyanobacteria [11], acetogens [12], E. 

coli [13] are used for CO2 conversion. It takes the advantage of low-cost, 

since many organisms can be cultivated with cheap and ubiquitous gaseous 

carbon feedstocks. Even industrial waste gas, biogas and syngas can be used 

as gaseous carbon feedstock, because they are composed by CO2, CO and 

hydrogen. However, maintaining the activity of organism during/after CO2 

conversion remained as a crucial problem.  

(2) Photocatalysis conversion of CO2 

 Photocatalytic method for CO2 conversion is a hot topic in recent 

decades, since it could utilize light energy as shown in Fig. 1.2(a) [14–18]. 

In certain systems of photocatalysis, light energy can be utilized to allow the 

proceeding of CO2 reduction at applied electric potentials more positive than 

the formal redox potential.  

Semiconductors are by far the most commonly studied photocatalyst, 

since they would take advantage of their photogenerated current/voltage and 

perform good catalytic activity. An ideal semiconductor-based photocatalyst 

should possesses appropriate band structure [17]: (1) medium band gap 

(1.7~3.1 eV) that can utilize the visible light efficiently and (2) appropriate 

location of the conduction band and valence band that deliver adequate redox 

potentials for CO2 reduction. Semiconductor materials (as in Fig. 1.2(b)) 

including metal oxides (TiO2, ZnO, WO3 etc.) [19,20], layered double 

hydroxides [21] and metal chalcogenides (CdS, ZnS etc) [16,22] have been 

employed for CO2 photocatalysis reaction and showed relatively good 

selectivity. 
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Fig. 1.2 Schematic of CO2 photocatalytic reduction on a semiconductor 

photocatalyst (a) Reprinted from ref. [18] Copyright (2017), with permission 

from Elsevier; Conduction band and valence band potentials of some 

commonly used semiconductors, with the potentials of several CO2 and 

water redox couples at pH 0, plotted versus vacuum and normal hydrogen 

electrode (NHE) (b) Reprinted (adapted) with permission from [6] Copyright 

(2015) American Chemical Society. 

 

However, photocatalysis on semiconductors meets difficulties as well. 

On one hand, the band gap of common semiconductors like TiO2, ZnO, WO3 

are approaching 3 eV, which hiders the absorption of large proportion of solar 

spectrum. On the other hand, even with smaller band gap semiconductors 

(less than 1.3 eV), maximum solar conversion efficiency is at the 

Shockley−Queiesser limit around 30% [23]. Therefore, recent development 

aims at improving efficiency of photocatalysis, which combines multiple 

semiconductors [24] or more focuses on nanostructure techniques [25]. 

Although some efforts of optimization have already been made, there are still 

several aspects that has been left unexplored.  
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(3) Electrochemical reduction of CO2 

In contrast to above methods of CO2 conversion, electrochemical 

reduction of CO2 is easy to be controlled under rather mild environment and 

would provide good selectivity of production. Moreover, the electric energy 

used in CO2 conversion could be obtained through renewable energy, like 

solar and wind. Thus, electrochemical reduction process is considered as a 

novel strategy for converting CO2. 

Nevertheless, there are two main difficulties for electrochemical 

reduction CO2 in aqueous electrolyte. The first difficulty is high 

overpotential (−1.85 V vs standard hydrogen electrode (SHE) [6]) for 

activating inert CO2 gas into CO2 anion radical, as showed in Table 1.1 

reaction 1. The second is competition with hydrogen evolution reaction 

(HER, E0’ =−0.141 V vs. SHE (V)) in aqueous solution, as showed in Table 

1.1 reaction 2.  

Table 1.1 Formal Electrochemical Redox Potentials (pH 7) for the 

Reduction of CO2 in Aqueous Media [6] 

No. Reaction E0’ vs. SHE (V) 

1 CO2 + e− → CO2
•− −1.85 

2 2H2O(l) + 2e− ➝ H2(g) + 2OH−
(aq) −0.414 

3 CO2(g) + H2O(l) + 2e− → HCOO−
(aq) + OH−

(aq) −0.665 

4 CO2(g) + H2O(l) + 2e− →CO(g) + 2OH−
(aq) −0.521 

5 CO2(g) + 3H2O(l) + 4e− →HCOH(l) + 4OH−
(aq) −0.485 

6 CO2(g) + 5H2O(l) + 6e− →CH3OH(l) + 6OH−
(aq) −0.399 

7 CO2(g) + 6H2O(l) + 8e− →CH4(g) + 8OH−
(aq) −0.246 
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The mechanism of CO2 reduction reaction (CO2RR) on metal electrodes 

generally contains two steps [26]. The first step is formation of CO2 anion 

radical (CO2
•−) from CO2 (No.1 reaction in Table 1.1). This step needs a 

rather high overpotential as −1.85 V vs. SHE (V). Then the second step is 

converting CO2
•− into products depending on the adsorption status of CO2

•− 

on electrode [26,27]. Generally speaking, the electrodes with no or low CO2
•− 

adsorb ability would produce HCOOH (Pb, Hg, In, Sn, etc. known as Group 

1 in Fig. 1.3), whilst the other electrodes with higher ability of adsorption 

would produce CO or higher carbon products (Au, Ag, Zn, etc. known as 

Group 2; and Cu, etc. known as Group 3 in Fig. 1.3).  

Fig. 1.3 Reaction mechanism of electrochemical reduction of CO2 on metal 

electrodes in aqueous solutions. Reprinted from ref. [26] Copyright (2014), 

with permission from Royal Society of Chemistry. 

 

Nernst Equation 
𝐶O

𝐶R
= exp(

𝑛𝐹(𝐸−𝐸0
′
)

𝑅𝑇
)  describes the relationship 

between the concentrations of oxidized/reduced species (CO and CR) and the 

potential (E). In this equation, E0’ is the formal redox potential (Table 1.1), n 

is the number of electrons used for formation of products by CO2 reduction, 

F is Faraday constant (96485 C mol−1), R is the universal gas constant (8.314 

J K−1 mol−1), and T is the temperature in kelvins. This equation indicates the 
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CO2 reduction could be carried out only when the applied potential is 

significantly more negative than E0’. However, the more negative potential 

is applied, the more HER competition (No.2 reaction in Table 1.1) occurs as 

well.  

For this reason, it is necessary to use appropriate electrode or catalyst 

for achieving good selectivity of CO2 reduction. The selectivity of CO2 

reduction is reflected by faradaic efficiency of specific product [8]. Metals, 

metal oxides and carbon-base materials are widely investigated for CO2 

reduction [5]. Among metal electrodes, Cu-based material is the most 

investigated one [28]. Various products like CO, CH4, C2H4, and alcohols 

could be produced in one cell setup by Cu electrodes [29]. It indicated that, 

CO was obtained at first while further reduction of CO occurred at more 

negative potential would produce hydrocarbons and alcohols. The selectivity 

is dependent on the applied potential and electrolyte species. However, 

unavoidable “deactivation” of electrodes in CO2 reduction has been reported 

[30], because of carbonaceous or organic substances formed during the CO2 

reduction poison the reaction.  

Besides metal and metal oxide electrodes, carbon-based catalyst 

become increasingly attractive material for CO2 reduction. It is so-called 

carbon solve carbon problem [31]: Nitrogen doped Carbon Nano Tubes 

(NCNT) catalyst, could convert CO2 into CO with high selectivity (80%) 

under rather low overpotential (−0.18 V) [32]; Nitrogen-doped nano-

diamond could convert CO2 into formate and acetate with ~90% Faradaic 

efficiency [33]; Boron-doped graphene (B-Graphene) could convert CO2 

into formic acid with efficiency of 66% at −1.4 V [34]; Cu-modified boron-

doped diamond could convert CO2 into multiple C2/C3 compounds at −1 V 

[35]. They are representative of graphene-based, carbon nanotube-based, 

diamond-based catalysts respectively. It is pointed out that, defective site is 

the key factor for electrochemical reduction of CO2 on carbon-based catalyst 

[36–38]. 
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In summary, electrochemical reduction of CO2 has mainly three 

advantages than other CO2 conversion methods. Firstly, comparing to strict 

requirements of electrode in photocatalysis, which should have proper band 

gap to making use of visible light, electrode of electrochemical method is 

relative flexible. Secondly, it has competitive controllability. Such as, high 

selectivity of specific product can be achieved by adjusting potential [35]; 

and easy to control electrode surface termination for better selectivity by 

electrochemical method in the same setting up system [39]. Thirdly, scaleup 

for industrial application is relatively simple. By simply designing series or 

parallel electric circuit, electrochemical reduction with large production can 

be expected. 

 

1.2 Boron doped diamond  

1.2.1 Composition of boron-doped diamond (BDD) 

Diamond is an insulator with wide band gap of 5.5 eV, while replacing 

some carbon atoms by heteroatom (like boron, phosphorus or nitrogen), 

Fermi level would relocated near valence band or conduction band then 

become semi-conductive. BDD is a p-type semi-conductor, in which boron 

atoms act as acceptor and provide energy of acceptor (EA) ~0.4 eV near the 

valence band maxima [40]. Whereas in nitrogen doped and phosphorus 

doped diamond, nitrogen and phosphorus atom act as donor and provide 

energy of donor (ED) at ~1.7 eV and ~0.6 eV below the conduction band 

minimum respectively [41]. As the value of EA is smaller than those of ED, 

the p-type BDD has been more practical used than the other diamond 

materials.  
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Fig. 1.4 Dependence of Fermi level on boron content (a). Reprinted from ref. 

[41], Copyright (1969), with permission from Springer Nature. And 

resistivity changed by increasing boron content (b) Reprinted from ref. [42], 

Copyright (1998), with permission from Elsevier. 

 

The electrical characters of the BDD electrode are relying on several 

factors, including boron doping concentration, the presence or absence of sp2 

carbon impurities, surface termination, facet orientation and grain size [43]. 

In particular, boron content plays an important role. With increasing boron 

content, Fermi level relocated more closer to the valence band (as showed in 

Fig. 1.4(a) [41]), thus the conductivity become higher. Based on the 

resistance value, BDDs are divided into three ranges (in Fig. 1.4(b) [42]). As 

the boron content [B] in the range of 1016-1019 cm−3, BDD shows valence 

band conduction as a typical semi-conductor. When the [B] increased to 1019-

1020 cm-3, BDD displays hopping conduction of semiconductor. While the 

[B] is high enough, over 2-3×1020 cm-3, BDD exhibits metallic conduction 

[44]. Techniques like secondary ion mass spectroscopy (SIMS) [45], glow 

discharge optical emission spectroscopy (GDOES) [46] and Raman spectra 

(half-quantitative) [41] are frequently used to quantify the boron content of 

BDD. 

