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Resumo 
 
 
 

 

O tratamento eficiente da água contaminada por poluentes orgânicos 
persistentes (POPs) é uma questão de grande relevância ambiental e de saúde 
pública. Esses poluentes, conhecidos pela sua persistência e efeitos 
prejudiciais, exigem soluções inovadoras. Nesta tese, explorou-se a aplicação 
de elétrodos de diamante dopado com boro (BDD) em processos de oxidação 
eletroquímica avançada (EAOPs) como uma abordagem promissora para a 
remoção de POPs da água. 
O trabalho teve início com uma revisão crítica da literatura, foi sendo atualizada 
ao longo do tempo, destacando os métodos EAOPs disponíveis e a sua 
superioridade quando utilizados em conjunto com elétrodos BDD, bem como a 
comparação com outros materiais de elétrodo. Também foi realizada uma 
análise comparativa entre elétrodos BDD de fabricação em laboratório e 
comerciais, destacando as diferenças e vantagens de cada abordagem. Além 
disso, conduziu-se uma avaliação abrangente de todos os parâmetros que 
influenciam as propriedades finais e desempenho dos filmes BDD, bem como 
métodos para avaliar o desempenho final dos elétrodos. Essa análise crítica 
estabeleceu a base para o desenvolvimento subsequente da tese. 
Posteriormente, a pesquisa concentrou-se no desenvolvimento de um substrato 
inovador, composto por cerâmicos de Si3N4-TiN, que proporcionam durabilidade 
e robustez aos elétrodos BDD e são eletricamente condutores. Essa escolha de 
substrato visou garantir alto desempenho na remoção de poluentes e viabilidade 
de aplicação em larga escala. Além disso, explorou-se a otimização das 
condições de deposição dos filmes BDD por meio da aplicação do método 
Taguchi. Este estudo teve como objetivo aprimorar a qualidade dos filmes BDD 
e compreender os efeitos dos diferentes parâmetros de deposição nas 
propriedades finais dos filmes. 
Após a otimização dos filmes BDD, procedeu-se à demonstração da eficácia dos 
elétrodos BDD/Si3N4-TiN na remoção de poluentes, tendo sido apresentada uma 
prova de conceito, focada na degradação do fenol, um dos POPs mais comuns 
na água. Essa fase experimental validou a abordagem inovadora. 
Adicionalmente, investigou-se a modificação química das superfícies dos 
elétrodos BDD/Si3N4-TiN por meio de tratamentos de plasma, com o objetivo de 
melhorar o desempenho eletroquímico no tratamento de água contaminada. 
Por fim, exploraram-se estratégias para melhorar a eficiência dos processos de 
oxidação eletroquímica com elétrodos BDD, apresentando um método inovador 
que consiste num processo cíclico de eletrooxidação com obstrução/reativação 
rápida, reduzindo significativamente o tempo e o consumo energético 
associados a processos de oxidação eletroquímica, um dos aspetos mais 
desafiantes na implementação destes métodos à escala industrial. 
Em suma, este estudo destaca a importância de abordar os POPs e sua 
presença generalizada na água, sublinhando a necessidade de métodos de 
tratamento eficazes que cumpram os requisitos ambientais cada vez mais 
exigentes. Os EAOPs, particularmente em conjunto com os elétrodos BDD, 
emergem como uma solução promissora e eficiente para enfrentar esse desafio 
ambiental crucial, oferecendo benefícios como a degradação completa de 
poluentes sem a geração de produtos tóxicos, economia de energia e viabilidade 
de aplicação em larga escala. 
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abstract 

 
The efficient treatment of water contaminated with persistent organic pollutants 
(POPs) is a matter of significant environmental and public health concern. These 
pollutants, known for their persistence and harmful effects, demand innovative 
solutions. In this thesis, the application of boron-doped diamond electrodes 
(BDD) in advanced electrochemical oxidation processes (EAOPs) was explored 
as a promising approach for removing POPs from water. 
The research began with a critical literature review, highlighting the available 
EAOPs methods and their superiority when used in conjunction with BDD 
electrodes compared to other electrode materials. A comparative analysis 
between laboratory made and commercial BDD electrodes was also conducted, 
emphasizing the differences and advantages of each approach. Additionally, a 
comprehensive evaluation of all parameters influencing the final properties and 
performance of BDD films was carried out, along with methods to assess the 
overall electrode performance. This critical analysis laid the foundation for the 
subsequent development of the thesis. 
Subsequently, the research focused on the development of an innovative 
substrate composed of Si3N4-TiN ceramics, providing durability and robustness 
to BDD electrodes. This substrate choice aimed to ensure high-performance 
pollutant removal and scalability. 
Furthermore, the optimization of BDD film deposition conditions was explored 
through the application of the Taguchi method. This study aimed to enhance the 
quality of BDD films and understand the effects of deposition parameters on the 
final film properties. 
To demonstrate the effectiveness of BDD/Si3N4-TiN electrodes in pollutant 
removal, a proof of concept was presented, focusing on the degradation of 
phenol, one of the most common POPs in water. This experimental phase 
validated the innovative approach. 
Additionally, the modification of BDD/Si3N4-TiN electrode surfaces through 
plasma treatments was investigated to improve their electrochemical 
performance in treating contaminated water. 
Finally, strategies to improve the efficiency of electrochemical oxidation 
processes with BDD electrodes were explored, presenting an innovative method 
involving a cyclic fouling and rapid reactivation process, significantly reducing the 
time and energy consumption associated with electrochemical oxidation 
processes. 
This study underscores the importance of addressing POPs and their 
widespread presence in water, emphasizing the need for effective treatment 
methods that meet increasingly stringent environmental requirements. EAOPs, 
particularly in conjunction with BDD electrodes, emerge as a promising and 
efficient solution to tackle this crucial environmental challenge, offering benefits 
such as complete pollutant degradation without the generation of toxic 
byproducts, energy savings, and scalability. 

 
  





i 

Contents 

 

LIST OF ABBREVIATIONS, ACRONYMS AND SYMBOLS ............................................ V 

PREFACE ........................................................................................................................ 1 

Introduction ................................................................................................................ 3 

Objectives .................................................................................................................. 6 

Thesis Structure ......................................................................................................... 7 

References ................................................................................................................. 9 

CHAPTER I .....................................................................................................................15 

I.1. ELECTROCHEMICAL ADVANCED OXIDATION PROCESSES USING DIAMOND 

TECHNOLOGY: A CRITICAL REVIEW .................................................................................17 

I.1.1. Introduction ...................................................................................................18 

I.1.2. Electrochemical Advanced Oxidation Processes Using Diamond Technology: 

A Bibliometric Analysis ..............................................................................................21 

I.1.3. Doped Diamond Technology Add-Ons .........................................................32 

I.1.3.1. Indirect Electrolysis ................................................................................33 

I.1.3.2. Photoelectrocatalysis .............................................................................36 

I.1.4. EAOPs Synergism with Doped Diamond Technology ...................................39 

I.1.4.1. Electro-Fenton .......................................................................................39 

I.1.4.2. Photo-Enhanced Electro-Fenton Processes ...........................................45 

I.1.5. Final Considerations and Future Prospects ..................................................54 

I.1.6. References ...................................................................................................57 

I.2. IN-HOUSE VS. COMMERCIAL BORON-DOPED DIAMOND ELECTRODES FOR 

ELECTROCHEMICAL DEGRADATION OF WATER POLLUTANTS: A CRITICAL REVIEW ..............77 

I.2.1. Introduction ...................................................................................................79 

I.2.2. Electrochemical degradation of contaminants with BDD electrodes: a 

bibliometric analysis ..................................................................................................80 

I.2.3. Utilization of laboratory produced and commercial BDD electrodes ..............85 

I.2.4. BDD electrodes from different sources .........................................................88 

I.2.4.1. Substrate material and preparation ........................................................89 

I.2.4.2. The chemical vapor deposition process .................................................92 

I.2.5. Characterization of boron-doped diamond coatings ......................................98 



ii 

I.2.5.1. Presence of non-diamond carbon ..........................................................99 

I.2.5.2. Surface morphology and roughness ..................................................... 100 

I.2.5.3. Boron doping level ............................................................................... 101 

I.2.5.4. Surface termination .............................................................................. 103 

I.2.5.5. Electrochemical characterization .......................................................... 104 

I.2.5.6. Electrode service life ............................................................................ 106 

I.2.6. Design of pollutant degradation experiments .............................................. 106 

I.2.6.1. Electrochemical advanced oxidation process ....................................... 107 

I.2.6.2. Cell design ........................................................................................... 108 

I.2.6.3. Operating conditions ............................................................................ 108 

I.2.6.4. Performance indicators for pollutant degradation ................................. 110 

I.2.7. Case studies and comparisons according to the literature .......................... 113 

I.2.8. Critical perspectives and future outlook ...................................................... 116 

I.2.9. References ................................................................................................. 118 

I.2.10. Supplementary Information ......................................................................... 135 

References ........................................................................................................... 142 

CHAPTER II .................................................................................................................. 147 

II.1. ELECTROCONDUCTIVE SILICON NITRIDE-TITANIUM NITRIDE CERAMIC SUBSTRATES 

FOR CVD DIAMOND ELECTRODE DEPOSITION ................................................................ 149 

II.1.1. Introduction ................................................................................................. 150 

II.1.2. Materials and Methods ............................................................................... 153 

II.1.3. Results and discussion ............................................................................... 155 

II.1.4. Conclusion .................................................................................................. 168 

II.1.5. References ................................................................................................. 169 

II.2. CUSTOMIZED BORON-DOPED DIAMOND ELECTRODES FOR EFFICIENT WATER 

TREATMENT VIA HFCVD PARAMETER OPTIMIZATION ...................................................... 177 

II.2.1. Introduction ................................................................................................. 178 

II.2.2. Materials and methods ............................................................................... 180 

II.2.3. Results and discussion ............................................................................... 183 

II.2.3.1. Taguchi method optimization................................................................ 183 

II.2.3.2. Validation of the optimized HFCVD deposition conditions .................... 195 

II.2.4. Conclusions ................................................................................................ 200 

II.2.5. References ................................................................................................. 202 

II.2.6. Supplementary Information ......................................................................... 207 

II.2.6.1. Taguchi experiment supplementary information ................................... 207 



iii 

II.2.6.2. Previously studied Taguchi matrix ........................................................ 207 

CHAPTER III ................................................................................................................. 213 

III.1. LONG-LASTING BDD/SI3N4-TIN ELECTRODES FOR SUSTAINABLE WATER 

REMEDIATION ............................................................................................................... 215 

III.1.1. Introduction ................................................................................................. 216 

III.1.2. Experimental Section .................................................................................. 218 

III.1.2.1. Fabrication and characterization of Si3N4-TiN ceramics ................. 218 

III.1.2.2. BDD/Si3N4-TiN electrode deposition ................................................ 219 

III.1.2.3. BDD/Si3N4-TiN electrode characterization ....................................... 221 

III.1.2.4. Anodic oxidation of phenol with BDD/Si3N4-TiN electrodes ........... 222 

III.1.3. Results and Discussion .............................................................................. 224 

III.1.3.1. Si3N4-TiN ceramics ............................................................................ 224 

III.1.3.2. BDD/Si3N4-TiN characterization ........................................................ 227 

III.1.3.3. The service life of BDD/Si3N4-TiN electrodes .................................. 231 

III.1.3.4. Electrochemical reactivity of BDD/Si3N4-TiN electrodes ................. 236 

III.1.3.5. Phenol electrooxidation with BDD/Si3N4-TiN electrodes ................ 238 

III.1.3.6. BDD/Si3N4-TiN electrodes compared with the literature ................. 241 

III.1.4. Conclusions ................................................................................................ 243 

III.1.5. References ................................................................................................. 244 

III.1.6. Supplementary Information ......................................................................... 253 

References ........................................................................................................... 258 

III.2. SURFACE CHARACTERIZATION AND ELECTROOXIDATION EFFICIENCY OF BORON-

DOPED DIAMOND ELECTRODES MODIFIED BY PLASMA TREATMENT: IMPLICATIONS FOR 

WATER TREATMENT ..................................................................................................... 261 

III.2.1. Introduction ................................................................................................. 263 

III.2.2. Materials and Methods ............................................................................... 264 

III.2.2.1. BDD Electrode Preparation .................................................................. 264 

III.2.2.2. Surface Modification and Characterization ........................................... 265 

III.2.2.3. Electrochemical Characterization ......................................................... 265 

III.2.2.4. Electrooxidation Tests .......................................................................... 266 

III.2.3. Results and Discussion .............................................................................. 267 

III.2.3.1. Diamond Quality................................................................................... 267 

III.2.3.2. Resistivity ............................................................................................. 268 

III.2.3.3. Contact Angle and Surface Tension ..................................................... 269 

III.2.3.4. Electrochemical Potential Window ....................................................... 272 



iv 

III.2.3.5. Kinetics Towards Redox Couples ......................................................... 274 

III.2.3.6. Electrochemical Impedance Spectroscopy ........................................... 280 

III.2.3.7. Mott-Schottky Plots .............................................................................. 281 

III.2.3.8. Electrooxidation Tests .......................................................................... 285 

III.2.4. Conclusions ................................................................................................ 290 

III.2.5. References ................................................................................................. 291 

CHAPTER IV ................................................................................................................. 299 

IV.1. SAVING ENERGY IN ELECTROCHEMICAL WATER TREATMENT USING BDD 

ELECTRODES THROUGH FORCED FOULING-REACTIVATION CYCLES: OPTIMIZING FREQUENCY 

AND DUTY CYCLE ......................................................................................................... 301 

IV.1.1. Introduction ................................................................................................. 302 

IV.1.2. Materials and Methods ............................................................................... 304 

IV.1.3. Results and Discussion .............................................................................. 306 

IV.1.4. Conclusion .................................................................................................. 318 

IV.1.5. References ................................................................................................. 319 

CHAPTER V .................................................................................................................. 321 

V.1. CONCLUSIONS .................................................................................................... 323 

V.2. RECOMMENDATIONS FOR FUTURE WORK .............................................................. 326 

V.3. THESIS OUTPUTS AND DISSEMINATION .................................................................. 328 

V.3.1. Publications included as thesis sections ..................................................... 328 

V.3.2. Oral presentations ...................................................................................... 328 

V.3.3. Poster presentations ................................................................................... 329 

 

 



v 

List of Abbreviations, Acronyms and Symbols 
ACE Average current efficiency 

AFM Atomic force microscopy 

AO Anodic oxidation 

AO-H2O2 Anodic oxidation with electrogenerated H2O2 

AOPs Advanced oxidation processes 

BDD Boron-doped diamond  

CB Carbon black  

Cdiamond Purity of chemically vapor deposited diamond  

Cdl Double-layer capacitance  

COD Chemical oxygen demand  

CPE Constant phase element  

CTE Coefficient of thermal expansion 

CV Cyclic voltammetry 

CVD Chemical vapor deposition  

DC Direct current 

DLC Diamond-like carbon  

DoE Design of experiments  

DSAs Dimensionally stable anodes 

E Elastic modulus (in Chapter II, Section 1)  

EAOPs Electrochemical advanced oxidation processes  

EC Energy consumption  

EDM Electrical discharge machining  

EDS Energy dispersive spectroscopy  

EDX Energy dispersive X-ray analysis 

EELS Electron energy-loss spectroscopy 

EF Electro-Fenton 

EFB Flat-band potential 

EIS Electrochemical impedance spectroscopy  

EO electrochemical oxidation  

EPW Electrochemical potential window 

FOM Figure-of-merit (in Chapter II, Section 2)  

FWHM Full width at half maximum 

G Shear modulus (in Chapter II, Section 1)  



vi 

GDE Gas diffusion electrodes  

GDOES Glow discharge optical emission spectroscopy 

H Hardness (in Chapter II, Section 1)  

HER Hydrogen evolution reaction 

HFCVD Hot-filament chemical vapor deposition 

HPLC High-performance liquid chromatography 

HTHP High pressure-high temperature  

ICE Instantaneous current efficiency 

Idiam or Idiamond Integral intensity of the diamond band 

IG Integral intensity of the G band 

ip Peak current  

ISO International Organization for Standardization 

Jappl Applied current density 

Jcut-off Arbitrary current density cut-off  

Jlimit Limiting current density 

k0 Standard rate constant 

kapp Apparent rate constant 

KIC Fracture toughness  

LSV Linear sweep voltammetry  

MCD Microcrystalline diamond 

MCE Mineralization current efficiency 

MOx Metallic oxides  

MPCVD Microwave plasma chemical vapor deposition 

NA Dopant density 

NCD Nanocrystalline diamond 

NDC Non-diamond carbon 

NDP Neutron depth profile 

OEP Oxygen evolution potential  

OER Oxygen evolution reaction 

OPT Optimized sample 

PAHs Polycyclic aromatic hydrocarbons  

PCBs Polychlorinated biphenyls 

PEF Photoelectro-Fenton  

POPs Persistent organic pollutants 

PTFE Polytetrafluoroethylene 



vii 

Q’ Average charge required for pollutant degradation 

Qt  Average charge 

R2 Electron transfer resistance (in Chapter II, Section 2)  

Rct Electron transfer resistance 

RF Radio frequency 

RFCVD Radio frequency plasma chemical vapor deposition 

RVC Reticulated vitreous carbon  

SCE Saturated calomel electrode  

SDG Sustainable development goals  

SEF Sonoelectro-Fenton 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SIMS Secondary ion mass spectrometry 

SLR Systematic literature review  

SNTN Silicon nitride-titanium nitride 

SPEF Solar photoelectro-Fenton 

t1/2 Half-life  

TOC Total organic carbon 

TPA Trans-polyacetylene 

UNCD Ultra-nanocrystalline diamond 

UV Ultraviolet 

V/A Volume-to-area ratio  

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction  

ZCPE Constant phase element impedance 

[B] Boron concentration  

∆ϑ Diamond peak shift 

β Raman quality fraction (in Chapter I, Section 2)  

ηc Combustion efficiency  

θ Contact Angle 

σ Disk technique bending strength (in Chapter II, Section 1) 

σr Residual stress 

Ψ Kinetic parameter 

 



 

 



 

 

 
 
 
 
 
 
 
 
 

Preface 

Thesis Motivation and Structure 

The aim of this introduction is to provide the reader with a clear understanding of the 
motivation behind this thesis, its main objectives, and a brief overview of its structure. 
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Introduction 

Persistent organic pollutants (POPs) are a group of harmful chemicals that pose significant 

risks to both human health and the environment on a global scale (1). These substances 

are characterized by their remarkable ability to persist in the environment for extended 

periods, often accumulating and spreading through the food chain, affecting various species 

along the way (2). The sources of these POPs are diverse and encompass various 

industries and practices (3). 

One of the primary sources of POPs is petroleum refinery wastewaters, known for their high 

chemical oxygen demand (COD) and a complex mixture of hazardous compounds, 

including aromatic organic compounds such as polyaromatic hydrocarbons and phenols, as 

well as various inorganic substances like magnesium, calcium, sulfur, chlorine, and sulfate 

ions (4-6). Additionally, wastewaters from medical and hazardous waste incineration, as 

regulated by the Stockholm Convention on Persistent Organic Pollutants, contribute to the 

presence of POPs in our environment (1, 7). Pulp and paper manufacturing, pesticide use 

(such as DDT, chlordane, aldrin, dieldrin, heptachlor, endrin, mirex, and toxaphene), 

industrial chemicals like polychlorinated biphenyls (PCBs) and hexachlorobenzene, and 

unintentional byproducts of industrial processes, notably dioxins, polycyclic aromatic 

hydrocarbons (PAHs), and furans, are all significant sources of these pollutants (8, 9). 

POPs are widespread, existing in our food, soil, air, and water, with both wildlife and humans 

carrying levels of POPs in their bodies that often approach or exceed harmful thresholds (2, 

3). These compounds pose severe threats to the environment and the health of animals 

and humans (2). In humans, exposure to POPs has been associated with a range of health 

issues, including reproductive and developmental problems, behavioral and neurological 

disorders, endocrine disruption, cardiovascular diseases, various types of cancer, diabetes, 

birth defects, as well as compromised immune and reproductive systems, leading to 

adverse health effects (2). For instance, phenols, which are highly soluble in water, can 

undergo chlorination or methylation, forming even more harmful chlorophenols and cresols, 

which may exhibit carcinogenic, teratogenic, or mutagenic properties (5, 10). 

Removing contaminants from wastewater poses both economic and environmental 

challenges crucial for achieving sustainable development. Wastewaters exhibit complex 

compositions, demanding proper treatment to meet the standard limits set by environmental 

agencies before their discharge into aquatic ecosystems (11). With growing societal and 

political concerns about the environment, environmental regulations are becoming 

increasingly stringent. There is a concerted effort to reduce the impact of water pollution 

and ensure safe wastewater disposal. 
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Traditional treatment methods for industrial wastewater involve two stages. The first stage 

employs physicochemical and mechanical processes responsible for oil-water separation 

and coagulation, reducing suspended matter like oil and grease (12). The second stage 

focuses on advanced treatment, aiming to lower contaminant levels to specific acceptable 

discharge limits (5). Among the various advanced treatment techniques, biological 

treatment and bioremediation are the most commonly applied methods at an industrial scale 

(13). 

However, biological systems face limitations due to the variability of wastewater 

compositions, which can include non-biodegradable components (14). These techniques 

also present issues such as residual sludge production, pollutant phase transfer, toxic gas 

generation, large land requirements, and the inability to destroy refractory compounds (15). 

Hence, there is an urgent need to develop an economical and efficient method that can 

remove pollutants from wastewaters, especially persistent organic pollutants (POPs), 

without the drawbacks associated with biological treatment systems. 

Numerous techniques have been proposed as potential solutions, including enhanced 

photo-degradation (16), chemical coagulation (17, 18), membrane bioreactors (19), ceramic 

membrane filtration (20), electron-beam (21), ozonation (22), and electrochemical 

advanced oxidation processes (EAOPs), such as anodic oxidation, electro-Fenton, 

photoelectro-Fenton, solar photoelectro-Fenton, and sonoelectrochemistry (23, 24). Among 

these, EAOPs stand out as the most promising and innovative alternative technologies (15, 

25, 26). These electrochemical methods gained significant attention due to their ability to 

chemically oxidize a wide range of organic substances, resulting in complete mineralization 

to CO2 and H2O (5, 27). Moreover, electrochemical treatments are cost-effective, facilitate 

rapid degradation of organic pollutants without generating new toxic species, require 

minimal or no chemical reagents, and offer several advantages, including environmental 

compatibility, selectivity, versatility, energy efficiency, safety, and suitability for automation 

(27, 28). 

Within the realm of EAOPs, the choice of electrode materials is critical for achieving efficient 

wastewater treatment. Materials such as lead dioxide (PbO2), tin dioxide (SnO2), sub-

stoichiometric TiO2, and boron-doped diamond (BDD) have demonstrated high potential 

(23). Notably, BDD stands out as the most promising material, boasting a high overpotential 

for water decomposition, the broadest known electrochemical window, exceptional 

efficiency in hydroxyl radical production (29, 30), and robust electrochemical stability and 

corrosion resistance, even in harsh chemical environments with minimal adsorption (31). 

Consequently, BDD electrodes have found applications in treating various substances, 
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including organic pollutants (32), dyes (33), pharmaceuticals (34), synthetic wastewater 

(35), industrial wastewater (36-38), swimming pool water (28), landfills leachates (39, 40), 

among others. 

While BDD films have been effectively deposited over extensive areas, including those as 

large as 0.5 m² (41), and both laboratory and pilot tests on wastewater have shown 

promising outcomes (38, 39, 42, 43), the considerable challenge for their large-scale use 

still revolves around the absence of appropriate substrates. Though BDD electrodes have 

been deposited on substrate materials such as Si, Ti, Nb, Ta, and W (44-46), these 

substrates have limitations such as low conductivity, low mechanical strength, or high cost, 

making them unsuitable for large-scale use. Ideally, the substrate material should exhibit 

low resistivity, high mechanical strength, inert electrochemical activity, favorable 

relationship between cost and durability, and compatibility with diamond growth (47, 48). 

To address these challenges and develop BDD electrodes suitable for large-scale 

wastewater treatment, this thesis proposes a novel substrate material: electroconductive 

Si3N4-TiN ceramics. Si3N4 is a refractory ceramic material known for its compatibility with 

CVD diamond growth, exceptional resistance to wear and corrosion, and resistance to 

harsh chemicals (49, 50). It also exhibits crucial mechanical properties, including high 

hardness, excellent fracture toughness, and a high elasticity modulus (50). When TiN 

particles are incorporated into a Si3N4 matrix, the ceramic's electrical resistivity decreases, 

rendering Si3N4-TiN electroconductive (51). The degree of conductivity depends on the 

quantity of TiN particles added. These attributes collectively position BDD/Si3N4-TiN as a 

promising electrode for large-scale wastewater treatment through EAOPs. 

Addressing water contamination caused by persistent organic pollutants presents a 

multifaceted challenge requiring innovative solutions. The development of efficient 

treatment methods, such as EAOPs employing BDD/Si3N4-TiN electrodes, holds significant 

promise in addressing this widespread environmental issue. 
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Objectives 

The main goal of this thesis is to develop BDD surfaces with high electrochemical activity 

that may be scaled for use as industrial-scale electrodes in treating persistent organic 

pollutants found in wastewater, through electrochemical advanced oxidation processes. 

Simultaneously, an innovative approach is proposed for producing these electrodes, by 

depositing BDD films over electroconductive Si3N4-TiN ceramic substrates. The specific 

objectives associated are outlined as follows: 

• Investigate the impact of deposition parameters on the final properties of BDD 

surfaces produced using the Hot Filament Chemical Vapor Deposition (HFCVD) 

technique. 

• Develop electrically conductive Si3N4-TiN ceramic substrates with excellent 

electrical conductivity and robust mechanical properties. 

• Examine how Si3N4-TiN substrates influence HFCVD BDD growth and resulting 

properties. 

• Validate BDD coatings for the oxidation process of highly toxic pollutants present in 

wastewater. 

• Establish a correlation between the electrochemical performance of a given 

electrode and specific BDD film characteristics, such as the sp3/sp2 ratio, crystallite 

size, grain morphology, surface roughness, and surface chemistry. 

• Utilize the combined strengths of BDD and Si3N4-TiN substrates to apply BDD/Si3N4-

TiN electrodes in chemically aggressive environments. 

• Develop electrodes with longer lifespans compared to traditional ones, taking 

advantage of the chemical inertness of diamond surfaces. 

• Develop strategies to minimize energy consumption and enhance the efficiency of 

EAOPs with BDD electrodes. 
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Thesis Structure 

This thesis consists of five chapters, organized in a way to provide readers with a 

comprehensive understanding of key concepts in the fields covered in this work. 

The fundamentals and state of the art, as well as new experimental results are presented 

in the form of four papers published in peer-reviewed journals, two papers currently in the 

revisions stage for publication in peer-reviewed journals, and one manuscript ready for 

submission at the time of writing. 

Chapter I offers an extensive overview of EAOPs and BDD electrodes for water treatment 

and is based entirely on two published papers. It reviews the literature on EAOPs employing 

BDD electrodes. Additionally, it compares in-house-made and commercially available BDD 

electrodes. In Section I.1, published in the journal Environments (52), we delve into EAOPs 

with BDD electrodes, emphasizing the superior performance of BDD electrodes compared 

to alternative materials. We also discuss techniques for enhancing anodic oxidation using 

BDD technology, including persulfate radicals, ozone, photoelectrocatalysis, and Fenton-

based reactions. Section I.2, published in the journal Frontiers In Materials (53), presents a 

systematic review of both in-house-made and commercially available BDD electrodes. It 

analyzes the growth, trends, and factors influencing BDD electrode performance, 

accompanied by case studies on phenol-containing solutions and landfill leachate 

treatment.  

The work in Chapter II, based in two papers, introduces a novel substrate material for BDD 

electrodes and optimizes BDD film deposition conditions. The goal is to ensure the durability 

and robustness of the BDD/substrate assembly while maintaining efficient pollutant 

removal. This chapter is divided into two sections. Section II.1 contains the work discussed 

in a paper published in Ceramics International (54), detailing the development of 

electroconductive ceramic substrates based on Si3N4-TiN powder composites. Section II.2 

is a paper published in Diamond and Related Materials (55), which optimizes the conditions 

for BDD film deposition using the Taguchi method in an HFCVD reactor. 

The discussion presented in Chapter III describes the performance of BDD electrodes 

deposited on electroconductive Si3N4-TiN substrates for the application targeted in this 

thesis (proof of concept). In Section III.1, a paper submitted to Next Sustainability discusses 

the characterization and testing of BDD/Si3N4-TiN electrodes for oxidizing phenol, a highly 

prevalent persistent organic pollutant in contaminated water. Additionally, Section III.2 

provides a manuscript, pending publication, exploring the use of radiofrequency plasma 

treatments to functionalize BDD/Si3N4-TiN surfaces and enhance their electrochemical 

performance. 
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In Chapter IV we describe a strategy to improve the efficiency of electrochemical oxidation 

processes with BDD electrodes, focusing on reducing time and energy consumption. This 

approach is presented in a paper submitted to Separation and Purification Technology, 

involving a cyclic fouling and rapid reactivation process applied to a BDD/Si3N4-TiN 

electrode using a square wave pattern. The aim is to accelerate the conversion of phenol 

into more readily biodegradable compounds, addressing the pressing need for effective and 

eco-friendly water treatment methods, especially for water contaminated by persistent 

organic pollutants. 

Chapter V summarizes the key findings of the thesis, delving into their significance, impact, 

and potential for future research. It also outlines how the thesis outcomes were shared with 

the scientific community. 
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Chapter I 

Fundamentals and State of the 

Art 

This chapter offers an overview of the various subjects pertinent to this thesis. This 

encompasses fundamental concepts, as well as a review of research directions explored 

within the existing literature. 

Section I.1 presents a critical review article published in the journal Environments (1), 

which delves into Electrochemical Advanced Oxidation Processes (EAOPs) utilizing BDD 

electrodes. The study investigates how anodic oxidation with BDD technology can 

synergize with other oxidation methods. Importantly, this work underscores the superior 

performance of BDD electrodes in EAOPs compared to alternative electrode materials. 

The discussion in this research covers diverse techniques aimed at enhancing the anodic 

oxidation performance of BDD technology, such as persulfate radicals, ozone, 

photoelectrocatalysis, and Fenton-based reactions. 

 

Section I.2 presents a critical review article published in the journal Frontiers In Materials 

(2) that conducts a systematic literature review to compare in-house-made and 

commercially available BDD electrodes. The review examines the dissemination, growth, 

and trends in using BDD electrodes for degrading water pollutants. It also provides a 

thorough analysis of factors influencing BDD electrode performance, including substrate 

material selection and pre-treatment, chemical vapor deposition method, deposition 

parameters, film properties, characterization methods, and operational conditions. This 

work discusses various performance indicators from the literature and includes two case 

studies: one on the degradation of phenol-containing solutions and another on landfill 

leachate treatment, utilizing either commercial or in-house-made BDD electrodes. 

1. Brosler P, Girão AV, Silva RF, Tedim J, Oliveira FJ. Electrochemical Advanced Oxidation Processes Using 

Diamond Technology: A Critical Review. Environments. 2023;10(2). 

2. Brosler P, Girão AV, Silva RF, Tedim J, Oliveira FJ. In-house vs. commercial boron-doped diamond 

electrodes for electrochemical degradation of water pollutants: A critical review. Front Mater. 2023;10. 
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Abstract 

Re-evaluation of conventional wastewater treatment processes is of paramount importance 

to improve the overall quality of our aquatic environment. Electrochemical Advanced 

Oxidation Processes (EAOPs) are the most promising alternative methods with application 

in wastewater treatment facilities since in situ electrogenerated oxidant agents degrade and 

mineralize a wide range of water pollutants. Boron-doped diamond (BDD) technology has 

proven its excellency in the anodic oxidation (AO) of different pollutants. In this work, we 

describe the use of a systematic literature review (SLR) methodology and a bibliometric 

analysis tool for the assessment of a representative sample of work (hundreds of 

publications) concerning the synergism between AO using BDD technology and other 

oxidation methods. One section of the discussion relates to different techniques used to 

enhance the AO performance of BDD technology, namely persulfate radicals or ozone and 

photoelectrocatalysis, whereas the second one considers Fenton-based reactions. A 

standard synergism effect occurs between AO using BDD technology and the add-ons or 

the Fenton-based methods, resulting in the enhancement of the degradation and 

mineralization efficiencies. The future of EAOPs using BDD technology must include 

renewable energy sources to self-sustain the overall process, and further research on the 

subject is mandatory to enable the effective acceptance and application of such processes 

in wastewater remediation facilities. 
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I.1.1. Introduction 

The water crisis has triggered the urgent need to develop economical and efficient methods 

to remove contaminants without the common drawbacks associated with the widely applied 

conventional bioremediation techniques (1), such as residual sludge production, phase 

transfer of pollutants, generation of toxic gases, and demand for large territorial areas (2). 

Although these methods remove many of the dissolved organic carbons, they are 

insufficient due to the presence of persistent organic pollutants (POPs) in wastewaters, 

threatening the environment and human health (3,4). Significant attempts are being 

developed to reduce the impact caused by water pollution and to ensure safe wastewater 

disposal onto the environment. Numerous alternative methods have been proposed as 

more efficient and sustainable water treatment methods. They include enhanced 

photocatalytic degradation (5), chemical coagulation (6), electrocoagulation (7), membrane 

bioreactor (8), membrane filtration (9), electron beam (10), wet air oxidation (11), 

electroreduction (12), adsorption (13), electroadsorption (14), electrochemical 

hydrodechlorination (15), electrokinetic separation (16), ozonation (17), and the so-called 

Electrochemical Advanced Oxidation Processes, EAOPs (Figure I.1.1) (18). 

 

 

Figure I.1.1. Diagram illustrating the main chemical reactions in EAOPs. 
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The advances in electrochemical technology led to the development of EAOPs (19,20) and 

are considered the most promising and innovative alternative water treatment technologies 

(2,21,22). The basis of EAOPs is the electrochemical generation of highly reactive oxidizing 

species, such as hydroxyl radicals, capable of mineralizing the target pollutants (23,24). 

These techniques aim to mineralize contaminants to CO2 and water, or, at least, convert 

them into harmless, easily degradable products whilst avoiding the formation of new toxic 

species (20). Since electrochemical methods are based on the transfer of electrons, EAOPs 

require no or low amounts of additional chemical reagents or catalysts during the process 

(19). Thus, EAOPs are particularly interesting because they are environmentally 

compatible, versatile, and a highly effective means to eliminate a large variety of pollutants 

from wastewater (19,25). 

The materials used as anodes in EAOPs are crucial for achieving efficient water treatment, 

since they are responsible for the generation of the oxidant species (26). These electrodes 

must have a high oxygen evolution overpotential (OEP), such as lead dioxide (PbO2), tin 

dioxide (SnO2), sub-stoichiometric TiO2, boron-doped diamond (BDD), and some 

composites such as Sb-SnO2, Co-PbO2, TiO2-nanotubes with PbO2, Ti/Sb-SnO2, and La-Y-

PbO2 (24,27). It has also been established that the higher the OEP, the higher the oxidation 

output of the anode (28). PbO2, SnO2, and sub-stoichiometric TiO2 present high OEP and 

are generally cheap and simple to manufacture, though with poor electrochemical stability 

(29). Graphite and glassy carbon electrodes also have relatively high OEPs but are highly 

vulnerable to surface oxidation and fouling (30). Among the many materials tested as 

potential anodes, BDD has proven its excellent ability in the electrochemical oxidation of 

pollutants showing the highest overpotential for water decomposition, the widest known 

electrochemical potential window, and excellent efficiency in producing hydroxyl radicals 

(31,32). Furthermore, BDD has a high electrochemical stability and resistance to corrosion, 

even in chemically aggressive media, presenting inert surfaces with very low adsorption, 

and works under the whole pH range (33–35). 

Diamond’s natural low conductivity and large bandgap have limited its use in 

electrochemical applications (36). However, with the development of Chemical Vapor 

Deposition (CVD) methods, the use of diamond in such applications became possible. CVD 

growth of diamond requires the generation of carbon radicals and a high concentration of 

dissociated hydrogen (37). This is achieved by activating a gas mixture of a carbon-

containing source gas, such as methane, mixed with molecular hydrogen. The dissociation 

of molecular hydrogen to react with the carbon-containing gas source and produce reactive 
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carbon-containing radicals, the growth precursors, is typically done using various methods 

such as hot-filament CVD, RF-plasma CVD, microwave plasma CVD, DC plasma, DC arc-

jet, or even by using an oxy-acetylene flame (38). The CVD growth parameters such as 

deposition time, substrate temperature, pressure, bias voltage, substrate nature, and gas 

composition control the final properties of the diamond film (39). Introducing boron atoms 

into the CVD reactor’s environment has unlocked the possibility of combining high electrical 

conductivity with the unique diamond properties (40). Due to its relatively small charge 

carrier activation energy (0.37 eV) and small atomic radius, boron can effectively occupy 

the same position as displaced carbon atoms (41). Thus, a high enough boron 

concentration can be incorporated in the diamond lattice to achieve metal-like conductivity 

(37). For this reason, although other impurity atoms have been applied in diamond doping, 

such as nitrogen (42) and phosphorus (43), BDD will be the focus of this critical review since 

it is more well-suited for electrochemical studies such as electrochemical oxidation, 

electroanalysis, electrosynthesis, and energy conversion (41,44). 

The individual application of BDD technology as an EAOP for wastewater treatment is 

widely published, proving to be one with the highest degradation efficiency, including the 

elimination of several sources of water contamination, such as refractory organics (45), 

dyes (46), pharmaceuticals (47), pesticides (48), byproducts of industrial processes (49), 

domestic sewage (50), and landfill leachate (51), amongst many others. Consequently, the 

reported literature concerning BDD technology is quite extensive, but, to the best of our 

knowledge, a critical review gathering information on overcoming the few drawbacks of BDD 

technology by combining it with other EAOPs would be very useful. Conventional 

wastewater facilities employ a combination of different treatment techniques and perhaps 

the “apparent” high cost of BDD technology is the main reason why it has not seriously been 

considered or adopted. It is also intended, with this review, to clearly demonstrate to the 

industrial business that the effective and sustainable application of BDD technology will 

shortly add up value to all of its benefits. 

Thus, a systematic literature review (SLR) and bibliometric analysis are conducted in this 

critical review to select publications and extract information on the trends and future 

directions of EAOPs using BDD electrodes for wastewater treatment. The anodic oxidation 

(AO) EAOP, also referred to as electrochemical oxidation (EO), is the most straightforward 

and applied EAOP using BDD technology. This is basically carried out by applying an 

electric current directly to a pair of electrodes (anode and cathode) immersed in the aqueous 

solution to be treated, and then promoting the direct oxidation of pollutants through the 

generation of reactive oxygen species (mainly hydroxyl radicals) generated during water 
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splitting (22). The main drawback of this technology is the fact that these short-lifetime 

oxidant species are limited to the surface reaction layer of the BDD anode (22). It is our 

main goal to identify and discuss EAOPs that employ diamond technology but go beyond 

the apparently simple AO process. We will discuss the advantages, disadvantages, and 

limitations of the methods identified through the SLR, as well as the role and performance 

of diamond electrodes. We will also identify the synergism between EAOPs and BDD 

technology as a possible solution to the main disadvantage of AO based on BDD 

electrodes. 

 

I.1.2. Electrochemical Advanced Oxidation Processes Using 

Diamond Technology: A Bibliometric Analysis 

The number and diversity of scientific publications in the last few decades have 

exponentially increased, which leads to the constant need for consistent and updated 

review articles (52). Systematic Literature Review (SLR) is a method of scientific research 

used when the objects of analysis are significant literature sources, enabling the authors to 

identify, select, and critically evaluate the research results to answer a clearly formulated 

question (53). SLR is a highly standardized and structured approach that follows a well-

defined protocol in which the criteria are clearly stated before the analysis is performed, 

leading to a comprehensive, unbiased, transparent, and accountable study (54). 