Sp2 carbon impurity is another key factor of BDD composition. The 

pure diamond is composed of sp3 carbon bond only, while in actually some 

defected sp2 carbon formed during manufacturing. Sp2 carbon is generally 
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considered to be graphite-like structure (as showed in Fig. 1.5(a) [47]). The 

sp2 π bond of graphite structure endows BDD with better conductivity, 

encourages adsorption through π-interactions, and improves electrocatalytic 

activity, so that sp2-contatined-BDD shows good performance in 

applications of disinfections and ozone production [43,46,48]. Whereas 

graphite structure is not the only possible structure of sp2 carbon existence 

in diamond material, amorphous carbon materials contain sp3 carbon and sp2 

carbon at the same time, for example diamond like carbon (DLC) possess a 

significant fraction of sp3 bonds and some sp2 carbon (Fig. 1.5(b) [49]). On 

the country to graphite-like sp2 carbon materials, amorphous carbon 

materials expressed rather low conductivity and catalytic activity [50,51]. 

The analytical methods to identify the fraction of sp2 and sp3 species 

including Raman spectra [52], electron energy loss (EEL) spectroscopy [53] 

and XPS [54], are widely used in the research of carbon-based materials. 

Fig. 1.5 Atomic structure model of sp2 carbon contained nanodiamond (a) 

Reprinted (adapted) with permission from ref. [47] Copyright (2006) 

American Chemical Society. and diamond like carbon (b) [49] 

 

Surface termination of a newly fabricated BDD is usually hydrogen-

terminated and hydrophobic (so-called H-BDD). After exposed into air with 

time, the surface will slowly become oxidized and hydrophilic (so-called O-

BDD) [55]. The electron transfer rate on O-BDD is lower than on H-BDD, 

which is caused by different band position and subsurface band bending [56]. 

For this reason, BDD pretreatment before application is important. Hydrogen 
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plasma treatment [57] and cathodic reduction (CR) by electrochemistry 

method [58] are often used to obtain H-BDD, while oxygen plasma treatment 

[59] and anodic oxidation (AO) by electrochemistry method [57] are used 

for getting O-BDD. 

Other factors related to the electrical characters like single crystalline 

or polycrystalline, surface geometry and so on, are as well reported in 

previous research [41].  

 

1.2.2 Electrochemical properties of BDD 

BDD is a promising carbon electrode material, because it has novel 

electrochemical properties such as wide potential window (showed in Fig. 

1.6 [60]), low background current, physical/chemical inertness, and 

controllable surface termination. In particular, the wide potential window is 

more prominent than other conventional electrodes.  With this wide 

potential window, many applications can be achieved (see section 1.2.3). 

Fig. 1.6 Potential window of BDD and other electrodes. Reprinted from 

ref. [60], Copyright 2010, with permission from Springer Nature. 
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The wide potential window of BDD in aqueous solution is due to the 

hindered water electrolysis, which is caused by a lack of available binding 

sites on the surface to mediate electron transfer [41]. On the other hand, other 

electrode materials such as platinum and glassy carbon, unfilled d orbitals 

and reactive quinone-like groups are present respectively, which enable more 

effective water–electrode interactions. Thus, BDD possess wider potential 

window than these electrodes. 

 

1.2.3 Applications of BDD electrode 

With remarkable electrochemical properties, in particular wide 

potential window, BDD electrode has been utilized in the application of 

electrochemical analysis [61], wastewater treatment [62], organic synthesis 

[63], CO2 reduction [64], and Electrogenerated Chemiluminescence (ECL) 

[65] with excellent performance.  

Electrochemical analysis is the most investigated application of BDD 

electrode. Inorganic (As3+, Pb2+, Cd2+, Hg2+ etc.) and organic (proteins, 

organic acid, organosulfur compound etc.) compounds could be well 

detected with BDD electrode [41,60,66]. Comparing with conventional 

electrodes, BDD refrained interference of water electrolysis at the similar 

potential due to its wide potential window [67], enhanced signal to noise 

ratio (S/N) due to its low background current [61], and low fouling due to its 

low adsorption of contaminants [68]. In consequence, BDD electrodes 

exhibit remarkable performance of high sensitivity, a low detection limit, and 

high stability.  
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1.3 Electrochemical reduction of CO2 on BDD electrode 

So far, the electrochemical reduction of CO2 on metal electrodes or 

commercial carbon-based electrode (glassy carbon) are meeting mainly two 

problems. The first problem is short service life of electrode in ragged 

environment, like corrosion under high galvanic condition or severe acidic 

/basic solutions [69], and catalytic behavior deactivated with impurity in 

electrolyte [70]. The second one is relatively low selectivity of CO2 reduction, 

since HER competing with CO2RR in aqueous solution [71].  

In contrast to conventional electrode, diamond electrode exhibited 

excellent characteristic of corrosion inhibitor in acidic/ basic electrolyte [72] 

and high overpotential [43]. In addition, BDD has a higher overpotential for 

HER than metal or other carbon materials, thus HER is suppressed with the 

wide potential window. It indicated that, the dopant-induced active sites can 

favor CO2RR over HER [37].  

BDD electrode demonstrated satisfactory performance of CO2RR in the 

previous studies [71,73]. Formaldehyde was produced in NaCl aqueous 

solution or seawater as electrolyte [71]. Formic acid was produced in alkaline 

electrolyte [73]. Methanol was produced in amine electrolyte [72]. Carbon 

monoxide was produced in KClO4 electrolyte [74]. Furthermore, higher 

carbon products were produced on metal-modified BDDs [35,75,76]. 

Whereas these studies focused primarily on the effect of electrolytes or of 

the working potential; there has been little investigation of the intrinsic 

characteristics of BDD electrodes.  
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1.4 Outline of this thesis 

This thesis describes the influence of tailored design of BDD electrodes. 

Both electrochemical properties and the application of CO2 reduction 

affected by this design are discussed. The intrinsic character including boron 

doping level and sp2 impurity content are investigated respectively. 

In Chapter 2, the relationship between boron doping level of BDD 

electrodes and the products of CO2 reduction is investigated. BDDs with 

various boron content were manufactured by MPCVD. Structural 

characterization, electrochemical characterization and electrochemical 

reduction of CO2 were conducted. With these investigations, the most proper 

boron doping level (0.1%) for HCOOH production was found and the heavy 

doped BDD was proposed to be benefit for producing CO. The research 

opens new insights for design and control of boron doping level for the 

electrochemical reduction of CO2. 

In Chapter 3, unexpected phenomena displayed by low-boron-doped 

BDD electrodes are disclosed. Generally, the presence of sp2 nondiamond 

carbon impurities in BDD electrodes causes undesirable electrochemical 

properties, such as a reduced potential window and increased background 

current, etc. However, we found that the potential window and redox reaction 

in normally doped (1%) BDD and low-doped (0.1%) BDD exhibited 

opposite tendencies depending on the extent of sp2 carbon. Moreover, we 

found that contrary to the usual expectations, low- doped BDD containing 

sp2 carbon hinders electron transfer, whereas in line with expectations, 

normally doped BDD containing sp2 exhibits enhanced electron transfer. 

Surface analyses by X-ray/ultraviolet photoelectron spectroscopy 

(XPS/UPS) and electrochemical methods are utilized to explain these 

unusual phenomena. This work indicates that the electrochemical properties 

of low-doped BDD containing sp2 are due partially to the high level of 

surface oxygen, the large work function, the low carrier density, and the 

existence of different types of sp2 carbon. 
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In Chapter 4, the effect of sp2 carbon within BDD electrode on the 

electrochemical reduction of CO2 is investigated. With increasing 

sp2 content, the faradaic efficiency for the production of H2 under constant 

current density increases while that for the production of HCOOH decreases. 

Moreover, favorable electrolysis conditions for producing HCOOH shift in 

the negative potential direction with increasing sp2 content. This 

phenomenon is ascribed to the presence of adsorption sites on the sp2 carbon. 

This work provides guidance for selectively controlling of CO2 reduction by 

adjusting the distribution of carbonaceous species in the BDD electrode. 
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2.1 Introduction  

It is known that the electrochemical characters of the BDD electrode 

are dependent on several factors such as boron doping level, surface 

termination, and the presence or absence of sp2 carbon impurities [1]. In 

particular, because the boron content determines the electrical conductivity 

of diamond, it can strongly influence the electrochemical properties [2]. 

However, no systematic studies exploring the effect of boron content on 

electrochemical reduction of CO2 have been made until now. The aim of this 

chapter is to understand the effect of boron doping content of BDD on the 

performance for electrochemically reducing CO2.  

We have reported some results of using BDD as electrode for the 

electrochemical reduction of CO2. These researches focused on the applied 

potentials and the electrolytes (seawater [3], ammonia [4], and alkaline [5]), 

but seemed to be insufficient to investigate the characteristics of BDD itself. 

For investigating the relationship between the boron content and 

electrocatalytic ability for reducing CO2, five BDD samples with different 

boron contents were prepared by controlling the ratio of boron source and 

carbon source. 

 

2.2 Experimental 

Five kinds of polycrystalline BDD thin films were grown on Si(100) 

substrates using microwave plasma-assisted chemical vapor deposition 

(MPCVD, AX6500X, CORNES Technologies corp.) system according to 

our previous paper [1]. The boron source, B(CH3)3, and the carbon source, 

CH4, were supplied into H2 plasma with a series of B/C atomic ratio of 0.01%, 

0.1%, 0.5%, 1%, and 2%. The deposition time was 6 hours. 

BDD electrodes were characterized by a scanning electron microscope 

(SEM), Raman spectroscopy (excited wavelength: 532 nm), and glow 

discharge optical emission spectroscopy (GDOES). The surface morphology 
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was observed by SEM (JCM-6000, JEOL). Raman spectra was recorded in 

ambient air at room temperature with an Acton SP2500 (Princeton 

Instruments). The actual boron content of each BDD was estimated by 

GDOES (GD-Profiler2, Horiba Ltd.) with reference to BDD whose boron 

content was already estimated. 

The electrochemical measurements were conducted in two-

compartment flow cell separated with Nafion membrane (NRE-212, 0.002in 

thickness, Aldrich), as described in our previous research [6] with BDD as 

working electrode, Pt plate as counter electrode, and Ag/AgCl as reference 

electrode. The geometric areas of both BDD and Pt electrode in the contact 

with electrolyte were 9.62 cm2. Prior to every electrochemical measurement, 

two steps of electrochemical pretreatment, with which the surface 

termination of BDD can be consistent, using cyclic voltammetry (CV) in 0.1 

M H2SO4 aqueous solution were conducted. First step was performed from 

−3.5 V to +3.5 V for 10 cycles at a scan rate of 1 V s−1 to remove some 

contaminants from the surface. Second step was performed from 0 V to +3.5 

V for 20 cycles at 1 V s−1 to oxidize the BDD surface. To investigate the 

fundamental electrochemical properties of the BDD electrodes, CV 

measurements were carried out in 1 mM K3[Fe(CN)6] with 1 M KCl aqueous 

solution with a scan rate of 0.1 V s−1. Moreover, potential windows of the 

BDD electrodes were examined by CV measurements in 0.1 M H2SO4 

aqueous solution with a scan rate of 0.1 V s−1. The potential window was 

defined as the range between anodic and cathodic potentials at which the 

current density reached ±250 μA cm−2. 

The electrochemical reduction of CO2 was performed in the following 

procedure. Catholyte and anolyte were 0.5 M KCl and 1 M KOH aqueous 

solutions, respectively. The volumes of catholyte and anolyte were 50 mL 

each. The electrolytes were circulated in the cell by peristaltic pumps with a 

flow rate of 100 mL min−1. Catholyte was bubbled with N2 gas for 30min to 

remove the dissolved oxygen, and then CO2 gas was bubbled for 1 hour to 

saturate CO2. The pH of catholyte was around 6 before electrolysis and 
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around 8 after electrolysis. After N2 and CO2 saturation, linear sweep 

voltammetry (LSV) measurements were carried out in the potential range 

from 0 V to −1.8 V at 0.02 V s−1. All the reduction processes were performed 

with chronopotentiometry method at −2 mA cm−2 for 1 hour. During 

reduction, CO2 was continually bubbled into the catholyte. After the 

electrolysis, N2 gas was bubbled into catholyte for 15 min to collect gaseous 

products into an aluminum bag (CEK 3008-26401, GL Science). The 

products were analyzed by a gas chromatography (GC) and a high-

performance liquid chromatography (HPLC). H2 and CO were quantitated 

by GC (GC-2014, Shimadzu Corp.) with thermal conductivity detector (TCD) 

and flame ionization detector (FID). Formic acid was quantitated by HPLC 

with electroconductivity detector (Prominence, Shimadzu Corp.). The 

faradaic efficiency was estimated by following equation (1): 

 

Faradaic efficiency (%) = nFc/Q × 100                           (1) 

 

where n is the number of electrons used for formation of products by 

CO2 reduction, F is Faraday constant (96,485 C mol−1), c is the amount of 

products (mol), and Q is total charge passed in reduction process. 

 

2.3 Results and discussion 

2.3.1 Structural characterization of BDD electrodes 

The fine polycrystalline structure was observed by SEM (images of all 

BDD electrodes as shown in Fig. 2.1 [7]). For all five BDDs, the average 

grain sizes are in the range of 1 to 10 μm. This is similar as previous reports 

[8,9]. 
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Fig. 2.1 SEM images of BDD electrodes with the boron content of (a) 

0.01%, (b) 0.1%, (c) 0.5%, (d) 1%, and (e) 2% at the same magnification. 

Reproduced from ref. [7], copyright (2018), with permission from Elsevier. 

 

From Raman spectra (Fig. 2.2), the peak derived from the first-order 

diamond phonon at around 1332 cm−1 was observed in all five BDDs [8]. 

The peak position of first-order diamond phonon lines (ωD) in BDDs with 

the boron content of 0.01% and 0.1% (1333 cm−1 and 1335 cm−1, 

respectively) was similar as that in undoped diamond (1332 cm−1). On the 

contrary, with increasing boron content to 0.5%, 1%, and 2%, the ωD values 

were gradually shifted to lower wavenumber (1329 cm−1, 1317 cm−1, and 

1305 cm−1, respectively). The shift to lower wavenumber is caused by the 

tensile stress [10]. In BDD, the boron atoms whose radius is bigger than 

carbon replace carbon atoms of diamond, which can induce an expansion of 

diamond lattice and tensile stress. Also, the shift comes from the Fano effect 

induced by quantum mechanical interference between the discrete phonon 

and electronic continuum [11]. In addition, Raman spectra of BDDs with 

high boron content (0.5%, 1%, and 2%) show large bands at around 460 cm−1 

and 1220 cm−1, which are attributed to the B-B and B-C vibration, 
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respectively, and moreover, these bands are typically observed in highly 

boron-doped diamond [8,11]. On the other hand, there is no peak at around 

1540 cm−1 derived from sp2 carbon in any BDD films.  

 

Fig. 2.2 Raman spectra of BDD films with the boron content of 0.01% 

(black), 0.1% (red), 0.5% (green), 1% (blue), and 2% (light blue). 

Reproduced from ref. [7], copyright (2018), with permission from Elsevier. 

 

From GDOES analysis, we confirmed the actual boron content in BDD 

films could be controlled by adjusting B/C ratio in the feed gases (Table 2.1). 

According to the SEM, Raman spectra, and GDOES results, we confirmed 

that the five kinds of prepared BDD electrodes have different compositions 

in terms of boron doping content. The characteristics of the BDD electrodes 

are summarized in Table 2.1. 

Table 2.1 Properties of BDD electrodes with different boron content. 

B/C in feed gases (%) Actual B/C in BDD films (%) ωD* (cm-1) 

0.01  0.04 1333 

0.1  0.19 1335 

0.5  0.64 1329 

1  1.10 1317 

2  2.36 1305 

*The peak position of the first-order diamond phonon line from Raman spectra. 
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2.3.2 Electrochemical properties of BDD electrodes 

The potential windows of five BDDs were examined by CV 

measurements in 0.1 M H2SO4 aqueous solution with a scan rate of 0.1 V s−1. 

The potential window became narrow with increasing boron content (Fig. 

2.3), which was in accordance with multiple researches [1,12,13]. It is partly 

attributed to the lower fraction of exposed grain boundaries. The other is that 

lower boron doping level leads to decrease in the density of electronic states 

at negative potentials. As mentioned before, the wider the potential window 

is, the more suppressively hydrogen generation occurs. In consequence, low 

boron content would be an advantage for CO2 reduction. 

 

Fig. 2.3 CV curves of BDD electrodes with the boron content of 0.01% 

(black), 0.1% (red), 0.5% (green), 1% (blue), and 2% (light blue) in 0.1 M 

H2SO4 aqueous solution with a scan rate of 0.1 V s−1. Reproduced from ref. 

[7], copyright (2018), with permission from Elsevier. 

 

As shown in Fig. 2.4, CV curves of 1 mM K3[Fe(CN)6] on BDD 

electrodes exhibit improvement of reversibility with increasing boron 

content. The peak-to-peak potential separation (ΔEp) gradually decreased 

from 1.317 V to 0.074 V with increasing boron content from 0.01% to 2%. 
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The smaller ΔEp indicates higher electrochemical reactivity. This can be 

explained through the surface microstructure of small size grains as 

demonstrated by SEM analysis (Fig. 2.1 and Table 2.1) and relatively low 

resistivity of BDD with high boron doping level. The cathodic/anodic peak 

currents increased with increasing boron content, which indicated the growth 

of electrical conductivity. These may be caused by the increase in density of 

electronic states formed within the band gap of doped diamond as the boron 

doping level increases [2,14]. This phenomenon has been largely studied as 

the charge transfer proceeds through a more inner-sphere electron transfer 

pathway [11,12,14]. It indicated BDD electrode with high boron content has 

high electrochemical reactivity. 

 

Fig. 2.4 CV curves of BDD with the boron content of 0.01% (black), 0.1% 

(red), 0.5% (green), 1% (blue), and 2% (light blue) in 1 mM K3[Fe(CN)6] 

aqueous solution containing 1 M KCl with a scan rate of 0.1 V s−1. 

Reproduced from ref. [7], copyright (2018), with permission from Elsevier. 

 



 

33 

2.3.3 Performance of BDD electrodes for the electrochemical 

reduction of CO2 

We investigated the performance of five BDD electrodes for the 

electrochemical reduction of CO2. Fig. 2.5 shows LSV curves of BDD 

electrodes with various boron contents in 0.5 M KCl aqueous solution after 

N2 and CO2 saturation. After N2 saturation (Fig. 2.5a), the cathodic reaction 

is only related to hydrogen evolution. The current density increased with 

increasing boron content, indicating the progress of hydrogen evolution, 

which was in accordance with the narrowing potential window in H2SO4 

aqueous solution (Fig. 2.3). After CO2 saturation as shown in Fig. 2.5b, 

cathodic current caused by not only hydrogen evolution but also CO2 

reduction also increased with increasing boron content. It suggested the 

reduction reaction was easy to happen on BDD electrodes with higher boron 

content. 

 

Fig. 2.5 LSV curves of BDD electrodes with the boron content of 0.01% 

(black), 0.1% (red), 0.5% (green), 1% (blue), and 2% (light blue) in aqueous 

solutions of 0.5 M KCl as catholyte and 1 M KOH as anolyte with a scan 

rate of 0.02 V s−1 after (a) N2 and (b) CO2 saturation. Reproduced from ref. 

[7], copyright (2018), with permission from Elsevier. 
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Electrolysis of CO2 was carried out on BDD electrodes at −2 mA cm−2 

for 1 hour. The reduction potential decreased with increasing boron content 

(Fig. 2.6). This can be ascribed to the decline of resistance by increasing 

boron content. 

 

Fig. 2.6 Chronopotentiograms of BDD electrodes with the boron content of 

0.01% (black), 0.1% (red), 0.5% (green), 1% (blue), and 2% (light blue) in 

aqueous solutions of 0.5 M KCl saturated with CO2 as catholyte and 1 M 

KOH as anolyte with a flow rate of 100 mL min−1 at −2 mA cm−2 for 1 h. 

Reproduced from ref. [7], copyright (2018), with permission from Elsevier. 

 

Fig. 2.7 shows the relationship between the boron content of BDD 

electrode and the faradaic efficiency for reduction products. Formic acid and 

hydrogen were the major products, while CO was the minor product. The 

optimum boron content for formic acid formation was found to be 0.1%. The 

faradaic efficiency for producing formic acid was the maximum (75%) on 

BDD electrode with the boron content of 0.1%, and it decreased with 

increasing boron content. As to the production of CO, the faradaic efficiency 

slightly increased with increasing boron content, although all faradaic 

efficiencies for producing CO on five BDD electrodes were below 7%. 

Meanwhile, the faradaic efficiency for hydrogen evolution was the minimum 

(21%) on the BDD electrode with the boron content of 0.1%, and it increased 
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with increasing boron content. As mentioned before, higher boron content 

leads to progress of hydrogen evolution. Thus, the faradaic efficiency for 

producing formic acid decreased at higher boron content in favor of 

hydrogen evolution. At the boron content of 0.01%, the faradaic efficiencies 

for producing formic acid and CO were the minimum values in all BDD 

electrodes. This is probably because the electrochemical reactivity is quite 

low as described above (Fig. 2.4).  

 

Fig. 2.7 Faradaic efficiencies for producing HCOOH (red), H2 (green), and 

CO (blue) of CO2 reduction on BDD electrodes with various boron contents 

at −2 mA cm−2 for 1 hour. The error bars show the standard deviation 

obtained by repeating experiments 3 times. Reproduced from ref. [7], 

copyright (2018), with permission from Elsevier. 

 

2.3.4 Possible mechanism for CO2 reduction on BDD electrodes 

with various boron contents 

Two compounds as formic acid and CO could be obtained by the 

electrochemical reduction of CO2 using BDD electrodes. The mechanisms 

for the CO2 reduction to formic acid and CO have been widely reported 

[15,16]. Two electrons are involved in each of these reactions, which are 

shown in equation (2) and (3). 
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CO2 + H+ + 2e− ➝ HCOO−       E0 = −0.43 V (vs. NHE)           (2) 

CO2 + 2H+ + 2e− ➝ CO + H2O    E0 = −0.52 V (vs. NHE)            (3) 

 

The previous researches proposed the reaction pathways of two steps 

for the electrochemical reduction of CO2. In the first step, CO2 is reduced 

with one electron to CO2 anion radical (CO2
•−). In the second step, the 

pathways of forming formic acid and CO from CO2
•− are different, as the 

former is non-coordinating while the latter is coordinating on electrodes 

surface [15]. That is, the electrodes, on which CO2
•− can hardly adsorb, 

mainly produce formic acid. On the other hand, the electrodes, on which 

CO2
•− can adsorb, mainly produce CO. According to the mechanisms, high 

faradaic efficiency for producing formic acid could be achieved in this work, 

probably due to the advantage of chemical inertness and low binding ability 

of BDD electrode [6]. 