In this critical review, we applied the SLR method to identify what is known, what is 

unknown, the limitations, the trends, and the future directions of existing research on 

Electrochemical Advanced Oxidation Processes (EAOPs) using BDD technology. A 

previous rough analysis to determine the most applied EAOP methods using diamond 

electrodes was performed, followed by advanced Boolean search queries in the Scopus 

database for each identified method (anodic oxidation- AO or EO, anodic oxidation with 

electrogenerated H2O2, electro-Fenton- EF, photoelectro-Fenton- PEF, and solar 

photoelectro-Fenton- SPEF), adopting the main keywords commonly used for each of the 

processes. Table I.1.1 provides details on the advanced search queries by EAOP type. 
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Table I.1.1. Details of the advanced Boolean search queries performed in the Scopus 
database regarding the most applied EAOP type using diamond technology. 

EAOP Boolean Advanced Search Query Scopus 
Results 

(Sept/22) 

Anodic 
oxidation/electrochemical 

oxidation (AO/EO) 

(TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-
ABS-KEY (“anodic oxidation” OR “electrochemical oxidation”)) 

AND (LIMIT-TO (LANGUAGE, “English”)) 

1410 

Anodic oxidation with 
electrogenerated H2O2 (AO-

H2O2) 

(TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-
ABS-KEY (“anodic oxidation” OR “electrochemical oxidation”) 

AND TITLE-ABS-KEY (“electrogeneration of H2O2” OR 
“electrogenerated H2O2” OR “AO-H2O2” OR “EO-H2O2” OR 
“AO/H2O2” OR “EO/H2O2”)) AND (LIMIT-TO (LANGUAGE, 

“English”)) 

67 

All Fenton-based processes (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-
ABS-KEY (*fenton)) AND (LIMIT-TO (LANGUAGE, “English”)) 

364 

Electro-Fenton (EF) (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-
ABS-KEY (fenton) AND NOT TITLE-ABS-KEY (“photo-Fenton” 
OR “photoelectro-Fenton” OR “PEF” OR “Solar photoelectro-
Fenton” OR “SPEF” OR “photoassisted” OR “photo-assisted” 

OR “photo enhanced” OR “photo-enhanced” OR “sunlight” OR 
“solar”)) AND (LIMIT-TO (LANGUAGE, “English”)) 

209 

Photoelectro-Fenton (PEF) (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-
ABS-KEY (fenton) AND TITLE-ABS-KEY (“photo-Fenton” OR 

“photoelectro-Fenton” OR “PEF” OR “photoassisted” OR 
“photo-assisted” OR “photo enhanced” OR “photo-enhanced”)) 

AND (LIMIT-TO (LANGUAGE, “English”)) 

153 

Solar photoelectro-Fenton 
(SPEF) 

(TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-
ABS-KEY (fenton) AND TITLE-ABS-KEY (“Solar photoelectro-
Fenton” OR “SPEF” OR “sunlight” OR “solar”)) AND (LIMIT-TO 

(LANGUAGE, “English”)) 

55 

 

The bibliometric searches were carried out through search strings connecting the topics by 

the title, abstract, and keyword fields of articles published until September 2022. The full 

period of research results and all types of documents were considered, but searches were 

limited to articles published in the English language. The combination of all search queries 

performed in the first sampling results in a total of 1590 publications (Figure I.1.2). 
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Figure I.1.2. Venn diagram representing EAOP combinations from the first SLR test 
sample. 

 

The focus of this work was restricted to articles that do not consider the anodic oxidation 

(AO) process using BDD technology as the common keyword. Therefore, our study was 

based on the number of publications excluded by the AO cluster (light-blue line in Figure 

I.1.2), i.e., contemplating 181 out of the total 1590 found publications. Therefore, the 

selection of articles for the SLR following a first line of thought would be based on these 

181 publications. As one of the principles behind SLR methods is to make the selection of 

documents easily reproducible by anyone, and the method used in this first search requires 

running many search queries and combining them to arrive at the final selection, we decided 

to test a second approach to simplify the selection method with only one advanced search 

string, detailed in Table I.1.2. 

 

 



Chapter I: Fundamentals and State of the Art 

24 

Table I.1.2. Details of the Boolean advanced search query: theme, strings, search query, 
and results, based on the Scopus database. 

Theme Boolean Advanced Search Scopus 
Results 

Electrochemical Advanced Oxidation 
Processes using diamond 

technology 

(TITLE-ABS-KEY (diamond AND eaop*) OR TITLE-
ABS-KEY (diamond AND aop*)) AND (LIMIT-TO 

(LANGUAGE, “English”)) 

164 
(Sept/2022) 

 

After performing a previous criteria sampling, the keywords “diamond”, “EAOP*”, and 

“AOP*” (abbreviation for Advanced Oxidation Process) were selected for composing this 

simpler search query. As previously, the search string also connected the topics by the title, 

abstract, and keyword fields of articles published until September 2022, including the full 

period of research and all types of documents published in the English language. A total of 

164 publications met the set criteria. 

By combining the two selection criteria (Table I.1.3), we identified that 154 publications are 

common to both selections, which represent 94% of the simpler search string results. 

 

Table I.1.3. Details of the Boolean advanced search query combining both tested sample 
selection methods. 

Boolean Advanced Search Scopus 
Results 

(((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (“anodic oxidation” OR 
“electrochemical oxidation”))) AND NOT (((TITLE-ABS-KEY (bdd OR “doped diamond”) AND 
TITLE-ABS-KEY (“anodic oxidation” OR “electrochemical oxidation”) AND NOT TITLE-ABS-

KEY (“electrogeneration of H2O2” OR “electrogenerated H2O2” OR “AO-H2O2” OR “EO-H2O2” 
OR “AO/H2O2” OR “EO/H2O2” OR “Fenton” OR “electro-Fenton” OR “Fered-Fenton” OR “EF” 

OR “photoelectro-Fenton” OR “PEF” OR “Solar photoelectro-Fenton” OR “SPEF” OR 
“photoassisted” OR “photo-assisted” OR “photo enhanced” OR “photo-enhanced”))) AND NOT 
(((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (“anodic oxidation” OR 

“electrochemical oxidation”) AND TITLE-ABS-KEY (“electrogeneration of H2O2” OR 
“electrogenerated H2O2” OR “AO-H2O2” OR “EO-H2O2” OR “AO/H2O2” OR “EO/H2O2”))) OR 
((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (fenton) AND NOT TITLE-
ABS-KEY (“photo-Fenton” OR “photoelectro-Fenton” OR “PEF” OR “Solar photoelectro-Fenton” 

OR “SPEF” OR “photoassisted” OR “photo-assisted” OR “photo enhanced” OR “photo-
enhanced”))) OR ((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (fenton) 
AND TITLE-ABS-KEY (“photo-Fenton” OR “photoelectro-Fenton” OR “PEF” OR “photoassisted” 
OR “photo-assisted” OR “photo enhanced” OR “photo-enhanced”))) OR ((TITLE-ABS-KEY (bdd 

OR “doped diamond”) AND TITLE-ABS-KEY (fenton) AND TITLE-ABS-KEY (“Solar 
photoelectro-Fenton” OR “SPEF” OR “sunlight” OR “solar”)))))) AND NOT ((TITLE-ABS-KEY 

(diamond AND eaop*)) OR (TITLE-ABS-KEY (diamond AND aop*))) AND (LIMIT-TO 
(LANGUAGE, “English”)) 

154 
(Sept/22) 

 

Therefore, the second approach was adopted to select the articles for this review since it is 

unbiased and can be easily replicated, whilst the first method requires a combination of 

several queries limited to the methods previously identified (biased). Furthermore, including 
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EAOP and AOP in the search string makes the selection more representative, including 

other EAOPs that are not so frequently applied with diamond technology and were not 

evaluated in the first selection, such as ozonation, photocatalysis, and peroxone process, 

among others. These alternative EAOPs explain the extra 10 results identified in the second 

selection in relation to the total 154 documents common to both approaches. From this point 

onwards, the entire discussion of the bibliometric analysis is based on the 164 articles 

identified in the second sample (Table I.1.2). These also form the basis of discussion for 

the specific topics for each type of EAOP discussed in subsequent sections. When 

necessary, publications relevant to each type of EAOP that have not been selected by the 

SLR are added to deepen the discussion on each section. 

Over the last twenty years, the topic of EAOPs using diamond technology has gained 

increased interest, especially after the year 2009, reaching a peak in the number of 

publications ten years later. Figure I.1.3 presents the temporal analysis of the obtained SLR 

results. 

 

 

Figure I.1.3. Number of publications per year on EAOPs using diamond technology for 
water treatment, based on the Scopus database. 

 

Although the number of published articles has decreased over the last two years, it remains 

scientifically relevant, with 10 publications in the year 2022. The subject areas of 

Environmental Science, Chemistry, and Chemical Engineering appear as the areas of 
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interest most related to the theme. It is also important to highlight the areas of Engineering 

and Materials Engineering which are directly related to the manufacture and optimization of 

diamond electrodes used in EAOPs. Figure I.1.4 shows the map distribution of the related 

subject areas. 

 

 

Figure I.1.4. Distribution of the scientific publications according to subject area, based on 
the SLR article selection performed in the Scopus database. Considered period: 2002–
2022. 

 

In these 20 years of research on the subject, most communications were presented in the 

form of original papers, representing 88% of the SLR results. Six reviews published on the 

topic were identified, concentrated in the years 2014, 2019, and 2020. In addition, four book 

chapters were published, and the subject was presented at, at least, nine conferences. 

Figure I.1.5 shows the distribution of the document type found in the SLR results. 
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Figure I.1.5. Distribution of publications according to document type, based on the SLR 
article selection performed in the Scopus database. Considered period: 2002–2022. 

 

In terms of dissemination, articles can be found in more than 60 different journals. 

Nevertheless, half of those publications are found in only nine of these journals, with more 

than 30% of the articles published either in Chemosphere, Water Research, Journal Of 

Electroanalytical Chemistry, or the Chemical Engineering Journal. Figure I.1.6 shows all the 

journals with at least three publications on the topic. 

 

Figure I.1.6. Number of publications per journal with more than three publications on 
EAOPs using diamond technology for water treatment, based on the SLR article selection 
performed in the Scopus database. Considered period: 2002–2022. 



Chapter I: Fundamentals and State of the Art 

28 

 

These results point to widespread research on diamond technology applied in EAOPs for 

water treatment across the world, with articles published by universities and research 

centers from all continents. Figure I.1.7.a shows the distribution of articles by country. 

 

 

Figure I.1.7. (a) Number of publications per country on EAOPs using diamond technology 
for water treatment; (b) countries’ co-authorship network (minimum of two occurrences) 
representation on the application of EAOPs using diamond technology for water treatment, 
based on the VOSviewer bibliometric mapping software (55). All results were based on the 
SLR article selection performed in the Scopus database. Considered period: 2002–2022. 

 

The country that stands out in the number of papers on the subject is Spain, having a large 

share of 35% of publications, followed by Brazil (13%), France (12%), China (10%), and the 

United States (10%). Together, these five countries account for 80% of the articles on the 
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selected theme. Bibliometric mapping using the VOSviewer tool (55) enables the evaluation 

of co-authorship of the documents in relation to the countries of publication, as shown in 

Figure I.1.7.b. The countries that collaborated the most were Spain and Brazil, and we can 

also highlight France, the United States of America, and Italy for their high link strengths, in 

other words, their elevated number of collaborations with other countries. 

As expected, due to the high number of articles from Spain, when we evaluate publications 

by universities and research centers, the Spanish institutions also stand out in number. 

Notably, the Universitat de Barcelona (Spain) is accountable for 35% of all publications on 

the topic, in addition to participating in 100% of Spanish publications. Figure I.1.8 presents 

the distribution of published articles according to universities and research centers that have 

at least four publications on the subject. 

 

 

Figure I.1.8. Number of publications per university and research center with more than four 
publications on EAOPs using diamond technology for water treatment, based on the SLR 
article selection performed in the Scopus database. Considered period: 2002–2022. 

 

Other outstanding institutions are also worth mentioning in the contribution to the theme, 

such as Université Paris-Est (France), Universidad de Castilla-La Mancha (Spain), 

Universidad de Guanajuato (Mexico), and Universidade de São Paulo (Brazil). 

A keyword network graph (Figure I.1.9) was built to identify the trends in the use of diamond 

technology in water treatment through EAOPs, and to verify the relationship among the 

major topics. In order to build this map, a dictionary of keywords was created, and a pre-

treatment of the data was carried out so that there were no repetitions of keywords with the 

same meaning (e.g.: boron-doped diamond, boron doped diamond, doped diamond, and 

BDD) but written in a slightly different manner. 
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Figure I.1.9. Keywords co-occurrence network (minimum of five occurrences) 
representation of the trends on the application of EAOPs using diamond technology for 
water treatment, based on the Scopus database and VOSviewer as the bibliometric 
mapping software (55,56). 

 

There are three major clusters visible in the keywords network graph. As expected, the 

largest one (red color) represents mostly the use of BDD electrodes in EAOPs for water 

treatment. This cluster also shows add-ons (complementary techniques) used in different 

EAOPs, such as UV light or the generation of hydrogen peroxide. Furthermore, the red 

cluster also presents the most applied pollutants in degradation studies, such as organics, 

dyes, and pharmaceuticals. The blue cluster mainly represents the most applied EAOP 

methods: anodic oxidation (AO), electro-Fenton (EF), and photoelectron-Fenton (PEF), as 

well as the hydroxyl radicals. Their electrogeneration at the diamond surface is the basic 

requirement for effectively treating water through anodic oxidation since they are the main 

actors in the mineralization of the pollutants. Finally, the green cluster shows other 

wastewater treatment methods (photocatalysis, ozonation, Fenton process, and 

electrocoagulation) that were compared to EAOPs using diamond technology or combined 

with BDD electrodes to improve efficiency. The keywords: wastewater, real wastewater, and 

azo dyes also appear, indicating that the group of articles represented by this cluster mostly 
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applied the above-mentioned methods to treat real wastewater and water contaminated 

with azo dyes. 

After careful analysis of the methods applied in water treatment mentioned in each of the 

SLR-selected articles, we built a network map (Figure I.1.10.a), along with a chart 

containing data on the distribution and frequency of the methods (Figure I.1.10.b). 

 

 

Figure I.1.10. (a) EAOPs co-occurrence network (minimum of two occurrences) 
representation on the application of diamond electrodes for water treatment, based on the 
VOSviewer bibliometric mapping software (55,56); (b) Distribution data on EAOPs applied 
in the publications selected by the SLR, based on the Scopus database. 

 

The most widely applied method was anodic oxidation (AO), also frequently referred to as 

electrochemical oxidation, mentioned in 39% of the articles. Secondly, it was electro-Fenton 

(EF) (20%), which is based on the electrochemical production of H2O2 with the addition of 
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Fe2+ in the bulk solution to produce additional hydroxyl radicals as a by-product of the 

Fenton reaction (57). The third most applied method was photoelectro-Fenton (PEF) (13%), 

which is based on the combination of EF with UV light irradiation to enhance the degradation 

efficiency (58). In addition, other identified relevant methods were bioelectro-Fenton, anodic 

oxidation with electrogenerated H2O2, ozonation, solar photoelectro-Fenton, photocatalysis, 

electrochemical activation of persulfate, peroxone process, photoassisted anodic oxidation, 

and ultraviolet/peroxide process. The methods network graph allowed us to identify which 

techniques co-occur in the articles, highlighting those that were frequently compared with 

each other, namely AO, EF, and PEF. A high number of articles comparing these processes 

with electrogenerated H2O2 was also observed, agreeing with the previous indications given 

by the Venn diagram in Figure I.1.1. 

SLR analysis equally revealed the importance of the keywords adopted by each author. 

Despite applying a systematic method like SLR, we noticed that many articles had not been 

identified due to the use of non-uniformized keywords or different descriptions for the same 

EAOP throughout the literature, complicating the identification and proper selection of 

searched articles. Adopting such practice would only benefit the scientific community and 

the authors themselves. It would most probably enable the authors to reach out to a higher 

number of researchers and, consequently, obtain more citations only by adopting standard 

terms in their titles, abstracts, and keywords. It is certainly important for an author carrying 

out an SLR to previously identify the maximum possible number of keywords related to the 

researched topic. However, when there is a large variation between terms representing the 

same subject, it is likely that some of them will be unknown and/or unidentified. Furthermore, 

by applying the SLR method using simpler and more comprehensive keywords (such as 

just “diamond”, “EAOP”, and “AOP”), we were able to analyze a small but representative 

sample of hundreds of publications concerning diamond technology applied to EAOPs and 

extract important insights and relevant information on the theme. 

The next sections of this manuscript are organized following the main indications given by 

the SLR analysis. 

 

I.1.3. Doped Diamond Technology Add-Ons 

This section focuses on the main explored combination of other techniques (add-ons) to the 

AO process applying BDD technology: indirect electrolysis to generate additional strong 

oxidant agents (persulfates, perphosphates, perchlorates or hypochlorite, ozone) and 

photocatalysis, which enhances the anodic oxidation by the addition of photocatalysts to 

the AO process. 
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I.1.3.1. Indirect Electrolysis 

As previously stated, EAOPs are essentially methods based on the electrooxidation 

reaction between strong and specific oxidative species and organic water pollutants. Ideally, 

such chemical reactions should be nonselective and lead to the complete mineralization of 

the pollutants (R) into carbon dioxide, water, and innocuous inorganic compounds. The 

efficiency of these eco-friendly processes relies on the on-site generation of the reactive 

species and their oxidative strength, which, in turn, highly depends on the aqueous media’s 

chemical nature. The hydroxyl radical (•OH) is probably the most reported oxidizing agent, 

since it rapidly interacts with the organic pollutants in a radical oxidation chain reaction (22). 

BDD anodes electrogenerate a considerable amount of these radicals (Eq. I.1.1 and Eq. 

I.1.2), but their short lifetime is restricted to the surrounding area of the electrode surface 

(22). 

 

BDD + H2O → BDD(•OH) + H+ + e− Eq. I.1.1 

BDD(•OH) + R → BDD + CO2 + H2O Eq. I.1.2 

 

Another approach to oxidize water pollutants is in situ generation of additional oxidizing 

agents through indirect electrolysis. On the other hand, BDD electrodes have also been 

used in the electrochemical synthesis of strong oxidants such as persulfates, 

perphosphates, perchlorates, or hypochlorite (59). Anodic oxidation of sulfate, carbonate, 

or phosphate ions present in the solution produces these mediators according to Eq. I.1.3– 

I.1.5 (22). 

 

2SO4
2− → S2O8

2− + 2e− Eq. I.1.3 

2CO3
2− → C2O6

2− + 2e− Eq. I.1.4 

2PO4
3− → P2O8

4− + 2e− Eq. I.1.5 

 

Thus, conductive diamond anodes simultaneously produce hydroxyl radicals as well as 

other strong oxidizing agents from supporting electrolytes present in wastewaters or added 

to those with low conductance. Reportedly, these mediated oxidation processes 

demonstrate higher overall oxidation efficiency when compared to that of conventional BDD 

electrooxidation (22,59–72). The success of EAOPs in basic or neutral media has only been 
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recently evaluated, and it appears to be slightly limited. The limitations can be overcome if 

persulfate radicals are generated at BDD anodes by the electro-activation of sulfate. When 

competing with water oxidation, these mediators contribute to the inhibition of oxygen 

evolution and deter mass-transfer limitations. Moreover, EAOP’s drawbacks are 

compensated, and their efficiency and cost reduction are enhanced (73–75). 

Ozone is a clean and strong oxidant thoroughly used in pathogenic and bacterial 

disinfection and in the oxidation of inorganic or organic compounds. It was one of the first 

oxidants used in the disinfection of public swimming pools and municipal water treatment 

plants due to its high oxidation standard potential (E° = 2.1 V) (76). According to Eq. I.1.6 

and Eq. I.1.7, the production efficiency of electrogenerated ozone at the anode is limited by 

the thermodynamically favored oxygen evolution, which takes place at a lower potential 

(22). 

 

3H2O → O3 + 6e− + 6H+ (Eo = 1.51V vs. SHE) Eq. I.1.6 

2H2O → O2 + 4e− + 4H+ (Eo = 1.23V vs. SHE) Eq. I.1.7 

 

In water disinfection and remediation, ozone production has been focused on reaching 

higher electrochemical ozone production efficiency (77). This is primarily attained when 

performing electrolysis at low temperatures, low interfacial pH (higher degradation efficiency 

in basic medium compared to the acidic one (78,79)), and using electrodes with high oxygen 

evolution overpotential such as metallic oxides (MOx, M = Pb, Ti, Ir, Sn, Sb, Ru, Pd, Rh) 

(79–81). Electrogenerated ozone using BDD anodes was first reported (to the best of our 

knowledge) by Katsuki et al., concluding that the percentage of current efficiency was low 

and dependent on the current density and operating temperature (82). Since then, several 

efforts have been made to maximize the current efficiency as well as the amount of ozone 

produced. Michaud et al. studied the electrolysis in aqueous HClO4 and H2SO4 solutions 

using BDD electrodes and found that small amounts of O3 and H2O2 are formed in both 

electrolytes (83). Based on these results, they proposed a simple mechanism for the 

electrogeneration of hydroxyl radicals, hydrogen peroxide, and ozone, and it is globally 

adopted. Park demonstrated that ozone was stably generated at BDD anodes for long 

periods of time (84,85), and Arihara et al. innovated the design of such electrodes and used 

a freestanding perforated doped diamond electrode which achieved a current efficiency of 

about 29% at the applied current of 1 A (86). The design of the electrodes and/or of the 

electrochemical cell was further explored by Kraft et al. using a sandwich with a diamond 
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anode, Nafion® polymer electrolyte, and diamond cathode, concluding that ozone 

production is favored by increasing flow rate and current, but it decreases with increasing 

conductivity of the electrolysed waters (87). Sekido and Kitaori developed a small-sized 

generator driven by a dry-cell (later improved) for use in the average household, obtaining 

an ozone concentration of over 4 mg/L, which is sufficient for water disinfection (88,89). A 

few years later, Honda et al. followed the trend and used a free-electrolyte system including 

a couple of BDD electrodes as the anode and cathode in combination with Nafion® N117/H+ 

as the separating membrane, reaching around 40% of current efficiency (90). At this point, 

and side-by-side with nickel-antimony-doped tin dioxide, doped diamond is a promising 

technology for electrogenerated ozone with a current efficiency of over 30% under mild 

experimental conditions (81). Choi et al. studied the influence of inert supporting electrolytes 

on a solid polymer electrolyte/BDD system and provided a better mechanistic understanding 

of such an effect (91), and Park et al. tried to find a correlation between the physical and 

chemical properties of BDD anodes and the ozone concentration found in the water (92). 

Kanfra et al. explored the viability of replacing harmful pesticides with short-lived oxidants, 

such as ozone produced by low operating voltages diamond-based generators, with 

possible application in agricultural outdoor operation (93). The geometry and 

electrochemically active surface area of the BDD electrodes for ozone generation was 

further investigated by Liu et al. using a microporous BDD electrode etched by oxygen 

plasma (94). The latter showed 3.76-times improved ozone generation capacity (under the 

same unit energy consumption) when compared to the bare BDD. Wood et al. reported the 

synthesis of nitrogen-doped diamond microparticles under high pressure and high 

temperature (HPHT), which were then compacted to a freestanding solid electrode and then 

laser micromachined to give a perforated electrode (95). These anodes yielded 2.23 ± 0.07 

mg/L of ozone per ampere of current, at consistent levels for a continuous 20 h period. 

Recently, Li et al. explored a solid polymer electrolyte electrolyzer and found that ozone 

production is favored by the medium current density (125 mA/cm2) and higher water flow 

rate (63 L/h) (96). An ozone concentration of 4.86 mg/L was achieved at the highest current 

efficiency of 51.29% and the lowest specific power consumption of 37.95 Wh/g. 

Photo-assisted electrooxidation using BDD anodes has also been explored as an 

alternative process for wastewater treatment. Predominantly, the UV/in situ electrochemical 

oxidation of contaminants is more effective if compared to direct UV irradiation (photolysis) 

or electrochemical oxidation by BDD technology (97–106). This is mainly due to the 

production of homogeneous •OH radicals from in situ generated oxidants such as H2O2, O3, 

and S2O8
2− which results in a unique synergistic degradation mechanism with enhanced 
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oxidation and mineralization conditions (98,98–101). Moreover, electricity is the only 

required input sustaining the combined UV/AO, which can easily be replaced by the use of 

solar energy alone (107). 

 

I.1.3.2. Photoelectrocatalysis 

Conventional chemical advanced oxidation processes (AOPs) usually involve oxidizing 

species such as hydrogen peroxide (H2O2) and a catalyst such as the ferrous ion (Fe2+), 

known as Fenton or Fenton-like processes, further addressed in Section 4. Photocatalysis 

is another traditional AOP that requires light irradiation/photons to photolyze the oxidant 

agent with resulting •OH radicals. Generally, the photocatalyst is a semiconductor and must 

be excited with higher energy (irradiation with a specific wavelength) than that of its 

bandgap. The excited electrons are then promoted into the conduction band (ecb
−), leaving 

positive vacancies or holes (hvb
+) that oxidize water or hydroxide ions, and •OH radicals are 

then generated, as illustrated in Eq. I.1.8–I.1.10 (108). 

 

Photocatalyst + h𝜈 → ecb
− + hvb

+ Eq. I.1.8 

hvb
+ + H2O → •OH + H+ Eq. I.1.9 

hvb
+ + OH− → •OH Eq. I.1.10 

 

Thus, photocatalysis has been widely adopted as an AOP. Among several semiconductors 

tested in photocatalysis, titanium dioxide (TiO2) is the most frequently used. It is a UV-based 

photocatalyst (crystalline anatase bandgap of 3.2 eV) but is also energy-consuming (108). 

Therefore, numerous visible light active photocatalysts have also been described as well as 

modified TiO2 catalysts (109,110). Considering the process application, the photocatalysts 

can be directly added to the medium enabling a large contact surface between the photons 

and the catalyst and assuring that the quantum yield is high enough for oxidation of the 

pollutants. Nevertheless, the suspended catalyst needs to be recovered in a further 

separation stage. The alternative is to immobilize it onto a carefully chosen substrate and 

guarantee strong adhesion between the photocatalyst and the support and stability during 

photocatalysis (109,111,112). 

EAOPs became the efficient alternative that provides in situ and constant generation of 

oxidizing agents during electrolysis solely using clean electrons. Furthermore, 

immobilization of the photocatalysts onto different supports led to different configurations 

for photocatalytic reactors, and the possible synergy resulting from the combination of 
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photocatalysis and electrochemical anodic oxidation shortly started to be explored, 

including BDD technology (113). The main findings for photoelectrocatalytic studies are 

summarized in Table I.1.4. 

 

Table I.1.4. Examples of reported studies on photoelectrocatalysis using BDD technology. 

Support Catalyst Pollutant EAOP * 
TOC 

% 

* 
COD 

% 

** ED 
% 

Ref. 

Thin film TiO2 Red X-3B TiO2+UV 
BDD+UV 

TiO2@BDD+UV 

29.8 
67.6 
74.2 

  (114) 

Thin film ZnWO4 Red X-3B ZnWO4+UV 
BDD+UV 

ZnWO4@BDD+UV 

- - - (115) 

Thin film Ce-TiO2 Red X-3B Ce-TiO2+UV 
BDD 

Ce-TiO2@BDD+UV 

  0.067 (h−1) 
0.137 (h−1) 
0.445 (h−1) 

(116) 

Thin film ZnO Yellow 15 ZnO@BDD+UV 
B-ZnO@BDD+UV 

  35 
73 

(117) 

Film ZnO Methyl orange ZnO@BDD+UV   ~85 (118) 

Thin film TiO2/Sb-
doped SnO2 

Bisphenol A BDD 
TiO2/Sb-doped 

SnO2@BDD+UV 

  58.9 
67.3 

(119) 

Film TiO2 - TiO2@BDD+UV - - - (120) 

Thin film TiO2 Methyl orange TiO2+simulated solar light 
BDD 

TiO2@BDD+simulated solar 
light 

  45 
56 

100 (4 h) 

(121) 

Thin film TiO2 Methylene blue BDD 
TiO2@BDD+UV 

  ~20 
~55 

(122) 

Thin film TiO2 Glyphosate BDD 
TiO2@BDD+UV 

67 
85.3 

81 
95.2 

 (123) 

Nanoparticles TiO2 Herbicides TiO2+simulated solar light 
BDD 

TiO2@BDD+simulated solar 
light 

  90 (18.05 h) 
90 (1.98 h) 
90 (1.15 h) 

(124) 

Thin film TiO2 Diclofenac BDD 
TiO2@BDD+UV 

76.1 
80.1 

83.6 
84.7 

85.6 
98.5 

(125) 

Thin film BiVO4 Tetracycline 
hydrochloride 

BiVO4@BDD+ simulated 
solar light 

  45.1(10 
min) 

(126) 

* Mineralization parameters: TOC—Total Organic Carbon; COD—Chemical Oxygen Demand. ** ED—Efficiency in pollutant 
degradation into broken-down products. 
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Most of the reported works are successful efforts using BDD as the physical support for the 

combined photocatalysts (mainly TiO2), which avoids an additional removal step of the 

catalysts after the process, and enables their recycling and reuse (115–120,125). Moreover, 

these studies also demonstrate that photoelectrocatalysis improves the degradation and 

mineralization of the pollutants when compared to conventional BDD anodic oxidation 

(114,122,124). Thus, interesting synergistic effects in the composite photoanode with a 3D 

framework structure are observed, although, in both oxidation processes, the adopted 

experimental conditions largely define the degradation and mineralization kinetics of the 

contaminants. The n/p-type heterojunction established between most of the photocatalysts 

and BDD has also been further explored, and it is concluded that the nanoparticles 

properties and the interface structure are highly critical to optimize the accelerated 

production rate of •OH radicals (121,126). Lastly, some works also include the determination 

of energy efficiencies which are equally significant parameters to be taken into account 

when evaluating EAOPs (125). 

In this section, a brief overview of additional strong oxidants simultaneously formed during 

the electrooxidation of water pollutants was carried out, particularly persulfate radicals and 

ozone. The electrogeneration of persulfate radicals is a sustainable synergetic effect but is 

strongly pH dependent which presents a real limitation. On the other hand, anodically 

activated persulfate radicals through naturally occurring electrolysis processes (resistive 

heating or combination with UV photolysis as a post-treatment step) further improve the 

electrocatalytic performance of BDD anodes (69). Diamond-based clean technology also 

clearly proved to be one of a few able to efficiently electrogenerate ozone water for 

disinfection, sterilization, and treatment purposes. The stability of BDD anodes allied with 

their performance in terms of high-yielding hydroxyl and ozone concentration, with no 

harmful NO𝑋 formation, greatly benefits EAOPs used in water remediation. 

Photoelectrocatalysis offers another add-on to BDD anodic oxidation. In this case, the 

amount of hydroxyl radicals produced at the diamond anode surface (water electrolysis) is 

enhanced by additional hydroxyl radicals generated by irradiation of a photocatalyst which, 

in turn, oxidizes water or hydroxide ions. This process shows good potential, but further 

development of the design and fabrication of the photoanodes is still required to improve 

the efficiency of wastewater treatment using BDD technology, and additional costs must 

also be assessed. 
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I.1.4. EAOPs Synergism with Doped Diamond Technology 

In this section, Fenton-based EAOPs applying BDD technology are discussed in detail. The 

first subsection is related to the literature found on electro-Fenton (EF), and the second one 

to photo-enhanced electro-Fenton processes. 

 

I.1.4.1. Electro-Fenton 

The era of Fenton chemistry began in 1894 when Henry J. Fenton first discovered that Fe(II) 

salts could activate H2O2 to oxidize tartaric acid (127). Peroxides (often H2O2) and iron ions 

undergo reactions known as Fenton reactions (Eq. I.1.11), which result in active oxygen 

species (primarily hydroxyl radicals) that oxidize organic or inorganic compounds (20). 

 

Fe2+ + H2O2 → Fe3+ + •OH + OH− Eq. I.1.11 

 

The electro-Fenton (EF) process is an indirect electrochemical process as opposed to 

anodic oxidation (AO), which is a direct electrooxidation method. It involves the 

electrogeneration of H2O2 at the cathode with the addition of an iron catalyst (Fe2+, Fe3+, or 

iron oxides) to the solution (128), mostly used among the Fenton-based advanced oxidation 

processes. Electrogeneration of H2O2 is performed by either directly infusing oxygen into 

Gas Diffusion Electrodes (GDEs) or dissolving O2 or air into the solution to then be reduced 

at suitable cathode materials (Eq. I.1.12) (129). 

 

O2 + 2H+ + 2e− → H2O2 Eq. I.1.12 

 

Examples of cathodes usually applied in EF are carbon-polytetrafluoroethylene (carbon-

PTFE) (130), graphite (131), carbon felt (132), reticulated vitreous carbon (133), carbon 

nanotubes (134), activated carbon fiber (135), and carbon sponge (136). The process is 

known as anodic oxidation with electrogenerated H2O2 (AO-H2O2) if no catalyst is added to 

the solution (137).  

Further development and effective application of Fenton-based reactions have been 

delayed by flaws such as excessive chemical use, resulting in Fe-rich sludge, generation of 

refractory Fe(III)-carboxylate complexes, and low efficiency as a result of parasitic reactions 

(137,138). However, its combination with electrochemistry allowed the research community 

to get around most of the above-mentioned drawbacks. In EF processes, the commonly 
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used large amounts of iron salts (Fe3+) are reduced at the cathode (Eº = 0.77 V vs SHE) 

and then converted back to Fe2+ (Eq. I.1.13) (129). 

 

Fe3+ + e− → Fe2+ Eq. I.1.13 

 

The cost of the chemical reagents, the sludge generation, and the dangers related to the 

transport and storage of peroxides are all avoided by the continuous production of H2O2 and 

electro-regeneration of Fe2+ at the optimal operational pH value (3.0) (139). In EF water 

treatment, organic compounds are oxidized by hydroxyl radicals produced through water 

oxidation at the reaction layer of the anodes and in the bulk solution by the additional 

hydroxyl radicals resulting from the Fenton reaction between H2O2 and Fe2+ (Eq. I.1.11) 

(128). Other reactive oxygen-based species, such as H2O2 and the hydroperoxyl radical 

(•HO2), also contribute to the oxidation of organics in EF-based processes in undivided 

electrochemical cells (57). The oxidation of H2O2 to O2 at the anode surface produces •HO2 

radicals as intermediate products (Eq. I.1.14) (140). 

 

H2O2 → •HO2 + H+ + e− Eq. I.1.14 

 

Some researchers also suggest that high-valent oxo-iron complexes may participate in 

Fenton-based oxidation processes, usually referred to as the non-classical Fenton pathway 

(141). There is some consensus among researchers that classical and non-classical 

mechanisms coexist and predominate in different ways depending on the operating 

conditions (142). 

The first mention (to the best of our knowledge) of an EF process dates back to 1986 when 

Sudoh et al. applied the method to mineralize phenol in aqueous solutions (139). Different 

anode materials (PbO2, doped SnO2, IrO2, RuO2, and Pt) were tested throughout the earlier 

publications on EF organics mineralization (128,139,143–145). Nearly two decades later, 

BDD began to be applied as the anode in EF methods based on the demonstrated indication 

that BDD technology is the most suitable anode material for EF water treatment (146). 

According to a study by Flox et al., a PbO2 anode, compared with BDD, was able to 

completely eliminate m-cresol from aqueous solutions in a shorter amount of time (147). 

However, the mineralization process of m-cresol with PbO2 was significantly less effective 

under comparable conditions. The BDD anode achieved a quasi-complete mineralization 

rate of 98%, with an energy consumption of 139 kWh/m3, while the PbO2 attained a much 
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lower mineralization rate (68%) and required higher energy consumption (165 kWh/m3) to 

achieve the total disappearance of aromatic intermediates. Ganiyu et al. studied the EF 

mineralization of the analgesic antipyretic 4-aminophenazone with BDD and sub-

stoichiometric TiO2 anodes (148). After 8 h of treatment with a 30 mA/cm2 applied current 

density, the EF/BDD process achieved a Total Organic Carbon (TOC) removal of 96%, 

while the EF/sub-stoichiometric TiO2 only removed 51% of TOC. Bocos et al. studied a 

sequential combination of electrocoagulation (EC) with EF as a post-treatment process to 

treat solutions spiked with bronopol, a common antiseptic and preservative used in 

cosmetics and hygiene products to prevent bacterial growth (130). Four types of anode 

material were compared in the EF treatment of electrocoagulated solutions: Pt, BDD, IrO2-

based and RuO2-based dimensionally stable anodes (DSAs). The Pt, IrO2-based and RuO2-

based anodes were not able to significantly remove TOC from the electrocoagulated 

solution containing very refractory organic compounds. In contrast, the BDD electrode could 

eliminate TOC up to 85% from the same solution after 420 min of global treatment (60 min 

of electrocoagulation and 360 min of EF/BDD). Klidi et al. compared a commercial BDD 

electrode with a DSA anode (Ti/IrO2-Ta2O5) for the treatment of real paper-mill wastewater 

samples, and the superior performance of BDD over DSA electrodes was again 

demonstrated (149). After 5 h of continuous EF treatment, BDD could remove 85% of TOC 

from the samples, with a 22% current efficiency (CE), while the DSA anode only removed 

40% of TOC, with a 12% CE. In another study, Olvera-Vargas et al. applied the EF process 

to remediate artificial solutions containing five drugs and one industrial chemical detected 

in a real pharmaceutical company effluent (135). Again, BDD achieved better results in 

terms of TOC removal and CE, promoting almost complete mineralization (97.30 %) after 6 

h of EF under optimized conditions (compared to a DSA electrode (Ti/IrO2−RuO2)). Despite 

the optimum solution pH value for EF being considered as 3.0 (139), Olvera-Vargas et al. 

were able to notably achieve good results treating solutions with near-neutral pH (6.0) (135). 

There is also extensive literature comparing BDD with Pt anodes in EF processes. The TOC 

removal ability and current efficiency of BDD have proved to be superior in the EF 

degradation of diverse pollutants such as the antibiotic sulfamethoxazole (150), the 

herbicide mesotrione (151), the dye azure B (152), the herbicide atrazine (153), the 

pharmaceutical paracetamol (154), and the biocide chloroxylenol (155). The set of 

previously mentioned publications confirms that the oxidative action of hydroxyl radicals is 

substantially more efficient when BDD is used as the anode in EF processes instead of 

traditional electrodes. In addition to higher efficiency, the durability and inertness of BDD 

technology are strong advantages over other materials. Although BDD anodes are 
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expensive to produce, this disadvantage is easily overcome due to their long operating life. 

According to Muddemann et al., it is possible to tune the BDD electrode for a service life of 

up to 18 years (156). Furthermore, BDD is less prone to fouling compared to other electrode 

materials (41). Even when fouling occurs, simple polarization inversion can easily clean 

their surfaces (41). In addition, they do not release harmful agents, as in the case of the 

unstable PbO2 anode, which tends to release significant amounts of lead into the solution 

turning it even more harmful than in its pretreatment state (128). 