It is reported that the adsorption of organic materials on BDD electrodes 

significantly increased with increasing boron doping level [9]. In this case, 

high boron content BDD is prejudicial for producing formic acid. In contrast, 

it is preferred for producing CO. In fact, as shown in Fig. 2.7, the faradaic 

efficiency for producing CO (blue column) increased with increasing boron 

content, whereas the faradaic efficiency for producing formic acid (red 

column) decreased in the range of 0.1% to 2%. 

Interestingly, the trend of the faradaic efficiency for producing formic 

acid is coincident with the shift of ωD from Raman spectra. In heavily doped 

BDDs, total internal stress increases with increasing boron concentration 

[8,17]. Moreover, some investigations [10,18] show the electrocatalytic 

activity of BDD electrodes is related to boron content. Considering the above 

investigations, the tensile stress in the films, which lead to Raman shift, may 

be also an important factor for the electrocatalytic activity of the electrodes. 
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2.4 Conclusion 

A series of boron-doped diamond (BDD) electrodes were fabricated by 

microwave plasma-assisted chemical vapor deposition method with the 

boron doping level ranging from 0.01% to 2%. These BDD electrodes were 

used as a working electrode for CO2 reduction. We obtained formic acid as 

main product and CO as side product by the electrochemical reduction of 

CO2 using BDD electrodes. The best performance for producing formic acid 

from CO2 was found on the BDD electrode with the boron content of 0.1%. 

From the structural characterization and the electrochemical measurements 

of BDD electrodes, we could observe a dependence of boron doping level on 

the electrochemical reduction of CO2. With increasing boron content, the 

faradaic efficiency for producing formic acid decreased, whereas the faradaic 

efficiency for hydrogen evolution increased due to narrowing potential 

window of BDD electrode with high boron content. On the other hand, the 

faradaic efficiency for producing CO slightly increased with increasing 

boron content. These trends are probably due to changing the adsorbability 

and tensile stress of BDD electrodes by different boron doping level. This 

research opens new insights for design and control of boron-doped diamond 

for the electrochemical reduction of CO2. 
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Chapter 3 Unusual electrochemical properties of low-doped boron-doped diamond electrodes containing sp2 carbon 

 

Unusual electrochemical properties of 

low-doped boron-doped diamond 

electrodes containing sp2 carbon 

 

 

Reprinted (adapted) with permission from Xu, J.; Yokota, Y.; Wong, R.A.; 

Kim, Y.; Einaga, Y. J. Am. Chem. Soc., 2020, 142, 2310-2316. Copyright 

(2020) American Chemical Society. 



 

41 

3.1 Introduction 

Generally, BDD containing sp2 carbon is considered to be low-quality 

diamond, since, when used as an electrode, it has greater background current 

[1] and more easily corrodes [2] than high-quality (sp3) diamond. It was 

found in previous research that the presence of sp2 carbon species in 

highly/normally doped BDD narrowed the potential window in aqueous 

solutions [3] since this had an effect on the density of states (DOS) in the 

primary BDD [4,5]. That is, the voltammetric background current, potential 

window, molecular adsorption, and electron transfer kinetics are affected by 

the sp2/sp3 ratio [6]. Some groups, especially Macpherson et al., have 

discussed the role of sp2 species in BDD electrodes including electron 

transfer processes [7-9]. However, those discussions were limited to BDD 

with relatively high boron concentrations. Furthermore, fundamental 

discussions about the surface components and the carrier distributions have 

been lacking. 

BDD electrodes containing sp2 outperform other electrodes in some 

specific applications, such as ozone production [1], reduction of 

concentrated hypochlorite in wastewater [10], electrochemical disinfection 

[11], and sensors for dissolved oxygen and for measuring pH [12].  Also, 

highly doped BDD with sp2 is a promising material for capacitors [13,14]. 

For p-type boron-doped diamond electrodes, some electrochemical 

properties were reported [15,16]: the blocking direction of current is 

cathodic; the asymmetrical current–voltage characteristics have indeed 

occasionally been observed in redox electrolytes with light doping level; 

outer-sphere reactions are more reversible than inner-sphere; E0 is more 

positive shifted. A gradual change from semiconducting properties to a 

metallic state is observed as the boron-doping level increases from 1016 to 

1021 cm–3 [17]. A value of 2–3 × 1020 cm–3 is commonly considered as the 

threshold of semiconducting to metallic [17]. 

In a previous report, a high faradaic efficiency was found when using a 

low-boron (0.1%)-doped BDD electrode in the electrochemical reduction of 
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CO2 [18,19]. Moreover, taking advantage of the wider potential window, 

several studies utilizing BDD electrodes with relatively low B/C ratios (1000 

ppm [20] and 2500 ppm [21]) for electrochemical analysis have been 

published. The findings from these studies indicate that not only 

highly/normally doped BDD but also low-doped BDD has its own 

advantages in specific fields. Nevertheless, there have been no reports on the 

influence of the sp2 carbon content in low-doped BDD thus far. 

In this chapter, we present, the effect of the sp2 carbon content on the 

electrochemical properties of low-doped boron-doped diamond (0.1%). 

These properties are compared with those of normally doped BDD (1%). 

Low doping avoids the risks generated in the CVD processes of high-boron-

doped diamond. Both low- (0.1%) and normally (1%) doped BDDs were 

grown with three different sp2 levels in order to study how the 

electrochemical properties change with respect to the sp2 content. Moreover, 

XPS/UPS and Mott–Schottky Plot were used to analyze the surface 

composition and determine the work function and electron carrier density. 

 

3.2 Experimental 

3.2.1 Sample preparation 

Six types of polycrystalline BDD films were deposited on Si(100) 

wafers using a microwave plasma-assisted chemical vapor deposition 

(MPCVD) reactor (AX6500, CORNES Technologies Corp.). The substrates 

were pretreated by scratching with diamond powder (∼1 μm, Kemet Corp.) 

and then washed by ultrasonication in isopropyl alcohol. The boron source, 

B(CH3)3, and the carbon source, CH4, were added to the H2 plasma. By 

controlling the boron-to-carbon (B/C) ratio in the gas mixture, two groups of 

BDD, one with 0.1% boron and one with 1% boron, were prepared using the 

MPCVD process [19]. Each group involves three different levels of 

sp2 (almost no sp2, a middle level of sp2, and a high level of sp2), which were 
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obtained by varying the temperature of the chamber and the flow rate of 

hydrogen [22]. These samples are designated as 0.1% no-sp2, 0.1% mid-sp2, 

0.1% high-sp2, 1% no-sp2, 1% mid-sp2, and 1% high-sp2, respectively. 

 

3.2.2 Characterization 

The actual boron content of each BDD sample was estimated by glow 

discharge optical emission spectroscopy (GDOES, GD-Profiler2, Horiba 

Ltd.) By GDOES analysis, boron emission intensity (IB) to carbon emission 

intensity (IC) ratio of each BDD sample were achieved and shown in Fig. 3.1 

[23]. Comparing to a reference BDD whose boron content had already been 

estimated by secondary ion mass spectroscopy (SIMS) [14,24], the BDD 

samples in this text were estimated and listed in Table 3.1. The GDOES data 

proved that each group (0.1% and 1%) has almost same boron content.  

Fig. 3.1 GDOES profiles of 0.1% BDDs (black, red and green) and 1% 

BDDs (blue, cyan and magenta). Reprinted with permission from ref. [23], 

Copyright (2020) American Chemical Society. 
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Table 3.1 Boron content ([B]) estimated by GDOES 

  B/C ratio (%) [B] (cm -3) 

0.1% no-sp2 0.08 1.39×1020 

0.1% mid-sp2 0.06 1.0×1020 

0.1% high-sp2 0.07 1.21×1020 

1% no-sp2 0.74 1.29×1021 

1% mid-sp2 0.62 1.08×1021 

1% high-sp2 0.67 1.17×1021 

 

Table 3.2 Characteristics of the BDD films. 

 B% = 0.1 % B% = 1% 

 no-sp2 mid-sp2 high-sp2 no-sp2 mid-sp2 high-sp2 

B/C ratio 0.08 0.06 0.07 0.74 0.62 0.67 

grain size (μm) 13.0 10.6 9.5 11.3 8.3 7.3 

IG / IDiamond 0 0.09 0.11 0 0.04 0.15 

 

The surface morphology was observed by SEM (JCM-6000, JEOL). 

Raman spectra were recorded in ambient air at room temperature with an 

Acton SP2500 (Princeton Instruments) under excitation at 532 nm from a 

green laser diode. To compare the relative amounts of sp2 carbon in the 
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different BDD samples, the ratio between the intensities of the G band 

(around 1530 cm–1) and the diamond band (1332 cm–1 for 1% BDDs and 

1329 cm–1 for 0.1% BDDs) was calculated using Igor software [20]. This 

ratio is labeled IG/IDiamond, and the values are given in Table 3.2. Note that 

the IG/IDiamond ratio is a qualitative value, not an actual one. 

 

3.2.3 Electrochemical measurement 

Cyclic voltammetry (CV) was conducted with a potentiostat 

(PGSTAT204, MetrohmAutolab) using a homemade single-compartment 

three-electrode PTFE cell with an Ag/AgCl (saturated KCl) reference 

electrode (fixed salt bridge) and a fixed 1% BDD plate as the counter 

electrode. The electrical contacts for electrochemical measurements were 

made by connecting a copper plate to the BDD surface with silver paste. 

Before each CV measurement, each BDD electrode was electrochemically 

pretreated to clean and anodically oxidize (AO) the surface (10 cycles CV 

scan between potentials of −3.5 and 3.5 V and then 20 cycles CV between 

potentials of 0 and 3.5 V with a scan rate of 1 V s–1 in a 0.1 mol L–

1 H2SO4 aqueous solution). The potential windows of the electrodes were 

examined by CV measurements in 0.1 mol L–1 H2SO4 aqueous solution with 

a scan rate of 0.1 V s–1. The potential window is defined as the range between 

the anodic and cathodic potentials at which the current density is under ±250 

μA cm–2. To investigate the electron transfer performance of the BDD 

electrodes, CV measurements were carried out in 1 mmol L–1 K3[Fe(CN)6], 

1 mmol L–1 [Ru(NH3)6]Cl3, and 1 mmol L–1 Fe(ClO4)3 in 1 mol L–1 KCl 

aqueous solutions at a scan rate of 0.1 V s–1. Mott–Schottky plots were 

measured with a potentiostat (ModuLab XM, Solartron Analytical) at a 

frequency of 5000 Hz in 0.1 mol L–1 H2SO4 solution. 
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3.2.4 Photoelectron spectroscopy measurement 

X-ray/ultraviolet photoelectron spectroscopy (XPS/UPS) (Theta probe, 

Thermo Fisher Scientific) utilizing a monochromatic Al Kα X-ray source 

(1486.6 eV) and He I UV source (21.2 eV) was carried out in a ultrahigh-

vacuum (UHV) chamber with a base pressure of ∼10–7 Pa. The binding 

energies from the XPS measurements are referenced to the Au 4f7/2 peak at 

84.0 eV. The XPS data confirmed that the surfaces of the BDD electrodes 

were free from contamination by the electrolyte (i.e., SO4
2–, not shown in 

present text). The C 1s spectra were deconvoluted into mixed Gaussian–

Lorentzian functions using Thermo Scientific Avantage Software. The 

Shirley background was subtracted from the spectra. Five peaks 

deconvoluted from the C 1s spectra were assigned to the following 

components: 282.8 eV (sp2 C–C), 284.1 eV (C–H bond), 284.75 eV (sp3 C–

C), 285.2 eV (C–O bond), and 286.2 eV (C═O bond). These binding 

energies were fixed for all the analyses. The B 1s spectra were analyzed to 

confirm the boron content on the surfaces. The UPS spectra were referenced 

to the Fermi edge of Au at 0 eV. To resolve the secondary electron cutoff of 

UPS, a bias voltage of −12 V was applied. 

Fig. 3.2 B 1s spectra for a BDD electrodes. Reprinted with permission from 

ref. [23], Copyright (2020) American Chemical Society. 

 



 

47 

3.3 Results and discussion 

3.3.1 Characteristics 

Table 3.2 summarizes the characteristics of all six types of fabricated 

BDD samples. The six samples can be separated into two groups based on 

boron concentration, which are B% = 0.1% and B% = 1%. The actual B/C 

ratio was investigated by GDOES analysis (described in Fig. 3.1). In the 

group of B% = 0.1%, the actual B/C ratio of no-sp2, mid-sp2, and high-

sp2 sample was 0.08%, 0.06%, and 0.07% respectively. On the other hand, 

the B% = 1% samples displayed actual B/C ratio of no-sp2, mid-sp2, and 

high-sp2 as 0.74%, 0.62%, and 0.67%, respectively. Boron narrow scan of 

XPS spectra also played as a qualitative confirmation (Fig. 3.2). 

The qualitative value of IG/IDiamond ratio was estimated by Raman 

spectroscopy. With the IG/IDiamond value, the BDD samples of each boron 

group would be defined as no-sp2, mid-sp2, and high-sp2 BDD. The average 

grain size estimated by SEM will be discussed in the following text. 

A fine polycrystalline structure was observed in the SEM images of all 

six BDD electrodes as shown in Fig. 3.3. In both series, 0.1% (Fig. 3.3a, b, 

c) and 1% (Fig. 3.3d, e, f) BDD, the average grain size reduces with 

increasing sp2 content. Also, there are more boundaries in BDD containing 

sp2. This is consistent with previous reports that found sp2 is predominantly 

in the boundaries [24]. Note that the surface areas indicated by atomic force 

microscopy (AFM) are almost the same whether sp2 is present or absent in 

the BDD [25]. Therefore, the radical changes in the electrochemical 

properties cannot be ascribed to the difference in surface area of the 

electrodes. Additionally, there is a higher proportion of (111) facets on the 

specimens containing sp2 than on the sp2-free diamond. This indicates that 

secondary nucleation increases with sp2 [5]. 



 

48 

Fig. 3.3 SEMs of fabricated BDD samples. (a), (b), and (c) show images of 

0.1% no-sp2, 0.1% mid-sp2, and 0.1% high-sp2 BDD; (d), (e), and (f) show 

1% no-sp2, 1% mid-sp2, and 1% high-sp2 BDD. Reprinted with permission 

from ref. [23], Copyright (2020) American Chemical Society. 

 

In Fig. 3.4, the Raman spectra of all the electrodes show sharp peaks of 

the zone center phonon line (referred to as the “ZCP”) of diamond. The ZCP 

peaks of 0.1% BDDs (Fig. 3.4a) are at 1332 cm–1, whereas for 1% BDDs 

(Fig. 3.4b), they are at 1329 cm–1. This shift is caused by the Fano effect and 

is consistent with previous reports [24,26]. In addition to the ZCP, there are 

two Lorentzian peaks referred to as “L1” and “L2” located around 500 and 

1200 cm–1, which present as weak bands in Fig. 3.4a and strong asymmetric 

peaks in Fig. 3.4b. These were classified as being due to metallic and 

semiconducting materials. The peak around 1530 cm–1 is known as the G 

band, which is due to bond stretching of sp2 atoms in both rings and chains 

[27]. 
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Fig. 3.4 Raman spectra of 0.1% BDDs (a) and 1% BDDs (b). Reprinted 

with permission from ref. [23], Copyright (2020) American Chemical 

Society. 

 

Furthermore, the peak shape and position of the G bands for 0.1% BDD 

are slightly different from those for 1% BDD, as shown in Fig. 3.4. Narrow 

peaks at 1530 cm–1 were found for 1% mid-sp2 and 1% high-sp2 BDD, 

whereas for the 0.1% mid-sp2 and 0.1% high-sp2 samples, broad peaks at 

1515 cm–1 were observed. The broader red-shifted G band of 0.1% BDDs 

indicated the existence of amorphous carbon on 0.1% BDDs [28,29]. Based 

on the peak positions of the G band, it was surmised that different types of 

sp2 carbon might be present in 1% BDDs and 0.1% BDD. It is almost all 

graphite in 1% BDD, whereas it is a mixture of amorphous carbon and 

graphite in 0.1% BDD. 
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3.3.2 Electrochemical Properties 

Potential Window 

Fig. 3.5 shows the potential window (defined as when the current 

response reaches ∼±250 μA cm–2) obtained in 0.1 M H2SO4 aqueous solution 

using the six different electrodes. The potential windows of the 0.1% BDD 

electrodes (larger than 3.76 V) are wider than those of the 1% BDD 

electrodes (smaller than 3.47 V). This indicates that the difference in the 

electrochemical behavior of the BDD electrodes is mainly due to the 

difference in boron concentration [28]. Furthermore, as the sp2 content 

increases from no-sp2 to mid-sp2 and high-sp2, the potential window for the 

1% BDD electrodes tends to narrow, from 3.47 to 3.37 and 3.33 V, 

respectively. This is in accordance with common knowledge since the DOS 

of the primary BDD is affected by the sp2 content [25]. However, the 

opposite tendency was observed for 0.1% BDD, which exhibited widening 

of the potential window from 3.76 to 4.93 and 5.19 V for no-sp2 to mid-

sp2 and high-sp2. The different tendencies between the 1% and 0.1% BDD 

might be due to the different structure of the sp2 carbon present in them. 

Fig. 3.5 Potential window of 0.1% BDDs (a) and 1% BDDs (b)           

in 0.1 mol L–1 H2SO4, scan rate 0.1 V s–1. Reprinted with permission from 

ref. [23], Copyright (2020) American Chemical Society. 
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Redox Reactions 

Cyclic voltammograms of the six films (Fig. 3.6) were recorded for 1 

mmol L–1 [Ru(NH3)6]Cl3 (Fig. 3.6a), 1 mmol L–1 K3[Fe(CN)6] (Fig. 3.6b), 

and 1 mmol L–1 Fe(ClO4)3 (Fig. 3.6c), respectively, in 0.5 mol L–1 KCl 

solutions at a scan rate of 0.1 V s –1. [Ru(NH3)6]
3+/2+ undergoes outer-sphere 

electron transfer, and the electrode kinetics are relatively insensitive to the 

surface chemical properties of diamond; [Fe(CN)6]
3–/4– and Fe3+/2+ proceeded 

through inner-sphere electron transfer (slower than outer-sphere), and the 

electrode kinetics are highly sensitive to the surface termination of 

diamond.(24) A summary of the electrochemical responses, peak potential 

separations (ΔEp), cathodic peak currents (Ic), and expected E0 value against 

reference electrode Ag/AgCl on semiconducting/semimetallic BDD is 

presented in Table 3.3.  

The voltammetric data presented above reveal that the effect of 

increasing the amount of sp2 in semiconducting 0.1% BDD and semimetallic 

1% BDD has opposite tendencies. Namely, for the 1% BDD samples, the 

redox reaction kinetics increase with increasing amount of sp2 carbon species. 

It has been widely reported that sp2 acts as a catalyst for some reactions 

[1] and that the density of states is affected [4,5]. Nevertheless, on 0.1% 

BDDs, the redox reaction is inhibited as the sp2 ratio increases, which is 

contrary to the generally held expectations for highly doped BDD. 

First, the CV curves in the [Ru(NH3)6]Cl3 redox system (Fig. 3.6a) 

exhibited quasi-reversible behavior on 1% BDDs and 0.1% no-sp2 BDD. The 

rate of the redox reaction is relatively insensitive to the surface 

microstructure, surface oxide, and adsorbed monolayers on sp2 carbon 

electrodes [28]. The values of ΔEp and Ic on each curve of the 1% BDD 

electrodes (dashed lines) are similar, being 0.09 V and 160 μA cm–2, 

respectively. This indicates that the surface charge carriers had not been 

impaired [9] and the density of electronic states near the formal potential of 

the redox system remained constant [28]. The electron transfer kinetics were 

extracted from these data (as follows). However, ΔEp increases with 
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increasing sp2 content on 0.1% BDD electrodes (solid lines), from 0.14 V for 

no-sp2 to 0.38 V for the mid-sp2 sample. The CV for the 0.1% BDD high-

sp2 sample was irreversible and lacked an anodic peak, which indicates that 

there might be an insufficient density of electronic states present within the 

bandgap at this potential [28]. The current density with the 0.1% BDD 

electrodes reduces significantly as the amount of sp2 increases, dropping 

from 148 μA cm–2 for no-sp2 to 106 μA cm–2 for mid-sp2 and 26 μA cm–2 for 

high-sp2. This phenomenon is likely due to domains where the charge carrier 

concentration or mobility is lower [30]. 

Fig. 3.6 Cyclic voltammograms performed on 0.1% BDD and 1% BDD 

electrodes at a scan rate of 0.1 V s–1 for 1 mmol L–1 [Ru(NH3)6]Cl3 (a),    

K3[Fe(CN)6] (b), and Fe(ClO4)3 (c), in 0.5 mol L–1 KCl solution. Reprinted 

with permission from ref. [23], Copyright (2020) American Chemical 

Society. 
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Table 3.3 Peak Potential Separation and Cathodic Peak Current of the BDD 

Films in [Ru(NH3)6]Cl3, K3[Fe(CN)6] and Fe(ClO4)3 and Expected E0 Value 

in Three Redox Solutions 

 

B% = 0.1% B% = 1% 

E0 (V vs. 