The mineralization efficiency of EF processes highly depends on the H2O2 electrogeneration 

and the Fe2+ regeneration rate. Therefore, it is crucial to select the most appropriate cathode 

material to work with BDD anodes to achieve the highest possible process efficiency. Pérez 

et al. tested three types of cathodes coupled with BDD anodes to improve efficiency and 

reduce EF’s energy consumption and costs (157). They employed cathodes of stainless-

steel, reticulated vitreous carbon (RVC) electrode covered with a carbon black (CB), and 

polytetrafluoroethylene (PTFE) mixture to act as the active phase for the generation of H2O2, 

referred to as the CB/PTFE-RVC cathode, and an aluminum foam modified with CB and 

PTFE, referred to as the CB/PTFE-Al. The tests were performed in Na2SO4 solutions 

containing the herbicide clopyralid as the model biorefractory organic pollutant in a 

microfluidic-flow cell coupled with a jet aerator to reduce ohmic resistance and improve 

mass transfer. Both BDD+CB/PTFE-RVC and BDD+CB/PTFE-Al combinations could 

completely remove clopyralid in less than 2 h of EF treatment, showing far superior results 

compared to the BDD-stainless steel couple (56%). The CB/PTFE-Al and BDD electrode 

pair had the most impressive results, promoting a 64% reduction in cell voltage compared 

to CB/PTFE-RVC for the same current density. Through this electrode combination and 

reactor configuration, degradation of clopyralid was fast, efficient, and completed in less 

than 1 h, with total energy consumption as low as 20 kWh/kg (157). Klidi et al. combined 

BDD anodes with carbon felt, modified carbon felt, and GDE cathodes for paper-mill 

wastewater treatment (149). The oxidation efficiency after 5 h presented the following order 

as a function of the cathode material: GDE (40% TOC removal) > modified carbon felt (29% 

TOC removal) > carbon felt (16% TOC removal). Özcan et al. verified whether the efficiency 

of the EF process in the removal of propham was improved if using Pt or carbon sponge 

cathodes paired with BDD electrodes (136). The TOC removal efficiency after 6 h was 

similar for the Pt and carbon sponge cathodes. However, the BDD/carbon sponge 

configuration was the most energy-effective system, presenting a 21.6% lower energy 

consumption (4.72 kWh/m3) compared to that of Pt (6.02 kWh/m3). BDD technology has 

also been applied as cathodes (158–162). Cruz-González et al. studied the ability to 
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electrochemically produce H2O2 through O2 reduction on a BDD cathode in EF. After 40 min 

of electrooxidation at 23 mA/cm2, 88 mg/L of H2O2 were accumulated at the BDD cathode 

(158). Espinoza-Montero et al. reported 250.1 mg/L H2O2 electrogeneration after 540 min 

of electrolysis at 1.5 mA/cm2 in acidic media using a BDD cathode (159). The addition of 

phenol required a higher current density of the system (2.5 mA/cm2) to obtain 153.0 mg/L 

of H2O2 and achieve total mineralization within the same 540 min. Garcia et al. observed 

that, with increased current densities (from 7.8 to 31 mA/cm2), H2O2 generation at the BDD 

cathode is inhibited by the larger acceleration of reduction of O2 to OH− and protons to H2 

(160). According to Oturan, BDD cathodes in EF processes do not offer advantages once 

equivalent or superior outcomes could be obtained by employing other cathodes that are 

more reasonably priced (carbon felt, gas diffusion cathode, or carbon sponge) (138). 

Nevertheless, studies on the use of BDD as a cathode are still scarce. In addition, due to 

the limited number of publications combining BDD anodes with different cathode materials 

and BDD itself, it is not possible to clearly state which configuration is the most suitable for 

EF processes. BDD technology, paired with different cathodes under the same 

experimental conditions, requires further investigation to achieve the highest EF efficiencies 

possible. 

Regarding degradation efficiency, the advantages of adopting the EF/BDD process for 

wastewater treatment over AO/BDD are not consensual in the found literature. Oturan et al. 

compared both EAOPs for the atrazine herbicide mineralization in Na2SO4 solutions (153). 

Electrolysis at a current intensity of 1000 mA for 8 h led to 93% TOC removal for AO/BDD 

and 97% for EF/BDD. The superiority of EF was associated with a higher amount of hydroxyl 

radicals present in the bulk solution than that generated by BDD, promoting additional 

organics oxidation. Pinheiro et al. also obtained better mineralization rates for EF/BDD 

(90.2% TOC) compared to AO/BDD (62.4% TOC) for paracetamol degradation, and the 

energy consumption was substantially lower for the EF/BDD process (2080 kWh/kgTOC) than 

that of AO/BDD (5141 kWh/kgTOC) (154). For bronopol (130) and 4-Aminophenazone (148) 

degradation, EF/BDD again presented higher TOC removal rates than AO with 

electrogenerated H2O2 (AO-H2O2). However, both achieved mineralization rates higher than 

90%, and their differences were fairly similar. Thus, these are a few studies pointing out 

that EF/BDD has higher relative oxidation power than AO/BDD. In contrast, Murati et al. 

compared mesotrione herbicide mineralization rates applying BDD technology to both AO 

and EF processes, and both EAOPs resulted in similar TOC removal rates such as 87% 

and 85% for AO/BDD and EF/BDD, respectively (151). The performance of AO/BDD was 

also found to be higher than that of EF/BDD for the biocide chloroxylenol in a study by 
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Skoumal et al., with TOC removal of 94.6% for AO/BDD and 82.5% for EF/BDD (155). 

Results from the degradation of some water pollutants applying EF based on BDD 

technology are summarized in Table I.1.5. 

 

Table I.1.5. Examples of studies that applied BDD anodes to treat pollutants by electro-
Fenton processes. 

Pollutant EAOP Anode Cathode Fe2+ 
conc. 
(mM) 

pH Initial 
conc. 
(mM) 

Initial 
TOC 

(mg/L) 

% TOC 
Removal 

Time 
(min) 

Ref. 

bronopol AO-
H2O2 

BDD carbon-
PTFE 

- 3 2.78 100 95% 480 (130) 

 AO-
H2O2 

BDD carbon-
PTFE 

- - 2.78 100 simulated 
water: 
90% 

480  

 EF BDD carbon-
PTFE 

0.5 3 2.78 100 >99% 480  

 EF BDD carbon-
PTFE 

0.5 - 2.78 100 simulated 
water: 
>99% 

480  

sulfamethoxazole EF BDD carbon-
felt 

0.2 3 1.3 150 88% 600 (150) 

 EF Pt carbon-
felt 

0.2 3 1.3 150 84% 600  

4-Aminophenazone AO-
H2O2 

BDD carbon-
felt 

- 3 0.192 30 98% 480 (148) 

 AO-
H2O2 

Pt carbon-
felt 

- 3 0.192 30 82 % 480  

 EF BDD carbon-
felt 

0.2 3 0.192 30 99% 480  

 EF Pt carbon-
felt 

0.2 3 0.192 30 94% 480  

paper mill 
wastewater 

EF BDD modified 
carbon 

felt 

0.5 3 - 115 85% 300 (149) 

 EF DSA modified 
carbon 

felt 

0.5 3 - 115 40% 300  

mesotrione AO BDD carbon-
felt 

- 3 0.1 17 95% 480 (151) 

 EF BDD carbon-
felt 

0.1 3 0.1 17 94% 480  

 EF Pt carbon-
felt 

0.1 3 0.1 17 91% 480  

azure B AO-
H2O2 

BDD carbon-
felt 

- 3 0.1 18 96% 480 (152) 

 EF BDD carbon-
felt 

0.1 3 0.1 18 95% 480 (135) 
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 EF Pt carbon-
felt 

0.1 3 0.1 18 85% 480  

pharmaceuticals 
mixture 

EF BDD carbon-
fiber 

brush 

3.33 
* 

mg/L 

6 - 40 97.3% 360 (135) 

 EF Ti/IrO2−RuO2 carbon-
fiber 

brush 

3.33 
* 

mg/L 

6 - 40 ~91% 360  

atrazine AO BDD carbon 
felt 

- 6.7 0.1 10 93% 480 (153) 

 EF BDD carbon 
felt 

0.1 3 0.1 10 97% 480  

 EF Pt carbon 
felt 

0.1 3 0.1 10 81% 480  

propham EF BDD carbon 
sponge 

0.2 3 0.5 62.3 78% 120 (136) 

 EF BDD Pt 0.2 3 0.50 62.3 68% 120  

 EF Pt carbon 
sponge 

0.2 3 0.50 62.3 61% 120  

* TOC—Total Organic Carbon. 

 

This section shows that BDD is the most promising anode material for EF applications. It 

was also noted that there is no definition of which type of cathode is best suited to be used 

in conjunction with BDD anodes in EF processes. To reach such a conclusion, comparing 

different cathode materials will be necessary, considering the costs, durability, H2O2 

generation rates, and energy consumption for each electrode pair. EF/BDD presented, in 

general, higher mineralization rates compared to AO/BDD due to the more significant 

presence of hydroxyl radicals, especially in the bulk of the solution, promoting indirect 

oxidation in addition to direct anodic oxidation at the BDD’s surface. However, AO/BDD 

presented mineralization rates similar to or even superior to EF/BDD for certain types of 

pollutants. Thus, to conclude which process is the most suitable for real large-scale 

application, it is also necessary to consider the nature of the pollutants and the additional 

costs and maintenance that EF can generate due to the use of catalysts, pH correction to 

the optimal values during the process, post-treatment (pH neutralization), or even when 

GDEs are used, adding gas costs. 

 

I.1.4.2. Photo-Enhanced Electro-Fenton Processes 

A few years after the first studies in EF (139), Sun and Pignatello suggested irradiating 

solutions with UV light to improve the oxidizing power of Fenton-based systems (163). A 

faster generation of hydroxyl radicals was observed due to the photo-reduction of Fe(OH)2+ 
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species at wavelength values higher than 300 nm (Eq. I.1.15) (141,164). Additionally, 

Fe(III)-carboxylate complexes undergo photo-decarboxylation by the incident photons (Eq. 

I.1.16), promoting Fe2+ regeneration, which improves the mineralization efficiency 

(164,165). 

 

Fe(OH)2+ + hυ → Fe2+ + •OH Eq. I.1.15 

Fe(COOR)2+ + hυ → Fe2+ + CO2 + •R Eq. I.1.16 

 

These findings led to the development of the so-called photoelectro-Fenton (PEF) process. 

These combine EF with either UVA (λ = 315–400 nm), UVB (λ = 285–315 nm), or UVC (λ 

< 285 nm) radiation emitted from artificial sources (155). 

Mineralization of paracetamol (154) and chloroxylenol (166) was compared employing 

AO/BDD, EF/BDD, and PEF/BDD, with PEF/BDD performing better and achieving nearly 

complete mineralization (>97%) after 6 h of electrolysis. Alcaide et al. observed extremely 

low TOC removal rates (<3%) for bentazon herbicide after 240 min when using AO-H2O2 

with BDD anodes (167). On the other hand, by applying PEF/BDD, around 77% was 

removed from the solution. Fernandes et al. also achieved superior performances while 

applying PEF instead of AO and photo-assisted AO for imidacloprid oxidation using BDD 

technology (168). Although UV irradiation of the AO/BDD system enhanced TOC removal 

rates from 42% to 49%, PEF was more efficient, eliminating 66% of TOC. In contrast, Tirado 

et al. could remediate real cheese whey wastewaters more efficiently with AO photo-

assisted using a UVA lamp, demonstrating that PEF does not necessarily have a better 

performance than photo-assisted AO (169). In a recent study, Bravo-Yumi et al. compared 

AO with EF and PEF for the degradation of synthetic solutions containing tannery dyes 

Violet RL and Green A and using BDD anode/stainless steel cathode (170). Experiments 

were carried out under three current densities: 25, 35, and 50 mA/cm2. For the lowest 

current density, AO/BDD could remove approximately 64%, 44%, and 63% of color from 

the solutions containing Green A (80 mg/L), Violet RL (80 mg/L), and a mixture of both dyes 

(35 mg/L), respectively, after 60 min of electrolysis. After the same time of electrolysis, 

EF/BDD treatment exhibited approximately 86%, 82%, and 91% of color removal for the 

solutions contaminated with Green A, Violet RL, and a mixture of both dyes, respectively. 

The PEF/BDD yielded similar results but slightly superior removal rates: 86% for Green A, 

88% for Violet RL, and 93% for the mixture of both dyes. Despite removal efficiencies 

pointing to PEF/BDD as the best solution compared to AO/BDD and EF/BDD, the 
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conclusion of the aforementioned study points to another finding. Bravo-Yumi et al. also 

performed a statistical analysis to determine optimum conditions under the lowest 

operational costs, higher kinetics, and higher degradation efficiency. Thus, the authors 

considered factors such as current density, EAOP type, initial dye concentration, and dye 

type. In contrast with the previously mentioned results, the statistical analysis pointed out 

that AO/BDD has a better performance. This clearly demonstrates that unequivocal 

conclusions may be drawn from very different results in relation to which EAOPs performs 

better in real wastewater remediation. Looking closely at the actual panorama, determining 

the most cost-effective EAOP strongly depends on several outcomes and independent 

variables but certainly on the main goal to be achieved. One such variable is, for example, 

the degradation medium itself. Studies comparing EF-based processes applied to synthetic 

solutions and real water samples (real wastewater (171,172) and reuse, tap and mineral 

water (173)), showed that degradation of pollutants is more efficient in real samples. 

The recent method of solar photo-electro-Fenton (SPEF) was proposed by Casado et al. to 

tackle the problem of the high cost of electrical energy associated with artificial UV lamps 

employed in PEF processes (165). The SPEF technique involves EF oxidation whilst 

exposing the solution to sunlight and making use of an inexpensive and renewable energy 

source with wavelengths higher than 300 nm (57). Solar light provides superior UV radiation 

intensity as well as extra absorption at wavelengths greater than 400 nm. For example, it is 

believed that SPEF’s mineralization rates are higher for the photolysis of Fe(III)-carboxylate 

complexes when compared to those by EF or PEF processes (58,155). As demonstrated in 

the previous subsection regarding EF processes, BDD technology also features prominently 

in PEF and SPEF. Pinheiro et al. studied the mineralization of paracetamol by PEF with 

BDD and Pt anodes (154). PEF/BDD reached a higher performance in terms of energy 

consumption (1947 kWh/kgTOC), mineralization efficiency (8.1% MCE), and TOC removal 

(98.4%) after 6 h of electrolysis at constant applied potential (−2.7 V). Under the same 

conditions, PEF/Pt achieved values of 2076 kWh/kgTOC, 5.2% MCE, and 86.2% for energy 

consumption, mineralization efficiency, and TOC removal, respectively. Skoumal et al. also 

observed faster TOC removal rates and higher mineralization efficiencies for PEF/BDD 

compared with PEF/Pt in the oxidation of the biocide chloroxylenol (166). While the 

PEF/BDD process eliminated around 97% of TOC from the solution after 5 h of treatment, 

the PEF/Pt process required 6 h to eliminate approximately 93% of TOC. In another study 

by Skoumal et al., ibuprofen mineralization by EF, PEF, and SPEF was also enhanced when 

BDD technology was employed instead of Pt. This is easily explained by the fact that 

hydroxyl radicals generated at BDD show higher oxidizing ability than those produced over 
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Pt (155). Thiam et al. tested four different anode materials to compare their performances 

in the degradation of the herbicide chloramben using PEF (BDD, PbO2, IrO2-based, and 

RuO2-based anodes) (137). The obtained current efficiency was around 4–5% for all the 

tested anodes, but the highest mineralization power was that of the BDD anode, particularly 

in the early stages of the PEF process. These results are similar to those from other authors 

who established the following oxidation power sequence for PEF and SPEF systems: BDD 

> PbO2~IrO2-based > RuO2-based (172,174). 

SPEF consistently stands out in terms of mineralization performance and energy 

consumption when compared to other EAOPs. Salmerón et al. compared AO and SPEF in 

the degradation of pyrimethanil and methomyl pesticides at a pilot plant scale fitted with 

filter-press-type electrochemical cells equipped with BDD technology (175). Treating 75 L 

samples containing 71 mg/L of dissolved organic carbon by SPEF during 120 min 

eliminated 76% and 70% of pyrimethanil and methomyl, respectively. AO only removed 

19% and 33% of pyrimethanil and methomyl, respectively, under the same conditions. 

Steter et al. treated aqueous mixtures of methyl, ethyl, and propylparaben in real urban 

wastewater with low conductivity by AO-H2O2, EF, and SPEF (172). AO-H2O2 and EF 

reached similar TOC removal rates within the 35–36% range, whereas SPEF eliminated 

51% of TOC. Salazar et al. observed higher mineralization rates for the SPEF treatment of 

simulated wastewater containing the industrial textile dye Disperse Blue 3 compared with 

solar photoassisted AO-H2O2 and EF (176). Furthermore, the SPEF process consumed less 

energy (around 64 kWh/kgTOC) to achieve similar TOC removal rates (90–96%). The 

superior performance of SPEF in relation to EF was also demonstrated by Flox et al. in the 

oxidation of o-cresol (128 mg/L) in 0.05 M Na2SO4 solutions containing 0.25 mM Fe2+ (147). 

After 180 min of treatment under 50 mA/cm2, EF removed around 53% of TOC, whereas 

SPEF achieved almost complete mineralization (around 95%). Many authors have 

compared SPEF with PEF using BDD technology in water remediation containing pollutants 

such as erythrosine B dye (177), pesticide triclopyr (178), bronopol (179), landfill leachate 

(180,181), Evans blue diazo dye (182), ibuprofen pharmaceutical (155), and herbicide 

mecoprop (183). Although most of these studies were carried out under very different 

operating conditions (aqueous medium, pollutant concentration, Fe2+ concentration, applied 

current density, irradiation intensity, and cell configuration), SPEF was always pointed out 

as the best in terms of mineralization if compared to PEF. Skoumal et al. demonstrated that 

irradiating solutions with either UV or sunlight promotes a significant improvement in the 

kinetic rate, making the process more efficient due to the faster hydroxyl radical production 

and Fe2+ regeneration due to the enhanced photodecomposition of Fe(III)-complexes with 
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acidic intermediates (155). Under solar irradiation, this phenomenon becomes even more 

accelerated compared to artificial UV sources (155), explaining the SPEF superiority over 

PEF and other EAOPs. Nevertheless, the temperature influence over time should also be 

assessed in SPEF processes. 

Experiments conducted without the application of electrical current indicate that the effect 

of direct photolysis in degradation is negligible (177), demonstrating the excellent synergism 

between direct oxidation at the BDD surface and photo-enhanced Fenton reactions to 

achieve faster and more efficient wastewater treatment. However, the degradation 

mechanisms become slower with time, and in extended electrolysis, oxidation is mainly 

driven by the hydroxyl radicals formed at the reaction layer of the BDD anode (155,177). In 

addition, energy consumption is again an important factor in the EAOP selection. In the 

study by Clematis et al., PEF and SPEF consumed 515.6 kWh/m³ and 20.9 kWh/m³, 

respectively, to achieve similar degradation performances. In other words, PEF is not 

entirely suitable for real applications due to its high energy consumption. However, SPEF 

is limited by weather conditions and the availability of sunlight in many countries throughout 

the year. Using inexpensive sunlight as a photon source certainly reduces the energy 

demand, but supplying sufficient power to the electrode set increases the overall cost. 

Nevertheless, this can easily be overcome by coupling photovoltaic panels or other 

renewable energy sources to directly power the electrochemical reactor. Thus, the electrical 

demand for operating the process might be lowered if one turns the process to an entirely 

self-sufficient system. Furthermore, recent discussions point out that mineralization 

efficiencies and cost-effectiveness can be further improved by optimizing the design of the 

electrochemical reactors (184,185). 

A few cost studies of different advanced oxidation processes (AOPs) are found in the 

literature and, for example, three AOPs—AO using BDD electrodes, ozonation, and Fenton 

oxidation were evaluated by Cañizares et al. (186). For all wastes, only AO was able to 

mineralize the contaminants completely. This study also showed that the degradation 

efficiency fluctuated with the pollutant concentration due to mass transfer control. It was 

observed that the nature of the contaminants affected the results obtained in the oxidation 

by ozonation (at pH 12) or by Fenton oxidation and that large amounts of refractory 

chemicals were typically accumulated during these treatments. Economic analysis revealed 

that Fenton oxidation has lower operating costs than AO or ozonation, despite the fact that 

AO may successfully compete with the Fenton process in the treatment of a variety of 

pollutants. Regardless of the nature of the pollutant, the investment cost for the ozonation 

process appeared to be higher than that of either AO or Fenton oxidation. In a more recent 
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study, Mousset et al. evaluated the operational cost efficiency of six distinct types of AOPs, 

including ozonation, Fenton oxidation, H2O2 photolysis, photo-Fenton, electro-Fenton, and 

photoelectro-Fenton (187). Unfortunately, AO and SPEF were not considered in this study. 

The most economical AOP overall was electro-Fenton (108–125 €/m3), considering the use 

of chemicals, power, and sludge management in the operational cost calculations. 

Table I.1.6 summarizes some of the results obtained in studies applying BDD technology in 

photo-enhanced EF processes for the degradation of water pollutants. 

 

Table I.1.6. Examples of pollutants treated with BDD anodes in photo-enhanced electro-
Fenton processes. 

Pollutant EAOP Fe2+ 
conc. 
(mM) 

pH Initial 
conc. 
(mg/L) 

Initial 
TOC 

(mg/L) 

%TOC 
Removal 

EC 
(kWh/kgTOC) 

Time 
(min) 

Ref. 

bentazon AO-H2O2 - 3 20 - <3% - 240 (167) 

 PEF 0.5 3 20 - 77.0% * 10.1 
kWh/m³ 

240  

4-
Aminoantipyrine 

PEF * 47.75 
mg/L 

3 62.5 40.6 pure water: 
64.6% 

- 170 (171) 

 PEF * 47.75 
mg/L 

3 62.5 51.1 municipal 
secondary 

wastewater: 
65.8% 

- 170  

Disperse Blue 3 
dye 

EF 0.5 3 * 200 
mM 

~427 90% ~69 360 (176) 

 Solar AO-H2O2 - 3 * 200 
mM 

~328 93% ~87 360  

 SPEF 0.5 3 * 200 
mM 

~427 96% ~64 360  

paracetamol AO - 2.9–
3.0 

157 100 62.4% 5141 360 (154) 

 EF 1 2.9–
3.0 

157 100 90.2% 2080 360  

 PEF 1 2.9–
3.0 

157 100 98.4% 1967 360  

chloroxylenol AO - 3 100 61.5 94.6% - 360 (166) 

 EF 1 3 100 61.5 82.5% - 360  

 PEF 1 3 100 61.5 97% - 300  

imidacloprid AO - 3 50 - 42% - 360 (168) 

 PEF 1 3 50 - 66% - 360  

 AO+UV - 3 50 - 49% - 360  

 Photochemical 
oxidation 

- 3 50 - −4% 
(increased) 

- 360  
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 SPEF 1 3 50 - 89% - 360  

chloramben PEF 0.5 3.4 * 1.19  
mM 

100 96.3% - 300 (137) 

o-cresol EF 0.25 3 128 100 ~53% - 180 (147) 

 SPEF 0.25 3 128 100 ~95% - 180  

 SPEF 1 3 128 100 >98% 155 180  

m-cresol SPEF 0.25 3 128 100 ~96% - 180  

 SPEF 1 3 128 100 >98% 155 180  

p-cresol SPEF 0.25 3 128 100 ~94% - 180  

 SPEF 1 3 128 100 >98% 155 180  

mixtures of 
methyl, ethyl, 

and propyl 
paraben 

AO-H2O2 - 3 * 0.3 
mM 
each 

- 35% - 240 (172) 

 EF 0.2 3 * 0.3 
mM 
each 

- 36% - 240  

 SPEF 0.2 3 * 0.3 
mM 
each 

- real 
wastewater: 

66% 

84 240  

 SPEF 0.2 3 * 0.3 
mM 
each 

- 51% - 240  

cheese whey 
wastewater 

AO - 3 - 21.6 34.7% - 420 (169) 

 AO+UV - 3 - 21.6 48.8% - 420  

 PEF - 3 - 21.6 41.8% - 420  

 UVA light 
alone 

- 3 - 21.6 32.2% - 420  

17α-
Ethinylestradiol 

(EE2) 

PEF 0.5 3 20 - deionized 
water: 
74.5% 

- 180 (173) 

 PEF 0.5 3 20 - reuse water: 
88.4% 

8598 180  

 PEF 0.5 3 20 - tap water: 
88.3% 

8952 180  

 PEF 0.5 3 20 - mineral 
water: 
93.6% 

7764 180  

erythrosine B 
dye 

EF 0.1 3 100 115 ~90% * 21 kWh/m³ 120 (177) 

 PEF 0.1 3 100 115 >99% * 515.6 
kWh/m³ 

120  

 SPEF 0.1 3 100 115 >99% * 20.9 
kWh/m³ 

120  
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triclopyr AO-H2O2 - 7 * 12 
mM 

17.2 38% * 2.34 
kWh/gTOC 

300 (178) 

 EF 0.06 
mM 

Fe(III)–
EDDS 
(1:1) 

7 * 12 
mM 

17.2 47% * 1.81 
kWh/gTOC 

300  

 PEF 0.06 
mM 

Fe(III)–
EDDS 
(1:1) 

7 * 12 
mM 

17.2 65% * 19.2 
kWh/gTOC 

300  

 SPEF 0.06 
mM 

Fe(III)–
EDDS 
(1:1) 

7 * 12 
mM 

17.2 62% * 1.33 
kWh/gTOC 

300  

bronopol AO-H2O2 - 3 * 0.28  
mM 

10 58% - 360 (179) 

 PEF 0.50 3 * 0.28  
mM 

10 ~91% - 360  

 SPEF 0.50 3 * 0.28  
mM 

10 94% * 4 
kWh/gTOC 

360  

landfill leachate EF * [TDI]0 
= 60 
mg//L 

2.8 - * 337–
430 

mg/L 
DOC 

~43% 
DOC 

- 300 (180) 
(181) 

 PEF * [TDI]0 
= 60 
mg//L 

2.8 - * 337–
430 

mg/L 
DOC 

~72% 
DOC 

- 300  

 SPEF * [TDI]0 
= 60 
mg//L 

2.8 - * 337–
430 

mg/L 
DOC 

~78% 
DOC 

* 137 
kWh/kgDOC 

300  

Evans Blue 
diazo dye 

EF 0.5 3 * 
0.245 
mM 

* 100 
mg/L 
DOC 

~85% 
DOC 

- 360 (182) 

 PEF 0.5 3 * 
0.245 
mM 

* 100 
mg/L 
DOC 

>98% 
DOC 

- 360  

 SPEF 0.5 3 * 
0.245 
mM 

* 100 
mg/L 
DOC 

>96% 
DOC 

- 150  

ibuprofen EF 0.5 3 41 * 31 
mg/L 
DOC 

81% 
DOC 

- 360 (155) 

 PEF 0.5 3 41 * 31 
mg/L 
DOC 

94% 
DOC 

- 360  

 SPEF 0.5 3 41 * 31 
mg/L 
DOC 

92% 
DOC 

- 240  

mecoprop AO - 3 100 56 49% - 540 (183) 
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 EF 0.5 3 100 56 69% - 540  

 PEF 0.5 3 100 56 >96% - 540  

 SPEF 0.5 3 100 56 >96% - 540  

* TOC—Total Organic Carbon; MCE—Mineralization Current Efficiency; EC—Energy consumption; [TDI]0—Initial Total 
Dissolved Iron concentration; DOC—Dissolved Organic Carbon; EDDS—ethylenediamine-N,N’-disuccinic. 

 

In this subsection, it was demonstrated that diamond technology still stands out in photo-

enhanced EF processes, as equally found in the previous subsection concerning EF 

processes. It was also observed that a combination of a radiation source, either artificial 

(UV lamps) or natural (sunlight), improves the efficiency of the Fenton-based process and 

the overall mineralization efficiency. The reported works equally point out the benefits of 

solar irradiation when compared to artificial UV sources, particularly in terms of energy 

consumption, mineralization rates, and general costs. Combining SPEF with renewable 

power supplies may be a more cost-effective solution. Nevertheless, SPEF is limited by 

weather conditions and geolocation. Furthermore, PEF and SPEF are enhanced EF 

processes with extra costs to be added due to particular requirements such as the use of 

catalysts, pH correction during and after the process, and gas sources when gas diffusion 

cathodes are used. Unfortunately, the cost of the latter is often not considered in the overall 

calculations presented in the literature. Therefore, for real wastewater treatment 

applications, all costs and life-cycles involved in each EAOP process must be evaluated in 

order to determine which one is the most cost-effective without compromising long-term 

quality and efficiency.
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I.1.5. Final Considerations and Future Prospects 

Anodic electrooxidation (AO) carried out using boron-doped diamond (BDD) technology is 

an electrochemical advanced oxidation process (EAOP) by itself, and these thin films are 

excellent electrode materials for the previously stated well-known reasons. It is a green 

process that only requires an electrical current input. BDDs are indeed expensive, but their 

long operating life clearly redeems any required initial investment. Similar to any other 

EAOP, there are also a few weaknesses in AO that require further consideration if one 

intends to apply BDD technology in wastewater treatment effectively. Consequently, it is not 

surprising that many researchers have started to explore possible synergism between 

different EAOPs. In this work, the aim was to evaluate the literature concerning BDD 

technology as the common denominator applied in enhanced AO strategies, including 

different EAOPs. 

SLR analysis demonstrated the importance of using adequate keywords in any scientific 

report since it incessantly introduces a degree of discrepancy to this systematic 

methodology. Authors will certainly benefit if standard terms are employed, and this action 

alone will certainly have clear repercussions on the future number of citations as well as on 

the effortless finding of publications when using search mechanisms such as Scopus, Web 

of Science, Google Scholar, PubMed, amongst others. The application of SLR allowed to 

review a representative sample of work among hundreds of publications concerning doped 

diamond technology applied in EAOPs. We strongly believe that SLR methodology will 

always be an updated, useful tool and, most probably, a mandatory one in the future. 

In this review, it was possible to generally conclude that add-ons such as persulfate radicals 

(amongst others) clearly show a synergistic effect, improving the overall AO process using 

BDD technology. These in situ electrogenerated radicals compensate for the weaker 

electrooxidation in the bulk of the wastewater since the production of hydroxyl radicals by 

the BDD anodes is restricted to the surrounding area of the electrode. Adding extra 

chemicals to generate persulfate or other radicals is not by all means sustainable, and it 

may even point to an additional treatment step in the whole process. Electrogenerated 

ozone add-on enhances the amount of hydroxyl radicals present in the wastewater and 

overcomes the pH constriction effect on the production of persulfate radicals. Ozone is a 

powerful oxidant, and it mass-balances the localized production of hydroxyl radicals at the 

BDD electrodes. On the other hand, associated costs are yet unaccounted for in order to 

properly assess the success of this add-on. Photoelectrocatalysis shows good potential as 

an add-on, but, unfortunately, the design and fabrication of the photoanodes is time-
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consuming and most possibly not a cost-effective add-on with effective large-scale 

application in wastewater treatment. 

Considering the Fenton-based processes using BDD technology, it is generally accepted 

that the electro-Fenton (EF) method shows higher mineralization rates if compared to 

simple AO. Among them, mineralization efficiency typically occurs in the following order: 

solar photo-electro-Fenton (SPEF) > photo-electro-Fenton (PEF) > electro-Fenton (EF). An 

obvious drawback of Fenton-based processes is that they always involve a required amount 

of iron compounds to be added to the wastewater, and consequently, a post-treatment step 

to remove the residual iron is necessary. These steps certainly have associated costs but 

may be reduced or overcome if the iron source is deposited onto the BDD electrode, as 

previously observed for the photoanodes in the photoelectrocatalysis add-on. Nevertheless, 

one needs to ensure that fouling does not occur, and that the extension of the Fenton 

reaction is not restricted to the surrounding areas of the composite anode. Regarding the 

cathode material, literature shows that a consensus has not yet been reached for EF-based 

methods. In addition, pH correction of wastewaters with chemicals is nearly mandatory, 

generating additional expenses and complications when implemented in large-scale 

facilities. For extended treatment periods of time, the oxidation mechanisms promoted by 

EF-based methods slowly decrease with time and mineralization becomes dominated by 

direct AO. Ultimately, PEF is an effective process but requires the use of artificial UV lamps, 

and again, it means additional expenses and an increase in energy consumption. The use 

of solar radiation easily overcomes this problem, but it is limited to weather conditions and 

the intensity of sunlight depending on geolocation and the season of the year. 

EAOPs are definitely the future for sustainable wastewater treatment. Nevertheless, EAOPs 

are also of great complexity with many accountable variables and extended difficult 

implementation and/or substitution of the conventional treatment methods. A recent study 

evaluated the operational cost efficiency of six distinct types of AOPs, including ozonation, 

Fenton, H2O2 photolysis, photo-Fenton, electro-Fenton, and photoelectro-Fenton 

(unfortunately, AO and SPEF were not considered). The detailed study included the use of 

chemicals, power, and sludge management. It was found that electro-Fenton was the most 

economical AOP, with a cost of around 108–125 €/m3. One should note that the future of 

all EAOPs includes upgrading the power supplies to renewable energy sources enabling 

self-sufficiency, low maintenance requirements, and consequent applicability. 

One of the aspects that we consider relevant, from a performance point of view, is the 

generality of EAOPs processes as solutions for multiple pollutants and types of wastewater. 

If the mineralization process is incomplete, complex samples with different organic 
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compounds may generate possible byproducts with some toxicity level. Currently, it is not 

possible to generalize EAOPs processes without optimizing them for each type of water. 

Most publications do not provide enough detailed studies concerning the chemistry of 

treated water, which is a critical requirement for future practical applications of EAOPs. 

EAOPs largely achieve excellent degradation and mineralization efficiencies when 

combined with doped diamond technology. On the other hand, these efficiencies are 

restricted by the common limits of AO using BDD anodes. Overall, further research is still 

needed to enhance its technology readiness level and allow effective acceptance and 

application in wastewater remediation. 
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Abstract 

Boron-doped diamond (BDD) electrodes are eco-friendly and widely used in efficient water 

remediation through electrochemical advanced oxidation processes (EAOPs). These 

anodes can completely mineralize a wide range of pollutants, only requiring electrical 

energy. Over the last two decades, numerous commercially available BDD electrodes have 

emerged, but little is known about their electrooxidation performance, particularly if 

compared to laboratory-produced anodes by different research groups. In this critical 

review, a comparison between in-house-made and commercially available BDD electrodes 

based on a systematic literature review (SLR) is carried out. SLR was quite useful in locating 

and selecting the scientific publications relevant to the topic, enabling information gathering 

on dissemination, growth, and trends in the application of BDD electrodes in the degradation 

of water pollutants. More specifically, data concerning the origin of the employed BDD 

electrodes, and their physicochemical properties were extracted from a thorough selection 

of articles. Moreover, a detailed analysis of the main parameters affecting the BDD 

electrodes' performance is provided and includes selection and pre-treatment of the 

substrate material, chemical vapor deposition (CVD) method, deposition parameters, 

characterization methods, and operational conditions. This discussion was carried out fully 

based on the numerous performance indicators found in the literature. Those clearly 

revealed that there are only a few analogous points across works, demonstrating the 

challenge of establishing an accurate comparison methodology. In this context, we propose 
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a figure-of-merit equation which aims at normalizing BDD degradation results for a specific 

contaminant, even if working under different experimental conditions. Two case studies 

based on the degradation of solutions spiked with phenol and landfill leachate treatment 

with commercial or in-house-made BDD electrodes are also presented. Although it was not 

possible to conclude which electrode would be the best choice, in this paper we propose a 

set of guidelines detailing a consistent experimental procedure for comparison purposes in 

the future. 
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I.2.1. Introduction 

Over the last two decades, boron-doped diamond (BDD) has gained increased attention 

and has been extensively studied for electrochemical applications due to its distinct physical 

and chemical properties from conventional electrode materials. These include a wide 

electric potential window in aqueous and non-aqueous solutions (1, 2), good stability and 

corrosion resistance (3, 4), inert surface with low adsorption (5), low double-layer 

capacitance and background current (6), high current density electrolysis (1–10 A.cm-2) (7), 

and high overpotential for both hydrogen and oxygen evolution (2). 

The electric potential window of BDD electrodes is much wider than that of any other 

material (8), with the hydrogen evolution reaction (HER) starting at about −1.2 V/SHE 

(Standard hydrogen electrode) and the oxygen evolution reaction (OER) at approximately 

+2.3 V/SHE (1, 2). This broad potential window arises from the BDD's high overvoltage for 

water splitting (8). The HER and OER are inner-sphere reactions that generally consist of 

multi-step electron transfer reactions that depend on reaction intermediates' adsorption (9). 

The carbon sp3-hybridized orbitals in diamond show weak adsorption ability towards these 

intermediates and, consequently, the catalytic effect for HER and OER in BDD electrodes 

is weak (8). The diamond sp3-hybridized orbitals form strong covalent bonds and are 

responsible for the BDD’s good stability and corrosion resistance. Studies have shown that 

BDD electrodes are stable in strong acid media, even for long-term cycling of potential 

ranging from hydrogen to oxygen evolution reaction overpotentials (3, 4). Electrodes based 

on conventional materials such as glassy carbon or graphite usually have higher surface 

adsorption ability, forming a polymeric adhesive film on their surface, leading to electrode 

fouling (7). The sp2-hybridised orbitals present in the surface of these electrodes increase 

the adsorption strength (10), while the sp3-hybridised orbitals present in the diamond 

structure shows weak adsorption capacity (8). Electrode fouling is easily avoided in BDD 

electrodes if working above the potential region of water splitting (11). BDD electrodes can 

also be self-cleaned through the polarization of such polymeric films (12). The surface of 

BDD electrodes resists deactivation processes, showing stable voltametric responses 

towards Fe(CN)6
4−/3−

 even after two weeks of continuous potential cycling (5). BDD 

electrodes are also particularly interesting for electroanalysis and sensing applications since 

they present low background current and consequent low double-layer capacitance, 

resulting in lower detection limits for trace analysis when compared to other sensors (13). 

The above-mentioned excellent electrochemical behavior of BDD electrodes can vary 

drastically depending on their physicochemical properties.  
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More important is the role BDD anodes are currently playing in water remediation through 

OER and the generated oxygen-based radicals that can completely eliminate a wide range 

of pollutants, including non-biodegradable compounds (14). Recent reviews on the 

electrochemical degradation of contaminants with BDD electrodes can be found in the 

literature (9, 15-30). These include studies performed using BDD anodes prepared by 

chemical vapor deposition (CVD), commercially available and in-house-made, and applied 

in spiked water and real wastewater treatment systems.  

In this critical review, we will evaluate if it is possible to compare the performance of 

commercial BDD electrodes with those produced in-house towards electrooxidation of water 

pollutants. We will also discuss how the CVD deposition conditions, the physicochemical 

properties of the anodes, and the electrooxidation process influence the interpretation of 

the degradation efficiency results. This assessment will be carefully carried out using 

bibliometric analysis. Afterwards, an attempt will be made to reach a consensus on possible 

guidelines and/or degradation performance indicators for future comparison of BDD 

electrodes from different origins. 

 

I.2.2. Electrochemical degradation of contaminants with 

BDD electrodes: a bibliometric analysis  

Bibliometrics is a research method that uses quantitative and statistical analysis to describe 

patterns in publications. Bibliometric studies are frequently used to investigate structural 

interrelationships and to increase the understanding of a specific subject state of the art 

(31). In order to properly carry out these studies, it is essential to know Lotka's inverse 

square laws regarding the calculation of authors' productivity, Bradford's law for the 

dispersion of authors in different journals, and Zipf's law concerning the frequency of words 

in each document (32, 33). Systematic literature review (SLR) was chosen as the method 

of searching for publications since it is widely used and because it is a structured way of 

locating and selecting the relevant publications, increasing the reproducibility and reliability 

of the method (31). 

In this work, bibliometric analysis was used (i) to identify the growth and trends in the 

application of BDD in the degradation of contaminants; (ii) to identify the dissemination of 

information with quantification of publications by journals, universities, and research 

centers, and by country; and (iii) to verify the keywords relationship between themes 

through their co-occurrence in a network graph. The tools used to visualize the results and 

create the graphics were Microsoft Excel and VOSViewer (34). 
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The bibliometric search of the topic “electrochemical degradation of contaminants with BDD 

electrodes” was carried out by a Boolean advanced search query in the Scopus database 

through a search string connecting the topics by the title field of publications in April 2022. 