Ag/AgCl) 
no-sp2 

mid-

sp2 

high-

sp2 
no-sp2 

mid-

sp2 

high-

sp2 

[Ru(NH3)6]Cl3 

ΔEp(V) 0.14 0.38 - 0.09 0.09 0.09 

-0.099 
Ic (μA 

cm-2) 
148 106 26 157 160 164 

K3[Fe(CN)6] 

ΔEp(V) 0.47 0.98 - 0.31 0.21 0.18 

0.159 
Ic (μA 

cm-2) 
156 122 30 171 228 209 

Fe(ClO4)3 

ΔEp(V) 1.37 2.11 - 1.26 1.09 1.07 

0.572 
Ic (μA 

cm-2) 
82 58 - 60 67 69 

 

Second, Fig. 3.6b shows the CV curves in K3[Fe(CN)6] solution with 

the quasi-reversible and irreversible response. This involves more complex 

surface-sensitive electron transfer rates, which are highly sensitive to the 

surface morphology and termination but are relatively insensitive to the 

presence of sp2.(2) On 1% BDD electrodes (dashed lines), ΔEp decreases 

proportionally with increasing sp2 content, from 0.31 V for the no-sp2 sample 

to 0.21 V for the mid-sp2 sample and 0.18 V for the high-sp2 sample, and the 
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current densities are similar at around 200 μA cm–2. This indicates that the 

surface oxide species might be slightly different. In contrast, on 0.1% BDD 

electrodes (solid lines), ΔEp increases with increasing sp2 content, from 0.47 

V for the no-sp2 sample to 0.98 V for the mid-sp2 sample, which 

demonstrates that the oxidized functional groups on the surface are very 

much different. There is no anodic peak with the 0.1% high-sp2 BDD 

electrode, which is similar to the result with the [Ru(NH3)6]
3+/2+ redox system. 

This characteristic can be ascribed to the p-type semiconducting properties 

[15], which are related to the surface states and the distribution of 

electrochemically active sites [30]. The value of Ic on the 0.1% BDD 

electrode reduces from 156 μA cm–2 for the no-sp2 sample to 122 μA cm–2 

for the mid-sp2 sample and 30 μA cm–2 for the high-sp2 sample, which can 

be ascribed to the change in surface termination. 

Third, the irreversible and sluggish kinetics in the CV curves of 

Fe(ClO4)3 are shown in Fig. 3.6c. The electrode kinetics for Fe3+/2+ are 

highly sensitive to the presence of oxides on the sp2 carbon electrodes. The 

electron transfer for this system might be catalyzed by special chemical 

interactions with carbonyl groups [31]. As for the 1% BDD electrodes 

(dashed lines), the ΔEp values drop slightly from 1.26 to 1.09 and 1.07 V 

with increasing sp2 content. The smaller value of ΔEp shows that it has higher 

electrochemical reactivity compared to sp3 BDD [7], and this can be ascribed 

to oxidized sp2 carbon catalyzing electron transfer reactions. The 

corresponding values of Ic increase slightly from 60 to 67 and 69 μA cm–2, 

which is probably due to the impact of sp2 on the electrode reaction kinetics 

of certain redox systems [5]. However, on 0.1% BDDs (solid lines), the value 

of ΔEp increases and that of Ic decreases with increasing sp2 content, from 

1.37 V and 82 μA cm–2 for no-sp2 to 2.11 V and 58 μA cm–2 for the mid-

sp2 sample. Neither an anodic nor cathodic peak appears with the 0.1% high-

sp2 BDD electrode, which might be due to the extremely sluggish kinetics 

caused by the absence of mediating surface carbonyl functionalities [28]. 
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On the other hand, the electron transfer kinetics could be extracted from 

the value of peak separation, which is shown in Table 3.3. According to a 

simplified work [32] of Nicholson method [33], the heterogeneous electron 

transfer rate constant can be estimated by equation (1) and (2). 

 

𝜓 = 𝑘0[𝜋𝐷𝑛𝐹𝜐 𝑅𝑇⁄ ]−
1

2                             (1) 

𝜓 = (−0.6288 + 0.0021𝑋)/(1 − 0.017𝑋)             (2) 

 

In which, D=8.8 × 10-6 cm2 s-1 is diffusion coefficients of [Ru(NH3)6]Cl3 

[33], n=1 is the number of electrons transferred, F is the Faraday constant, 

R is the molar gas constant, and T is the absolute temperature. The 

calculated value of k0= 0.0086 cm s-1 (1% no-sp2) and k0= 0.0025 cm s-1 

(0.1% no-sp2) respectively. The value of 1% BDD is comparable with the 

data showed in Swain’s paper [28], where is 0.01 cm s-1. 

 

3.3.3 Surface Analysis 

To explain the unexpected inactive electrochemical properties on the 

0.1% BDD electrodes with sp2 carbon defects (0.1% mid-sp2 and 0.1% high-

sp2 samples), XPS measurements were performed to check the composition 

of the surface. Fig. 3.7 shows deconvoluted C 1s spectra of the six BDD 

samples. Fitting of the observed spectra was conducted on the basis of the 

fixed conditions described in the Experimental Section. The relative 

abundances of the components are summarized in Table 3.4. 
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Table 3.4 Relative Abundance (%) of the Carbon Components in Each 

BDD Sample 

 1 2 3 4 5 

 
sp2 

C−C 
C−H 

sp3 

C−C 
C−O C=O 

0.1% no-sp2 0.0 3.1 57.9 35.0 4.0 

0.1% mid-sp2 1.6 3.4 13.6 74.4 7.0 

0.1% high-sp2 4.0 1.4 0.8 88.0 5.9 

1% no-sp2 0.0 7.1 36.7 37.5 18.7 

1% mid-sp2 0.4 10.5 43.5 35.2 10.3 

1% high-sp2 0.8 12.2 43.7 33.3 10.0 

Fig. 3.7 Deconvoluted XPS C 1s spectra for 0.1% BDD electrodes (a–c) 

and 1% BDD electrodes (d–f). The components are shown as follows: (1) 

sp2 C–C (282.8 eV, red), (2) C–H (284.1 eV, green), (3) sp3 C–C (284.75 

eV, blue), (4) C–O (285.2 eV, cyan), and (5) C═O (286.2 eV, magenta). 

Reprinted with permission from ref. [23], Copyright (2020) American 

Chemical Society. 



 

57 

From the relative abundances of sp2 C–C bonds and sp3 C–C bonds 

in Table 3.4, the sp2/sp3 ratio can be calculated (Table 3.5), which is 

generally in accordance with the IG/IDiamond results estimated from Raman 

spectroscopy. 

Table 3.5 sp2/sp3 ratio of BDD electrodes measured by XPS. 

 sp2/sp3 

0.1% no-sp2 0.00 

0.1% mid-sp2 0.12 

0.1% high-sp2 5.25 

1% no-sp2 0.00 

1% mid-sp2 0.01 

1% high-sp2 0.02 

The relative abundance of C–O bonds increases with increasing 

amounts of sp2 in the 0.1% BDD electrodes, while it is almost constant for 

the 1% BDD electrodes. The large amount of surface oxygen on the 0.1% 

BDD electrodes containing sp2 is considered to inhibit electron transfer by 

blocking electrochemically active sites [35]. Since inner-sphere electron 

transfer is surface sensitive, the changing electrochemical performance in 

Fe(CN)6
4–/3– and Fe2+/3+, shown in Fig. 3.6b and Fig. 3.6c, can be ascribed to 

the increased abundance of C–O bonds. Moreover, the distribution of 

functional group on the surface significantly influences the value of the work 

function by interfacial dipole alignment [36,37]. UPS spectra (Fig. 3.8 and 

Table 3.6) revealed that the work function Φ increases with the sp2 content 

of the 0.1% BDD electrodes, which is consistent with the increased C–O 

abundance in the XPS results. 
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Fig. 3.8 UPS spectra of 0.1% BDDs (a), 1% BDDs (b). The cutoff position 

of each sample was located at the highest binding energy. Reprinted with 

permission from ref. [23], Copyright (2020) American Chemical Society. 

 

Table 3.6 Band energies of BDDs deduced from UPS measurement 

  B% = 0.1 % B% = 1 % 

 no-sp2 mid-sp2 high-sp2 no-sp2 mid-sp2 high-sp2 

cutoff 15.81 15.16 14.03 15.28 15.39 15.31 

Φ  5.39  6.04  7.17  5.92  5.81  5.89  

 

In Fig. 3.8, binding energy (BE) 0 eV was referred to the simultaneously 

measured Au plate. Work function (Φ) of each BDD shown in Table 3.6 is 

numerically equal to 21.2-BEhighest (cutoff). The work function of Au (not 

shown) based on this definition was estimated to be 5.1 eV, which was in 

good agreement with literature [38].  

On the other hand, electron transfer of outer-sphere redox species is 

insensitive to the surface morphology or termination but strongly influenced 

by carrier density. The sp2 species on the surface probably act as trapping 
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centers which decrease the carrier density of the BDD [9,39], making the 

electron transfer rate rather slow. Mott–Schottky plots (Fig. 3.9 and Table 

3.7) provide evidence of reduced carrier density with increasing amounts of 

sp2 on 0.1% BDD electrodes. The calculation conditions are described as 

following. The CV performance in Ru(NH3)6
3+/2+, shown in Fig. 3.6a, can be 

interpreted on the basis of the decreasing carrier density. 

The Mott–Schottky plot for each BDD electrode (Fig. 3.9) shows a 

negative slope which indicates that the materials are all p-type 

semiconductors [40,41]. The Mott–Schottky relation for a p-type 

semiconducting material is given by: 

 

1

𝐶2
=

2

𝜀𝜀0𝐴
2𝑒𝑁

(𝐸 − 𝐸𝑓𝑏 +
𝑘𝑇

𝑒
)                     (3) 

 

where, C is the depletion layer capacitance, ε is the relative permittivity 

of the medium, ε0 is the free space permittivity, A is the area of the electrode, 

e is the charge of an electron, N is the carrier density, E is the applied 

potential, Efb is the flat band potential, k is the Boltzmann constant and T is 

the absolute temperature. At room temperature, the value of kT/e is 

approximated as zero. The carrier density can be calculated from the slope 

of the Mott-Schottky plot. The value of the flat band potential is estimated 

by extrapolation of the Mott–Schottky plot to the x-axis to find the intercept, 

which are summarized in Table 3.7.  
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Fig. 3.9 Mott-Schottky plots of (a) 0.1% BDD samples and (b) 1% BDD 

samples containing various amounts of sp2. Electrolyte: 0.1 M H2SO4; 

frequency: 5000 Hz. Reprinted with permission from ref. [23], Copyright 

(2020) American Chemical Society. 

 

Table 3.7 Carrier density and flat band potential of BDD samples by Mott-

Schottky plot measurement. 

 0.1% 1% 

  

no-

sp2 

mid-

sp2 

high-

sp2 

no-

sp2 

mid-

sp2 

high-

sp2 

N(cm-3) 
1.45

×1020 

4.55

×1019 

7.61

×1018 

1.95

×1020 

4.79

×1020 

5.16

×1020 

Efb(V) 1.73  2.84  4.06  1.47  1.43  1.36  

 

In contrast to the abundance of C–O bonds, the abundance of sp3 C–C 

bonds decreases dramatically with increasing sp2 content on the 0.1% BDD 

electrodes. The phenomenon of decreasing sp3 C–C bonds is apparent in the 

graphitization process of diamond [42], in which both disordered carbon 

(amorphous carbon) and graphitic phase components are found. It is 
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surmised that the sp3 C–C bonds in the 0.1% high-sp2 sample are partially 

converted to amorphous carbon. 

From the above results we conclude that the large difference in surface 

oxygen is the main reason for the different inner-sphere electron transfer 

rates, which is proven by XPS/UPS analysis, whereas the various carrier 

densities lead to the different electron transfer behavior in the outer-sphere 

pathway, which is supported by the Mott–Schottky plot results. 

 

3.4 Conclusion 

In contrast to the general behavior observed for the effect of sp2 on 

normal BDD, low-boron-doped BDD displayed less active electrochemical 

behavior with increasing sp2 content. Wider potential windows and lower 

electron transfer rates for both inner-sphere and outer-sphere redox reactions 

were found with low-boron-doped BDD containing sp2 than with low-boron-

doped BDD without sp2, which is opposite from the results found with 

normal BDD. The unusual electron transfer properties were well interpreted 

by analysis of the surfaces of the BDD samples by XPS, UPS, and the carrier 

density by Mott–Schottky plots. The distinctive behavior of low-boron-

doped diamond electrodes containing sp2 carbon is induced by multiple 

factors, including the greater abundance of surface oxygen, the increased 

work function, the reduced carrier density, and the existence of amorphous 

carbon. 
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Chapter 4 Effect of sp2 species in a boron-doped diamond electrode on the electrochemical reduction of CO2 

 

Effect of sp2 species in a boron-doped 

diamond electrode on the 

electrochemical reduction of CO2 

 

Reproduced from Xu, J.; Einaga, Y., Electrochem. Comm., 2020, 115, 

106731-106734. with permission from Elsevier. 
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4.1 Introduction 

As described in previous chapter, the presence of sp2 carbon has a direct 

effect on the band structure and the density of state (DOS), and have a strong 

influence on the electrochemical properties [85]. BDDs containing sp2 

carbon are normally considered to be of low quality, since they have a greater 

background current [43] and are easier to corrode [86] than material with no 

sp2 carbon. Nevertheless, sp2-containing BDD has performed very well in a 

number of applications, including the treatment of waste water [87], oxygen 

reduction [88], and the generation of ozone [43]. The products of CO2 

reduction on BDD without sp2 carbon are mainly HCOOH [73]. However, 

CO2 reduction using sp2 carbon electrodes such as glassy carbon (GC), 

graphite, graphene and HOPG have shown a tendency for CO to be the main 

product [89–92]. This difference in the products of CO2RR has been reported 

to be related to the adsorbability of the electrode surface [26].  

In this chapter, we have studied the electrochemical reduction of CO2 

on BDD electrodes with various sp2/sp3 ratios, which were identified by 

Raman spectroscopy [93]. BDD containing 0.1% boron was selected as a 

candidate for further investigation owing to its excellent performance in CO2 

reduction compared to BDD electrodes with other B/C ratios [94]. This study 

should help in elucidating the electrocatalytic properties of the BDD 

electrode towards the CO2RR. 

 

4.2 Experimental 

4.2.1 Preparation of BDD working electrode  

BDDs with different carbon sp2 levels were fabricated by MPCVD 

(AX6500X, CORNES Technologies corp.). By modifying the gas flow rates 

of the boron source B(CH3)3, the carbon source CH4 and the carrier gas H2, 

BDDs with a boron to carbon ratio (B/C) of 0.1% and a variety of sp2/sp3 

ratios were deposited on silicon wafers as described elsewhere [93]. 
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Commercial GC electrodes (Tokai Corp.) were used for comparison, and 

were smoothed by grinding before use.  

The surface morphology was observed by SEM (JCM-6000, JEOL). 

Raman spectra were recorded with an excitation wavelength of 532 nm in 

ambient air at room temperature with an Acton SP2500 (Princeton 

Instruments). The sp2/sp3 ratios (IG / IDiamond) estimated from the Raman data 

are listed in Table 4.1. The samples were defined as no-sp2, mid-sp2 and high-

sp2 (details of this assignment are given in [93]). The actual boron content of 

each BDD was estimated by Glow Discharge Optical Emission Spectroscopy 

(GDOES) (GD-Profiler2, Horiba Ltd.) with reference to a BDD sample 

whose boron content had already been estimated by SIMS [43]. 

Table 4.1 B/C ratio and IG / IDiamond values of BDDs used in Fig. 4.4 

B/C ratio (%) 
IG / IDiamond 

no-sp2 mid-sp2 high-sp2 

0.03 0 0.02 0.03 

0.07 0 0.09 0.11 

0.15 0 0.05 0.1 

0.70 0 0.04 0.15 

2.20 0 0.08 0.09 

 

4.2.2 Electrochemical reduction of CO2  

The electrochemical measurements were conducted in a two-

compartment flow cell separated with a Nafion membrane (NRE-212, 0.002 

in thickness, Aldrich), as described in our previous research [73,94]. The 

fabricated BDD, Pt plate and Ag/AgCl (in saturated KCl) were used as the 

working electrode, counter electrode and reference electrode, respectively. 

The geometric areas of both the BDD and Pt electrode in contact with the 

electrolyte were 9.62 cm2. Prior to every electrochemical measurement, two 

steps of electrochemical pretreatment using cyclic voltammetry (CV) in 0.1 
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M H2SO4 aqueous solution were conducted to ensure that the surface 

termination was consistent. The first step was performed from −3.5 V to +3.5 

V (vs. Ag/AgCl) for 10 cycles at a scan rate of 1 V s−1. The second step was 

performed from 0 V to +3.5 V (vs. Ag/AgCl) for 20 cycles at 1 V s−1. 

Fundamental electrochemical properties such as the potential window and 

the CV performed in redox electrolytes were as shown in other reports [93]. 

The electrochemical reduction of CO2 was performed using the 

following procedure. The catholyte and anolyte were aqueous solutions of 

0.5 M KCl and 1 M KOH, respectively. Both catholyte and anolyte were 50 

mL solutions and were circulated separately in the cell with a flow rate of 

100 mL min−1 by means of separate pumps. The catholyte was purged with 

N2 gas for 30 min at 200 sccm to remove any dissolved oxygen and then 

bubbled with CO2 gas for 1 hour at 500 sccm to saturate it with CO2. After 

N2 and CO2 saturation, linear sweep voltammetry (LSV) measurements were 

carried out in the potential range from 0 V to −4 V (vs. Ag/AgCl) at 0.02 V 

s−1. The chronopotentiometry reductions were performed under a constant 

current density of −2 mA cm−2 for 1 hour. The chronoamperometry 

reductions were at −2.2 V, −2.5 V, −2.7 V, −2.9 V and −3.4 V (vs. Ag/AgCl) 

for 1 hour. During the reduction, CO2 was continually bubbled into the 

catholyte at a slow flow rate. After the electrolysis, N2 gas was bubbled into 

the catholyte for 15 min at 50 sccm and the gaseous products collected in an 

aluminum bag (CEK 3008-26401, GL Science). The products were analyzed 

by gas chromatography and high-performance liquid chromatography 

(HPLC). The quantity of H2 and the CO content were measured by gas 

chromatography (GC-2014, Shimadzu Corp.) with a thermal conductivity 

detector and flame ionization detector. The formic acid concentration was 

quantified by HPLC with an electroconductivity detector (Prominence, 

Shimadzu Corp.). The Faradaic efficiency was estimated from the yield of 

each product, as described elsewhere [73]. 
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4.3 Results and discussion 

4.3.1 Characterization of the BDDs 

Basic characterization results for the samples, such as the actual B/C 

ratio, IG / IDiamond and the average grain size have been reported in a previous 

study [93]. It is important to emphasise that the actual B/C ratios of the three 

BDDs studied (0.08%, 0.06% and 0.07%) are roughly equal to each other, 

and therefore any drastic change in electrochemical reduction could not be 

due to a difference in the boron content of the electrodes. The IG / IDiamond 

ratios (0, 0.09 and 0.11) were obtained by Raman analysis. Each sample 

revealed a clear first-order diamond peak at 1332 cm−1. A broad band around 

1550 cm−1 was found in the spectra of mid-sp2 and high-sp2 BDD, which 

confirms the presence of sp2 sites (amorphous carbon and graphitic carbon). 

By contrast, the no-sp2 BDD showed a negligible level of sp2 defects. 

Furthermore, using SEM, the average grain size of the BDDs (13.0, 10.6 and 

9.5 µm) was found to decrease with increasing sp2 content. Additionally, 

there are more boundaries on sp2-containing BDD [53,95] and a greater 

proportion of (111) facets than in the sp2-free diamonds. This indicates that 

secondary nucleation is extended by enhancing the sp2 character [85].  

 

4.3.2 CO2 reduction on sp2-containing BDD 

LSV before and after CO2 bubbling  

The electrocatalytic activity of the BDDs was examined in CO2-

saturated 0.5 M KCl solutions. The LSV curves before and after CO2 

bubbling are shown in Fig. 4.1, in which the potential was swept between −1 

V and −3.5 V (vs. Ag/AgCl) at a rate of at 0.02 V s−1.  
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Fig. 4.1 Electrochemical performance of different electrodes by mean of an 

LSV scan with a scan rate of 0.02 V s−1 in 0.5 M KCl aqueous electrolyte 

before and after CO2 saturation. Reproduced from ref. [16], copyright 

(2020), with permission from Elsevier. 

 

Comparing the LSVs with increasing sp2 content after CO2 bubbling in 

Fig. 4.1 (solid lines), two clear changes in the voltammograms are noticeable. 

There is an obvious negative shift of the onset potential from −2.3 V to −2.6 

V and −3.4 V (vs. Ag/AgCl) with increasing sp2 content. On the other hand, 

a sizeable decrease in the anodic current at −3.5 V was observed from 

approximately 45 mA cm−2 to 7 mA cm−2 and 1 mA cm−2 in samples with 

increasing sp2 content. The measured current was composed of two parts: a 

partial current from HER and partial current from CO2RR. One possible 

reason for the negative shift in the potential and decreased current is the 

diminished carrier density caused by the increasing sp2/sp3 ratio [93], which 

also inhibits the CO2RR activity.  
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Reduction with constant current density  

Fig. 4.2 shows the products of CO2 reduction and the corresponding 

reduction potentials on various BDD electrodes and also on a GC electrode. 

The results were obtained at constant current density of −2 mA cm−2 for 1 

hour. It can be seen that the tendency towards HCOOH production decreases 

with increasing sp2 content, while the tendency towards H2 production 

increased. The results show the reduction potential shifting to more negative 

values with increasing sp2 content. The reduction potential decreased from 

−2.5 V to −3.1 V and −3.6 V (vs. Ag/AgCl) for no-sp2, mid-sp2 and high-sp2 

electrodes, respectively, which to some extent agrees with the LSV results in 

Fig. 4.1.  