The details of this search query can be found in the Supplementary Table I.2.1. A total of 

875 articles meeting the established criteria were obtained. The search was restricted to 

scientific articles as the document type and only to the English language. This result went 

through a process of elimination of duplicates and irrelevant results (not related to the 

subject), reaching a final number of 868 publications for further bibliometric analysis. The 

list of strings used in the search query was defined based on a previous broader search in 

which the fundamental terms used to describe the electrochemical degradation of 

contaminants were identified (Supplementary Table I.2.2). Figure I.2.1 illustrates the 

number of publications per year on BDD as an electrode for electrooxidation of 

contaminants. 

 

 
Figure I.2.1. Number of publications per year on BDD as an electrode for electrooxidation 
of contaminants, based on the Scopus database. 

 

The first publication identified in the SLR was published in 1994 (35), although the first one 

ever reported on the electrochemical behavior of CVD diamond dates back to 1987 (36). 

However, the latter does not address pollutant degradation studies. In the early 1990s, 

studies of BDD used as electrodes began to emerge all over the world: Japan (37), the USA 

(5, 6) or China (38, 39). The number of publications increased rapidly in the 2000s, reaching 

a peak of 73 publications in one single year (2013). Nearly the same number of publications 

was achieved again in 2020. By the time these data were gathered, early 2022 already 

accounted for 27 publications, clearly indicating that the topic has excellent scientific 
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relevance and is still extensively explored. The dissemination of information was identified 

through the analysis of publications by journals, as shown in Figure I.2.2.  

 

 
Figure I.2.2. Number of publications per journal with more than 10 publications on BDD as 
an electrode for electrooxidation of contaminants, based on the Scopus database. 

 

Articles on the topic were published in more than 160 different journals. Chemosphere, 

Electrochimica Acta, and Journal of Electroanalytical Chemistry published around 23% of 

all the articles on BDD as an electrode for electrooxidation of contaminants. Therefore, 

researchers on this subject should consult information primarily in these three journals. 

Figure I.2.3 presents the bibliometric study finding the dissemination of information by 

universities and research centers with more than 20 publications on the topic, as well as the 

number of publications per country.  

The institution contributing the most to disseminating this topic is the Universitat de 

Barcelona (Spain). Switzerland ranks 11th, but one should note that the École Polytechnique 

Fédérale de Lausanne has the fourth-highest number of publications on the subject. China, 

Spain, Brazil, France, Italy, Mexico, and Japan represent more than 50% of publications. 

The most significant contributors are China with 157 publications, Spain with 127, and Brazil 

with 113. To identify the trends in the application of BDD anodes in the degradation of 

contaminants and verify the relationship within the main themes, a keyword network graph 

(Figure I.2.4) was constructed.  
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Figure I.2.3. Number of publications per country on BDD as an electrode for 
electrooxidation of contaminants (upper); and universities and research centers with more 
than 20 publications on BDD as an electrode for electrooxidation of contaminants (below). 
All results were based on the Scopus database. 

 

The network graph shows six main clusters where the red highlights response surface 

methodology studies that encompass cyclic voltammetry measurements to evaluate the 

electrochemical properties of BDD anodes and the electrooxidation of pollutants. The larger 

the frame of a given keyword, the more frequent it is across the literature. In the red cluster, 

pesticides appear as the primarily studied pollutant. The purple cluster represents the 

analysis of energy consumption by the electrooxidation processes using BDD anodes, and 

the cyan cluster is mainly related to wastewater disinfection. BDD electrochemistry, 

electrochemical oxidation of phenol and dyes, and the toxicity of the resulting byproducts 

are featured in the green cluster. The blue one involves water treatment containing 
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pharmaceuticals (primarily studied contaminants) by different EAOPs (anodic oxidation, 

electro-Fenton, and photoelectron-Fenton). This cluster includes intermediate oxidation 

products such as carboxylic acids (oxalic, acetic, or formic), often used as models to 

investigate the reaction mechanisms and electrocatalytic properties of the anode materials 

(40). The yellow group gathers information on the production of hydroxyl radicals and 

carboxylic acid intermediates during the final mineralization process. Overall, the keyword 

network graph in Figure I.2.4 reveals that BDD anodes for water remediation have been 

primarily used in the electrooxidation of pharmaceuticals, pesticides, carboxylic acids, 

phenolic compounds, dyes, and for water disinfection of bacteria and viruses. 

SLR verified that the degradation of water pollutants through BDD electrodes is a subject 

particularly targeted in the last two decades, highly relevant (mentioned in more than 160 

journals) and studied on all continents. The keywords co-occurrence network map allowed 

the identification of the most studied types of water pollutants and applied EAOPs, as well 

as other relevant issues to the degradation process: the generation of byproducts and their 

toxicity and associated energy consumption/costs. 
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Figure I.2.4. Keywords co-occurrence network (minimum of 10 occurrences) representation 
of the trends on the application of BDD anodes in the degradation of contaminants and 
corresponding relationship within the main themes, sorted in six clusters represented in 
different colors, based on the Scopus database and VOSviewer as the bibliometric network 
graph software.  

 

I.2.3. Utilization of laboratory produced and commercial 

BDD electrodes 

From 1994 to 2001, electrooxidation of pollutants using BDD anodes was exclusively 

performed with lab-made electrodes (Figure I.2.5). Commercial BDD electrodes started to 

gain ground and were first reported in 2002. The number of studies considering the 

application of commercial BDD anodes increased, and since 2006 they are around 4 times 

greater (average) than those using in-house-made electrodes. However, only 20% of the 

868 identified publications were related to laboratory-made BDD anodes, and 63% applied 

commercially available electrodes. The remaining unspecified 17% of the reported studies 
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can probably be associated with commercial BDD electrodes, which would sum up to 80% 

of the publications implementing such electrodes. Such a high percentage of the use of 

commercial electrodes may indicate the technology's maturity is being achieved. 

 

 
Figure I.2.5. Number of publications per year on commercial and in-house BDD anodes in 
the degradation of contaminants, based on the bibliometric analysis search.  

 

Figure I.2.6 shows the distribution of the companies whose BDD electrodes were used in 

the analyzed publications. A list of commercial BDD suppliers, including companies that did 

not appear in the articles from the SLR, is available in the Supplementary Table I.2.3. 

Commercial electrodes from Adamant Technologies (Switzerland) and NeoCoat 

(Switzerland), which are spin-off companies of CSEM (Switzerland), together with those 

manufactured by CSEM itself, sum up to 58% of presence in the articles from the SLR, 

followed by 26.8% from Condias GmbH (Germany), and 4.1% from Mekatem™ (Germany). 
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Figure I.2.6. Commercial BDD manufacturer preference based on the bibliometric analysis 
search. 

 

Commercially manufactured BDD electrodes may offer greater reproducibility since 

companies are committed to delivering high quality and reproducible materials to their 

clients but are also costly and with a fixed set of morphological and electrochemical 

characteristics, such as sp3/sp2 ratio, boron doping level, film morphology and thickness, 

electrochemical potential window, capacitance, among others. Nevertheless, they enable 

numerous research groups without in-house CVD equipment to explore the use of such 

BDD electrodes in their studies, further expanding their application range and effectively 

contributing to knowledge expansion of these thin films. 

The main advantage of producing in-house BDD electrodes is growing customizable films 

by exploring and controlling their properties, such as the sp3/sp2 ratio, thickness, boron 

doping level, growth rate, and grain size. These properties strongly define the working 

potential window of the electrode, its conductivity and selectivity. Hence, in theory, precise 

BDD films can be created and adapted to each type of target pollutant. In addition, in-house 

BDD deposition allows the exploration of different deposition conditions and/or substrate 

materials. The full potential of BDD electrodes can only be attained by appropriate and 

specific electrode design for each application and/or target contaminant (21). 

Nonetheless, in-house BDD film deposition may also imply lower reproducibility, depending 

on the CVD reactors used and their operability. Additionally, the overall area of the BDD 

films is limited by the volume and operation design of the CVD chamber reactor (41), 
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typically smaller than the commercial ones. The in-house production of BDD electrodes is 

expensive for universities and research centers, when including the cost of the CVD 

equipment and the process associated costs such as electricity consumption, water cooling 

system, and reactive gases (42). Furthermore, a well-prepared infrastructure is mandatory 

to meet all the necessary safety requirements, including electrical hazards and the use of 

dangerous reactive gases. These, and the lack of know-how, contribute to limiting the 

spread of such equipment in laboratories working mostly on water purification processes. 

 

I.2.4. BDD electrodes from different sources 

It is a challenge to compare the performance of different in-house BDD electrodes regarding 

the electrooxidation of water pollutants. First, the design and working conditions of the 

adopted CVD technique can vary widely: the deposition method (hot-filament -HFCVD, or 

microwave plasma -MPCVD); the experimental deposition parameters (CH4/H2 ratio, 

pressure, substrate temperature, boron doping source, [B]/[C] ratio); and the substrate 

material and its prior preparation (43, 44). Altogether, these parameters will influence the 

final physicochemical properties of the BDD electrode, such as sp3/sp2 ratio, effective boron 

doping level, grain size, film thickness, electrical conductivity, electrochemical potential 

window, oxygen evolution potential (OEP), electron transfer rate, surface roughness, and 

surface termination (44-47).  

Second, the application of the BDD anodes in the electrooxidation of contaminants includes 

several other accountable factors such as the degradation conditions used in the 

experiments (current density, type of EAOP, pH and type of electrolyte, active electrode 

area, volume of solution, type and concentration of the pollutant, electrochemical cell 

design, or fluid dynamics), and the water system itself (spiked water or real wastewater) 

(48-51). 

The number of publications concerning BDD anodes in electrochemistry has drastically 

increased due to the emergence of commercial BDD manufacturers. It broadened the 

application of BDD electrodes resulting in high-quality publications but further entangled 

possible comparisons between electrodes’ performance. Most reports on tested 

commercial BDD electrodes lack information on their physicochemical properties and 

preparation process. The manufacturing process of such complex thin films dictates their 

performance (52), and it may vary significantly from one company to another. In this section, 

we discuss how these factors control the final physicochemical properties of BDD coatings, 

hence their implementation in degrading pollutants present in water systems. 
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I.2.4.1. Substrate material and preparation 

In the preparation of BDD electrodes, the primary function of the substrate for 

electrochemical applications is to allow the flow of electric current through the electrode, 

providing physical support to the thin film and conferring enough mechanical stability to the 

electrode (53). The first thing to keep in mind is that the substrate nature might influence 

the BDD final properties. Thus, its selection must meet criteria such as stability under 

extreme conditions (high current density, intense erosive and/or abrasive wear, and strong 

acids or bases media) (54). 

Ideally, the substrate material must withstand the CVD deposition conditions, present high 

affinity towards diamond thin film growth, high mechanical strength, good electrical 

conductivity, and electrochemical inertness or the ability to easily form a protective 

passivation layer on its surface (9, 53). A carbide buffer layer may be formed during CVD 

deposition, restricting further substrate carburization and promoting easy diamond 

nucleation and crystal growth (55). Furthermore, a substrate material with low carbon 

solubility and diffusion coefficient yields higher diamond nucleation rates (54). Temperature 

gradients interfere with the surface reactions and diamond growth kinetics (56). Therefore, 

the diffusion coefficient of the carbon atoms, the substrate thermal conductivity, and its 

coefficient of thermal expansion (CTE) influence the adhesion strength of the diamond thin 

film, grain size, growth rate, and residual stress, dictating its service life (54). 

Several materials have been proved suitable substrates for BDD deposition, including Si, 

Nb, Ta, W, Mo, Ti, Zr, and graphite (57-59); dielectric ceramics (60); high pressure-high 

temperature (HPHT) diamond (61); carbon fibers (62); SiO2 fibers (63); carbon nanotubes 

(64); TiO2 nanotubes (65); or metal foams (66). Polished silicon wafers are by far the most 

applied substrate material, being identified in more than 36% of the published articles 

(Supplementary Figure I.2.1), especially p-doped Si commercial wafers. Their characteristic 

low electrochemical activity and ability to form stable and compact oxide films help prevent 

film delamination (67). However, Si substrates still have many limitations for large-scale 

applications since they are not suitable in aggressive water treatment environments, mainly 

due to their relatively low conductivity and brittleness (68). Contrary to Si substrates’ short 

durability, Nb/BDD electrodes have shown a lifetime of more than 850 h during electrolysis 

(0.5 M H2SO4) at very high current densities such as 10 A/cm² (59). The SLR indicates that 

currently, the second most used substrate material is Nb, followed by Ti and Ta, which are 

metals capable of forming stable and protective passivation layers. It is important to 

emphasize that Nb became the preferred choice of substrate material over the years 

(Supplementary Figure I.2.2) and, since 2013, started to surpass the use of Si substrates. 
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Roughly, the approximate substrate stability for diamond film deposition obeys the following 

order: Ta > Si > Nb > W > Ti (57). The CTE of the substrate material is the main factor 

influencing its compatibility with the BDD film deposition and ideally, it should be as close 

as possible to that of diamond (0.7-2.0 × 10−6 K−1) (7, 43, 69). A CTE mismatch can cause 

delamination of the BDD film with possible consequent corrosion of the substrate due to 

electrolyte permeation through the thin film (57). Nevertheless, the high cost of Nb, Ta, and 

W substrates makes them unattainable for widespread use in large-scale applications (26). 

Ti has been considered a desirable substrate among those mentioned above due to its 

lower cost, high conductivity, corrosion resistance, and excellent mechanical properties 

(70). Yet, Ti/BDD electrodes have shown short service life due to the formation of a TiC 

intermediate layer generated by the diffusion of carbon species onto the metal during the 

deposition, resulting in a rough and porous structure that promotes early deterioration of the 

BDD film adhesion and stability (9, 59, 71). The most likely reasons of electrode failure are 

assumed to be the TiC layer corrosion at the substrate/film interface, the quality and 

adhesion of the BDD film, the residual stress produced in the CVD process, and the 

degradation of the diamond film (72). According to Lu et al., the delamination process occurs 

in two main stages. The first stage of electrode failure is caused mainly by pore-type defects 

in the BDD films that allow the electrolyte to penetrate the BDD film and corrode the TiC 

intermediate layer, which is unstable and quickly decomposes causing the BDD film to 

delaminate from the substrate. The second stage is caused primarily by corrosion holes 

created in the Ti substrate. Several attempts have been made to improve the service life of 

Ti/BDD electrodes, such as developing multilayered structures or increasing the boron 

concentration in the CVD deposition to inhibit the TiC layer growth, with different levels of 

success (73-76). 

Following the choice of the appropriate substrate material, its pre-treatment for CVD 

deposition may also affect the final characteristics of the BDD film. The surface properties 

of the substrate influence the diamond film roughness, adhesion strength, and 

electroactivity (77). Diamond growth over non-diamond materials usually requires pre-

treatment of their surface by a seeding stage (78). This is necessary to obtain proper 

diamond nucleation density with a complete and packed growth of the thin film, without any 

substrate area exposed to the solution, which could compromise the working electrode. An 

effective seeding process depends on the size of the diamond abrasive particles, 

processing time, and the adopted method (e.g., manually scratching, ultrasonic bath). There 

are a few studies reporting on the effect of substrate preparation on the nucleation and 

growth of BDD films (57, 79) showing that ultrasonic seeding is more effective than seeding 
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through manual scratching. In addition, a rougher Nb substrate prepared by sandblasting 

with alumina particles (75~106 µm) resulted in the most effective electrode lifetime 

compared to that with the untreated substrate or the sandblasted one with smaller alumina 

particles (80).   

Considering the direct influence of the substrate material on the electrochemical properties 

of BDD, when Nb/BDD (planar) and Ti/BDD (Ti mesh) electrodes were compared for phenol 

degradation, Nb/BDD showed the best performance (81). However, the electrodes had 

different geometries (consequently, different specific areas), boron doping levels, and 

different film thicknesses, limiting comparisons between the different metallic substrates. 

Si/BDD and Nb/BDD electrodes have been compared in different studies for the 

electrooxidation of acid violet 7 dye (67) and norfloxacin (79). In both cases, the Si/BDD 

electrode showed higher removal rates with lower associated energy consumption. BDD 

films deposited over Nb, Si, Ti, and TiNx/Ti by HFCVD were compared in terms of their 

performance, particularly chemical oxygen demand (COD) removal and Escherichia coli 

sterilization from livestock wastewaters (76). The TiNx/Ti/BDD electrode with a TiNx 

intermediate layer showed better performance and higher service life than Nb/BDD, Si/BDD, 

and Ti/BDD. It is quite difficult to evaluate the effect of the substrate material on the BDD 

electrodes' performance since the published experimental conditions and parameters are 

not described in detail. Finally, a recent study (54) is perhaps the most systematic and 

complete comparison to determine the substrate effect, providing enough detailed 

information on the BDD deposition and substrate preparation conditions and 

characterization. The influence of the substrate material (Si, Ta, Nb, and Ti substrates) was 

examined in terms of electrochemical properties, microstructure, degradation of the 

antibiotic tetracycline, and service life of the identically deposited BDD films. Their results 

showed that the physicochemical properties of the substrate have a significant impact on 

the growth and microstructure of the BDD film, and the growth rate followed: Si > Ta > Nb 

≫ Ti. In addition, the surface finish of both substrate and BDD film also influenced the 

performance of the BDD electrode. The Ti/BDD electrode showed the best performance in 

terms of OEP, background current, electron transfer kinetics, and energy consumption, but 

far shorter service life than Si/BDD, Ta/BDD, and Nb/BDD. In terms of tetracycline removal 

and current efficiency, the performance of the electrodes followed: Si/BDD > Ti/BDD > 

Nb/BDD > Ta/BDD. Yang et al. indicated that the type of substrate does not significantly 

affect the boron doping level and diamond quality of BDD electrodes. However, they 

suggest that the degradation performance of BDD electrodes is affected by the intermediate 

carbide interlayers formed in the interface between the substrate and the BDD film during 
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CVD deposition. These interlayers are closely related to the substrate material and affect 

film thickness, grain size, and electron transfer resistance, thus the surface state of BDD 

films and, consequently, their organics electrooxidation capability. 

Laboratory and pilot tests on wastewaters have been successful in showing the feasibility 

of BDD electrodes (82-94), but the absence of a universally appropriate and accepted 

substrate with a defined size and established durability are a tremendous challenge for large 

scale application of such anodes. Furthermore, practical long-term application of BDD 

electrodes (highly stable under anodic polarization) in the degradation of pollutants is still 

subjected to failure at high applied current densities (e.g., 1 A.cm-2), mainly due to poor film 

adhesion with consequent film delamination (95). 

The above literature analysis demonstrates that evaluation of the substrate effect on the 

BDD electrode final performance is not straightforward. It depends on numerous factors 

leading to very different conclusions. Hence, a further detailed and systematic research is 

required, and it should also include the complete analysis of the microstructure and 

physicochemical properties of BDD films like grain size, surface roughness, growth rate, 

conductivity, sp3/sp2 ratio, residual stress, adhesion strength, electron transfer rate, OEP, 

electrochemical potential window, background current, and boron doping level, deposited 

under the same CVD deposition conditions over several different substrate materials. Then, 

possible guidelines may be provided for adequate selection of substrate material for the 

deposition of BDD thin films for specific water treatment applications.  

 

I.2.4.2. The chemical vapor deposition process  

CVD diamond thin films are usually carried out by activating a mixture of a carbon-

containing gas (usually methane in low concentration) with molecular hydrogen. During its 

course, carbon radicals are generated and react with dissociated hydrogen in high 

concentration to give the diamond growth precursors (96). Chemical vapor deposition 

techniques include hot-filament (HFCVD), RF-plasma (RFCVD), microwave plasma 

(MPCVD), and related DC plasma, DC arc-jet, or oxy-acetylene flame (97). Regarding BDD 

film deposition, SLR detailed analysis indicates that 71.2% of the articles employed hot-

filament (HFCVD) and 28.8% microwave plasma (MPCVD), as illustrated in Figure I.2.7. 
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Figure I.2.7. Number of publications per year on commercial and in-house BDD anodes, 
employing HF or MPCVD deposition methods, based on the bibliometric analysis search. 

 

In HFCVD deposition, an appropriate filament temperature will guarantee molecular 

hydrogen dissociation, usually obtained at temperatures above 2000ºC. The melting point 

and purity of the metallic filaments (e.g., W, Ta, and Re) are always considered to avoid or 

minimize their degradation, which causes film contamination (98). Suitable diamond growth 

kinetics is also dependent on the distance between each of the filaments and that between 

them and the substrate’s surface. In MPCVD, the microwave power and frequency are the 

important parameters that require careful control and optimization. Microwave frequency 

can vary from 300 MHz to 300 GHz, with most depositions performed in commercial 

reactors (e.g., Seki-ASTeX reactors) typically at 2.45 GHz (99). MPCVD depositions using 

higher microwave powers exhibit increased feed gas temperature and dissociation 

efficiency, resulting in larger grain sizes and improved growth rates (100). 

Manufacturers of commercial diamond films tend to adopt the HFCVD method due to the 

possibility of growing films over large surface areas, similarly to some authors who 

implemented such method to deposit BDD films over areas as large as 0.5 m² (101). In 

contrast, MPCVD enables higher growth rates, higher phase purity, and better 

reproducibility since HFCVD temperatures are limited to the filaments' melting point, 

restricting the concentration of dissociated hydrogen atoms (102). The latter is the main 

reason for using MPCVD in free-standing diamond deposition (99). In addition, the 

degradation of the filaments used in HFCVD can promote metal contamination of the films 
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(99), interfering with the quality of the final films and, for example, hindering the film 

adhesion to the substrate or inducing graphitization points (98, 103, 104). On the other 

hand, the plasma area is limited by the wavelength of the microwave radiation in the 

MPCVD method (102), greatly restricting industrial-scale production of BDD electrodes for 

pollutant degradation. The preference for HFCVD is also explained by the simplicity of its 

apparatus and lower cost compared to MPCVD (43). 

As demonstrated in the previous section, a comparison between the distinct deposition 

parameters used in the production of commercial and in-house electrodes constitutes a 

challenge. Each CVD reactor has specific dimensions and characteristics, as well as 

optimized deposition parameters (52). For example, two different reactors using the same 

deposition conditions will not necessarily yield similar BDD films with the very same 

characteristics due to geometric constraints within the reactor that directly affect the 

deposition kinetics (105). Table I.2.1 and Table I.2.2 summarize some of the HFCVD and 

MPCVD deposition parameters respectively, found in the articles within the SLR. 
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Table I.2.1. HFCVD deposition conditions present in the literature based on the bibliometric analysis search. 

University, research center, or 
commercial manufacturer 

Substrate CH4/H2 
(%) 

Boron 
source 

Filament 
temperature 

(°C) 

Substrate 
Temperature 

(°C) 

Pressure 
(mbar) 

[B]/[C] 
(ppm) 

Ref. 

Adamant Technologies (Switzerland) p-Si; Ti 1.0% Trimethylborane 2440-2560 830 - 100-8000 (106) 

Condias GmbH (Germany) Nb 0.5%-2.5 % Diborane 2200-2600 700-925 10-50 500-8000 (107) 

CSEM, Swiss Center for Electronics and 
Microtechnology (Switzerland) 

p-Si 1.0% Trimethylborane 2440-2560 830 - 800-8000 (108) 

Central South University, China Si; Ta; Nb; 
Ti 

1%-4% Diborane 2200-2400 650-850 30 2000-20000 (109) 
(110)  

Si 3.0% Diborane - 850 20 - (111) 

École Polytechnique Fédérale de Lausanne 
(EPFL), Switzerland 

p-Si 1.0% Trimethylborane 2440-2560 830 - 2500-10000 (112) 

 
- 1.0% Trimethylborane - 760-870 10-100 600 (113) 

Instituto Nacional de Pesquisas Espaciais 
(INPE), Brazil 

Ti 0.5%-5.0% B2O3 - 650 53-67 100-30000 (114) 

Jilin University, China Ti 1.0% Trimethylborate 2000 - 70 8000 (115) 

Slovak University of Technology in 
Bratislava, Slovak Republic 

n-Si 1.0% Trimethylborane - 650 ± 20 30 10000 (116) 

 
Si 2.0% Trimethylborane 2100 650 30 10000 (117) 

Tianjin University of Technology, China Ta 2.0% Trimethylborate - 950 50 - (118) 

 
Ta 0.7% B2O3 - 800-1000 ~67 - (119) 

 
Ta 0.7% B2O3 2000 800 25 - (120) 

Zhejiang University, China Ta 2.0% Diborane 2500 800 50 - (121) 

*TMD: trimethylborane         
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Table I.2.2. MPCVD deposition conditions present in the literature based on the bibliometric analysis search. 

University, research center, or commercial 
manufacturer 

Substrate CH4/H2 
(%) 

Boron 
source 

Substrate Temperature 
(°C) 

Pressure 
(mbar) 

Power 
(kW) 

[B]/[C] 
(ppm) 

Ref. 

Keio University, Japan p-Si - Trimethylborate - - 5 2000-10000 (122) 

 
Si - Trimethylborane - ~113 5 - (123) 

Michigan State University, USA p-Si 0.5%-1% B2O3 850 ~47 1.0-1.3 100-1000 (124) 

Peking University, China Ti 1%-2% Diborane 800 ~53 1.2 1000-5000 (125) 

University of Technology, Poland p-Si 1.0% Diborane 1000 ~67 1.3 1000-10000 (126) 

University of Tokyo, Japan n-Si 0.5% B2O3 800-900 ~153 1.5 8000 (113) 

 
p-Si 3.0% Diborane 880 40 - 6000 (113) 

 
n-Si; p-Si 3% ± 1% B2O3 800-900 ~153 5 10000 (127) 

(128) 

Utsunomiya University, Japan p-Si - B2O3 540 ~93 1.4 10000 (129) 

*TMD: trimethylborane         
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CVD polycrystalline diamond deposition is generally performed using a CH4/H2 gas mixture, 

with microcrystalline (MCD) and nanocrystalline diamond (NCD) being typically grown 

under hydrogen-rich gas mixtures. The introduction of argon into the gas mixture increases 

the diamond re-nucleation rate, preventing enlargement of the crystallites, and ultra-

nanocrystalline diamond (UNCD) is usually grown under argon-rich CVD environments (43). 

According to the van der Drift regime (43, 130), MCD and NCD grain size and thickness are 

determined by the deposition time, while UNCD presents a nodular morphology with 

negligible crystal faceting, disobeying the standard regime (96, 130). Some researchers 

also add small amounts (<2%) of O2 to the gas mixture to limit impurity incorporation and 

non-epitaxial defect formation (131). The gas mixture influences the grain size, diamond 

quality, and the surface finish of the diamond film (132). The temperature of the substrate 

plays a significant role in the film growth kinetics. MPCVD diamond growth was evaluated 

over HPHT diamond substrates in a broad range of substrate temperatures (750–1150 °C) 

and CH4/H2 gas mixture ratios (1–13%) (56). Results showed that an appropriate substrate 

temperature could significantly improve growth rate, and higher CH4/H2 ratios favor 

enhanced growth rates. Increasing CH4 content leads to enhanced non-diamond carbon 

incorporation. Competitive etching by atomic hydrogen showed a strong effect at low 

CH4/H2 ratios (1%), and a transition from growth to etching was observed at substrate 

temperatures higher than 1000ºC and low CH4 concentrations (1-4%). 

Application of a direct bias current between the filaments and the substrate is not 

mandatory, but doing so can enhance nucleation density during the deposition and improve 

diamond quality (133). The gas pressure may change the mean free path of particles 

(primarily hydrocarbons radicals) and, in consequence, their activity due to the absorption 

of energy from electrons provided by the filaments (134). In addition, pressure has been 

shown to affect film quality, boron-doping concentration, and diamond crystallographic 

plane growth direction (134). During the CVD diamond deposition process, the crystal 

morphology and orientation are directly related to the growth parameter, which specifies the 

ratio of the growth rates on different grain orientations (namely, between the (100) and (111) 

crystallographic planes for CVD diamond) (72). The growth parameter is mainly determined 

by different deposition parameters such as pressure, gas composition, and the temperature 

of the substrate (135-138). 

The choice of boron doping source and its concentration in the gas mixture significantly 

affect the BDD’s molecular structure, electronic properties, composition, impurities, and 

direction of crystallographic diamond facets (21). The most used sources of boron in CVD 

diamond growth are gases such as trimethylborane (B(CH3)3), trimethylborate (B(OCH3)3), 
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or diborane (B2H6). Solid-state sources such as boron oxide (B2O3) diluted in ethanol or 

methanol have also been successfully used (8, 132). Controlling the [B]/[C] ratio in the feed 

gas inside the reactor is established by determining appropriate mixing ratios based on 

Raoult’s law (139). Different boron sources may require different CVD growth conditions 

since boron incorporation depends on its source type. Gaseous boron precursors enable 

more precise control of the boron doping level over a wide concentration range (140). 

In addition to the commonly reported parameters, other factors related to the CVD reactor 

design and operation also affect the final characteristics of the BDD electrode. For example, 

the temperature measurement instruments and their position (thermocouple, pyrometer), 

the gas inlet point(s) in the reactor chamber, the direction of the gases’ extraction, the 

chamber volume, or residence time of the gas mixture (depends on the chamber volume 

and gas flow/pressure). Slow cooling rates favor film adhesion due to lower residual stress 

caused by the CTE mismatch between the substrate material and the diamond film (141). 

The cooling atmosphere will also affect diamond surface chemical termination (142). 

Both in-house and commercially made BDD electrodes show strong heterogeneities in their 

final characteristics due to the diverse deposition conditions and methods applied. The 

development of new technology or modified CVD reactors delivering homogeneous power 

into the diamond growth surface, together with selective BDD surface modifications, would 

be possible solutions to help minimize the currently found heterogeneities of BDD films (21). 

 

I.2.5. Characterization of boron-doped diamond coatings 

The microstructure, growth rate, sp3/sp2 ratio, boron doping level, and surface termination 

are key factors that determine the electrochemical properties of BDD. These characteristics 

significantly control their conductivity, OEP, electrochemical potential window, molecular 

adsorption, and electron transfer kinetics. Thus, a detailed characterization of a BDD film is 

also an important point when comparing BDD electrodes from different sources. 

In this section, the properties that most influence the electrochemical performance of the 

BDD electrodes will be discussed to better understand the efficiency of pollutants removal. 

The difficulty in comparing the diamond quality and boron doping levels in BDD thin films 

when determined by different characterization methods will also be addressed. One should 

bear in mind that the following considerations refer to BDD electrodes with planar geometry 

since distinct diamond-based architectures (e.g., BDD particles, nanostructured BDD, 

diamond-nanocarbon structures) may exhibit different behaviors (21, 143). 
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I.2.5.1. Presence of non-diamond carbon 

Raman spectroscopy is the most accepted and used technique for diamond quality 

assessment. It enables the detection of non-diamond carbon (NDC), allowing the 

determination of the carbon sp3 (diamond-like)/sp2(graphite-like) ratio, which is the 

commonly adopted diamond quality indicator. The presence of NDC in the BDD films 

significantly influences their electrocatalytic properties, particularly the voltametric 

background current, potential window, molecular adsorption, and electron transfer kinetics 

(102). High NDC content affects the electrocatalytic inertia of the electrode (102) and 

modifies its adsorption characteristics, decreasing the potential window (10) and increasing 

fouling susceptibility (144). Relevant presence of sp2 carbon in the BDD films may induce 

voltametric responses like glassy carbon and graphite (9). The substantial presence of NDC 

in the grain boundaries of the diamond film causes lower electrode stability when under 

anodic polarization and, ultimately, the disintegration of the electrode (145). The NDC 

content is also related to higher background current and double-layer capacitance (146). 

For water treatment applications, a lower level of sp2 carbon favors the ability for the 

mineralization of organics, and electrochemical combustion over conversion, thus avoiding 

the generation of hazardous byproducts (10). 

Different laser wavelengths ranging from 257 to 1064 nm have been used in Raman 

spectroscopy to evaluate the quality of the diamond thin films (147). The determination of 

the sp3/sp2 ratio strongly depends on the excitation wavelength, and it increases with the 

increasing energy of the used laser (147, 148). Typically, the peaks used for sp3/sp2 

calculations are the first-order diamond band (sp3) at 1332 cm-1; the G-band between 1500-

1600 cm-1 (related to the C=C sp2 bond stretching mode); and the D-band usually located 

at 1345 cm-1 (represents most sp2 structures) (149, 150). In the case of nanocrystalline 

diamond films, the first-order diamond peak is only detected under UV excitation (147). 

The comparison of different sp3/sp2 ratios is only accurate if the same excitation energy is 

used to acquire the spectra and if determined by the same method and mathematical 

expression. Several authors have used the ratio between the integral intensity of the 

diamond band (Idiamond) and the integral intensity of the G-band (IG) (151). Others divide 

Idiamond by the total integrated intensity of the Raman spectrum (Itotal) (45, 152). The full width 

at half maximum (FWHM) of the first-order peak for diamond has also often been used to 

estimate its crystalline quality and dopant concentration since lower FWHM values indicate 

lesser structural defects and/or grain boundaries, hence higher diamond quality (147, 153-

155). Different expressions for the calculation of the diamond quality are found in the 

literature, depending on the applied excitation wavelength. For example, if the 514 nm 
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excitation line is used, authors usually determine the diamond quality by Eq. I.2.1 (156), Eq. 

I.2.2 (157), or Eq. I.2.3 (158).  

 

𝑠𝑝3/𝑠𝑝2 𝑟𝑎𝑡𝑖𝑜 =  
𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑

250 × ∑ 𝐼𝑛𝑜𝑛−𝑑𝑖𝑎𝑚𝑜𝑛𝑑
 

Eq. I.2.1 

𝑠𝑝3/𝑠𝑝2 𝑟𝑎𝑡𝑖𝑜 = 100 × 
𝐼𝐺

75 × 𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑 + 𝐼𝐺
 

Eq. I.2.2 

𝛽 =
𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑

𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑 + 𝐼𝑡𝑜𝑡𝑎𝑙
 

Eq. I.2.3 

 

In Eq. I.2.1, Inon-diamond is the integral intensity of non-diamond bands of the Raman 

spectrum, and 250 is the factor related to the Raman scattering efficiencies between the 

sp3 band and other forms of non-diamond carbon. In Eq. I.2.3, β is the figure-of-merit or the 

Raman quality fraction (158). If the 488 nm excitation wavelength is used to acquire the 

Raman spectra, then the purity of the CVD diamond can be expressed by Cdiamond, as 

seen in equation Eq. I.2.4, where 50 is a correction factor for the substantial resonant 

Raman scattering effect of sp2 bonded carbons (154, 159). 

 

𝐶𝑑𝑖𝑎𝑚𝑜𝑛𝑑  = 100 × 
𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑

𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑 + 
𝐼𝐺
50⁄

 
Eq. I.2.4 

 
It is important to emphasize that all the above equations for diamond quality assessment 

should be used with caution since several other factors influence the sp3/sp2 ratio. For 

instance, the polarization changes if micro or macro-Raman measurements are employed 

or if measurements are carried out over grains with different orientations (especially in 

micro-Raman) (147). 

 

I.2.5.2. Surface morphology and roughness 

Scanning electron microscopy (SEM), atomic force microscopy (AFM), and 3D optical 

profilometry easily provide surface morphology and roughness analysis information. In 

polycrystalline BDD, the crystal defects are usually linked to NDC, mainly located in the 

grain boundaries. Therefore, higher surface roughness arises from large grain sizes and 

low grain boundary density, indicating a reduced amount of NDC present at the BDD surface 
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(160, 161). Except in the case of UNCD films, CVD diamond films usually grow according 

to the van der Drift regime, in which the average grain size increases with the increasing 

film thickness (130). Therefore, grain size, roughness, and film thickness are closely related 

to the BDD surface's electrochemical properties, which, in their turn, are highly influenced 

by variation in the amount of NDC. Consequently, the overpotential for oxygen evolution is 

lower for thinner films (and finer grains), and the capacitance of BDD electrodes is also 

related to surface roughness (162).  

 

I.2.5.3. Boron doping level 

The conversion of insulator diamond to metal-like conductivity is required for effective 

practical electrochemical applications and attained at certain doping levels (96). The 

evolution of resistivity in diamond as a function of boron concentration ([B]) in BDD thin films 

has been studied (163). For [B] bellow 1019 cm-3, the conduction in diamond is dominated 

by free electrons within the valence band. Up to 3 x 1020 cm-3, the conduction is of the 

hopping type, diamond behaves as a semiconductor, and the resistivity decreases strongly 

with the increase of boron content. Diamond reaches metal-like conductivity when [B] is 

above 3 x 1020 cm-3.  

Nevertheless, effective doping is not linear since boron does not homogeneously 

incorporate diamond, being simultaneously substitutional and interstitially distributed within 

the crystalline framework. Thus, effective boron doping does not linearly increase with the 

boost of boron concentration in the CVD feed gas (46). Boron preferentially incorporates 

the (111) diamond facets compared to (100) facets (78, 164). Electric conductivity in (111) 

planes is estimated to be approximately 104 times higher than that in (100) planes (78), with 

consequent faster electron transfer kinetics in (111) planes (21). Furthermore, boron atoms 

are not electrically active when incorporated within the grain boundaries (165), which means 

that the measured doping level is usually higher than the effective carrier concentration 

(holes) (96). Several techniques have been used for quantitative and/or semiquantitative 

determination of the boron doping level in BDD films. It includes secondary ion mass 

spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS), electron energy-loss 

spectroscopy (EELS), and neutron depth profile (NDP). However, these methods are time-

consuming, expensive, and difficult to apply, especially when a full depth analysis of boron 

distribution within the diamond lattice is desired (46). Recently, pulsed RF glow discharge 

optical emission spectroscopy (GDOES) has been used to semi-quantify boron doping 

levels, and it was demonstrated that the technique provides high-speed depth profiles (46). 

In the case of heavily doped BDD films, many authors use a non-destructive and contactless 
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measurement using Raman spectroscopy data to estimate the boron doping concentration. 

The following equation (Eq. I.2.5) was proposed, and it is valid for boron doping 

concentration within the 2 x 1020 ~1022 cm-3 range (166): 

 

[𝐵] 𝑐𝑚−3  = 8.44 × 1030exp (−0.048𝜔) Eq. I.2.5 

 
where ω is the wavenumber (cm-1) of the Lorentzian component of the Raman peak at about 

500 cm-1. Care must be taken when using this method since the intensity of the Raman 

peaks varies with the wavelength of the used laser (147). 

Understanding the electrical conductivity of BDD electrodes is complex and is not solely 

determined by the efficient amount of boron incorporation. Heterogeneities such as NDC 

content, lattice hydrogen, and dangling bonds also affect such property (52). Enhanced 

BDD electrochemical performance is commonly linked to high boron doping levels, which 

provide higher carrier concentration and electrical conductivity (52), thus electrochemical 

reactions are faster for heavier doped BDD electrodes (162). The doping level influence on 

the chemical surface of diamond electrodes was studied, and results indicate that highly 

doped diamond films show more reversible performances in the electrochemical response 

to the Fe(CN)6
4−/3−

 redox couple (167). Conversely, in the same study, other results indicate 

that increased doping level is associated with smaller grain size, with consequent increase 

of the grain boundary density that leads to a higher amount of NDC and surface oxidation 

states. The doping level effect of boron on the width of the electrochemical potential window 

of the electrodes revealed that low boron doping levels led to a broader potential range and 

slower response to the overpotential of both HER and OER (168). This behavior is related 

to the minor concentration of boron-rich sites on the surface, blocking both hydrogen and 

oxygen adsorption steps required for HER and OER, respectively. Increasing boron content 

led to smaller electrochemical windows, as well as higher electron transfer rate constants 

and active electrochemical areas (169). Boron concentration also affects the adhesion 

strength of the film (74), diamond nucleation density, grain size, and overall diamond quality 

(170). Most published works on the electrochemical degradation of pollutants using BDD 

anodes do not provide information on effective boron content determination. In some cases, 

a rough estimative is expressed based on the [B]/[C] ratio in the feed gas during the CVD 

process. This estimate is inaccurate since boron incorporation in the diamond lattice is not 

linearly related to the feeding concentration, as previously demonstrated. An optimum 

balance between doping level and diamond quality must be reached to produce BDD 

electrodes with the desired and top electrochemical performance. Proper and accurate 
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determination of the effective boron doping level is required to fine-tune the electrochemical 

properties of BDD films, although for practical applications the electrical conductivity can be 

used as a proxy for doping efficiency. 

 

I.2.5.4. Surface termination 

The surface termination of BDD electrodes can drastically influence their electrochemical 

kinetics (171, 172). Hydrogen is the foremost gas used in the CVD growth of diamond films, 

and their surface presents a hydrogen-terminated surface if cooled down to room 

temperature under such flow. These surfaces are hydrophobic and show typical water 

contact angles around 90° (132). However, H-terminated diamond surfaces slowly oxidize 

with time when in contact with air, becoming more hydrophilic (142, 173). Several studies 

demonstrate that O-terminated BDD surfaces present a wider potential window, lower 

background current, and higher surface resistivity when compared to H-terminated surfaces 

(172, 174-176). Anodic polarization (177) and oxygen plasma treatment are common 

means to obtain O-terminated BDD surfaces (8). Oxidation of the BDD surface can also be 

achieved by adding small amounts of O2 or using an oxygen-containing boron source during 

the CVD deposition (132). The oxygen atoms incorporate the doped films by bonding with 

carbon atoms, mainly as C–O–C and C=O terminating groups (132). Evidence shows that 

increased boron doping levels lead to higher oxygen amounts with a consequent decrease 

in the water contact angle, showing a more hydrophilic character (167). O-terminated 

diamond surfaces show water contact angles ranging from 0.6° to 65° (102). The difference 

between H and O-terminated diamond surfaces is mainly associated with their electronic 

structures and surface bandgap (opposite bond polarities) (176). The former (−Cδ− − Hδ+) 

increases the energy levels of the valence (EVB) and conduction bands (ECB), as well as the 

negative electron affinity. The latter (Cδ+ − Oδ−) lowers the energy levels and shows higher 

positive electron affinity (102). 

The functional groups terminating the surface of BDD electrodes strongly influence the 

electron transfer kinetics of inner-sphere redox couples (178). The H-terminated BDD 

functional groups are usually ═CH2 and ≡C–H groups that, when oxidized under anodic 

polarization, show hydroxyl (≡C–OH), carbonyl (═C═O), carboxylic (–COOH), carbon 

radical (≡C●), and hydroxyl radical (≡C–O● ) functional groups (95). These functional groups 

may vary according to the chosen anodic polarization procedure and the different grain 

orientations on the polycrystalline diamond surface (179). Diamond surfaces with (111) 

orientation tend to be dominated by hydroxyl groups since only one chemical bond to a 

single carbon atom is available at the first surface layer. The latter then inhibits the formation 
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of carbonyl and ether groups at the surface of the electrode (180). Diamond surfaces with 

(100) texture present two available chemical bonds for a single carbon atom, promoting 

carbonyl and ether group formation (180). For example, the Fe(CN)6
4−/3−

  redox system 

exhibits slow electron transfer for O-terminated surfaces but fast electron transfer for H-

terminated surfaces (172). In addition, H-terminated surfaces show narrower solvent 

potential windows than those O-terminated (181). 

Electrochemical pre-treatments and polishing have been carried out to enhance the BDD 

electroanalytical performance, increase the electrochemically active surface area, lower 

detection limits, and broader linearity ranges (182). 

 

I.2.5.5. Electrochemical characterization 

In a summarized way, the four main points to be taken into account in the electrochemical 

characterization of BDD electrodes are (102): good electrical contact to avoid ohmic drop 

effects, the cell apparatus, quantification of the capacitance and solvent potential window 

of the electrode, and assessment of the electron transfer kinetics with outer-sphere redox 

mediators. 

Assessment of the solvent potential window is essential because it specifies the potential 

range over which the anode works prior to the electrolysis of the solvent (102). The 

electrochemical potential window will be the first quality indicator to be considered for the 

evaluation of the electrode performance, particularly if important information on the 

electrode is known (sp3/sp2 ratio, conductivity, surface termination, and morphology). The 

window range is pH-dependent and may vary depending on the electrolyte concentration, 

the electrode geometry, potential/current value, scan rate, and temperature. Electrolyte 

solutions commonly reported include KNO3 (183), H2SO4 (184), HClO4 (11), Na2SO4 (185), 

NaBr, NaCl (186), within a wide range of concentrations. 

As already stated in the present review, the lack of information for comparison purposes 

includes the experiment temperature, whose increase leads to narrower electrochemical 

potential windows (187). Another one is the adopted methodology regarding the 

determination of the solvent window (from the voltammogram), which is commonly carried 

out by applying a method based on defining the window at an arbitrary current density cut-

off (Jcut-off) value or a linear fit method (188). The arbitrary method is highly influenced by 

the mass transport of the electrolyte (187), and the setting of Jcut-off values has been 

diversely defined in the literature, limiting possible comparison of the obtained results (189). 

On the other hand, the linear fit method is less affected by the experimental conditions for 
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each measurement system, becoming the recommended one for accurately comparing 

solvent potential windows (187). 

The OEP of an electrode material and the enthalpy of adsorption of the hydroxyl radicals 

on its surface are the main factors that determine its oxidation power (190). This parameter 

is simple to obtain, it is also a good indicator of electrode quality, and it should be carefully 

evaluated. OEP determines if the anode presents an active or a nonactive behavior (190). 

Usually, BDD is considered a nonactive anode due to its high OEP, which indicates a more 

significant restriction of the oxygen evolution from water electrolysis and the production of 

hydroxyl radicals at the surface of the electrode (191). Comparison of OEP values is only 

valid if obtained for the same solution concentration and electrolyte. 

Determination of the double-layer capacitance (Cdl) is also a helpful indicator of electrode 

quality (102). Cdl can be calculated from cyclic voltammetry applying Eq. I.2.6 or through 

electrochemical impedance spectroscopy (EIS) measurements. 

 

𝐶𝑑𝑙 = 
𝑖𝑎𝑣
𝐴𝜈

 
Eq. I.2.6 

 
where iav is the average current from the forward and reverse sweep, A is the electroactive 

area, and 𝜈 is the scan rate. Nevertheless, the application of this equation becomes 

challenging due to the topographic nature of the BDD surface (especially in MCD), which 

restricts the accurate determination of the electroactive area (102). 

The electron transfer kinetics may be evaluated from cyclic voltammogram measurements 

for inner-sphere and outer-sphere redox couples. The most studied redox couples are the 

inner-sphere Fe(CN)6
−3/−4 and the outer-sphere Ru(NH3)6

3+/2+ redox couples. The latter is 

valuable for qualitative estimation of the boron doping level. BDD films with a dominant 

electrical transport mechanism (i.e., metal-like conductivity) show a reversible or quasi-

reversible faradaic peak current response under conditions where the electron transfer rate 

is much faster than the diffusional rate (102). However, the oxidation and reduction reaction 

rate of Ru(NH3)6
2+/3+ is little affected by surface defects, film microstructure, 

adsorbed sp2 carbon, or surface terminations like oxygen-containing groups (192, 193). On 

the contrary, the Fe(CN)6
3−/4- redox couple electron transfer rate is significantly affected by 

the surface chemistry of the BDD coating and the presence of defects such as NDC 

impurities (192). 
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I.2.5.6. Electrode service life 

Ultimately, comparing the service time of different BDD electrodes is equally important to 

balance performance and lifetime service with optimal cost-benefit in large-scale water 

treatment applications. Accelerated life tests are a practical way of evaluating the BDD’s 

electrochemical stability over time (194). Accelerated service life tests have been performed 

on BDD films deposited over various substrate materials (e.g., Nb, Si, Ti, Ta) through 

electrolysis at high current densities ranging from 0.5 to 10 A/cm² in concentrated electrolyte 

solutions of H2SO4 or HNO₃. Table I.2.3 shows the accelerated life tests and their 

experimental conditions found in the literature. 

 

Table I.2.3. Accelerated life test results and experimental conditions found for several 
studied BDD electrodes. 

Electrolyte Substrate 
material 

Current density 
(A/cm²) 

Accelerated life test 
result (h) 

Ref. 

0.5 M H2SO4 Nb 10 850 (59) 

1 M H2SO4 Nb 1.32 88-130 (80) 

1 484 (195) 

Si 1 262 (196) 

Ti 1 127 (197, 
198) 

3 M H2SO4 Nb 1 > 1600 (54) 

Si 1 > 1600 (54) 

Ta 1 > 1600 (54) 

Ti 1 1530 (54) 

1 264 (199) 

1 95 (200) 

0.5 89 (201) 

6 M HNO₃ Nb 0.5 1620-1810 (202) 

 

I.2.6. Design of pollutant degradation experiments  

The mineralization efficiency is influenced by the applied current density, EAOP, pollutant 

concentration, properties of the degraded pollutant, pH of the solution, supporting 

electrolyte, temperature, the volume of solution, fluid dynamics, dissolved oxygen, electrode 
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configuration, active electrode area, cell design, and agents added in the solution, e.g., 

chloride, sulfate, phosphate, carbonate, and oxygen (49, 50, 102, 187, 203-206). 

Comparing the degradation performance of BDD electrodes is again a repetitive challenge. 

 

I.2.6.1. Electrochemical advanced oxidation process 

In EAOPs, the primary processes are classified as anodic oxidation (AO) via intermediates 

of oxygen evolution and electro-Fenton-based processes. Anodic oxidation via 

intermediates (hydroxyl radicals formed from water oxidation at the anode surface) resulting 

from oxygen evolution may directly destroy organic pollutants (207). Electrogeneration of 

H2O2, denominated AO with electrogenerated H2O2 (AO-H2O2), is another anodic oxidation 

method (208). The efficiency of both methods depends on the type of material used as 

anode, that must present high OEP (209). Anodic oxidation can also be accomplished by 

adding anions to the bulk solution, such as chloride, sulfate, phosphate, and carbonate, that 

generate oxidants like active chlorine, persulfate, perphosphate, and percarbonate species, 

respectively (206). The electro-Fenton (EF) process arises from the electrochemical 

production of H2O2 with the addition of Fe2+ in the bulk solution producing additional hydroxyl 

radicals as a by-product of the Fenton’s reaction (210). Photoelectro-Fenton (PEF) and 

solar photoelectro-Fenton (SPEF) are a combination of the EF method with the irradiation 

of UV light and natural sunlight, respectively, that enhance degradation efficiency (211). 

The sonoelectro-Fenton (SEF) process is performed under EF conditions and simultaneous 

application of ultrasound radiation (212). Electrochemical degradation experiments 

combining UV or ultrasound irradiation demonstrated improved outcomes if compared to 

direct anodic oxidation (213-215). Ultrasound radiation improves the transfer of pollutants 

to the BDD surface though it requires higher energy consumption; and UV irradiation 

increases hydroxyl radical generation (213), preventing the formation of undesirable and 

hazardous byproducts (e.g., chlorate and perchlorates) during the electrochemical 

degradation process (216). The key EAOPs are AO, AO-H2O2, EF, PEF, and SPEF (48). 

Other EAOPs such as peroxi-coagulation (217) and Fered-Fenton (218) are also proposed 

for remediation of various pollutants in wastewater.  

The main disadvantages of EAOPs are high energy consumption and mandatory solution 

high conductivity which is directly correlated to lower energy conditions (219). Although 

some effluents from several industries and urban wastewater may have low conductivities, 

adding a supporting electrolyte enables water treatment by direct application of 

electrochemical processes (51). Still, this extra leads to increased operational costs and/or 

toxic byproducts generation (219). Alternatives include reduction of ohmic resistances and 
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increasing the mass transport of the pollutants towards the surface of the electrode through 

a solid polymer electrolyte (SPE) (220), or capillary microfluidic cells (51), respectively. A 

review on the electrochemical oxidation of organic pollutants in low conductive solutions 

can be found elsewhere (219). 

 

I.2.6.2. Cell design 

Various configurations and apparatus have been used in pollutant degradation with BDD 

electrodes, including simple electrochemical cells under static conditions and commercial 

multi-cell flow reactors. Thus, the influence of the electrode configuration and cell design on 

the intrinsic fluid dynamics (e.g., volumetric flow, Reynolds number, and mass transport) is 

an important factor (49, 50). 

Cells are usually equipped with two types of electrode configurations: monopolar and 

bipolar designs (49). In the first one, the anode is BDD, and the cathode is another material, 

usually a stainless-steel plate. In bipolar design, BDD is used as both anode and cathode. 

Both configurations under the same operating conditions were tested, and the bipolar 

electrodes provided higher efficiency in water disinfection (49). Moreover, reactors designed 

for cells with bipolar configuration allow switching the polarity of electrodes to 

electrochemically clean their surface and prevent electrode deactivation (221). 

Nevertheless, one should bear in mind that monopolar electrodes consume less energy 

(49).  

The type and geometry of the cell and the BDD electrodes are essential aspects since they 

will determine the flow dispersion and consequent mass transport within the container. The 

latter will directly influence the potential and current distribution of the working electrode, 

affecting the current efficiency and overall energy consumption associated with the 

degradation process (24, 222). 

 

I.2.6.3. Operating conditions 

According to the literature, the adopted operating conditions to perform electrochemical 

oxidation of contaminants in wastewater are diverse. However, the removal of organic 

carbon from treated solutions is mainly influenced by the applied current density, mass 

transfer effects, and the properties of degraded pollutants (50).  

Many degradation experiments are performed with the addition of a supporting electrolyte, 

particularly in high concentrations (higher solution conductivity) where electrooxidation 

proficiency is enhanced (51). The effect of different supporting electrolytes in phenol 
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degradation using BDD electrodes has been assessed (223). In the absence of chloride 

ions, the oxidation kinetics constants follows the order: Na2SO4 ≈ Na2CO3 > H2SO4 > H3PO4. 

In chloride-mediated process, the reaction kinetics considerably increases with a new order: 

H2SO4 > Na2SO4 > Na2CO3. Therefore, the supporting electrolyte plays a crucial role in 

generating different oxidative species like peroxocarbonate, peroxosulfate, or hypochlorite 

(205). The choice of electrolyte will affect the pH value, and acidic media is correlated to 

the improvement of pollutant degradation efficiency, benefiting the production of hydroxyl 

radicals at the anode surface (224-227). However, in terms of pH effect, there are diverse 

and even contradictory results which are dependent on the pollutant chemistry (50, 203, 

228). Ideally, the electrochemical behavior of BDD electrodes should be evaluated in 

different pH and electrolyte solutions before the degradation experiments (204). 

Mineralization rates are linearly related to the current density (jappl) with two different 

operating regimes depending on it: current and mass transport-controlled oxidations (203). 

In these regimes, the limiting current density (jlimit) for electrooxidation of the organic 

pollutant is estimated according to the following equation: 

 

𝑗𝑙𝑖𝑚𝑖𝑡 = 𝑛 𝑘𝑚 𝐹 [𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡] = 4 𝑘𝑚 𝐹 𝐶𝑂𝐷 Eq. I.2.7 

 

where jlimit is the limiting current density, [Pollutant] is the organic pollutant concentration, 

km is the mass-transfer coefficient, n is the number of electrons exchanged in the oxidation 

of a molecule of the pollutant, F is the Faraday constant, and COD is the chemical oxygen 

demand. Current-controlled oxidation takes place when jappl < jlimit, and the contaminant 

concentration decreases linearly over time with a current efficiency of 100% (229). On the 

other hand, mass transport-controlled oxidation occurs when jappl.>jlimit, and secondary 

reactions like oxygen evolution occur. In this case, the contaminant degradation follows an 

exponential trend, and the current efficiency is below 100% (229). 

The geometric area of the BDD anode should be controlled since its conductivity is not 

entirely uniform along with the film due to its surface heterogeneities. Restricted areas 

prevent poor current density distribution and, consequently, lower degradation efficiency 

and possible formation of undesired byproducts (49). The relationship between the 

electrode area and the applied current density is meaningful: the same degradation 

performance with a reduced electrode area is achieved by increasing the current density. 

Its maximum is defined by the quality, defect density, and adhesion strength of the BDD film 
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to the substrate. Still, lower current densities may avoid the production of non-desired or 

hazardous byproducts (chlorate, perchlorate, or organo-chlorinates) (230).  

The total volume of solution affects the residence time and, consequently, the degradation 

efficiency (231). In addition, high pollutant concentration leads to lower mineralization rates 

but higher temperature promotes faster mineralization rates due to further mass transfer 

towards the anode surface (203).  

 

I.2.6.4. Performance indicators for pollutant degradation 

The measurement of COD in the solution containing the contaminant under study is the 

most applied approach to assess the degradation performance of BDD electrodes. Some 

authors also evaluate the total organic carbon (TOC) of the solution, or both COD and TOC, 

and others prefer to express degradation results as a function of the contaminant 

concentration. The latter is usually determined by UV-vis spectroscopy and/or high-

performance liquid chromatography (HPLC). 

The COD method is used to quantify the performance of the electrodes. It determines the 

average current efficiency (ACE) and instantaneous current efficiency (ICE) of the BDD 

electrode, expressed in Eq. I.2.8 and Eq. I.2.9, respectively (232): 

 

𝐴𝐶𝐸 = 
𝐹 𝑉 (𝐶𝑂𝐷0 − 𝐶𝑂𝐷𝑡)

8 𝐼 ∆𝑡
 

Eq. I.2.8 

 

 

𝐼𝐶𝐸 =  
𝐹 𝑉 (𝐶𝑂𝐷𝑡 − 𝐶𝑂𝐷𝑡+∆𝑡)

8 𝐼 ∆𝑡
 

Eq. I.2.9 

 

where F is the Faraday constant (96485 C mol-1); t is the time (s); V is the volume of the 

electrolyte (dm³); COD0 is the initial COD concentration (gO2 dm-3); CODt and CODt+∆t are 

the COD concentration at times t and t+∆t (s), respectively; I is the applied current (A); and 

8 is the dimensional factor for unit consistency (meaning 32 g of O2 / 4 mol e- mol-1 of O2). 

Likewise, current efficiency results have also been measured as a function of TOC. For 

example, the mineralization current efficiency (MCE) is calculated considering TOC removal 

(Eq. I.2.10) (233). In addition, the combustion efficiency (Eq. I.2.11) can be determined by 

calculating the ratio between the TOC and the COD decrease rates (234): 
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𝑀𝐶𝐸 = 
𝑛 𝐹 𝑉 ∆𝑇𝑂𝐶

4.32 × 107𝑚 𝐼 𝑡
 

Eq. I.2.10 

 

 

𝜂𝑐 = 
32

12
 (
𝑛

4𝑚
)
𝑑𝑇𝑂𝐶

𝑑𝐶𝑂𝐷
 

Eq. I.2.11 

 

where n is the number of electrons required for the complete combustion of the organic 

pollutant, m is the number of carbon atoms in the molecule of the organic pollutant, F is the 

Faraday constant, V is the volume of the electrolyte (L), I is the applied current (A), t is the 

time (h), ∆𝑇𝑂𝐶 is the total organic carbon reduction (mg/L), dTOC is the TOC decrease rate, 

and dCOD is the COD decrease rate. 

If the concentration of the pollutant is evaluated over its electrooxidation time, the results 

are usually demonstrated in plots of removal percentage, or contaminant concentration, 

against the charge amount Qt (Eq. I.2.12).  

 

𝑄𝑡 (𝐴ℎ/𝐿) =
jAt 

𝑉 
 

Eq. I.2.12 

 

 

However, Qt does not consider the total removed concentration of the pollutant from the 

solution. Therefore, we propose a different approach to determine the degradation 

performance, which enables comparison between the reported results. It starts by 

calculating the average Q’ (Ah/kg) required for the pollutant degradation, expressed through 

Eq. 2.13.  

 

𝑄′(𝐴ℎ/𝑘𝑔𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡) = 𝑄
𝑡  ×

1

∆𝐶𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡
=

jAt 

𝑉 ∆𝐶𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 
 

Eq. I.2.13 

 

We propose Q’, a new figure-of-merit to be used when COD and TOC are undetermined 

and the cell potential value is unavailable, i.e., when the calculation of energy consumption 

is not possible. Q’ is a base parameter to enable comparison between different 

performances of the BDD electrodes from different sources (in-house and commercially 

manufactured). Energy consumption values have been reported in several ways as a 

function of the removed concentration of the studied analyte (Eq. I.2.14), COD (Eq. I.2.15), 

and TOC (Eq. I.2.16). Additionally, some authors have expressed energy consumption 
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values only as a function of the volume of the treated solution (Eq. I.2.17). However, the 

latter expression of consumption does not consider the pollutant concentration and may 

induce misinterpretation of the electrode performance. 

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑘𝑊ℎ

𝑘𝑔𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡
) = 𝑄𝑡 ×

𝐸

∆𝐶𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡
= 

𝐸jAt 

𝑉 ∆𝐶𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 
 

Eq. I.2.14 

 

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑘𝑊ℎ

𝑘𝑔𝐶𝑂𝐷
) = 𝑄𝑡 ×

𝐸

∆𝐶𝑂𝐷
=  

𝐸jAt 

𝑉 ∆𝐶𝑂𝐷 
 

Eq. I.2.15 

 

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑘𝑊ℎ

𝑘𝑔𝑇𝑂𝐶
) = 𝑄𝑡 ×

𝐸

∆𝑇𝑂𝐶
= 

𝐸jAt 

𝑉 ∆𝑇𝑂𝐶
 

Eq. I.2.16 

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊ℎ/𝑚3) =  𝑄𝑡 × 𝐸 =
𝐸jAt 

𝑉
 

Eq. I.2.17 

 

where Qt is the charge (Ah/dm³) at time t (h), j is the applied current density (A dm-2), t is 

the electrolysis time (h), A is the BDD electrode geometric area (dm²), V is the volume (dm³) 

of the solution, E is the average electrode potential (V), ΔCpollutant is the total concentration 

of pollutant removed from the solution (kg/dm³), ∆𝐶𝑂𝐷 is the total amount of COD removed 

(kg/dm³), and ∆𝑇𝑂𝐶 is the total amount of TOC removed (kg/dm³). 

The previous equations allow normalization of the BDD degradation results for a specific 

contaminant (Eq. I.2.14) or complex matrixes (Eq. I.2.15 and Eq. I.2.16) based on diverse 

experimental conditions like applied current density, electrode potential, geometric 

electrode area, degradation time, the volume of solution, and initial pollutant concentration. 

Although one may use such figures-of-merit, understanding the different results is only 

achieved through proper and complete characterization of the BDD films, as discussed in 

the previous sections. In addition, a comparison of the results is only possible within each 

specific calculation method. For example, the COD method (ICE, ACE, energy consumption 

in kWh/kgCOD), TOC (MCE, 𝜂𝑐, energy consumption in kWh/kgTOC), and pollutant 

concentration (Q’, and energy consumption in kWh/kgpollutant). A summary of the figures of 

merit discussed in this section is provided in Table I.2.4. 
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Table I.2.4. Summary of figures of merit used as performance indicators for pollutant 
degradation. 

Figure-of-merit (FOM) Pros Cons 

𝐴𝐶𝐸 = 
𝐹 𝑉 (𝐶𝑂𝐷0 − 𝐶𝑂𝐷𝑡)

8 𝐼 ∆𝑡
 

Most used FOMs, allowing 
comparison with most published 
results 
COD measurements are less 
expensive than TOC 

Does not give information on the 
oxidation of a specific pollutant 
The COD analysis uses 
hazardous reagents (dichromate), 
can be time-consuming, have a 
relatively high detection limit, and 
may suffer interference from 
inorganics (e.g. chlorides). In 
addition, dichromate does not 
oxidize some organic species, 
which can imply false low COD 
values 
 

𝐸𝐶𝐶𝑂𝐷 = 
𝐸jAt 

𝑉 ∆𝐶𝑂𝐷 
 

𝐼𝐶𝐸 =  
𝐹 𝑉 (𝐶𝑂𝐷𝑡 − 𝐶𝑂𝐷𝑡+∆𝑡)

8 𝐼 ∆𝑡
 

Provide instantaneous current 
efficiency data 

𝑀𝐶𝐸 = 
𝑛 𝐹 𝑉 ∆𝑇𝑂𝐶

4.32 × 107𝑚 𝐼 𝑡
 

TOC analyses are usually faster 
than COD and often result in 
accuracy over an extensive range 
of concentrations from 1 ppb to 
50,000 ppm 

TOC measurements require 
relatively expensive equipment (in 
comparison with other analytical 
techniques) 

𝐸𝐶𝑇𝑂𝐶 =  
𝐸jAt 

𝑉 ∆𝑇𝑂𝐶
 

𝜂𝑐 =  
32

12
 (
𝑛

4𝑚
)
𝑑𝑇𝑂𝐶

𝑑𝐶𝑂𝐷
 

Requires both COD and TOC 
measurements 

𝑄′ =
jAt 

𝑉 ∆𝐶𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 
 

Ideal for comparing results when 
the cell potential value is 
unavailable 
Does not require COD and/or 
TOC analysis 

Requires pollutant quantification 
techniques (e.g., UV-vis 
spectroscopy, HPLC) 

𝐸𝐶𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 =
𝐸jAt 

𝑉 ∆𝐶𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 
 

Does not require COD and/or 
TOC analysis 

𝑄𝑡 =
jAt 

𝑉 
 

Does not require quantification 
methods (e.g., pollutant 
concentration, COD or TOC) 

Does not consider the pollutant 
concentration or any other water 
quality parameter, which may lead 
to misinterpretation 
 𝐸𝐶𝑉𝑜𝑙𝑢𝑚𝑒 =

𝐸jAt 

𝑉
 

*EC: energy consumption 
 

I.2.7. Case studies and comparisons according to the 

literature 

There are only a few studies comparing in-house electrodes with commercial ones (47, 

177).  For example, eleven different BDD electrodes deposited over Nb substrates by 

HFCVD were produced by varying the B(OCH3)3/CH4 gas mixture (0.125%‒0.75%), CH4/H2 

ratio (0.5%‒1.0%), and gas pressure (5‒15 torr) (47). They were then compared to 

commercial BDDs manufactured by Neocoat and Diachem in terms of electrochemical 

degradation of guaifenesin (pharmaceutical) and TOC removal. Four in-house prepared 
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BDD electrodes showed more significant OEP values reaching a value of 2.45 V against 

2.36 V (vs. Ag/AgCl) (commercial). The in-house electrodes (B(OCH3)3/CH4 ratio of 0.75%, 

CH4/H2 ratio of 1%, 5 torr pressure) exhibited the second-best performance in terms of 

electrochemical degradation of the contaminant as well as TOC removal. The best-

performance in-house produced electrode showed a pseudo-first-order reaction rate 

constant for guaifenesin degradation of 0.33 min-1, compared to 0.35 min-1 (Neocoat) and 

0.27 min-1 (Diachem). After 120 min of electrolysis, the TOC removal efficiency was 100% 

for the in-house electrode, 100% for Neocoat and 97% for Diachem. Thus, in-house 

produced BDD anodes may exhibit similar or even superior performance than commercial 

ones. However, for such statement it is necessary to ensure that the electrodes 

performance data are reliable and statistically relevant. 

According to SLR, phenol and landfill leachate appeared as the analytes with the highest 

occurrence among articles that use BDD electrodes for electrochemical degradation of 

water pollutants. In this section, we will discuss most of the published results (to the best of 

our knowledge) and the diversity of operating conditions when degrading spiked solutions 

with phenol (Supplementary Table I.2.4) or treating landfill leachate (Supplementary Table 

I.2.5). One should note that the information included in the previous tables only relates to 

results obtained using planar BDD electrodes under the simplest operating conditions for 

each published article. Moreover, when results were absent along the text and tables of the 

analyzed articles, data was extracted from plotted graphs using the WebPlotDigitizer tool 

(235). 

The operating conditions used for the electrochemical treatment of phenol and landfill 

leachate are diverse. In the case of phenol (Supplementary Table I.2.4), ACE values range 

from 12.3% to 87%, and energy consumption from 26.6 to 475 kWh/kgCOD. The average 

ACE for in-house electrodes is 32.4%, against 44% for commercial electrodes. Energy 

consumption data is insufficient to establish further comparisons since it is presented in 

different units (e.g., kWh/kgCOD, kWh/kgTOC, kWh/kgphenol, and kWh/m³). Overall data analysis 

indicate that commercial electrodes appear to consume less energy and present better 

current efficiency for phenol degradation. Nevertheless, it is impossible to unambiguously 

confirm this trend due to the different operating conditions and configuration variability of 

the electrodes and reactors.  

Considering landfill leachate treatment (Supplementary Table I.2.5), ACE values range from 

14.4% to 193%, and energy consumption from 5.7 to 285 kWh/kgCOD. Disregarding 

experimental conditions, in-house electrodes present higher ACE values but higher energy 

consumption when compared to commercial ones. Again, one should note that the 
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operating conditions are significantly divergent, and that landfill leachates are complex and 

variable mixtures that may interfere with synergistic or antagonistic effects. 

This review largely reflects the significant variability within the results and the influence of 

several parameters on the performance of the BDD electrodes (summarized in Figure I.2.8). 

Considering the few possible comparisons withdrawn in this work, it is not possible to 

conclude which electrode would be the best choice. Such decision highly depends on 

proper and effective comparisons under the same degradation conditions and 

electrochemical cell configuration for a wide range of model pollutants and real wastewater 

systems. Only then it will be possible to properly evaluate and compare in-house electrodes 

with commercial ones. 

 

 
Figure I.2.8. Main factors influencing the performance of BDD electrodes in the 
electrochemical degradation of pollutants.
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I.2.8. Critical perspectives and future outlook 

In this critical review, a detailed discussion of the most relevant parameters that influence 

the performance of BDD electrodes in the electrooxidation of water pollutants was carried 

out. The SLR and bibliometric network graphs were valuable tools to identify the most 

studied water pollutants, applied EAOPs, and relevant issues such as energy consumption, 

byproducts and toxicity of the treated waters. Based on the gathered information, an attempt 

was made to compare the electrooxidation performance between in-house and 

commercially available BDD electrodes. Both types of electrodes show strong 

heterogeneities in their final physicochemical characteristics due to the diversity of 

deposition conditions and applied methods. The comparison attempt is further complicated 

by the variety of methods, parameters, or electrochemical cells used in the pollutant 

degradation experiments. Due to the lack of essential information for such comparison, it is 

not possible to state which one would be the best.  

Over the years, many different figures-of-merit based on COD, TOC, or the concentration 

of the pollutant studied, have been proposed to determine the performance of BDD 

electrodes. Here, we propose a figure-of-merit equation which normalizes BDD degradation 

results for a specific contaminant, even if working under different experimental conditions 

like applied current density or initial pollutant concentration. This is however a remedial 

solution to allow comparing data obtained under very different conditions. 

Data analysis for phenol degradation and landfill leachate treatment generally suggest that 

commercial BDD electrodes appear to consume less energy and present better current 

efficiency than in-house prepared anodes. These indications are subjective to a certain 

point since there is significant variability in the reported operating conditions, which 

precludes unequivocal conclusions to be made. Nevertheless, there is a strong indication 

that if in-house electrodes are further optimized, they could reach or surpass the 

performance of those commercially available. This analysis also points ways for these 

companies to improve the efficiency of their products. 

Our suggestion is to create a uniform reporting/testing procedure: authors could provide 

further details on the produced BDD electrodes (film thickness, grain size, diamond quality 

through Raman spectroscopy, resistivity, and working potential window) in three model 

electrolytes (e.g., 0.1 M KNO3, 0.1 M H2SO4, and 0.1 M HClO4). Based on the case study 

of phenol, we further suggest that all laboratories could perform three water electrooxidation 

tests, each one with a different model pollutant (e.g., phenol, reactive blue 19 dye, 

diclofenac pharmaceutical), through direct anodic oxidation in an undivided single-

compartment electrolytic cell, under constant stirring, using a BDD anode and a stainless-
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steel cathode (same geometric area). Moreover, a pollutant concentration of 1 mM, applied 

current density of 30 mA/cm², electrolyte solution of Na2SO4 for fixing solution conductivity 

and pH, and a fixed volume of solution to electrode area ratio of 25 (cm³/cm²) should be 

adopted. The degradation results should be compared as a function of pollutant and COD 

removal percentage, ACE, energy consumption (in kWh/kgpollutant and kWh/kgCOD), and 

degradation time. The proposed procedure is summarized in a flowchart (Figure I.2.9). 

 

 
Figure I.2.9. Experimental procedure proposed for evaluating BDD electrodes. 

 

Ideally, a standard or normalized procedure should be elaborated, bringing the scientific 

community and manufacturers together to discuss and reach a consensus on the best 

practices to evaluate and compare the electrooxidation performance of a BDD electrode, 

independently of their origin. The creation of such consensual standard would enable faster 

developments and a straightforward transition of in-house BDD electrodes to commercial 

production with consequent effective large-scale application in water treatment plants. 
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I.2.10. Supplementary Information 

Supplementary Table I.2.1. Details of the Boolean advanced search query: theme, strings, search 
query, and results, based on the Scopus database. 

Theme Boolean advanced search query Results 

Electrochemical 
degradation of 

contaminants with 
BDD electrodes 

TITLE (bdd OR "boron doped diamond" OR "boron-doped 
diamond") AND TITLE (*degradation OR treatment OR 

remov* OR mineralization OR remediation OR 
"electrochemical oxidation" OR destruction OR *oxidation OR 
incineration OR disinfection OR wastewater* OR combustion 

OR elimination OR decomposition)) AND (LIMIT-TO 
(DOCTYPE, "ar")) AND (LIMIT-TO (LANGUAGE, "English") 

Scopus: 875 
(04/2022) 

 

Supplementary Table I.2.2. Previously identified commonly used strings for describing the 
degradation of contaminants with BDD electrodes. 

Strings 

*degradation (e.g. electrodegradation, degradation) 

treatment 

remov* (e.g. removal, removing) 

mineralization 

remediation 

"electrochemical oxidation" 

destruction 

*oxidation (e.g. electrooxidation, electro-oxidation, oxidation) 

incineration 

disinfection 

wastewater* (e.g. wastewater, wastewaters) 

combustion 

elimination 

decomposition 
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Supplementary Table I.2.3. List of commercial BDD suppliers. 

Commercial BDD supplier Country or 
Province 

Website 

3betterdiamonde China https://www.3betterdiamond.com/ 

Adamant Innotech S.A.a Switzerland https://adamant-innotech.ch/ 

Advanced Diamond Technology USA http://www.thindiamond.com/ 

Antec Scientific The Netherlands https://antecscientific.com/ 

BioLogice France https://www.biologic.net/ 

Boromonde China https://www.boromond.com/ 

Condiasb Germany https://www.condias.de/ 

Creating Nano Technologies Inc Taiwan http://www.creating-nanotech.com/ 

CSEMd Switzerland https://www.csem.ch/ 

Diaccon Germany https://www.diaccon.de/ 

Diamond Electrice USA https://diamond-us.com/ 

Ecotricitye UK https://www.ecotricity.co.uk/ 

EUT GmbH Germany https://www.eut-eilenburg.de/ 

Electrolytic Ozonee USA http://www.eoi-oxygen.com/ 

Element Six (De Beers Group) USA https://www.e6.com/ 

Eletrocell Denmark https://www.electrocell.com/ 

Eletrolytica USA http://www.electrolytica.com/ 

ESA Biosciencesc,e USA https://www.thermofisher.com/ 

Evoqua (Magneto Special Anodes B.V.) The Netherlands https://www.evoqua.com/ 

Fraunhofer, CCD - Center for coatings and diamond 
technologies 

USA https://www.fraunhofer.org/ 

GL Sciencese Japan https://www.glsciences.com/ 

Kraftangalene Germany https://www.kraftanlagen.com/ 

Metakem Germany https://metakem.de/ 

Metrohm DropSense Spain https://www.dropsens.com/ 

Neocoata Switzerland https://www.neocoat.ch/ 

Schunk Carbon Technologye Germany https://www.schunk-
carbontechnology.com/ 

Shazaye Germany https://shazay.com/ 

sp3 Diamond Technologies USA https://www.sp3diamondtech.com/ 

Sumitomo Electric Industries Japan https://sumitomoelectric.com/ 

Umex Germany https://www.umex.de/ 

* Waterdiam France France - 

WCS Environmental Engineering Ltde UK https://wpldiamond.com/ 

Weiss Technike Germany https://www.weiss-technik.com/ 

Wesco USA https://www.wesco.com/ 

* Windsor Scientific UK - 

Zhengzhou Abrasives & Grinding Research Institute 
Co. 

China http://www.zzsm.com/ 

a Spin-off company of CSEM 
b Spin-off company of Fraunhofer Institute for Thin Films and Surface Technology 
c Acquisition of Thermo Fischer Scientific 
d Start-ups or joint ventures based on CSEM technologies: NeoCoat and Adamant 
Innotech S.A. 
e Suppliers not identified in the articles from the bibliometric analysis research 
*Liquidation 
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Supplementary Figure I.2.1. Choice of substrate material based on the bibliometric analysis search. 

 

 
Supplementary Figure I.2.2. Choice of substrate material along the years, based on the bibliometric 
analysis search.  
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Supplementary Table I.2.4. Reported studies on phenol degradation using BDD electrodes as anodes in its electrooxidation.  

BDD % removal Energy Consumption ACE 
(%) 

Initial 
concentration 

j 
(mA/cm²) 

t 
(h) 

A 
(cm²) 

V  
(mL) 

Initial  
pH 

Supporting 
Electrolyte 

Conductivity 
(mS/cm) 

Flow 
Rate  

(mL/s) 

T 
(°C) 

Electrochemical  
Characterization 

Ref. 