 

Fig. 4.2 Faradaic efficiency of CO2RR on different electrodes and the 

corresponding potential, under a constant current density of −2 mA cm−2 

for a 1 h reduction. Reproduced from ref. [16], copyright (2020), with 

permission from Elsevier. 

 

As indicated by previous studies, HCOOH is the main product of the 

electrochemical reduction of CO2 by BDD electrodes with a low sp2 content 

[73,94]. This is also shown by the data for no-sp2 BDD in Fig. 4.2, for which 
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the Faradaic efficiency was as high as 84% for HCOOH. The performance 

of mid-sp2 BDDs, at 36% efficiency for producing HCOOH, was not as high 

as for the no-sp2 BDD electrode. Rather like GC electrodes, which contain 

sp2 over the entire surface and have 18% efficiency for HCOOH, high-sp2 

BDD had a 16% HCOOH efficiency. However, H2 evolution increased with 

increasing sp2 content, with efficiency values of 11% for no-sp2 BDD, 51% 

for mid-sp2 BDD, 68% for high-sp2 BDD and 71% for GC, respectively. 

These results suggest that the amount of sp2 carbon present has a significant 

influence on the selectivity of the CO2RR [96]. 

 

Potential dependence  

Fig. 4.3 shows the dependence of the Faradaic efficiency on the 

electrode potential from −4 V to −2.2 V (vs. Ag/AgCl) for each electrode. 

With increasing sp2 content, the optimized potential for maximum 

production of HCOOH moves to a more negative potential. Furthermore, the 

maximum Faradaic efficiency value for producing HCOOH decreases. As 

can be seen in Fig. 4.3(a), the highest Faradaic efficiencies for HCOOH for 

no-sp2, mid-sp2 and high-sp2 electrodes were obtained at constant potentials 

of −2.5 V, −2.9 V and −3.4 V (vs. Ag/AgCl), respectively. These values are 

in accordance with the onset potentials measured by the LSV curves in Fig. 

4.1. The Faradaic efficiencies were correspondingly reduced to 78%, 62% 

and 12%, respectively.  

The minimum Faradaic efficiency for H2 also revealed a negative 

potential shift. The no-sp2 BDD sample produced the least H2 at −2.5 V (vs. 

Ag/AgCl), and the high-sp2 and mid-sp2 were at −2.7 V and −2.9 V (vs. 

Ag/AgCl), respectively.  

The Faradaic efficiency for production of CO on all electrodes was 

lower than 10%. However, the high-sp2 BDD produced more CO than the 

other BDDs in the potential range from −3.4 V to −2.5 V (vs. Ag/AgCl). The 

highest Faradaic efficiency of high-sp2 BDD is 7% at a potential of −2.9 V 
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(vs. Ag/AgCl). The results indicate that a CO2RR producing CO is easier to 

obtain on BDDs containing sp2 species than on BDDs with no sp2 carbon. 

 

Fig. 4.3 Faradaic efficiency of generating (a) HCOOH, (b) H2 and (c) CO 

on different electrodes under a constant potential from −3.4 V to −2.2 V 

(vs. Ag/AgCl) respectively. Reproduced from ref. [16], copyright (2020), 

with permission from Elsevier. 
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4.3.3 Propsed mechanism 

The presence of sp2 carbon clearly affects the rate of reduction of CO2 

under constant current, which is a competition between CO2RR and HER. 

For BDD electrodes in the absence of sp2 carbon, HCOOH is the major 

product, whilst H2 is a minor product. Our results indicate that CO2RR 

performs much better than HER on a sp3 surface. This phenomenon is 

ascribed to the wide potential window of BDD, allowing the HER to be 

minimized and CO2RR to become the main reaction [73]. The yield of H2 is 

changed a great deal on varying the applied potential, which indicates that 

the HER on this electrode is sensitive to potential. By contrast, the BDD 

electrodes containing sp2 species produced more H2 than HCOOH. This 

distribution of products is probably affected by the adsorption sites present 

on sp2 carbon [97].  

The products of CO2RR are a mixture of HCOOH and CO. On BDD 

electrodes without sp2 species, HCOOH was the main outcome and CO is a 

minor product. On the other hand, BDD electrodes containing sp2 produce a 

smaller amount of HCOOH and a relatively higher amount of CO. It is 

suggested that the sp2 surface has a higher adsorption of CO2
•− and that this 

affects the products of the CO2RR [26]. It has previously been suggested that 

CO is generated on adsorbing electrode surfaces whilst HCOOH is produced 

on surfaces that do not show adsorption [9, 31]. 

The sp2 effect on the CO2RR is found not only on the 0.1% BDDs, but 

also on other samples with different boron contents. Fig. 4.4 shows the 

Faradaic efficiency for the production of HCOOH on BDD electrodes with 

various sp2 content and with different B/C ratios (as listed in Table 4.1). For 

each boron doping level, HCOOH production efficiency declined with 

increasing sp2 content.  
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Fig. 4.4 Faradaic efficiency of HCOOH on electrodes with different boron 

doping/sp2 content and the corresponding potentials under a constant 

current density of −2 mA cm−2 for a 1 h reduction. Reproduced from ref. 

[16], copyright (2020), with permission from Elsevier. 

 

4.4 Conclusion 

We have studied the influence of sp2 carbon in BDD electrodes on the 

CO2RR. BDDs with different sp2/sp3 ratios were produced by MPCVD and 

used as electrodes for the electrochemical reduction of CO2. The products 

were found to demonstrate certain trends with increasing sp2 content. We 

observed that there is a sharp decline in the production of HCOOH with 

increasing sp2 content. On the other hand, the yield of H2 was significantly 

raised. The results for BDD electrodes with high sp2 content were similar to 

those of a well-known sp2 electrode (GC). Moreover, our results revealed a 

negative shift in the onset potential for the reduction and a lower maximum 

yield of HCOOH with increasing sp2 content. It is suggested that the surface 

of sp2-containing BDDs could adsorb CO2
•− more easily than those without 

sp2 species, although further investigation is required. It is noteworthy that 

the selectivity of CO2 reduction could be controlled by adjusting the 

distribution of carbonaceous species within the BDD electrode. 
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Summary and Future Perspective 

 

 

 



 

83 

5.1 Summary 

This thesis represented tailored design of BDD electrode for 

electrochemical reduction of CO2, which also described the influence of 

intrinsic character of BDD electrode on electrochemical properties. The 

intrinsic parameters of BDD, especially boron doping level and sp2 impurity 

content, are optimized for better selectivity in electrochemical reduction of 

CO2. 

In Chapter 2, the relationship between boron content of BDD electrodes 

and the products of CO2 reduction was presented. BDDs with various boron 

content (0.01%, 0.1%, 0.5%, 1%, 2%) were manufactured by MPCVD. 

Structural characterization, electrochemical characterization and 

electrochemical reduction of CO2 were conducted. According to the above 

processes, we came up with the conclusion, that products of CO2 reduction 

(HCOOH and CO) are affected by boron content. This research is important 

for design and control the electrode of electrochemical reduction of CO2. 

Furthermore, it provides a relatively new way of improving selectivity of 

CO2 reduction. 

In Chapter 3, unusual sp2-related electrochemical properties of low 

boron-doped BDD were reported. They are in total contrast to those found 

with heavy or normally doped BDD, in which narrower potential windows 

and increased redox reactions are found with increasing amounts sp2. The 

potential window of low-doped BDD with high sp2 levels is as wide as 5.19 

V in 0.1 M H2SO4 aq. solution, which is much larger than the 3~4 V for 

normally doped BDD reported in previous publications. The 

voltammograms for the redox reaction using this electrode are irreversible 

and without an anodic peak due to the slow kinetics. The unusual electron 

transfer properties were interpreted by analyzing the surface of the BDD 

samples by XPS, UPS and Mott-Schottky plots. The results of these analyses 

indicate that the distinctive behavior of low boron-doped diamond electrodes 

containing sp2 carbon is induced by multiple factors, including the greater 

abundance of surface oxygen, the increased work function, the reduced 
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carrier density and the existence of amorphous carbon. Furthermore, this 

work provides a guideline for screening BDD electrodes for specific 

electrochemical applications. 

In Chapter 4, the effect of sp2
 carbon within a BDD electrode on the 

electrochemical reduction of CO2 has been investigated for the first time. As 

a result, with increasing sp2 content, the faradaic efficiency for the 

production of H2 were increased but that of HCOOH was reduced. Moreover, 

the favorable electrolysis conditions for producing HCOOH shifted towards 

the negative potential direction with increasing sp2
 content. This 

phenomenon was ascribed to the adsorption sites on the sp2 carbon. This 

study will help elucidating the electrocatalytic properties of BDD electrode 

in the CO2 reduction reaction. 

 

5.2 Future perspective 

It can be concluded that, BDD electrode is a promising ideal electrode 

material for electrochemical reduction of CO2, which showed relatively good 

selectivity of HCOOH and CO under specified conditions. Nevertheless, it 

is still some problems existing. 

 

5.2.1 For industrial application  

For fulfilling the purpose of industrial application, large surface BDD 

films with high quality should be manufactured. At present, BDDs made by 

MPCVD is limited, due to size of plasma-generate chamber. Even though 

homogenous BDD surface is obtained ascribed to homogenous plasma, it is 

a deficiency for practical using of BDD in industry. To overcome it, other 

fabrication method like Hot-Filament CVD (HFCVD) process has been 

investigated to achieve large size BDD electrode for industrial application. 

With increasing filament, HFCVD could fabricate BDD with larger size. 
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Whereas durability of HFCVD-BDD is still not satisfied and the 

performance of CO2 reduction is not stable. This is may be caused by the 

inhomogeneous surface which is affected by aging of tungsten filament in 

HFCVD. Therefore, further study of manufacturing and surface investigation 

of HFCVD-BDD is necessary in the future.  

The other strategy for fulfilling industrial application is setting-up 

proper mass transfer system for large yield of production. So far, gas 

diffusion cell or flow cell has been used to improve mass transfer and achieve 

better production. Therefore, some effort on improving mass transfer should 

be made in the future. 

 

5.2.2 Mechanism elucidation 

More clearly understanding the mechanism of CO2 reduction on BDD 

helps realizing tailor design more precisely. 

Even though many experimental studies of CO2 reduction (including 

production quantification and in-situ Infrared Spectra) indicated the 

conversion mechanism on BDD, theoretical study is still inadequate. Density 

functional theory (DFT) modelling process would be a convictive method 

for theoretical explanation of CO2 reduction mechanism on BDD electrode. 

Nevertheless, the investigation of intrinsic construction of BDD 

electrode on CO2 reduction is to some extent insufficient. Beside boron 

doping level and sp2 carbon impurity, the intrinsic construction research of 

BDD electrode would also including facet distribution, electrochemical 

active surface area, multiple heteroatoms doping and so on. Since the 

durability of BDD is based on the diamond structure, intrinsic construction 

changing may influence the service life, which should be noticed in the 

future study.  
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5.2.3 Other application of specific BDD 

Excepting for the application of CO2 reduction, BDD electrode 

introduced in Chapter 3 should be further investigated. The high sp2 

contained low-doped BDD may be used in the application of biological 

compound detection by taking advantage of its wide potential window and 

high surface oxygen.   
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