COD Phenol TOC COD 
(kWh/kg) 

phenol 
(kWh/kg) 

 
(kWh/m3)  

TOC 
(kWh/kg) 

Phenol 
(mg/L) 

COD 
(mg/L) 

In house 
HFCVD 

100% - - 112 - - - - 240 548 20 3.2 24 200 3 0.05 M 
Na2SO4 and 
2 M H2SO4 

- - 10 RE: SCE 
ES: 0.05 M 
Na2SO4 
EPW: - 
OEP: ~1.8V 

(1) 

In house 
MPCVD 

- - 85% - - - - - 941.1 - 70-900 ~68.5 2 1000 -  0.1 M 
H2SO4  

- 7 - RE: Pd/H2 
ES: 0.1 M H2SO4 
EPW: - 
OEP: 1.5V 

(2) 

In house 
HFCVD 

95% 100% - - - 8.15 - 21.8% 94.11 224 15 ~15 1.5 100 2 0.5 M 
Na2SO4 

- - RT RE: SCE 
ES: 0.5 M H2SO4  
EPW: 1.5 to 2.5 
V 
OEP: 2.5V 

(3) 

In house 
HFCVD 

94% - 80% - - 27.5  
(for 80% 
removal) 

- 15.6% 94.11 - 30 5 16 500 - 0.5 M 
Na2SO4 

- 16.67 - RE: Ag/AgCl 
ES: 0.5 M H2SO4 
EPW: 1.9 V 
OEP: 1.6 V 

(4) 

In house 
HFCVD 

- - 55% - - - 29 * 18% 
(MCE) 

- - 50 3 4 250 - 0.1 M 
Na2SO4 

- - RT RE: Ag/AgCl 
ES: 0.5 M H2SO4 
EPW: 3.1 V 
OEP: 2.2 V 

(5) 

In house 
MPCVD 

70% 78% - - - - - 23.8% 94.11 - 20 5 4 250 12 0.2 M 
Na2SO4 

- - RT RE: SCE 
ES: 0.2 M 
Na2SO4 
EPW: 3.1 V 
OEP: 2.1 V 

(6) 

In house 
HFCVD 

- 90% - - - - - 22.3% 470.55 - 60 2,1 50 500 - 1 M HClO4 - - 25 RE: SHE 
ES: 1 M HClO4 
EPW: - 
OEP: 2.3 V 

(7) 

In house 
HFCVD 

51% - - - - - - - 3.764.4 9153 100 4 3 40 - H2SO4 - - - RE: SCE 
ES: - 
EPW: 3.29 V 
OEP: 2.42 V 

(8) 

In house 
HFCVD 

96.6% - - - - - - 78.5% - 1175 10 - 6.25 30 - 2000 mg/L 
Na2SO4 

- - 30 RE: NHE 
ES: 0.5 M H2SO4 
EPW: 3.0 V 
OEP: 2.4 V 

(9) 

In house 
HFCVD 

95.7% - - - - - - - - 1175 10 - 5 - 4.70–
6.73 

1500 mg/L 
Na2SO4 

- - 30 RE: NHE 
ES: 0.5 M H2SO4  
EPW: - 
OEP: 2.7 V 

(10) 

In house 
HFCVD 

97% - - - - - - - 50 - 50 - 0.15 - 2–3  0.1 M 
H2SO4 

- - 20 RE: Ag/AgCl 
ES: 0.1 M H2SO4  
EPW: 2.4 to 3.5 
V 
OEP: 2.0 to 2.2 V 

(11) 

Adamant 
Technologies 

- 93% - - - - - - 941.1 - - 4 21 80 - 0.5 M 
H2SO4 

- - - - (12) 

Adamant 
Technologies 

- - 79.8% - - - - - 941.1 - 32.5 3 6.16 30 - 0.1 M KNO3 - - - - (13) 

Adamant 
Technologies 

- 100% 100% - - - - - 100 - 2.5 9 40 500 2  0.04 M 
Na2SO4 / 

0.05 H2SO4 

18.1 12.5 23 
± 2 

- (14) 

Adamant 
Technologies 

51% - 46% - - - - 76% 300 - 10 10 70 30000 - 0.035 M 
Na2SO4 

- 138.89 - - (15) 
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BDD % removal Energy Consumption ACE 
(%) 

Initial 
concentration 

j 
(mA/cm²) 

t 
(h) 

A 
(cm²) 

V  
(mL) 

Initial  
pH 

Supporting 
Electrolyte 

Conductivity 
(mS/cm) 

Flow 
Rate  

(mL/s) 

T 
(°C) 

Electrochemical  
Characterization 

Ref. 

COD Phenol TOC COD 
(kWh/kg) 

phenol 
(kWh/kg) 

 
(kWh/m3)  

TOC 
(kWh/kg) 

Phenol 
(mg/L) 

COD 
(mg/L) 

Adamant 
Technologies 

34-
42% 

- - - - - - - - 1000 30 ~4  2.5 150 - 0.035 M 
Na2SO4 / 

NaOH  

- - 20 RE: SCE 
ES: Na2SO4  
EPW: - 
OEP: 0.5V 

(16) 

Condias 77% - - 31 - - - - - 633 8.5 1.33 2904 4501 - - 3 0.85-
9.38 

- - (17) 

Condias 98.9% 100% 100% 57 - - - 19.1% 100 - 30 3.5 78.5 2000 4.8 1100 mg/L 
Na2SO4 

- - 23 ± 3 - (18) 

Condias - 77% 40% - - - - - 50 - 9.04 1 77.44 500 - 10 mM 
NaNO2 

- 6.68 - RE: SCE 
ES: NaNO3  
EPW: - 
OEP: 1.77 V 

(19) 

Condias - 97% 58% - - - - - 94.11 - 20 8 4 250 - 0.2 M 

Na2SO4  

- - 25 - (20) 

Condias - - 58% - - - - - 94.11 - 20 4 4 250 11 0.2 M 
Na2SO4 

- - 25 - (21) 

Condias - 32% - - - - - - 47.06 - 10 1 2 200 6.50 20 mM 
Na2SO4 

- - - RE: Ag/AgCl 
ES: 20 mM 
Na2SO4 
EPW: 2.3 V 
OEP: 1.93 V 

(22) 

Condias 91% 100% 99% - 99 - - 82% 1000 - 30 4.5 78.5 2000 2 1000 mg/L 
Na2SO4  

- - - - (23) 

Condias - - - - 329.52 - - 19.89% 65.99 135.99 30 0.5 78.5 2000 4.8 1100 mg/L 
Na2SO4 

- - RT - (24) 

Condias 86% - - - - - - - - - 20 5 4 250 - 0.2 M 
Na2SO4 

- - 25 RE: SCE 
ES: 0.2 M 
Na2SO4  
EPW: - 
OEP: 2.1 V 

(25) 

Condias 80% - - 110 - - - - - 500 19.5 1.15 24 - - 0.05 M 
Na2SO4 

- - - - (26) 

Condias 100% - - - - - - 19% 100 - 30 2.5 78.5 2000 - 1100 mg/L 
Na2SO4 

- - - - (27) 

Condias 98% - - - - - - 87% 200 - 30 8 8 150 - - - 8.35 25 - (28) 

CSEM 100% - - - - - - 56% - 2400 30 - 78 - 2 5000 mg/L 
Na2SO4 / 
H2SO4 

- 41.67 25 - (29) 

CSEM 99% - - - - 80 - - 1882.2 - 47 5 63 990 - 0.1 M 
H2SO4 

- 55.55 - - (30) 

EUT 96% - 96% 82 - - - 23% 280 666 50 5.8 28 - - Na2SO4 - - 27-30 RE: Ag/AgCl 
ES: 0.3 M 
Na2SO4 
EPW: - 
OEP: 1.0 V 

(31) 

EUT 91% - 94% 26.6 - - - - - 378 30 8 16 2560 - 0.1 M 
H2SO4 

- 40 30 - (32) 

Magneto 
Special 
Anodes B.V. 

- 99.54% - - 470 - - - 200 590 5 1.25 176 500 1.97 Na2SO4 15.63 - 20 - (33) 

Umex 78% - 78% 475 - - - - 210 500 150 8 28 2500 0.76 
– 

0.87 

0.1 M 
H2SO4 

- - 26-28 RE: Ag/AgCl 
ES: 0.1 M H2SO4 
EPW: - 
OEP: 2.0 V 

(34) 

- ~100% - - - - - - - 1985 - 215 3 7 100 13 0.1 M 
Na2SO4 

- - 30 - (35) 

- 99% - - - - - - - 202-
222 

- 30 6.2 10.14 250 7 0.1 M 
Na2CO3  

- - 25 - (36) 
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BDD % removal Energy Consumption ACE 
(%) 

Initial 
concentration 

j 
(mA/cm²) 

t 
(h) 

A 
(cm²) 

V  
(mL) 

Initial  
pH 

Supporting 
Electrolyte 

Conductivity 
(mS/cm) 

Flow 
Rate  

(mL/s) 

T 
(°C) 

Electrochemical  
Characterization 

Ref. 

COD Phenol TOC COD 
(kWh/kg) 

phenol 
(kWh/kg) 

 
(kWh/m3)  

TOC 
(kWh/kg) 

Phenol 
(mg/L) 

COD 
(mg/L) 

- 98% - - - - - - 12.3% 240 548 20 3 24 200 3 0.05 M Na2SO4 / 
2 M H2SO4 

- - - RE: SCE 
ES: 0.05 M 
Na2SO4 
EPW: - 
OEP: ~1.5 V 

(37) 

- 84% - - - - - - - 280 666 100 8 70 1500 2.0–
3.5 

0.1 M Na2SO4 / 
H2SO4 / NaOH 

- - 27–
30 

- (38) 

- - 100% 20% - - - - *45% 
(MCE) 

50 - 40 0.5 100 20000 7 - 2480 1111.11 - - (39) 

- - 80.1% 62.5% - - - - - 50 - 6.46 2 77.44 500 - 1 mM NaBr - 6.68 - RE: SCE 

ES: 1 mM NaBr 
EPW: - 
OEP: 1.9 V 

(40) 

EC = energy consumption; RT = room temperature; EPW = electrochemical potential window; ES = electrolyte solution; RE =: reference electrode 
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Supplementary Table I.2.5. Reported studies on landfill leachate degradation using BDD electrodes as anodes in its electrooxidation.  

BDD COD0  COD  
removal  

ACE  EC  j  t Anode 
area 

Volume Initial 
pH 

Supporting 
Electrolyte 

Conductivity Flow 
Rate 

T Electrochemical 
characterization 

Ref. 

(mg O2/L) (%) (%) (kWh/kg COD) (mA/cm²) (h) (cm²) (mL) (mS/cm) (mL/s) (°C) 

In house HFCVD 3778.56 ± 
42.91 

87.5% 41.7% *223.2 
kWh/m³ 

50 6 24 200 5.16 ± 
0.12 

1 M NaOH 40.16 ± 0.25 1.67 - ES: 1 M H2SO4 (41) 

RE: Ag/AgCl 

EPW: 3.0 V 

OEP: 2.3 V 

In house MPCVD 3608 ± 123 91% 28% 285 100 4 10.5 400 7.8-9.4 - - - 25 ± 1 ES: 1 M KCl (42) 

RE: Ag/AgCl 

EPW: 3.9 V 

OEP: 1.4 V 

In house MPCVD 4002.11 ± 
13.12 

69% 43.9% *215.4 kWh/m³ 50 5.5 30 200 6.01 ± 
0.01 

- 12.4 ± 0.1 1.53 - ES: 0.5 M H2SO4 (43) 

RE: Ag/AgCl 

EPW: 2.2 V 

OEP: 1.6 V 

Adamant 
Technologies 

1130 100% - - 15-90 6-
8 

70 1000 7.51 - 14.36 183.33 20 
 

(44) 

CSEM 780 100% 24.5% *150 kWh/m³ 40 4 50 350 8.20 - 9.77 116.67 25 
 

(45) 

Adamant 
Technologies 

3385 51% - 102-134 
(for 30% 
removal) 

90-120 8 70 10000 8.4 NaCl 22.6 166.67 - 
 

(46) 

Adamant 
Technologies 

860 100% - - 30-120 4-
8 

10500 230000 - - 9.4 5000 - 
 

(47) 

Condias 5800 88% - - 30 6 10 200 8.4 ± 0.4 0.03 M 22.1 - 25 
 

(48) 

Na2SO4 

Fraunhofer 1168 93% - 5.7 37.5 8 8 2000 5 Na2SO4 
 

7 - 
 

(49) 

NeoCoat 6200 ± 400 40% - *64 kWh/m³ 30 6 10 200 9.0 ± 0.1 - 22.0 ± 1.2 - 22–25 
 

(50) 

De Nora 3308–3540 95.17% 14.4% 160 83 8 6 - 2 NaOH or 
H2SO4 

17.3–18.5 2.78 - 
 

(51) 

- 2040 49% - 86.4 100 7 8 1000 8.5 - 10.74 2 - 
 

(52) 

- 2011 74% - - 50 4 8 1000 3 0.05 M NaCl 
 

5 - 
 

(53) 

- 816 87% 193% 45.8 67 8 6 2000 6 H₂SO₄ 2.91 5 - 
 

(54) 

- 888 92% 21.68% 136.0 36 4 84 950 7.65 - 19.31 - -   (55) 

EC = energy consumption; EPW = electrochemical potential window; ES = electrolyte solution; RE = reference electrode 
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Chapter II 

Development of BDD/Si3N4-TiN 

Electrodes 

This chapter focuses on developing a new substrate material for BDD electrodes and 

optimizing the conditions for BDD film deposition. The aim is to ensure that the 

BDD/substrate assembly exhibits high durability and robustness in service while also 

delivering excellent performance and efficiency in pollutant removal. This work has been 

presented in two papers, corresponding each to one of the two sections below. 

Section II.1 presents a paper published in the journal Ceramics International (1). This 

section aims to develop fully dense Si3N4-TiN ceramic composites with a favorable 

combination of low electrical resistivity and strong mechanical properties. The primary 

objective of this study was to develop an innovative substrate material for BDD electrodes 

to enhance their durability and robustness. To achieve this, various pressureless sintered 

compositions of Si3N4 powder matrix mixed with TiN powder at different volume fractions 

were tested. The study employed a range of methods to assess the composition, 

microstructure, microhardness, fracture toughness, elastic modulus, shear modulus, 

thermal conductivity, bending strength, and electrical resistivity of the samples. 

Section II.2 presents a paper accepted for publication in Diamond and Related Materials 

(2). This section employs the Taguchi method to systematically assess the influence of 

deposition conditions in an HFCVD reactor on the properties of BDD films intended for 

water treatment applications. Three controllable factors, namely the methane to hydrogen 

ratio, argon mass flow, and total gas pressure, were investigated. The primary objective 

was to optimize the quality of BDD films while minimizing the number of experimental trials. 

1. Brosler P, Silva RF, Tedim J, Oliveira FJ. Electroconductive silicon nitride-titanium nitride ceramic substrates 

for CVD diamond electrode deposition. Ceram Int. 2023. 

2. Brosler P, Neto, MA, Silva RF, Tedim J, Oliveira FJ. Customized boron-doped diamond electrodes for 

efficient water treatment via HF-CVD parameter optimization. Diam Relat Mater. 2024 
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Abstract 

The present investigation was carried out to develop dense ceramics of silicon nitride-

titanium nitride (Si3N4-TiN) with low electrical resistivity and excellent mechanical 

properties. The objective was to employ these ceramics as substrates of conductive 

diamond electrodes produced by chemical vapor deposition (CVD) for electrochemical 

applications. TiN powder was added to a Si3N4 matrix powder composition at varying 

volume fractions (21-30%). Disc-shaped samples were fabricated by mixing and 

pressing the powders, followed by pressureless sintering. The crystalline phase 

composition and microstructure were analyzed using X-ray diffraction and scanning 

electron microscopy, while the electrical resistivity was measured with a four-point probe 

configuration. The composites transitioned from insulating to conductive behavior 

between 23 and 27%vol TiN. The developed compositions displayed superior hardness, 

fracture toughness, elastic modulus, and thermal conductivity compared to the Si3N4 

matrix. Notably, the composition containing 30%vol TiN displayed noteworthy properties, 

including a hardness value of 16.1 GPa, fracture toughness of 7.0 MPa·m1/2, and 

electrical resistivity of 8.9 x 10-1 Ω·cm. Finally, the proof-of-concept experiment 

demonstrated the potential of Si3N4-TiN composites as robust and electroconductive 

substrates for depositing conductive diamond electrodes. This was achieved by 

successfully depositing conductive diamond films on Si3N4-TiN substrates using the Hot 

Filament Chemical Vapor Deposition (HFCVD) technique. 
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II.1.1. Introduction 

The remarkable physical and mechanical properties of silicon nitride (Si3N4) ceramics, 

including high hardness, excellent wear resistance, chemical stability, thermal 

resistance, good strength, fracture toughness, low density, and low coefficient of thermal 

expansion, make Si3N4 a highly attractive material for a wide range of applications (1). 

This material has been utilized in various applications, including the production of 

cooking plates (1, 2), cutting tools (3), mechanical seals (4), as well as metallurgical 

components and metal forming devices (5). Additionally, it has found applications in 

automotive parts, aircraft engines, and gas turbines (6, 7), electronic components (8), 

space technology (9), ball bearings (10), and prosthetic devices (11, 12). 

Silicon nitride can exist in three distinct crystalline structures: α-Si3N4 and β-Si3N4, which 

are formed under normal nitrogen pressure, and the γ modification, produced at high 

temperatures above 2000 K and pressures exceeding 15 GPa, also referred to as c-

modification in analogy to the cubic boron nitride (c-BN) structure (13). The α and β 

phases are hexagonal and consist of SiN4 tetrahedra connected at the corners, where 

each nitrogen atom belongs to three tetrahedra (14). However, the c lattice parameter 

differs between these phases, with the β phase possessing only one layer of SiN4 

tetrahedra. In contrast, the α phase contains two layers that are shifted with respect to 

each other, resulting in a doubling of the c-parameter in the α unit cell (15). The α-

modification is commonly present in Si3N4 powders, while the β-modification is found 

mainly in Si3N4 ceramics (16). The α-Si3N4 phase is stable only at temperatures below 

1450ºC, and during sintering, it becomes metastable and transforms irreversibly to the 

β-Si3N4 phase through dissolution-reprecipitation mechanisms (17, 18).  

The low atomic mobility during the sintering of Si3N4 is attributed to its predominantly 

covalent-bond nature, requiring the addition of sintering aids to promote densification 

(17). Si3N4 densification without additives can only be achieved under high pressures 

and temperatures (19). Sintering aids facilitate densification by reacting with SiO2 present 

on the surface of Si3N4 powders to form a liquid phase at temperatures above 1500ºC 

(1). Previous studies have used a range of oxides, including Y2O3, Al2O3, SiO2, MgO, 

CeO2, Nd2O3, and ZrO2 as sintering aids for Si3N4 ceramics (20-28), but the most efficient 

and commonly used sintering aids are Y2O3 and Al2O3 (29, 30). 

The liquid phase sintering of Si3N4 involves three distinct stages (1). During the first 

stage, sintering additives react with SiO2 present on the surface of Si3N4 particles, 

forming a eutectic melt that promotes the rearrangement of α-Si3N4 particles by capillary 

forces. In the second stage, β-Si3N4 precipitates due to the dissolution of α-Si3N4 followed 
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by diffusion of Si and N through the liquid phase. Finally, in the third phase, β-Si3N4 grains 

grow and coalesce, reducing or eliminating residual porosity (31, 32). After cooling, the 

resulting microstructure of Si3N4 ceramics comprises elongated β-Si3N4 grains with a 

high aspect ratio, surrounded by grain boundaries consisting of amorphous or partially 

crystallized secondary phases, such as silicates or silicon oxynitrides, that form from the 

solidification of the liquid phase (33). However, the presence of solidified liquid phase 

can negatively impact properties such as wear resistance, thermal resistance, and 

hardness (1). Thus, the starting powder mixture should contain minimal sintering aids to 

achieve densification without sacrificing mechanical and thermal properties. In addition, 

the final properties of Si3N4 ceramics are influenced by factors such as the quality of 

starting powders, type of crucibles, powder beds, and furnace atmospheres used during 

sintering (1). 

In order to improve the mechanical properties, more specifically strength and fracture 

toughness, of Si3N4-based ceramics, researchers have turned to reinforcing these 

ceramics with particulates (34), platelets (35), and whiskers (36). However, obtaining 

fully dense final products with whisker and platelet reinforcements is challenging and can 

lead to technical difficulties and high production costs (37). Consequently, particle 

reinforcement has gained increased attention, which led to the development of 

electroconductive Si3N4-based ceramics that incorporate electrically conductive phases 

like carbides (TiC) (38), borides (TiB2, ZrB2) (39, 40), and nitrides (TiN) (41-43). The ideal 

particle reinforcement should have a thermal expansion coefficient and elastic modulus 

values similar to the matrix and be chemically compatible (44). TiN is an adequate 

candidate for Si3N4 particle reinforcement due to its good thermal and electrical 

conductivity, thermal stability, low density, high hardness, mechanical strength, wear 

resistance, lubricating characteristics, high melting temperature, and chemical inertness 

(45). In addition, mixtures of Si3N4 and TiN demonstrate chemical compatibility and 

stability across a broad range of temperatures and nitrogen pressures (1, 46). Therefore, 

TiN is favorable for reinforcing Si3N4 matrixes to produce electroconductive Si3N4-based 

ceramics. 

Various processing routes have been explored to fabricate Si3N4-TiN composites over 

the years. The most used approach involves mixing Si3N4 and TiN powders with sintering 

additives for liquid phase sintering. Pressureless (3, 41, 47), hot pressing (3, 41, 48), 

gas-pressure (41, 49, 50), and spark plasma (51-53) sintering have been used to sinter 

Si3N4-TiN bulk ceramics, with pressureless and hot pressing being the most frequently 

employed methods. Pressureless sintering is a cost-effective approach, while hot 
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pressing typically yields ceramics with superior mechanical properties and requires lower 

amounts of sintering additives (1). However, it is expensive and limited to simpler 

geometries (1). In-situ reaction bonding, which involves the nitridation of Si and Ti 

powders with sintering additives, is another alternative route for producing Si3N4-TiN 

composites (54). This process can also be based on the nitridation of powder mixtures 

of Si3N4 and TiO2 (48). Carbothermal reduction nitridation from rutile and quartz has been 

identified as a low-cost method for preparing Si3N4-TiN composite powders (55). 

Furthermore, Si3N4-TiN coatings can be synthesized by chemical vapor deposition (CVD) 

using gas mixtures such as NH3, SiCl4, TiCl4, and H2 (56). 

Manufacturing Si3N4-TiN composites presents a significant challenge in achieving an 

optimal TiN content that balances high electrical conductivity characteristics and 

mechanical properties (57). This balance is essential for substrate materials used in 

depositing conductive chemically vapor-deposited diamond films that serve as 

electrodes in electrochemical applications. Especially for large-scale water treatment, 

these electrodes would be subjected to harsh chemical and erosive environments (58). 

Several studies have demonstrated the effectiveness of using diamond-based 

electrodes for water remediation in laboratory and pilot tests (59-62). However, the 

scalability and durability of these electrodes for scale-up applications pose significant 

challenges, primarily due to the absence of a suitable substrate (63). The primary cause 

of diamond electrode failure is the delamination of film from the substrate, which occurs 

due to inadequate adhesion (63). In preparing diamond electrodes for such applications, 

the substrate serves two primary functions: facilitating current flow through the electrode 

assembly and providing mechanical stability to the diamond film (64). Si3N4 is an ideal 

material for CVD diamond growth due to its high affinity and compatibility with the 

deposition process and its similar coefficient of thermal expansion to diamond (0.7-2.0 × 

10−6 1/C°) (65-68), which promotes strong adhesion (69). Therefore, the Si3N4-TiN 

composites could offer a suitable balance of conductivity, mechanical properties, high 

affinity for CVD diamond growth, chemical stability, and oxidation resistance, meeting 

the ideal substrate material criteria for producing diamond electrodes with superior 

service life. 

In this study, we investigate the development of fully dense Si3N4-TiN ceramic 

composites with favorable combinations of low electrical resistivity and excellent 

mechanical properties. To achieve this objective, we tested various pressureless 

sintered compositions of a Si3N4 powder matrix containing Al2O3 and Y2O3 as sintering 

aids, mixed with TiN powder at volumes ranging from 21 to 30%vol TiN. This research 
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aims to identify a composition with the lowest amount of TiN that provides sufficient 

conductivity without compromising the composites' mechanical properties while keeping 

the production cost in check. We characterized the samples using Vickers 

microhardness, fracture toughness, elastic modulus, shear modulus, bending strength, 

thermal conductivity, X-ray diffraction, scanning electron microscopy, and electrical 

resistivity. The developed composites are intended to be used as substrates for 

conductive diamond chemical vapor deposition.  

 

II.1.2. Materials and Methods 

The composition of the Si3N4 matrix powder and the corresponding sintering cycles were 

determined based on the prior research works carried out by our group (3, 70-72). The 

Si3N4 matrix comprises a powder blend consisting of 89.3%wt. Si3N4 (Grade M11, H.C. 

Starck, Germany), 7.0%wt. Y2O3 (Grade C, H.C. Starck, Germany), and 3.7%wt. Al2O3 

(CT 3000 SG, Alcoa, USA). The composites were prepared by substituting the matrix 

with TiN powder (Grade B, H.C. Starck, Germany) at varying volume fractions of 21, 23, 

25, 27, and 30%vol. Details on the powder properties, including particle size, specific 

surface area, and purity, are presented in Table II.1.1. 

 

Table II.1.1. Properties of the powders used in the study. 

Powder Supplier Particle Size d50 (µm) Specific Surface Area (m²/g) Purity 

Si3N4 H.C. Starck 0.5 – 0.7 12 – 15 Alpha-phase >90% 

Y2O3 H.C. Starck 0.6 – 0.9 10 – 16 Y2O3/TREO* >99.95% 

TiN H.C. Starck 2.0 – 4.0 - N2 min. 20% 

O max. 1.1% 

Al2O3 Alcoa 0.7** 7**  >99.85% 

*TREO = Total Rare Earth Oxides 
**Average  

 

The powder mixture, Si3N4 balls, and 2-propanol were loaded into agate jars, then 

inserted into a planetary mill, and set to rotate at 200 rpm for 8 hours. The obtained 

powder slurry underwent a screening process using a 500-mesh sieve. Subsequently, 

the slurry was dried in an oven at 100ºC for 24 hours. Disc-shaped samples with 

diameters of 20 mm and 59 mm were prepared through a two-step pressing process. 

The powder mixtures were first cold uniaxially pressed at a pressure of 3 tons for 2 

minutes. Then, they were cold isostatically pressed at a pressure of 200 MPa for 15 

minutes. Pressureless sintering was performed in a graphite furnace, specifically a 
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closed graphite crucible. The powder bed utilized during the sintering process comprised 

a mixture of 50% Si3N4 matrix with sintering aids of Al2O3 and Y2O3, along with 50% boron 

nitride (BN, Grade A01, H.C. Starck, Germany). This composition was employed to 

prevent direct contact with the graphite crucible walls and to minimize the decomposition 

of the Si3N4 powder. 

The Si3N4 matrix samples were sintered at 1700ºC for 3 hours in an N2 atmosphere (0.1 

MPa) at a heating rate of 10ºC/min. The Si3N4-TiN composites were sintered at 1750ºC, 

at the same heating rate and atmosphere for 5 hours to guarantee full densification. The 

N2 flow served two important purposes: to prevent the thermal decomposition of Si3N4 by 

shifting the equilibrium given by Eq. II.1.1 to the left and to prevent the oxidation of TiN 

powder to TiO2, which starts to oxidize at around 800°C in air (45). 

 

 Si3N4 ⇄ 3Si(g,l) + 2N2(g) Eq. II.1.1 

 

Following densification, sample densities were determined using the Archimedes 

method, involving the immersion of the samples in distilled water. The samples were 

characterized through Vickers microhardness, which involved indentations applying 

loads of 2 kgf for 10 seconds. The samples’ elastic modulus (E) and shear modulus (G) 

were determined using the resonant frequency method (MK5i, GrindoSonic, Belgium). 

The latter was preferred due to its accuracy and non-destructive nature. The elastic 

modulus of the samples was compared with the calculated maximum (Voight) (73) and 

minimum (Reuss) (74) theoretical limits. These calculations were performed using a 

reference value of 390 GPa for the elastic modulus of TiN (75). The fracture toughness 

(KIC) was evaluated by applying 10 kgf loads for 10 seconds and measuring the length 

of the cracks using the formula established by Antis et al. (76), represented by Eq. II.1.2: 

 

 KIC = 0.016(
E

H
)

1
2⁄

(
P

c
3
2⁄
) Eq. II.1.2 

 

Where H is the hardness (GPa), E is the elastic modulus (GPa), P is the indentation load 

(N), and c is the crack length (m). This method was selected for its simplicity, as it 

requires only conventional hardness equipment and does not demand complex testing 

apparatus. Three-point bending tests were performed following the ISO 6872:2015 
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standard (77). A universal testing machine (Autograph AG-IS, Shimadzu, Japan) was 

used, with a crosshead feed rate of 1 mm/min and a 5 kN load cell. 

X-ray diffraction (XRD, PANalytical, X'Pert, United Kingdom) was employed with Cu Kα 

radiation in 2theta-theta mode to analyze the crystalline phase composition. The 

densified ceramics underwent a series of post-processing steps for microstructural 

analysis. Initially, they were subjected to grinding and polishing. Subsequently, plasma 

etching (K1050X, Emitech, France) using CF4 was performed for 120 seconds. The 

microstructures of the ceramics were then examined using Scanning Electron 

Microscopy/Energy Dispersive Spectroscopy (SEM/EDS, SU-70 EDS, Hitachi, Japan). 

The electrical resistivity was measured with a Four Point Probe configuration at room 

temperature using an in-house electrical property measuring apparatus. A thermal 

conductivity analyzer (C-Therm, TCi, Canada) was used to evaluate the thermal 

conductivity of the samples at room temperature. 

Finally, as a proof of concept, conductive diamond films were deposited on silicon nitride-

titanium nitride (Si3N4-TiN) substrates using Hot Filament Chemical Vapor Deposition 

(HFCVD). The resulting films were characterized using several techniques. Scanning 

Electron Microscopy/Energy Dispersive Spectroscopy (SEM/EDS, SU-70 EDS, Hitachi, 

Japan) was employed to analyze the morphology and elemental composition of the films. 

Micro-Raman Spectroscopy, utilizing a 442 nm laser line (Jobin-Yvon LabRam HR, 

Horiba, Japan), was used to assess the diamond quality and residual stress of the 

deposited films. Electrical resistivity measurements were performed using a homemade 

apparatus to determine the films' resistivity. Additionally, the adhesion of BDD films to 

Si3N4-TiN substrates was evaluated by indentation with a Brale indenter in a universal 

testing machine (Z020, Zwick/Roell, Germany). The applied loads ranged from 100 to 

1200 N. The interfacial crack resistance parameter was estimated by measuring the 

reciprocal slope of the load-crack radius curve, dLoad/dCrack Radius (78). 

 

II.1.3. Results and discussion 

All samples exhibited a densification percentage greater than 99%, and the average 

shrinkage rate along the samples' largest dimension was 22.7%, as indicated in Table 

II.1.2. The determination of the densification percentage was accomplished by applying 

the rule of mixtures to calculate the theoretical density value of the samples. The 

theoretical density of the Si3N4 matrix was calculated as 3.27 g/cm3. 
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Table II.1.2. Densification and shrinkage results of the Si3N4 and Si3N4-TiN samples. 

Sample TiN 

(%vol) 

Sintering Shrinkage* 

(%) 

Density  

(g/cm³) 

Densification (%) 

SN 0% 1700°C - 3h - 10°C/min 

N2 0.1 MPa 

25% 3.26 99.62% 

SNTN21 21% 1750°C - 5h - 10°C/min 

N2 0.1 MPa 

22% 3.69 99.04% 

SNTN23 23% 1750°C - 5h - 10°C/min 

N2 0.1 MPa 

22% 3.74 99.55% 

SNTN25 25% 1750°C - 5h - 10°C/min 

N2 0.1 MPa 

22% 3.77 99.60% 

SNTN27 27% 1750°C - 5h - 10°C/min 

N2 0.1 MPa 

22% 3.83 99.75% 

SNTN30 30% 1750°C - 5h - 10°C/min 

N2 0.1 MPa 

23% 3.86 99.59% 

*Along the largest dimension 

 

The mechanical and electrical properties of Si3N4 and Si3N4-TiN were characterized as 

a function of the percentage of TiN volume, as presented in Table II.1.3, Figure II.1.1, 

and Figure II.1.2. A trend of increasing fracture toughness (KIC) with increasing TiN 

volume fraction was observed, consistent with previous findings in the literature (41, 47, 

50, 79). The difference in thermal expansion coefficient between the TiN and the Si3N4 

generates a compressive force from the surrounding Si3N4 grains in the TiN 

agglomerates present in the composite microstructure after sintering, which may 

contribute to an increase in fracture toughness (47). In addition, other toughening 

mechanisms in Si3N4-TiN composites could be crack deflection due to the elastic 

modulus mismatch between the TiN and Si3N4 and microcracking toughening related to 

the TiN particle size (41, 50, 79). Although most of the studied compositions 

experimentally determined elastic modulus values were slightly outside the calculated 

theoretical limits, they still followed the general trend of increasing with increasing TiN 

content. 
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Figure II.1.1. Mechanical and electrical characterization of Si3N4-TiN composites as a 
function of added volume fraction of TiN: (a) Microhardness; (b) Elastic and shear 
modulus; (c) Fracture toughness; (d) Resistivity. 

 

The TiN starting powder particle size may play an important role in the final mechanical 

properties of Si3N4-TiN composites. Bellosi et al. have observed that the Young modulus 

and the thermal expansion coefficient of the composites increase with the addition of TiN 

particles regardless of the sintering route and their particle size and distribution (41). 

However, these factors strongly influenced fracture toughness, hardness, and flexural 

strength. Bellosi et al. found that hardness and fracture toughness were higher in the 

composites with coarse TiN starting powder particles. However, the flexural strength of 

these materials was lower than that in composites with smaller TiN particles (41). The 

results for bending strength (Figure II.1.2) agree with the literature (41, 80, 81). The 

values are roughly independent of TiN content in the studied range, except for SNTN25, 

which appears to be an outlier. This may be due to some problem in the manufacturing 

or sample preparation process. The bending strength seems to decrease slightly with 

the addition of TiN up to a certain limit and then increase again. This effect was also 

observed by Belosi et al. for Si3N4-TiN compositions ranging from 0 to 40%vol TiN 
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sintered by hot pressing (41). Such variations in the strength are believed to be related 

to the secondary phase content (41, 82).  

 

 

Figure II.1.2. Bending strength of Si3N4-TiN composites as a function of added volume 
fraction of TiN. 

 

The electrical conductivity of Si3N4–TiN composites showcases a percolative nature, 

marked by a substantial increase in conductivity when reaching a particular 

concentration of TiN, known as the percolation threshold or percolation concentration 

(57). The percolation threshold was observed to occur between 23 and 27%vol TiN, 

where the composite transitioned from an insulator to a conductive material. The 

transition from resistivities of 1013 Ω.cm to resistivities down to the order of 10-1 Ω.cm 

was achieved due to the differences in conductivity of Si3N4 (1013-14 Ω.cm (45)) and TiN 

(20 ± 10 x 10-6 Ω.cm (45)). The percolation limit is reached when the number of TiN 

particles added to the Si3N4 matrix is enough so the equiaxed TiN grains can form a 

continuous conductive network. The TiN content, and consequently the degree of 

connectivity of the TiN grains, is the main factor affecting such network formation. 

However, the percolation concentration limit shows a significant variation in the literature 

since it is also influenced by other parameters such as starting powders particle size, 

shape and distribution, types of additives, sintering time and conditions, resulting 

microstructure and presence of the secondary intergranular phase formed during liquid 

phase sintering (52, 83, 84). Smaller TiN starting powder particle size is associated with 
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lowering the percolation concentration (37). In addition, Guo et al. observed that the 

electrical resistivity of Si3N4–TiN samples sintered at 1600ºC by hot pressing and spark 

plasma sintering differs for four orders of magnitude (52). 

Incorporating a conductive phase in Si3N4 presents the opportunity to utilize electrical 

discharge machining (EDM) to produce complex-shaped hard ceramics. Previously, the 

high resistivity of Si3N4 made this manufacturing technique impractical. This 

advancement becomes particularly valuable considering the challenges, high costs, and 

limitations of machining hard ceramics using conventional methods, which may render 

the desired geometries difficult, expensive, or unachievable (45). This advantage is 

particularly beneficial for electrochemistry applications as it enables the creation of 

electrodes featuring complex designs to improve performance, for example, by 

increasing reaction surface areas. In the EDM process, the material is removed by 

erosion due to the application of short-duration electric discharges between an electrode 

and the workpiece (85). According to Schubert et al., electrical discharge machining 

requires a minimum electric conductivity of about 10−2 Ω.cm (86). Contrary to Schubert 

et al.'s statement, it has been observed that composites with resistivities as high as 7.5 

Ω.cm can be successfully machined using EDM (3). 

The SEM micrographs in Figure II.1.3 depict dark grey β-Si3N4 grains with a high aspect 

ratio, surrounded by a white intergranular secondary phase. An increase in TiN content 

leads to a decrease in β-Si3N4 grain size and an increase in the distribution and 

interparticle contact of TiN grains (in light grey). These changes contribute to forming an 

electroconductive network with lower resistivities, as demonstrated in Table II.1.3. As 

reported by Zivkovic et al., larger Si3N4 grains and their strong anisotropy inhibit the 

formation of continuous TiN grain connections, leading to higher resistivity values (57). 

However, for higher amounts of TiN, the Si3N4 grain growth influence appears negligible 

due to the higher concentration of TiN that forms a better-connected conductive network 

(57). When comparing the microstructure of composites with varying amounts of TiN, the 

growth-inhibiting effect of TiN particles becomes more evident. The composite 

underwent a distinct sintering cycle compared to the matrix, requiring a longer sintering 

time (from 3 hours to 5 hours) and higher temperature (from 1700ºC to 1750ºC) to 

guarantee full densification. In typical scenarios, such conditions would promote greater 

growth of β-Si3N4 grains. Surprisingly, the β-Si3N4 grain size remains similar between the 

matrix and the Si3N4-TiN composite containing 30%vol. TiN. However, when comparing 

the composite with 21%vol. TiN to the one with 30%vol. TiN, it is evident that the β-Si3N4 
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grains are larger in the composite with a lower TiN content. These observations highlight 

the growth-hindering effect exerted by the TiN particles. 

 

 

Figure II.1.3. Microstructures of Si3N4 and Si3N4-TiN with 21, 23, 25, 27, and 30%vol 
TiN. 
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Table II.1.3. Properties of the obtained Si3N4 and Si3N4-TiN ceramics: hardness, fracture 
toughness (KIC), calculated upper (Voight) and lower (Reuss) limits of the elastic 
modulus, measured elastic modulus (E), shear modulus (G), bending strength (σ) and 
resistivity. 

TiN 

(% vol) 

Hardness 

(GPa) 

𝑲𝑰𝑪 

(𝑴𝑷𝒂.√𝒎) 

E 

[Voight]a 

(GPa) 

E  

[Reuss]b  

(GPa) 

E  

(GPa) 

G  

(GPa) 

σ 

(MPa) 

Resistivity 

(Ω.cm) 

0% 14.89 ± 

0.15 

5.47 ± 0.30 314 314 314 122 882.61 ± 

31.15 

1.00 x 1013 

21% 14.98 ± 

0.24 

6.88 ± 0.72 330 327 325 127 800.58 ± 

75.62 

4.17 x 105 

23% 15.09 ± 

0.19 

6.72 ± 0.42 331 329 335 131 832.5 ± 

32.73 

3.19 x 105 

25% 15.18 ± 

0.16 

6.81 ± 0.57 333 330 330 129 718.49 ± 

11.05 

9.27 x 102 

27% 15.52 ± 

0.32 

6.66 ± 0.60 335 331 340 134 907.01 ± 

56.02 

1.11 x 101 

30% 16.06 ± 

0.22 

6.96 ± 0.84 337 333 340 133 866.84 ± 

54.49 

8.90 x 10-1 

a  𝐸𝑉𝑜𝑖𝑔ℎ𝑡 = 𝐸1𝑉1 + 𝐸2𝑉2 (73) 
b  1/𝐸𝑅𝑒𝑢𝑠𝑠 = 𝑉1/𝐸1 + 𝑉2/𝐸2 (74) 

 

The observed increase in hardness values in the composites can be attributed primarily 

to the higher intrinsic hardness of TiN (18-21 GPa) (45). According to Petzow, the 

hardness of Si3N4 ceramics increases with decreasing grain boundary phase and grain 

size (1). In this study, TiN replaced the matrix in volume percentages, which led to a 

lower residual grain boundary phase. The lower residual grain boundary phase may have 

had a slight effect on the hardness of the composites. However, the primary factor 

contributing to the increased hardness is likely the higher hardness of TiN itself. 

Furthermore, the composites containing higher TiN amounts exhibited smaller Si3N4 

grain sizes (Figure II.1.3), which may have also contributed to the higher hardness 

values. However, there are controversies in the literature regarding the increase in 

hardness with increased TiN amounts, as some studies reported an opposite behavior 

(3, 41, 48, 49, 87). In contrast, others observed the same increase in hardness with the 

addition of TiN (37, 50, 51, 88). These differences may arise from several reasons, such 

as the starting powders' quality, size and shape, sintering method (e.g., pressureless, 

hot pressing, spark plasma, gas-pressure), sintering cycle, and composition of the 

sintering additives. 

In Figure II.1.4, the phase composition of the samples is presented. The microstructure 

of the Si3N4 matrix primarily consists of β-Si3N4, accompanied by a secondary oxynitride 
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phase (Y2SiAlO5N). The oxynitride phase formed due to the liquid phase crystallization 

during the sintering process. The absence of the α-Si3N4 phase suggests that the 

transformation of α-Si3N4 to β-Si3N4 was complete and irreversible during liquid phase 

sintering. The XRD spectra baseline display slight dislocations, indicating that some 

liquid phase might have remained in the microstructure as a glassy phase after sintering. 

The Si3N4-TiN composites exhibit β-Si3N4 and TiN phases and traces of yttrium 

oxynitrides (Y2Ti2O5.5N). 

 

 

Figure II.1.4. X-ray diffraction of the Si3N4 matrix and Si3N4-TiN composites. 

 

Figure II.1.5 presents the results of the thermal conductivity measurements conducted 

on the Si3N4-TiN composites. According to the literature, the thermal conductivity of TiN 

ranges from 28.8-44.0 W/mK (89-91), while the Si3N4 matrix exhibited a thermal 

conductivity value of 18.2 W/mK. The thermal conductivity of the Si3N4-TiN composite 

increased as the TiN content increased, which is expected since TiN has a higher thermal 

conductivity than the Si3N4 matrix. Notably, the composites with the highest TiN content 

approached the thermal conductivity value of pure TiN. Watari et al. reported that the 

thermal conductivity of Si3N4 ceramics at room temperature is not influenced by grain 

size, but rather by the internal defect structure of the grains, such as point defects and 
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dislocations (92). Despite the differences, all composite materials exhibited low thermal 

conductivities, which is favorable for the deposition of CVD diamond. A substrate 

material with low thermal conductivity will be able to maintain substrate temperature 

during the CVD process and the cooling step, thereby helping to reduce residual stresses 

in the diamond film caused by the mismatch in the coefficient of thermal expansion 

between the substrate and the diamond film. 

 

 

Figure II.1.5. Thermal conductivity at room temperature as a function added %vol TiN. 

 

Table II.1.4 compares the SNTN30 sample outcomes with those reported in the literature 

for specimens with 30%vol TiN added to the Si3N4 matrix. The value of 40%wt was 

considered equivalent to a 30%vol TiN (~39.6%wt) for articles that expressed the TiN 

content in weight percentage. All SNTN30 outcomes, including relative density, 

hardness, fracture toughness, elastic modulus, and resistivity, fall within the range of 

reported literature results. Significant variations in Si3N4-TiN composite properties are 

evident, depending on sintering methods, temperatures, and the composition of the 

sintering additives. Hardness and resistivity show the most significant deviations. The 
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microstructure strongly influences these properties. Variations in fracture toughness are 

not solely related to the microstructure but can exhibit minor divergences based on the 

chosen KIC determination method. 

 

Table II.1.4. Comparison of the obtained results of Si3N4-TiN with 30%vol TiN with the 
results from the literature.  

Sintering 

method 

Sintering 

Additives 

Relative 

Density 

(%) 

Hardness 

(GPa) 

𝑲𝑰𝑪 

(𝑴𝑷𝒂.√𝒎) 

Elastic 

Modulus 

(GPa) 

Resistivity 

(Ω.cm) 

Ref. 

Pressureless 

1750ºC 

3.7% Al2O3 

7.0% Y2O3 

99.6% 16.06 ± 

0.22 

6.96 ± 0.84 340 8.9 x 10-1 This work 

(SNTN30) 

Pressureless 

 1750ºC 

3.7% Al2O3 

7.0% Y2O3 

- ~ 15.0 ~ 7.6 - ~ 6 x 10-1 (3) 

Pressureless 

1780°C 

10.0% Y2O3 ~ 99.0% 12.0-13.5 ~ 6.7 - ~ 3 x 10-1 (47) 

Pressureless 

1850°C 

3.0% Al2O3 

8.0% Y2O3 

97.6% 11.1 ± 0.6 - - 4.7 x 10-2 (41) 

Pressureless 

1760°C 

10.0% 

La2O3-AlN 

96.0% 13.6 8.7 - 7.0 x 10-1  (93) 

Gas-pressure 

1850°C 

3.0% Al2O3 

8.0% Y2O3 

100.0% 15.1 ± 0.3 7.3 ± 0.1 342 4.7 x 10-3 (41) 

Gas-pressure 

1850°C 

2.0% Al2O3 

6.0% Y2O3 

95.6% 11.35 - - 1.5 x 101 (49) 

Hot Pressing 

1650ºC 

3.7% Al2O3 

7.0% Y2O3 

- ~ 16.0 ~ 7.2 - ~ 4 (3) 

Hot pressing 

1700ºC 

2.5% Al2O3 

4.5% Y2O3 

>98.0 % - - - 1.9 x 10-1 (52) 

Hot Pressing 

1800°C 

3.0% Al2O3 

8.0% Y2O3 

99.6% 19.2 ± 0.4 9.0 ± 1.0 343 9.4 x 10-2 (41) 

Spark plasma 

1700ºC 

2.5% Al2O3 

4.5% Y2O3 

>98.0% - - - ~ 102 (52) 

Spark plasma 

1600ºC 

No 

additives 

~ 97.0% 11.5 ± 1.9 - - ~ 10-3 (94) 

* Approximate values (~) were estimated from the graphs in the respective articles through the software 

WebPlotDigitizer (95). 

 

To prevent delamination during electrode operation, an ideal conductive diamond 

substrate should possess a resistivity value close to the diamond film. In electrochemical 

applications, the optimal electrochemical performance is expected from diamond films 

with metal-like conductivity (96) with resistivities ranging between 10-1 and 10-3 Ω.cm (97-

100). Among the studied compositions, the SNTN30 sample exhibits the closest 

resistivity value to this range, which was over ten times lower than the second lowest 

resistivity sample (SNTN27). Furthermore, the SNTN30 composition exhibited the most 
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favorable mechanical properties. Hence, based on our investigation, replacing the Si3N4 

matrix with 30%vol TiN is deemed the most suitable choice. To further decrease the 

composite resistivity to the order of 10-3 Ω.cm without hindering mechanical properties, 

future studies should investigate compositions with volume fractions exceeding 30% or 

modifications to the production process, such as changes in the pressing method, 

sintering method, and cycle, starting powder particle size, or sintering additives 

composition, for example. In addition, cost-effectiveness studies should be conducted to 

assess the impact of increasing TiN content on the final production cost of Si3N4-TiN 

composites. 

To assess the feasibility of depositing high-quality diamond films with low resistivity on 

the SNTN30 substrates, we conducted a boron-doped diamond (BDD) film deposition 

using an HFCVD reactor. The following parameters were employed during the 

experiment: a deposition duration of 5 hours, a pressure of 100 mbar, a total gas flow 

rate of 220 sccm, CH4/H2 ratio of 0.02, Ar/H2 ratio of 0.10, B2O3/CH4 ratio of 0.625, and 

substrate temperatures ranging from 800 to 850°C. The filaments’ temperature was 

maintained between 2180 and 2220°C. 

After the deposition, the BDD films' morphology, film thickness, and grain size were 

analyzed using Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 

Spectroscopy (EDS). The results (Figure II.1.6.a and Figure II.1.6.b) revealed that the 

BDD film had a 4.31 ± 0.16 µm thickness. The mean linear intercept method (ISO 

Standard No. 4499-2:2020) (101) was employed to determine the grain size, yielding a 

value of 1.50 ± 0.07 µm. The film exhibited a complete coating on the substrate without 

any observable cracks or voids. 

Furthermore, the diamond quality of the BDD film was evaluated using Raman 

spectroscopy (Figure II.1.6.c). The analysis demonstrated that the resulting film exhibited 

favorable diamond quality and low residual stress values (Table II.1.5), indicating its 

potential for electrochemical applications. Electrical resistivity measurements were 

conducted to evaluate the conductivity of the deposited diamond films. The results 

revealed a film resistivity of 4.0 x 10-3 Ω.cm, indicating a relatively low resistivity value. 
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Table II.1.5. Information obtained from the Raman spectra analysis of the BDD films 
deposited on Si3N4-TiN. 

Raman Peak Center  
(cm-1) 

FWHM  
(cm-1) 

Integral Intensity 
(a.u.) 

Residual Stress 
(GPa) a 

ID/IG b 

Diamond 1334.4 10.9 18508 -1.4 0.8 

D-band 1350.0 73.7 7596   

G-band 1550.0 126.1 23847   
a σr= -0.567 × ∆ϑ, where σr represents the residual stress and ∆ϑ indicates the deviation of the diamond peak from the 
stress-free diamond peak position (1332 cm-1) (102) 
b The phase purity of the diamond film was assessed by calculating the ratio of the integral intensity of the diamond band 
(IDiamond) to the integral intensity of the G band (IG) (103) 
 

 

Figure II.1.6. (a) Plan view Scanning Electron Microscopy (SEM) image of a BDD film 
deposited on SNTN30; (b) Elemental mapping of the cross-section of the BDD film 
deposited on SNTN30, performed using Scanning Electron Microscopy with Energy-
Dispersive X-ray Spectroscopy (SEM-EDS); (c) Raman spectroscopy analysis of the 
BDD films deposited over SNTN30; (d) Results of the adhesion strength test using a 
Brale indenter. 
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The adhesion of BDD films to SNTN30 substrates was evaluated (Figure II.1.6.d). The 

interfacial crack resistance parameter was measured, and the value was 7.54 ± 0.46 N 

µm-1. This value is superior to those reported in the literature for diamond films deposited 

over Si3N4-based ceramics (78, 104). In a previous study, our group reported an 

interfacial crack resistance of 12 N µm-1 for CVD diamond deposited over Si3N4. 

However, this value was obtained with a diamond film thickness of 39 µm, approximately 

eight times thicker than the film studied in this work.  

These findings substantiate that conductive diamond films suitable for electrochemical 

applications can be successfully grown on the Si3N4-TiN substrates. It is worth noting 

that by optimizing the HFCVD deposition conditions specifically for electroconductive 

Si3N4-TiN substrates, further enhancements in various characteristics of the BDD film, 

such as grain size, thickness, diamond quality, conductivity, and residual stress, can be 

achieved. 
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II.1.4. Conclusion 

The present study has developed dense Si3N4-TiN composites with desirable mechanical 

and electrical properties for potential application as electroconductive ceramic substrates 

for CVD deposition of diamond electrodes. The composites were synthesized through 

pressureless sintering of mixtures of a Si3N4 matrix containing Al2O3 and Y2O3 as 

sintering aids with TiN powder at varying volume fractions. The resulting composites 

exhibited superior hardness, fracture toughness, elastic modulus, and thermal 

conductivity compared to the Si3N4 matrix. The electrical resistivity of the composites 

also decreased with increasing TiN volume fractions. The percolation threshold, where 

the behavior of the composites shifted from insulating to conductive, occurred when the 

volume of TiN changed from 23 to 27%. Our findings demonstrate that Si3N4-TiN 

composites containing volume percentages of TiN above 30% are promising substrate 

candidates for producing CVD diamond electrodes. The proof-of-concept experimental 

steps performed in this study demonstrated the feasibility of growing conductive diamond 

films on Si3N4-TiN substrates for potential use in electrochemical applications. 
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Abstract 

Among the Design of Experiments (DoE) approaches available, the Taguchi method 

offers a methodical and effective way to optimize designs with fewer experimental trials. 

The effects of deposition conditions on the final properties of boron-doped diamond 

(BDD) films for water treatment applications deposited in a Hot Filament Chemical Vapor 

Deposition (HFCVD) reactor were evaluated by applying a Taguchi Matrix. Methane to 

hydrogen (CH4/H2) ratio, argon mass flow, and total gas pressure were the controllable 

factors, each in three different levels. Diamond quality was affected by a combination of 

the three considered factors. A 0.02 CH4/H2 ratio was found as the optimal value to yield 

films with reduced non-diamond carbon inclusions in our CVD system. Resistivity, 

residual stress, double-layer capacitance, and surface roughness were mainly affected 

by total pressure and argon content. The methane content and the total pressure 

significantly influenced growth rate and grain size. The latter was primarily responsible 

for changes in the electrochemical potential window and the electron transfer process of 

the BDD films. Within the studied range of deposition conditions, the optimal deposition 

parameters to obtain BDD films for water treatment applications were: 0.02 CH4/H2 ratio, 

25 mbar total gas pressure, and 30 sccm argon mass flow.
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II.2.1. Introduction 

Among the seventeen Sustainable Development Goals (SDG) established by the United 

Nations Member States in 2015, two of them are directly related to water: ensure 

availability and sustainable management of water and sanitation for all (SDG 6), and 

conserve and sustainably use the oceans, seas, and marine resources for sustainable 

development (SDG 14) (1). The presence of recalcitrant organic pollutants in waters, 

primarily due to improper treatment of industrial, domestic, and agricultural effluents, 

offers a significant threat to human health and the ecosystem (2). Therefore, properly 

removing these persistent pollutants from water is vital for sustainable development. 

However, most conventional methods used for treating these contaminants in water are 

not effective and reliable (3). Therefore, developing treatment technologies is essential 

for achieving water quality within the accepted standards. Electrochemical advanced 

oxidation processes (EAOPs) are a promising alternative to conventional water treatment 

methods (4). EAOPs can eliminate recalcitrant pollutants and pathogens from 

contaminated waters, in an environmentally friendly way, with high efficiency and low 

cost (5). Many electrode materials have been tested for EAOPs, such as graphite, 

platinum, iridium oxides, tin oxides, lead oxides, sub-stoichiometric titanium oxide, and 

boron-doped diamond (BDD) (6-8). Among them, BDD anodes show the highest removal 

rate and current efficiency in removing organic pollutants, outperforming other materials 

(9). BDD's superior performance is due to its outstanding properties, which include high 

chemical stability, the widest known potential window, inert surface with low adsorption 

properties, excellent efficiency in the production of hydroxyl radicals, low double-layer 

capacitance, and reduced background current (10). This particular set of properties turns 

the BDD capable of generating reactive oxidizing species, such as hydroxyl radicals, 

peroxosulfate, peroxocarbonate, peroxophosphate, hydrogen peroxide, ozone, and 

chlorine, which are responsible for degrading organic pollutants or even promoting water 

disinfection (11). 

However, the outstanding electrochemical behavior of BDD electrodes can vary 

drastically depending on their physicochemical properties (9), which can be controlled 

and optimized by a proper adjustment of the experimental conditions applied during the 

synthesis of BDD by Chemical Vapor Deposition (CVD) techniques (12). The CVD 

process involves numerous experimental parameters, such as gas composition, gas flow 

rates, chamber pressure, substrate temperature, and reactor design, that directly affect 

the kinetics and local chemistry inside the deposition chamber and influence the 

nucleation and growth of diamond films (13). By tweaking these settings, one can control 
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the BDD film's final microstructure, growth rate, carbon sp2 content, and boron doping 

level. Such properties are key factors that determine the BDD's electrocatalytic behavior 

(9).  

Using traditional approaches to optimize CVD deposition conditions by changing each 

parameter at a time is time-consuming and costly since it requires many experiments 

(14). Among the Design of Experiments (DoE) techniques available, the Taguchi method 

provides an efficient and systematic approach to optimize designs with minimum 

experimental trials, reducing costs and time (15). In addition, it allows the analysis of 

several different variables simultaneously (16). In ideal circumstances, the variables 

employed within the Taguchi matrix should exhibit independence from one another. 

However, it is well understood that the parameters utilized in CVD processes often 

demonstrate interdependencies. Nonetheless, the Taguchi matrix will function as a 

guiding compass to discern the impact of these variables with a reduced number of 

experimental trials, a crucial advantage given the high cost associated with CVD 

processes. The Taguchi method has been applied in the optimization of CVD depositions 

of several carbon-based materials, such as diamond (12, 14), carbon nanotubes (17, 

18 , 19-22), and graphene (23-25). Although the Taguchi method has already been 

applied to optimize diamond depositions, there are no reports in the literature on this 

approach to optimize boron-doped films.  

For organics degradation, it is generally required that BDD electrodes have a low carbon 

sp2 content and a sufficiently high level of boron doping to achieve metal-like conductivity 

(26). High sp3/sp2 ratios are associated with more efficient pollutant degradation 

processes since carbon sp3 enhances the generation of radicals on the electrode 

surface, favoring direct mineralization over indirect oxidation (27). The latter can lead to 

the formation of undesired or even harmful secondary species (27). Therefore, finding 

an optimum boron doping level is mandatory for achieving the best performance of a 

BDD electrode. Although metal-like conductivity is required, high boron concentrations 

increase the sp2 impurity level (28). They may also reduce the oxidation potential of BDD 

electrodes (29). The ideal doping level for better charge transfer and electroanalytical 

performance seems to be immediately above the metal-like conductivity threshold (30). 

Furthermore, a larger film thickness is associated with a grain size increase and 

improved diamond quality (31). Thus, in this work, we applied the Taguchi method to 

determine the optimal operating conditions of our in-house developed Hot Filament CVD 

reactor for producing BDD electrodes with metal-like conductivity, low carbon sp2 

content, and high growth rate for water treatment through EAOPs. 
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II.2.2. Materials and methods 

The BDD films were deposited over silicon substrates (undoped Si <100>, Siegert Wafer, 

Ø 50.8 ± 0.3 mm, Prime Grade, >10,000 ohm.cm). Before HFCVD deposition, the 

substrates were submitted to ultrasonic seeding in an ethanol solution with abrasive 

diamond powder (0.5-1.0 µm and 10-20 µm, Diamecânica, Portugal) to improve the 

diamond nucleation density and guarantee uniform film deposition. Eight parallel 

tungsten wires (Ø = 0.3 mm, 8 cm length) were used as filaments. They were placed at 

a constant distance of approximately 7 mm from the substrates. The substrates were 

placed over a non-conductive Si3N4 sample holder, with the absence of any applied bias 

voltage. Prior to the film deposition, the tungsten filaments were subjected to 

carburization through exposure to a 0.05 CH4/H2 mixture for a duration of 45 minutes, 

with the filaments maintained at temperatures between 2100-2300°C. During deposition, 

the filaments' temperature was kept at 2100-2300ºC and measured with a two-color 

pyrometer. The excitation power of the filaments per unit coating area fell within the range 

of 21-30 W/cm². The substrate's temperature was kept in the 750-800ºC range. All 

depositions were performed for 5 hours, followed by a 90-minute cooling step under an 

H2 atmosphere. The boron source was a solution of boron oxide (B2O3) diluted in ethanol 

(10,000 ppm), which was placed inside a canister with pressurized argon gas at 2 bar. 

The amount of dopant feed into the deposition chamber was set using a mass flow 

controller in conjunction with a CEM (Controlled Evaporator Mixer) device, which heated 

and mixed the boron solution with the process gases at 70ºC. To analyze the influence 

of three different factors with three levels each, an L9 orthogonal array Taguchi Matrix 

was selected and built to optimize the deposition parameters of the HFCVD reactor with 

a minimum number of experimental trials. The controlled parameters were gas 

composition (CH4/H2), total pressure, and argon mass flow, as shown in Table II.2.1. The 

limits chosen for each parameter and the boron source flow (2.5 µL/min) were specified 

according to a previous study (Section 2 - Supplementary Information) and within the 

operating limits of our in-house developed reactor. 
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Table II.2.1. Taguchi matrix of the HFCVD parameters. 

Dep. CH4/H2 Total 

Pressure 

(mbar) 

Ar 

(sccm) 

B2O3/CH4 Total Mass 

Flow 

(sccm) 

L1 0.010 75 15 1.250 217 

L2 0.010 125 0 1.250 202 

L3 0.010 25 30 1.250 232 

L4 0.020 125 15 0.625 219 

L5 0.020 25 0 0.625 204 

L6 0.020 75 30 0.625 234 

L7 0.005 25 15 2.500 216 

L8 0.005 75 0 2.500 201 

L9 0.005 125 30 2.500 231 

 

The BDD films were characterized by Scanning Electron Microscopy/Energy Dispersive 

X-ray Spectroscopy (SEM/EDS, Hitachi, SU-70) and Micro-Raman Spectroscopy 

(acquired with a 532 nm laser line, 532 ER, Wasatch Photonics, USA). The growth rate 

and the average grain size were estimated by image analysis of the SEM micrographs. 

An adaptation of the linear intercept method as outlined in ISO 4499-2:2020 (32) was 

employed to estimate the grain size of diamond films. From the Micro-Raman spectra, 

quality factor, residual stress, and boron concentration were estimated. Peak fitting was 

performed using the PeakFit software (Systat Software Inc., version 4.11). All spectra 

were normalized to unity, and the main peaks were fitted using a pseudo-Voigt function. 

The quality factor was determined from the ratio Idiamond/IG, where Idiamond is the integrated 

area of the diamond peak (at ~1332 cm-1), and IG is the integrated area of the G-band (at 

~1550 cm-1) (33). The residual stress (𝜎𝑟) was determined by measuring the diamond 

peak shift (∆𝜗) from the natural stress-free diamond peak (1332 cm-1), according to Eq. 

II.2.1 (34). 

 

 𝜎𝑟 = −0.567 × ∆𝜗 Eq. II.2.1 

 

The boron concentration [B] was estimated using a non-destructive and contactless 

method that estimates boron doping from the Raman spectrum (Eq. II.2.2) for 

concentrations within the 2 x 1020 to 1022 cm-3 range (35). 
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 [𝐵] (𝑐𝑚−3) = 8.44 × 1030 × exp (−0.048 × 𝜔500) Eq. II.2.2 

 

Where ω500 is the wavenumber (cm-1) of the Lorentzian component of the peak located 

at about 500 cm-1 in the Raman spectrum. According to Bernard et al., although the Si 

substrate exhibits a narrow peak at 520 cm-1, it decreases with increased boron doping 

levels (35). Once the BDD film achieves metallic conductivity, it becomes opaque at the 

applied excitation wavelength, the Si peak completely disappears, and a new peak at 

approximately 500 cm-1 arises (35). The 500 cm-1 peak in the Raman spectrum of boron-

doped diamond has been attributed to different sources. Some studies proposed that it 

is due to local vibrational modes of pairs of boron atoms (36-38). Vlasov et al., on the 

other hand, argued that it is a vibrational mode of diamond that is only observed in heavily 

boron-doped samples due to the breaking of the translation symmetry of the crystal 

lattice (39). This is supported by the fact that the 500 cm-1 peak is also observed in 11B12C 

and amorphous carbon (39). A peak often accompanies the 500 cm-1 peak at 

approximately 1220-1230 cm-1, which is also considered a vibrational mode of diamond 

(39).  

The electrical resistivity of the thin films was accessed using a homemade apparatus 

with two independent copper wires attached to the BDD film with silver glue. The 

electrochemical properties of the BDD electrodes were investigated with a potentiostat 

(PGSTAT302N, Metrohm Autolab, Switzerland) controlled by computer software (Nova 

2.1.5, Metrohm Autolab). A Pt plate was used as the counter electrode, and a Saturated 

Calomel Electrode (SCE) as the reference electrode. Cyclic voltammetry (CV) was 

performed in a three-electrode electrochemical cell, in 0.1 M H2SO4 electrolyte solution, 

at a scan rate of 100 mV/s to determine the electrochemical potential window (EPW) of 

the BDD films. Electrochemical Impedance Spectroscopy (EIS) was performed in 0.1 M 

KNO3 electrolyte at open circuit potential (OCP), from 105 Hz to 10-2 Hz, with 7 points per 

decade. Quantitative data were estimated using an equivalent electric circuit in the Zview 

software (Scribner Associates, USA). The film’s surface roughness was assessed by 

Vertical Scanning Interferometry (VSI) in confocal mode (25 mm, 10x objective), using a 

3D optical profiler (S Neox, SensoFar, Spain). In order to determine the optimal 

conditions for depositing BDD films with high diamond quality (Q), high growth rate (G), 

large average grain size (AGS), low resistivity (ρ), and low residual stress (σr), a Figure-

of-Merit (FOM) was designed to evaluate the intrinsic properties of the films according to 

Eq. II.2.3. For calculating the FOM, each property considered was normalized to unity. 

Throughout this study, the evaluation of each sample’s EPW, double-layer capacitance, 
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and electron transfer process was carried out and duly considered. However, it is 

noteworthy that these properties were not included in the FOM, as they are the outcome 

of the properties specifically chosen for the FOM equation. 

 

 
𝐹𝑂𝑀 = | 

𝑄 × 𝐺 × 𝐴𝐺𝑆 

𝜌 × 𝜎𝑟
 | 

Eq. II.2.3 

 

II.2.3. Results and discussion 

II.2.3.1.  Taguchi method optimization 

The main results from the nine depositions are summarized in Table II.2.2. Among the 

Taguchi matrix parameters, the BDD film with the highest FOM value was obtained with 

the deposition conditions used for sample L5: 0.02 CH4/H2 ratio, 25 mbar chamber 

pressure, and no introduction of argon in the gas mixture.
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Table II.2.2. Characteristics of the BDD films. 

Dep. CH4/H2 Ar 

(sccm) 

P 

(mbar) 

APF 

(kW) 

G 

(µm/h) 

Q 

(Idia./IG) 

ρ 

(Ω.cm) 

[B] 

(cm-3) 

AGS 

(µm) 

σr 

(GPa) 

EPW a 

(V vs. 

SCE) 

C 

(µF/cm²) 

Sa 

(nm) 

FOM 

L1 0.01 15 75 1.35 0.53 0.38 1.17 *< 2 x 1020 0.71 ± 0.13 -2.0 3.04 1.39 16.9 0.03 

L2 0.01 0 125 1.64 0.65 0.42 2.23 *< 2 x 1020 0.73 ± 0.10 -1.7 2.93 1.17 19.4 0.27 

L3 0.01 30 25 1.55 0.39 1.47 2.61 x 10-3 3.2 x 1021 0.50 ± 0.03 -18.1 2.59 89.48 6.7 31.36 

L4 0.02 15 125 1.68 0.98 0.79 3.92 x 10-2 *< 2 x 1020 1.35 ± 0.04 -2.1 2.91 3.61 40.2 65.62 

L5 0.02 0 25 1.49 0.87 1.14 3.87 x 10-3 5.4 x 1020 1.03 ± 0.25 -3.4 2.67 1.23 72.4 401.28 

L6 0.02 30 75 1.66 1.24 2.72 1.22 x 10-1 2.4 x 1020 1.98 ± 0.51 -2.2 2.78 1.42 133.8 128.60 

L7 0.005 15 25 1.36 0.19 0.17 1.02 x 10-2 *< 2 x 1020 0.74 ± 0.14 -3.9 2.70 6.15 99.2 3.11 

L8 0.005 0 75 1.20 0.30 1.59 2.15 x 10-1 *< 2 x 1020 0.79 ± 0.11 -2.4 2.57 1.23 20.0 3.77 

L9 0.005 30 125 1.43 0.48 0.93 5.48 x 10-2 2.5 x 1020 0.71 ± 0.05 -3.0 2.73 1.62 49.9 9.96 

P: Pressure; PF: Average Power of the Filaments; G: Growth Rate; Q: Diamond Quality Factor; ρ: Resistivity; σr: Residual Stress; AGS: Average Grain Size; EPW: 

Electrochemical Potential Window; C: Capacitance; Sa: Arithmetical Mean Height; FOM: Figure-of-merit. 

a EPW in 0.1 M H2SO4. 

* The Raman spectrum does not show the peak at ~500 cm-1, only the Si substrate peak at 520 cm-1. 
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In order to define the ideal HFCVD operating conditions, a detailed Taguchi analysis 

graph (Figure II.2.1) was constructed to elucidate each parameter's influence in the BDD 

films' final characteristics.  

 

Figure II.2.1. Detailed analysis of the Taguchi experiment. 

 

The plan view micrographs of the BDD films obtained by SEM are shown in Figure II.2.2. 

The columns from left to right increase in argon content, and the rows from top to bottom 

increase in CH4/H2 ratio. All nine conditions could coat the Si substrates with 

microcrystalline diamond films in a complete and even manner, without defects caused 

by uncoated regions, even for low CH4/H2 ratios such as 0.005. For CH4/H2 ratios in the 

0.005-0.02 range, larger grain sizes were achieved by increasing the CH4/H2 ratio, the 

total pressure, and the argon content. However, in our previous study (Section 2 - 

Supplementary Information), in which the CH4/H2 ratios were in the 0.02-0.06 range, 

increasing the CH4/H2 ratio had the opposite effect. Thus, for our in-house HFCVD 

system, a 0.02 CH4/H2 ratio is ideal for obtaining BDD films with large grain sizes.  

In addition, from a visual analysis of Figure II.2.2, it can be suggested that films grown 

with a 0.02 CH4/H2 ratio have a more uniform grain size distribution and show diamond 

grains with mixed crystallographic orientations, with a notable preference towards (111) 

and (110) as the primary orientations. In contrast, films grown with lower CH4/H2 ratios 
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(0.005 and 0.01) seem to have less uniform grain size distribution. Furthermore, high 

surface roughness is desirable for BDD electrodes for water treatment applications. 

Rougher surfaces improve the contact between organic compounds and the BDD film 

and promote more sites for the reactions, leading to the additional production of hydroxyl 

radicals and, consequently, the oxidation of organic compounds (29). Surface roughness 

was mainly affected by the CH4/H2 ratio and the total pressure. Although the Taguchi 

analysis did not reveal a significant influence of Argon content on surface roughness, it 

is anticipated that elevated Argon concentrations will facilitate nanodiamond growth, 

subsequently resulting in smoother surfaces. A reduction in overall pressure was 

observed to correspond with increased surface roughness. Decreased pressures and a 

lower CH4/H2 ratios reduce the production of sp2 carbon structures. This phenomenon is 

attributed to the reduced residence time of species within the CVD reactor chamber and 

a decreased number of collisions among them. Sample L6 presented the highest surface 

roughness value, which agrees with the less uniform grain size distribution measured 

through its SEM micrograph. 

 

 

Figure II.2.2. SEM micrographs in the plan view of BDD films obtained under the Taguchi 
matrix conditions (Scale: 5 µm). 
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A high-quality BDD film with minimum or no non-diamond carbon inclusions is essential 

for water treatment applications (40). The presence of sp2 increases the adsorption of 

organics in the film's surface, promoting electrode fouling and reducing the service life of 

BDD electrodes (9). Diamond films with sp2 inclusions show vibrations in the Raman 

spectrum at 1350 cm-1 (D band) and at 1550 cm-1 (G band), which correspond to the 

presence of all sp2 structures and the C=C sp2 bond stretching mode, respectively (41). 

The Raman spectra of the samples are shown in Figure II.2.3. BDD films with minimal 

presence of sp2-carbon were obtained with a 0.02 ratio, 30 sccm argon mass flow, and 

75 mbar pressure. Again, when combining data from our previous study (Section 2 – 

Supplementary Information), where the adopted CH4/H2 ratios were in the 0.02-0.06 

range, one can conclude that a 0.02 CH4/H2 ratio is ideal for obtaining BDD films with the 

least amount of non-diamond carbon in our HFCVD system. Comparing the plan view 

micrographs (Figure II.2.2) with the Raman results makes it possible to observe an 

increase in diamond quality with grain size. Films with larger grain sizes possess smaller 

grain boundary densities, thus less non-diamond carbon content (42). The Raman 

spectra also show that the trans-polyacetylene (TPA) peaks, located at 1150 and 1470 

cm-1 (43), are more pronounced for films with lower resistivities. Furthermore, the peak 

at approximately 1220 cm-1, associated with disordered diamond, is also more intense in 

samples with lower resistivities, most probably due to distortions caused by high Boron 

incorporation in the diamond lattice (35). These observations agree with the [B] 

estimated from the Lorentzian component of the peak located at about 500 cm-1 in the 

Raman spectrum (Supplementary Figure II.2.1). 

Although the Taguchi matrix did not directly consider the B2O3/CH4 ratio, its influence is 

indirectly implicated through the CH4/H2 ratio employed in each experiment, given that 

the flow of B2O3 was identical across all experiments. Additionally, although sample L3 

exhibited the lowest resistivity among all samples, the findings suggest that, on average, 

the lowest resistivities were achieved for the experimental group that implemented a 

B2O3/CH4 ratio of 0.625 (samples L4, L5, and L6). The combination of superior diamond 

quality, growth rate, and grain size with the low resistivity achieved in this experimental 

set (0.02 CH4/H2 ratio, thus 0.625 B2O3/CH4 ratio) produced the three highest FOM 

values. 

It is also important to note that the resistivity of BDD films is not directly proportional to 

the estimated boron concentration (44). For example, samples L3 and L5 have similar 

resistivity values, but their boron concentrations differ by almost an order of magnitude. 

This suggests that other factors, such as the location of boron atoms, heterogeneities in 
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the film, and film thickness, may have also affected the resistivity of the BDD films. Boron 

atoms are not electrically active when incorporated within the grain boundaries (45). This 

means that the resistivity of a BDD film may be lower than expected if the boron atoms 

are concentrated in the grain boundaries. Heterogeneities in the film, such as non-

diamond carbon, lattice hydrogen, and dangling bonds, can also cause local variations 

in the film’s resistivity (46). In addition, the resistivity of BDD films has been shown to 

decrease with increasing film thickness due to the reduction of defects in the films. This 

is because thicker films have a larger grain size and a lower grain boundary density, 

which reduces the number of electrically inactive boron atoms and other defects (47). 

 

 

Figure II.2.3. Raman spectra of the BDD films obtained under the Taguchi matrix 
conditions, with a 532 nm laser line. 

 

Ideally, a BDD film should present no or very low residual stress to avoid premature 

electrode failure due to delamination from the substrate. All depositions resulted in films 
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with compressive intrinsic residual stress. A faster cooling rate would imply higher 

residual stresses due to the differences between the coefficient of thermal expansion of 

the substrate material and the diamond film. Since the substrate material (Si) and the 

cooling rate were the same for all depositions, the sample’s intrinsic residual stresses 

mainly relate to non-diamond carbon present at the grain boundaries and structural 

defects, such as dislocations, microtwins, and impurities (48). In general, lowering the 

argon mass flow and increasing the chamber pressure simultaneously has shown a 

positive effect, reducing the residual stress. In addition, on average, 0.02 CH4/H2 ratios 

showed the lowest residual stress values, which agrees with less carbon sp2 impurities 

generated with such gas composition. 

The cross-section SEM micrographs of BDD films are shown in Figure II.2.4. As in the 

plan view micrographs, the columns from left to right increase in argon concentration, 

and the rows from top to bottom increase in CH4 content. Increasing the CH4/H2 ratio has 

shown a high impact on the growth rate of the BDD films, yielding films with larger 

thicknesses. Increased pressures have also shown a significant effect on growth rates. 

The argon mass flow effect on film thickness was less pronounced. However, the 

average growth rate was higher for films deposited with 30 sccm of argon. 

It is worth noting that we used in this study an HFCVD system with a boron doping source 

provided by B2O3 and ethanol. Adding these compounds to the CH4/H2 gas mixture 

during CVD diamond growth creates unique conditions for partial diamond surface 

oxidation (49). This is because the oxygen-rich compounds, such as B2O2, CO, and CO2, 

formed during the gas mixture’s interaction with the tungsten filaments can react with the 

diamond surface to form oxygen-bonded carbon species (49). The presence of oxygen 

bonded to carbon has been found to have a number of effects on the properties of BDD 

films, such as increasing the hydrophilicity of the films, altering the electrical properties, 

and reducing the concentration of sp2 carbon in the films (49). However, the presence of 

oxygen can also have negative effects, such as reducing the growth rate of the films and 

increasing the defect density (49). The specific effects of oxygen species on the 

properties of BDD films will depend on the type of gas mixture used, the pressure, and 

the temperature (49). 
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Figure II.2.4. SEM micrographs in cross-section of the BDD films obtained under the 
Taguchi matrix conditions. 

 

The cyclic voltammograms (CVs) of the samples and their corresponding Raman 

spectrum are shown in Figure II.2.5. Samples L3, L4, L5, L6, and L9 showed acceptable 

voltammetry responses with low background current, no presence of oxidation/reduction 

peaks, and a wide electrochemical potential window. Samples L1, L7, and L8 showed a 

mixed behavior between BDD and glassy carbon (26), with the presence of 

oxidation/reduction peaks most probably related to the higher presence of sp2 impurities 

in the diamond film that act as catalytic sites for oxygen reduction (28). When comparing 

the CVs with the Raman spectra, samples L1, L7, and L8 show more prominent G-band 

peaks in their Raman spectrum associated with sp2-carbon (50). In Supplementary 

Figure II.2.6, the cyclic voltammogram of a microcrystalline BDD film is compared with a 

nanocrystalline one. The nanocrystalline electrode showed a peak at approximately -0.4 

V vs. SCE (as seen also in sample L2) related to sp2 inclusions and an EPW shift towards 

more negative potentials. Consequently, a microcrystalline structure, thus a larger grain 

size, was favored over a nanocrystalline diamond film in selecting optimal BDD 

deposition conditions for water treatment applications. 
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BDD films for the electrooxidation of pollutants must have a "metal-like" conductivity to 

be effective and energy efficient (30). The lowest resistivities were obtained by increasing 

the argon mass flow and decreasing the chamber pressure. As the boron doping level 

increases, the BDD's resistivity decreases, resulting in a higher background current and 

a narrower potential window (51). The EPW width decrease is related to boron-rich sites 

being directly involved during the required adsorption steps for gas evolution reactions 

(30). Sample L3 shows the narrowest EPW and lowest resistivity among all depositions, 

confirming its superior boron concentration (~ 3 x 1021 cm-3) compared to the others. 

The Raman spectrum of sample L3 is the most representative of a highly doped diamond 

film. It exhibits a more intense peak at 1220 cm-1, asymmetry of the diamond peak, and 

a significant shift of the diamond peak from 1332 cm-1 towards smaller wavelengths. 

Such a significant shift is associated with the so-called Fano effect in heavily doped 

diamond films caused by quantum interference between electronic transitions and the 

diamond zone-center optical phonon (52). This effect is responsible for the high residual 

stress value obtained for sample L3 from Eq. II.2.1, which could be inaccurate. 

For electrochemical applications, especially sensors, a large EPW is ideal (53). Although 

high boron doping levels are desired, once they are responsible for narrowing the EPW, 

a compromise must be made to achieve the perfect balance between resistivity and EPW 

to fit the requirements of each specific BDD application. In this study, the difference 

between the widest and narrower EPW is 0.45 V vs. SCE, which may be sufficiently 

important and limiting depending on the type of application. According to the Taguchi 

analysis, larger EPWs were obtained by increasing the pressure. Moreover, Figure II.2.1 

indicates that a combination of 0.01 CH4/H2 ratio, 15 sccm argon mass flow, and 125 

mbar pressure is ideal for obtaining the widest EPW within the studied deposition 

parameter ranges. 
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Figure II.2.5. Cyclic voltammograms of the BDD films obtained under the Taguchi matrix 
conditions, recorded in a 0.1 M H2SO4 electrolyte at 100 mV/s scan rate. 

 

The Nyquist plots obtained from the EIS analysis are given in Figure II.2.6, showing 

semicircles representing charge transfer-limited processes. Moreover, the plots indicate 

that the capacitance of all samples depends on frequency. Thus, the equivalent electric 

circuit of the electrodes includes a frequency-dependent constant phase element (CPE), 

reflecting the reactivity distribution brought on by the surface electrochemical 

heterogeneity, which may result from the samples’ high surface roughness (54) or 

uneven distribution of boron atoms in the diamond coating (55). The double-layer 

capacitance of the BDD films was calculated by Eq. II.2.4 according to the circuit model 

containing a CPE in parallel with a resistor (depressed semicircle model), assuming the 

CPE impedance (ZCPE) established by Eq. II.2.5 (56). 

 

 
𝐶 = 

(𝑄0  × 𝑅)
1/𝑛

𝑅
 

Eq. II.2.4 
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𝑍𝐶𝑃𝐸 = 

1

𝑄0 × (𝑗 × 𝜔𝑓)
𝑛
 

Eq. II.2.5 

 

Where C is the double-layer capacitance, Q0 and n are the characteristic parameters of 

the CPE, R is the solution resistance, ZCPE is the CPE impedance, j is the imaginary 

number, and ωf is the angular frequency. When n = 0, C is indeterminable, and the CPE 

behaves as a pure resistor. When n = 1, the CPE behaves as a pure capacitor, and C = 

Q0. The ZView software was used to estimate the average values from the EIS spectra 

(Table II.2.3) through the equivalent electric circuit.  

 

 

Figure II.2.6. Nyquist plots obtained by EIS of the BDD films obtained through the 
Taguchi matrix conditions: (a) All samples; (b) Samples L4, L5, L7, and L8; (c) Sample 
L3. 
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Table II.2.3. Average values estimated from the EIS spectra through the equivalent 
electric circuit using the ZView software. 

Dep. Q0 

(Ω-1 cm-2 sn) 

n R2 

(Ω cm-2) 

C 

(µF/cm²) 

χ2 

 

L1 1.23 x 10-6 0.969 3.64 x 107 1.4 0.00150 

L2 1.06 x 10-6 0.973 2.97 x 107 1.2 0.00122 

L3 6.59 x 10-5 0.953 7.93 x 106 89.5 0.00094 

L4 2.45 x 10-6 0.881 7.25 x 106 3.6 0.00084 

L5 1.04 x 10-6 0.947 1.93 x 107 1.2 0.00023 

L6 1.26 x 10-6 0.968 2.87 x 107 1.4 0.00026 

L7 4.60 x 10-6 0.885 2.04 x 106 6.2 0.00112 

L8 1.07 x 10-6 0.940 8.07 x 106 1.2 0.00180 

L9 1.47 x 10-6 0.976 3.65 x 107 1.6 0.00046 

 

The electron transfer resistance (R2) reflects the electrode performance since it 

expresses the electrode's ability for charge transfer across the liquid-solid interface (57). 

Samples L3, L4, L7, and L8 showed R2 values reduced in one order of magnitude 

compared to the other samples. Lower charge transfer resistances represent improved 

charge transfer processes (57). The direct oxidation process of organic contaminants 

can be facilitated by the improved charge transfer at the liquid-solid interface (58). The 

Taguchi analysis as a function of R2 indicates that low gas pressures are beneficial 

towards a lower R2.  

All depositions resulted in films with low double-layer capacitance. A low double-layer 

capacitance is desirable for water treatment applications. However, sample L3 showed 

a higher capacitance value by almost two orders of magnitude compared to the average 

of the remaining samples. The overall Taguchi experiment analysis points out that lower 

argon levels and higher pressures reduce the BDD films' capacitance.  

The slopes in the detailed Taguchi analysis (Figure II.2.1) suggest that BDD films could 

be further improved outside the limits chosen in the design of the Taguchi matrix. By 

comparing this study with the previous Taguchi method optimization (Section 2 - 

Supplementary Information), the questions formed upon the presence of these slopes 

can be partially answered. From both studies, it can be concluded that a 0.02 CH4/H2 

ratio is ideal for this specific HFCVD reactor. Regarding the optimal balance between 

diamond quality and resistivity, a 25 mbar chamber pressure shows superior results 

compared to higher pressure values. However, such low-pressure yields films with lower 
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growth rates. Larger film thicknesses can be achieved by simply increasing the 

deposition time since it is directly influenced by the deposition duration (59). However, 

increasing the deposition time implies a higher production cost, so finding an optimal 

balance between the desired thickness and the operating costs is necessary. Both 

studies suggest that using pressures lower than 25 mbar could be beneficial. According 

to Lee et al., the mean free path of active species is increased at low pressures, 

promoting fewer species collisions during their transport to the substrate and 

subsequently increasing the concentration of nucleating species (60). However, 25 mbar 

is already at the limit where our equipment can maintain the pressure constant 

throughout the deposition. Additionally, an attempt to improve FOM results would be to 

increase further the argon content in the gas mixture (> 30 sccm) and check if higher 

mass flows yield better results or if the FOM value decreases again. When we analyze 

the influence of each parameter on the properties of the films independently, especially 

in the case of argon, the highest diamond quality and growth rate and the lowest 

resistivity were obtained using 30 sccm of argon instead of not adding it to the gas 

mixture. Among the properties analyzed to produce BDD electrodes for pollutant 

degradation, the order of priority we adopted to select the optimal deposition conditions 

was from highest to lowest: low resistivity > high diamond quality > high growth rate > 

low absolute residual stress > large grain size > high surface roughness > wide EPW > 

low double layer capacitance > improved electron transfer process (low R2). Therefore, 

the detailed analysis of the Taguchi experiments indicates that the optimal parameters 

would be: 0.02 CH4/H2 ratio, 25 mbar total pressure, and 30 sccm argon mass flow.  

 

II.2.3.2.  Validation of the optimized HFCVD deposition conditions 

A new deposition was carried out to validate the Taguchi-optimized experimental 

conditions. The results of the optimized sample (OPT) are shown in Figure II.2.7 and 

Table II.2.4. The FOM value obtained for the optimized deposition parameters was 6% 

superior to deposition L5, which presented the highest FOM value among the Taguchi 

experiment depositions. Significant differences were observed regarding growth rate, 

residual stress, and surface roughness. The optimized film presented a superior growth 

rate and lower residual stress. Furthermore, the optimized condition yielded films with a 

more uniform grain size distribution. Both samples were nearly similar in diamond quality 

and EPW width. However, the OPT’s conductivity and surface roughness were inferior. 

Sample L5 presented a slightly lower resistivity value than OPT, and a rougher surface, 

which is beneficial for pollutant degradation. Although conditions were optimized to high 
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diamond quality, the Raman spectrum still shows significant non-diamond carbon 

inclusions. Tweaking the temperature of the filaments or the substrates and controlling 

the substrate temperature using a substrate heater instead of relying only upon substrate 

heating by the filaments could be possible solutions to increase the quality of the films. 

For future practical application purposes, the estimated price for electrical energy per 

square meter of the optimized diamond electrode would be 222.85 €/m2, considering an 

energy rate of 0.1566 €/kWh. Moreover, it is essential to emphasize that these conditions 

are only optimal for the specific HFCVD reactor used in this study. Reactors with different 

dimensions, configurations, and characteristics may generate films with different 

properties than expected, mainly due to changes in temperature gradients and kinetics 

inside the reactor’s chamber. Therefore, it is ideally necessary to determine the optimal 

deposition conditions for each reactor. Nevertheless, this study offers essential directions 

to understand the effect of gas composition and total gas pressure on the main 

characteristics of BDD films to be applied as electrodes for pollutant electrooxidation. 

In industrial applications, BDD electrodes are expected to deliver lifetimes beyond 1000 

hours. To assess the chemical and electrochemical stability of the optimized BDD film, a 

series of 150 cyclic voltammetry cycles in a 0.1 M H2SO4 electrolyte solution were 

conducted, as well as chronopotentiometry experiments in the same electrolyte, lasting 

5 hours with an applied current density of 30 mA/cm². Following these stability 

assessments, SEM/EDS analysis was performed to investigate any structural or 

compositional changes that may have occurred due to extensive electrochemical cycling 

and exposure to acidic conditions. 
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Table II.2.4. Characteristics of the optimized BDD films compared with sample L5 (highest FOM in the Taguchi experiment). 

Dep. CH4/H2 Ar 

(sccm) 

P 

(mbar) 

G 

(µm/h) 

Q 

(Idiamond/IG) 

ρ 

(Ω.cm) 

[B] 

(cm-3) 

AGS 

(µm) 

σr 

(GPa) 

EPW a 

(V vs. 

SCE) 

C 

(µF/cm²) 

Sa 

(nm) 

FOM 

L5 0.02 0 25 0.87 1.14 3.87 x 10-

3 

5.4 x 1020 0.73 ± 

0.53 

-3.4 2.67 1.23 133.8 401.28 

OPT 0.02 30 25 1.45 1.19 8.56 x 10-

3 

4.4 x 1020 0.86 ± 

0.04 

-2.1 2.75 0.58 52.7 426.68 

* Opt.: Optimized; P: Pressure; G: Growth Rate; Q: Diamond Quality Factor; R: Resistivity; σr: Residual Stress; AGS: Average Grain Size; EPW: Electrochemical Potential 

Window; C: Capacitance; Sa: Arithmetical Mean Height; FOM: Figure-of-merit. 

a EPW in 0.1 M H2SO4. 
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Figure II.2.7. Characterization of the BDD film obtained under the optimized deposition 
conditions: (a) Raman spectrum obtained with a 532 nm laser line compared with 
deposition L5; (b) Cyclic voltammogram recorded in 0.1 M H2SO4 electrolyte at a 100 
mV/s scan rate, compared with deposition L5; (c) Nyquist plots of the EIS spectrum 
compared with deposition L5; (d) Characteristic current-voltage curve; SEM micrographs 
in plan view and (f) cross-section. 

 

The cyclic voltammogram in Figure II.2.8.a illustrates a minor expansion of the potential 

window after the first cycle, with an approximate increase of +0.1V/SCE in the oxygen 

evolution overpotential. Notably, from the second cycle through all 150 cycles, no 

substantial alteration in the electrode response during cyclic voltammetry was observed, 

suggesting high electrochemical stability. SEM/EDS results (Figure II.2.8.b and II.2.8.c) 

after the chemical and electrochemical stability assessments confirm the film's integrity, 

with no signs of delamination or areas susceptible to solution permeation. It is worth 
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noting that EDS analysis detected only carbon and oxygen, without any indication of 

silicon from the substrate, providing further support for the absence of delamination. The 

SEM micrograph revealed residual surface contamination after the stability tests, likely 

originating from organic materials. These results indicate that the optimized deposition 

conditions in this study are suitable for electrochemical water treatment applications. 

Additionally, the film's exceptional stability underscores its potential for long-term 

performance in practical electrochemical systems. 

 

 

Figure II.2.8. (a) Cyclic voltammogram of the optimized BDD film recorded for 150 cycles 
in a 0.1 M H2SO4 electrolyte at 100 mV/s scan rate; SEM micrographs (b) and EDS 
analysis (c) of the optimized BDD film after chemical and electrochemical stability 
assessments.
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II.2.4. Conclusions 

The Taguchi technique was proven as a great tool to systematically determine optimal 

BDD deposition conditions in CVD reactors with fewer experimental trials. A Figure-of-

Merit (FOM) equation was proposed for optimizing BDD films for water treatment 

applications. The analysis of the combined effects of gas composition and total gas 

pressure on the properties and electrochemical activity of BDD films deposited by 

HFCVD based on the Taguchi approach led to the following conclusions: 

• Diamond quality was influenced by a combination of the three studied factors. 

The ideal CH4/H2 ratio and argon flow to obtain BDD films with the least amount 

of non-diamond carbon inclusions in the specific HFCVD system used in this 

study were 0.02 and 30 mbar, respectively. Depositions with CH4/H2 ratios above 

and below this optimum value tend to yield films with reduced diamond quality. A 

chamber pressure of 25 mbar produced BDD films with the optimal balance of 

diamond quality and resistivity.  

• Reduced film resistivities were obtained by increasing the argon concentration 

and decreasing the total gas pressure; 

• Increased grain sizes and growth rates were acquired by increasing the CH4/H2 

ratio and the total gas pressure. A more negligible impact on these two properties 

was also observed with changes in argon mass flow. A 0.02 CH4/H2 ratio was 

found ideal for obtaining BDD films with larger grain sizes; 

• Lower residual stresses were obtained in reduced argon flows and increased 

pressures; 

• Wider electrochemical potential windows were observed in films grown under 

higher pressures; 

• Lower double-layer capacitance values were observed in films grown in 

atmospheres with decreased argon concentration and higher pressure; 

• Reduced total pressures seem to improve the electron transfer process of BDD 

films. 

The Taguchi experiment detailed analysis indicated that the optimum deposition 

conditions within the considered ranges for producing BDD electrodes for water 

treatment applications would be a 0.02 CH4/H2 ratio, 25 mbar total pressure, and 30 sccm 

Argon mass flow, considering the following characteristics from highest to lowest priority: 

low resistivity > high diamond quality > high growth rate > low absolute residual stress > 

large grain size > high surface roughness > wide EPW > low double layer capacitance > 

improved electron transfer process. Such conclusions were validated, and the optimized 
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deposition conditions FOM value was superior to the highest value obtained within the 

depositions applied in the Taguchi matrix.  
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II.2.6. Supplementary Information 

II.2.6.1.  Taguchi experiment supplementary information 

 

Supplementary Figure II.2.1. Details on the peaks at approximately 500 cm-1 in the 
Raman spectra (532 nm laser line) of the BDD films obtained under the Taguchi matrix 
conditions (Table II.2.1): (a) Samples with boron doping levels below 2 x 1020, showing 
an intense Si substrate peak at ~520 cm-1; (b) Samples that show the peat at ~500 cm-

1, related to boron doping levels above 2 x 1020 (metallic conduction) that promotes partial 
or complete disappearance of the Si substrate peak. 

 

II.2.6.2.  Previously studied Taguchi matrix 

An L9 orthogonal array Taguchi Matrix was built to optimize the deposition parameters 

of an HFCVD. The controlled parameters were gas composition (CH4/H2), total pressure, 

argon mass flow and boron mass flow. Three levels were selected for each of these 

parameters. The films were deposited over Si substrates (Siegert Wafer, Ø 50.8 ± 0.3 

mm, Prime Grade), with the previous seeding by scratching the surface with abrasive 

diamond powder (0.5-1.0 µm) on a polishing cloth. 
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Supplementary Table II.2.1. Previously studied Taguchi matrix of the HFCVD 
parameters and characteristics of the BDD films. 

# 

dep

. 

CH4/H2 Total 

Pressure 

(mbar) 

Ar 

(sccm) 

B 

(µL/mi

n) 

Growth 

rate 

(µm/h) 

Quality 

factor 

(Idiamond/IG) 

Resistivity 

(Ω.cm) 

Average 

grain size 

(µm) 

Residual 

Stress 

(GPa) 

1 0.02 50 10 1.25 0.42 1.90 7.15 x 10-3 1.20 -1.2 

2 0.04 50 15 2.5 0.63 0.46 8.82 x 10-3 0.69 -1.3 

3 0.06 50 20 3.75 0.33 0.19 4.63 x 10-1 0.02 -1.7 

4 0.02 75 15 3.75 0.71 0.58 5.38 x 10-3 1.01 -4.0 

5 0.04 75 20 1.25 0.93 0.23 1.47 x 10-2 0.53 -3.1 

6 0.06 75 10 2.5 0.82 0.17 5.38 x 10-2 0.03 -2.3 

7 0.02 100 20 2.5 1.05 0.75 4.89 x 10-3 1.32 -5.5 

8 0.04 100 10 3.75 1.09 0.36 1.30 x 10-2 0.84 -3.4 

9 0.06 100 15 1.25 0.81 0.03 5.21 x 10-2 0.31 -2.8 
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Supplementary Figure II.2.2. Analysis of the previously performed Taguchi experiment. 
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Supplementary Figure II.2.3. SEM micrographs in the plan view of BDD films obtained 
under the previously studied Taguchi matrix conditions. 

 

 

Supplementary Figure II.2.4. SEM micrographs in cross-section of BDD films obtained 
under the previously studied Taguchi matrix conditions. 



Chapter II: Development of BDD/Si3N4-TiN Electrodes 

210 

 

1000 1100 1200 1300 1400 1500 1600 1700 1800

9

8

7

6

5

4

3

2

1

Raman shift (cm-1)

In
te

n
s
it
y
 (

a
.u

.)

D
ep

os
iti

on
 n

um
be

r

 

Supplementary Figure II.2.5. Raman spectra of BDD films obtained under the 
previously studied Taguchi matrix conditions, recorded with a 442 nm laser line. 

 

After a thorough analysis of the Taguchi experiment and the resulting characteristics of 

the BDD films (diamond quality, resistivity, growth rate, residual stress, and grain size), 

the optimized deposition conditions for microcrystalline and nanocrystalline boron-doped 

diamond films were selected within the adopted limits of each HFCVD deposition 

parameter, as shown in Supplementary Table II.2.2.  

 

Supplementary Table II.2.2. Optimized HFCVD deposition conditions defined based on 
the previously performed Taguchi experiment depending on microstructure. 

 CH4/H2 

(%) 

Total 

Pressure 

(mbar) 

Ar 

(sccm) 

B 

(µL/min) 

Microcrystalline 0.02 100 20 2.50 

Nanocrystalline 0.06 25 10 2.50 
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Supplementary Figure II.2.6. Cyclic voltammogram of microcrystalline and 
nanocrystalline BDD films deposited under optimized conditions (previous Taguchi 
experiment), recorded in 0.1 M H2SO4 electrolyte at a 100 mV/s scan rate.
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Chapter III 

Performance Evaluation of 

BDD/Si3N4-TiN Electrodes in 

Water Treatment 

This chapter is dedicated to demonstrating the concept of BDD electrodes deposited on 

electroconductive Si3N4-TiN substrates. This was achieved through the characterization of the 

assembly and its practical application in the removal of phenol, one of the most common 

persistent organic pollutants found in industrial and municipal sewage, primarily originating 

from the chemical, petroleum, dye, agricultural, and pharmaceutical industries. This work was 

consolidated in two papers, the first submitted for publication and the second on the process 

of first submission. 

The work presented in Section III.1 was submitted to Next Sustainability and aims to establish 

a sustainable and durable solution for large-scale water treatment using Electrochemical 

Advanced Oxidation Processes, by validating the concept of BDD/Si3N4-TiN electrodes. In this 

study, BDD films were deposited via Hot Filament Chemical Vapor Deposition onto 

electroconductive Si3N4-TiN substrates. The resulting BDD/Si3N4-TiN electrodes underwent 

analysis, including examination of their microstructure, diamond quality, conductivity, adhesion 

strength, service life, and electrochemical properties. To evaluate the electrodes in practical 

applications, phenol was chosen as a model pollutant to assess the electrode's effectiveness 

in oxidizing pollutants. 

Section III.2 describes radiofrequency plasma treatments with different gases to functionalize 

BDD/Si3N4-TiN surfaces. The primary aim of this study was to determine whether modifying 

the surface chemistry of BDD electrodes through chemical functionalization could enhance 

their electrochemical performance in water treatment applications. The evaluation of the 

modified BDD/Si3N4-TiN surfaces involved several methods, including Raman spectroscopy, 

sessile drop contact angle measurements, resistivity measurements, cyclic voltammetry, 

electrochemical impedance spectroscopy, and Mott-Schottky analysis. A comparative analysis 

was conducted between the plasma-treated BDD electrodes and as-grown BDD films in the 

context of electrochemical phenol oxidation. 
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III.1. Long-lasting BDD/Si3N4-TiN Electrodes for 
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The present work was submitted to Next Sustainability 

 

Abstract 

Boron-doped diamond (BDD) thin films have the potential to revolutionize water remediation 

through electrochemical oxidation, converting persistent pollutants into CO2 and water. 

However, a significant challenge in implementing BDDs on a large scale is the choice of 

substrate material. Electrode failure typically occurs due to BDD delamination from the 

substrate. We propose using a ceramic composite of silicon nitride (Si3N4) and titanium 

nitride (TiN) as a substrate to address this issue. This electroconductive composite 

combines Si3N4’s high wear resistance, chemical stability, and high affinity for diamond film 

growth with the TiN’s metal-like conductivity. In this work, BDD films were grown by Hot 

Filament Chemical Vapor Deposition (HFCVD) over Si3N4-TiN substrates containing 

30%vol. TiN. The resulting BDD/Si3N4-TiN electrodes were analyzed concerning their 

microstructure, diamond quality, conductivity, adhesion strength, service life, and 

electrochemical properties. Phenol was used as a model to test the electrode's ability to 

oxidize pollutants. We found that the BDD/Si3N4-TiN electrode could eliminate phenol 

entirely and up to 98.8% of the model solution's Chemical Oxygen Demand (COD) after 5 

hours of direct anodic oxidation, with an Average Current Efficiency (ACE) of 14% and an 

energy consumption of 138 kWh kgCOD
-1. Furthermore, the BDD/Si3N4-TiN electrode could 

withstand more than 2016 h of accelerated life test without film delamination. Overall, the 

results demonstrate that BDD/Si3N4-TiN electrodes are a potential long-lasting solution for 

large-scale water treatment by electrochemical advanced oxidation processes (EAOPs) in 

a sustainable manner, especially if combined with renewable energy sources.
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III.1.1. Introduction 

Boron-doped diamond (BDD) electrodes have been extensively studied for the 

treatment of many sources of contaminated water, such as the treatment of organic 

pollutants (1), dyes (2), pharmaceuticals (3), synthetic wastewater (4), industrial 

wastewater (5-7), swimming pool water (8), landfill leachate (9, 10), among others. 

BDD is considered one of the most promising electrode materials (11). It has multiple 

electrochemical applications due to its remarkable properties, which include high 

chemical and electrochemical stability (even in very aggressive media), an inert 

surface with low adsorption properties, and a strong tendency to resist deactivation, 

the widest known potential window in aqueous and nonaqueous electrolytes, a high 

overpotential for water decomposition (+2.3 V vs. SHE), excellent efficiency in the 

production of hydroxyl radicals, and a very low double-layer capacitance and 

background current (12, 13). When applied in electrochemical advanced oxidation 

processes (EAOPs), BDD electrodes can generate highly reactive oxidizing agents, 

such as hydroxyl radicals, which have the ability to degrade specific pollutants 

completely and non-selectively into CO2 and H2O, with high current efficiencies (14-

16). From an environmental point of view, EAOPs are fascinating methods since they 

require no or low amounts of chemical reagents and catalysts during water treatment 

processes (16). 

Although laboratory and pilot tests on wastewaters have been successful (7, 9, 17, 

18), the size and service life of BDD-based electrodes remain a challenge for their 

application on a large scale, mainly due to the lack of an appropriate substrate. The 

main factor that causes electrode failure is the BDD film delamination, caused by 

poor film adhesion to the substrate (19). The primary function of the substrate used 

in preparing BDD electrodes for electrochemical applications is to allow the flow of 

current to run through the electrode assembly and provide support for the BDD film 

so the electrode has enough mechanical stability (20). The ideal substrate material 

for the production of BDD electrodes should be resistant to the harsh Chemical Vapor 

Deposition (CVD) growth conditions, have a high affinity for diamond growth, 

possess high mechanical strength, sufficient electrical conductivity, and 

electrochemical inertness, or at least the ability to quickly form a protective 

passivation layer on its surface (21). Electrodes for large-scale water treatment 

applications are subjected to a particularly chemically aggressive environment with 

high erosive potential, so wear resistance is also desirable for the substrate material 

(22). BDD films were already deposited over Si, Ti, Nb, Ta, W, among others. (23) 



Chapter III: Performance Evaluation of BDD/Si3N4-TiN Electrodes in Water Treatment 

217 

However, these materials are still not ideal due to either low adhesion strength, low 

conductivity, low mechanical strength, or high cost (21, 24). 

Silicon nitride (Si3N4) is a refractory ceramic material compatible with the CVD 

deposition conditions. It has a high affinity for CVD diamond growth since its 

coefficient of thermal expansion (CTE) is similar to that of diamond (25), promoting 

good diamond adhesion strength (26). In addition, Si3N4 has high resistance to 

erosive and abrasive wear, chemical stability in strong acids and bases, and a set of 

excellent mechanical properties, such as high hardness, fracture toughness, and 

high elasticity modulus (27). Due to their numerous interesting properties and 

applications, Si3N4-based ceramics have already been applied in cutting tools (28), 

biomedical prosthetic devices (29, 30), ball bearings (31), seals (32), metallurgy 

components and metal forming devices (33), automotive parts, aircraft engines and 

gas turbines (34, 35), space technology (36), electronic components (37), and 

cooking plates (27, 38). Reinforcing the Si3N4 with TiN particles increase fracture 

toughness, wear resistance, and flexural strength, and reduces the intrinsic electrical 

resistivity of the ceramic (39-41). All the ideal BDD substrate material requirements 

could be fulfilled by applying Si3N4-TiN composites by gathering their low 

conductivity, mechanical properties, chemical stability, oxidation resistance, wear 

resistance, affinity for CVD diamond growth, and ability to obtain complex shapes 

through EDM. Thus, we took this technology and tested our previously developed 

electroconductive Si3N4-TiN composite containing 30%vol. of TiN as a novel 

substrate material to produce long-service life BDD electrodes suitable for water 

treatment on an industrial scale (41). 

The literature on diamond coatings over Si3N4-TiN is limited (42), with no reported 

studies on BDD coatings. Previous research on Si3N4-based materials as substrates 

for CVD diamond deposition has primarily been focused on applications such as 

cutting tools (43-45), dental prostheses (46), dental drill bits (47), articular prostheses 

(47-49), heat flux sensors (50), self-mated rings (51), and mechanical seals (52). The 

utilization of BDD/Si3N4-TiN electrodes in EAOPs represents an innovative and 

unexplored field with potential for future applications in BDD water treatment. 

The growth of BDD films on Si3N4-TiN substrates with 30%vol. TiN by Hot Filament 

Chemical Vapor Deposition (HF-CVD) is investigated in this work. We present a 

comprehensive analysis of the resulting BDD/Si3N4-TiN electrodes, including their 

microstructure, diamond quality, conductivity, adhesion strength, service life, and 
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electrochemical properties. Phenol is utilized as a model compound to assess the 

electrode's effectiveness in oxidizing pollutants. 

 

III.1.2. Experimental Section 

III.1.2.1. Fabrication and characterization of Si3N4-TiN ceramics 

The Si3N4 matrix powder composition and the sintering cycles were defined 

accordingly to previous works of our group (28, 53-55), aiming for fully dense 

materials with good mechanical properties. The composition of the Si3N4 matrix was 

a powder mixture of 89.3%wt. Si3N4 (H.C. Starck – Grade M11, Germany), 3.7%wt. 

de Al2O3 (Alcoa - CT 3000 SG, USA), and 7.0%wt. Y2O3 (H.C. Starck – Grade C, 

Germany). To obtain the Si3N4-TiN composite, we substituted the matrix with 30%vol. 

of TiN powder (H.C. Starck – Grade B, Germany). The substrate composition 

development was previously detailed in a prior publication (41)(Section II.1). The 

powders were mixed in agate jars with Si3N4 balls in a planetary mill for 8 hours at 

200 rpm in an isopropanol medium. After milling, the powder slurry was screened 

through a 500-mesh and oven-dried at 100 °C for 24 hours. Discs (Ø 20 mm and Ø 

59 mm) were prepared by cold uniaxial pressing (3 ton, 2 min) followed by cold 

isostatic pressing (200 MPa, 15 min). These were then pressureless sintered in a 

graphite furnace (Thermal Technology Inc, USA), in a closed graphite crucible with 

a powder bed composed of a mixture containing 50% of the Si3N4 matrix composition 

and 50% boron nitride (H.C. Starck – Grade A01, Germany) to avoid direct contact 

with the surrounding graphite walls and reduce the decomposition of the Si3N4 

powder. The Si3N4-TiN composite was sintered at 1750 °C for 5 hours in an N2 

atmosphere (0.1 MPa) at a 10 °C min-1 heating rate. The Si3N4 matrix was also 

prepared and sintered at 1700 °C for 3 hours in an N2 atmosphere (0.1 MPa) at a 10 

°C min-1 heating rate for comparison with the Si3N4-TiN composite. After 

densification, the density of the samples was determined using the Archimedes 

method by immersion in distilled water. The Ø 59 mm discs were cut into bars (34 

mm x 4.5 mm x 3 mm) to fabricate BDD/Si3N4-TiN anodes for organics oxidation. 

The ceramics were characterized by Vickers microhardness indentation with applied 

loads of 2 kgf for 10 seconds. Indentation fracture toughness (KIC) was measured 

from indentation marks with applied loads of 10 kgf for 10 seconds by measuring the 

lengths of the cracks and applying the method developed by Antis et al. (56). The 

electrical resistivity was measured using the Four Point Probe configuration at room 
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temperature. The resonant frequency method was used to obtain the elastic modulus 

(E) and the shear modulus (G). For comparison, the samples' maximum (Voigt) (57) 

and minimum (Reuss) (58) elastic modulus theoretical limit were calculated 

considering a reference value of 390 GPa (59) for the TiN elastic modulus. The 

crystalline phase composition was analyzed by X-ray diffraction (Cu K-α radiation, 

PANalytical, X'Pert, United Kingdom) through database search using the ICDD’s 

PDF-4 database (60). The densified ceramics were ground, polished, and then 

plasma etched (K1050X, Emitech, France) with CF4 for 120 seconds for 

microstructure observation through Scanning Electron Microscopy/Energy 

Dispersive Spectroscopy (SEM/EDS, SU-70 EDS, Hitachi, Japan).  

 

III.1.2.2. BDD/Si3N4-TiN electrode deposition 

The films were deposited over densified Si3N4-TiN on a lab-made Hot Filament 

Chemical Vapor Deposition (HF-CVD) reactor with a chamber volume of 5.4 L. Prior 

to the HF-CVD deposition, the ceramic substrates were ground with a diamond 

grinding wheel, flat lapped with an abrasive diamond suspension (15-WP, Kemet, 

United Kingdom), and plasma etched (K1050X, Emitech, France) with CF4 for 120 

seconds to improve the diamond film adhesion to the substrate according to previous 

works from our group (61). Next, the substrates were subjected to seeding by 

scratching the surface with a solution of abrasive diamond powder (0.5-1.0 µm and 

10-20 µm, Diamecânica, Portugal) in ethanol, on an ultrasound bath for 45 minutes 

to improve the diamond nucleation density and to guarantee a homogeneous 

seeding over the ceramic disk surface. Eight parallel tungsten wires (Ø = 0.3 mm, 8 

cm length, 99.95% purity, GoodFellow, United Kingdom) were used as filaments. 

They were kept at a constant distance of approximately 7 mm from the substrates 

and a 7 mm-distance between filaments. The temperature of the filaments was kept 

at 2180-2220 °C during HF-CVD deposition, measured with a two-color pyrometer 

(RAYMR1SCSF, Raytek, USA). The substrates' temperature was measured with a 

type K thermocouple, placed in the center of the HF-CVD sample holder, and kept in 

the 800-850 °C range. The HFCVD reactor's deposition parameters were previously 

optimized using an L9 orthogonal array Taguchi Matrix (Section II.2), where the 

controlled parameters were gas composition (CH4/H2), total pressure, and argon 

mass flow. The optimized conditions are shown in Table III.1.1.  
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Table III.1.1. BDD optimized deposition parameters. 

t 

(h) 

P 

(mbar) 

T.G.F. 

(sccm) 

CH4/H2 Ar/H2 B2O3/CH4 S.T. 

(°C) 

F.T. (°C) 

5 25 230 0.02 0.15 0.625 800-850 2180-2220 

t: Deposition Time; P: Pressure; T.G.F.: Total Gas Flow; S.T.: Substrate Temperature; F.T.: Filament's Temperature. 

 

A boron oxide (B2O3) solution dissolved in ethanol (10,000 ppm) was used as the 

boron source. The solution was introduced into the reactor chamber by evaporating 

it from a canister through a continuous flow of argon gas at a pressure of 2 bar. Figure 

III.1.1 provides a schematic depiction of the BDD/Si3N4-TiN electrode preparation 

process. 

 

 

Figure III.1.1. Schematic representation of the BDD/Si3N4-TiN electrode preparation. 
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III.1.2.3. BDD/Si3N4-TiN electrode characterization 

The microstructure analysis of the BDD film was conducted using Scanning Electron 

Microscopy/Energy Dispersive Spectroscopy (SEM/EDS, SU-70 EDS, Hitachi, 

Japan). Additionally, Micro-Raman Spectroscopy was performed using a 442 nm 

laser line (Jobin-Yvon LabRam HR, Horiba, Japan) to assess the quality of the 

diamond and measure residual stress. The electrical resistivity of the diamond film 

was studied using a homemade apparatus with two independent copper wires 

attached with silver glue to the diamond films. Sessile drop contact angle 

measurements were conducted utilizing a goniometer (Attention Theta, Biolin 

Scientific, Sweden). The contact angles (θ) between the BDD/Si3N4-TiN surface and 

3 μL droplets of deionized water were measured at four distinct points. The 

OneAttension software (Version 4.1.3, Biolin Scientific, Sweden) was employed to 

accurately measure contact angles. The crystalline phase composition of the BDD 

deposited over Si3N4-TiN was analyzed by grazing angle X-ray diffraction (Cu K-α 

radiation, PANalytical, X'Pert, United Kingdom).  The adhesion of the BDD films to 

the Si3N4-TiN substrate was evaluated by indentation with a Brale indenter placed in 

a universal testing machine (Z020, Zwick/Roell, Germany) with applied loads ranging 

from 100 to 1200 N (41)(Section II.1). The service life of the BDD/Si3N4-TiN 

electrodes was evaluated by applying them as both anode and cathode (without 

interchanging positions) in an accelerated life test consisting of water electrolysis in 

3 M H2SO4 (95-97% purity, Merck, Germany) medium with an applied current density 

of 1 A cm-². Additionally, to evaluate the substrates' chemical resistance, the weight 

loss, and the microstructures of Si3N4 and Si3N4-TiN ceramics were analyzed by SEM 

(SU-70 EDS, Hitachi, Japan) after being submerged in 3 M H2SO4 (95-97% purity, 

Merck, Germany) for 60 days. 

The electrochemical properties of the BDD electrode were investigated with a 

potentiostat (PGSTAT302N, Metrohm Autolab, Switzerland) controlled by computer 

software (Metrohm Autolab Nova 2.1.5), based in one-time measurements. Cyclic 

voltammetry measurements were conducted using a custom-designed three-

electrode electrochemical cell built in Teflon, specifically designed for disc-shaped 

BDD electrodes. A platinum plate electrode was employed as the counter electrode, 

while a reference electrode consisting of a saturated calomel electrode (SCE) was 

utilized. The geometric surface area of the BDD working electrode was 0.785 cm2. 
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Figure III.1.2. Schematic of the electrochemical cell used for (a) electrochemical 
characterization and (b) for electrochemical oxidation (monopolar configuration). 

 

The BDD electrode was pressed between an O-ring and a Teflon disc screwed to the 

bottom of the single-compartment Teflon cell (Figure III.1.2.a). All electrochemical 

characterization experiments were carried out in a solution volume of 20 mL at room 

temperature. The kinetics of the Fe(CN)3
−3/Fe(CN)4

−4 and Ru(NH3)6
3+/Ru(NH3)6

2+ 

redox systems were studied in solutions of 1 mM of potassium hexacyanoferrate(III) 

(> 98% purity, Honeywell Fluka, USA) in 0.1 M KCl (> 99.5% purity, Sigma-Aldrich, 

USA), and 1 mM of hexaammineruthenium(III) chloride (98% purity, Sigma-Aldrich, 

USA) in 0.1 M KCl, respectively, with scan rates ranging from 10-300 mV s-1. The 

potential window of the electrode was evaluated through cyclic voltammograms 

recorded in 1 M HClO4 (70% purity, Honeywell Fluka, USA) electrolyte at a 100 mV 

s-1 scan rate and compared with other common electrode materials (Pt, Glassy 

Carbon, and Au) under the same conditions.  

 

III.1.2.4. Anodic oxidation of phenol with BDD/Si3N4-TiN electrodes 

Phenol was chosen as a model pollutant for comparison with the literature due to the 

high number of publications concerning its degradation using BDD electrodes. 

Phenol degradation was performed by anodic oxidation using a bar-shaped 

BDD/Si3N4-TiN anode and a stainless steel (AISI 316) cathode (Figure III.1.2.b) with 

a fixed interelectrode distance of 10 mm. The geometric area of the BDD/Si3N4-TiN 

anode exposed to the solution was 0.8 cm². Electrooxidation tests were carried out 

in batch mode, at room temperature, with 20 mL solutions of 1 mM phenol (94.11 mg 

L-1, ≥99% purity, Sigma-Aldrich, USA) in 0.1 M Na2SO4 (≥99.0% purity, Sigma-
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Aldrich, USA) electrolyte. The evolution of phenol degradation at the BDD/Si3N4-TiN 

anode was evaluated by applying a current density of 30 mA cm-2 for 300 minutes. 

Additional tests were conducted applying different current densities (60, 90, 120 mA 

cm-²) for 180 minutes to verify their influence on removal rates and energy 

consumption. The treated solutions were analyzed by UV-Vis Spectroscopy (Flex, 

Sarspec, Portugal) to estimate phenol concentration. Chemical Oxygen Demand 

(COD) measurements were performed by adding aliquots of 2.5 mL of each solution 

into vials containing potassium dichromate and a mixture of H2SO4 (95-97% purity, 

Merck, Germany) and Ag2SO4 (≥99.5% purity, Sigma-Aldrich, USA). All samples 

were tested in triplicates. The vials were heated to 150°C for 2 hours. After cooling, 

the digested vials were analyzed using a photometer (AL250 COD VARIO, Aqualytic, 

Germany) to determine the corresponding COD value. The total energy consumption 

was estimated as a function of COD (Eq. III.1.1), the volume of treated solution (Eq. 

III.1.2), and phenol concentration (Eq. III.1.3):  

 

 ECCOD (Wh kgCOD
−1) =  

EjAt 

V ∆COD 
 Eq. III.1.1 

 ECVolume (Wh L
−1) =

EjAt 

V
 Eq. III.1.2 

 ECphenol (Wh kgphenol
−1) =

EjAt 

V ∆Cphenol 
 Eq. III.1.3 

 

Where E is the applied potential (V); j is the applied current density (A m-²); A is the 

electrode geometric area (m²); t is the electrolysis time (h); V is the electrolyte volume 

(L); ∆COD is the total amount of COD removed (kgO2 L-1); ΔCphenol is the total 

concentration of phenol removed from the solution (kgphenol L-1). The Average Current 

Efficiency (ACE) and Instantaneous Current Efficiency (ICE), expressed in Eq. III.1.4 

and III.1.5 (62), respectively, were estimated as a function of COD values:  

 

 ACE = 
F V (COD0 − CODt)

8 I ∆t
 Eq. III.1.4 

 ICE =  
F V (CODt − CODt+∆t)

8 I ∆t
 Eq. III.1.5 
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Where F is the Faraday constant (96485 C mol-1); V is the electrolyte volume (L); t is 

the electrolysis time (s); COD0 is the initial COD concentration (gO2 L-1); CODt and 

CODt+∆t are the COD concentrations at times t and t+∆t (s), respectively; 8 is the 

equivalent mass of oxygen (gO2 eq-1); and I is the applied current (A). 

 

III.1.3. Results and Discussion 

III.1.3.1. Si3N4-TiN ceramics 

The composite samples were successfully densified (> 99%), and the average 

shrinkage rate along the largest dimension of the samples was 23%, as shown in 

Table III.1.2. For determining the densification percentage, the theoretical density 

value of the samples was calculated according to the rule of mixtures. A 3.27 g cm-3 

theoretical value was calculated for the Si3N4 matrix and 3.88 g cm-3 for the Si3N4-

TiN(30%) ceramic.  

 

Table III.1.2. Characterization results of the obtained Si3N4 and Si3N4-TiN ceramics. 
Adapted from ref. (41). 

TiN (% vol.) 0% 30% 

Sintering 1700°C - 3h 

10°C min-1 

N2 0.1 MPa 

1750°C - 5h 

10°C min-1 

N2 0.1 MPa 

Shrinkage a (%) 25% 23% 

Density (g cm-³) 3.26 3.86 

Densification (%) 99.62% 99.59% 

Hardness (GPa) 14.89 ± 0.15 16.06 ± 0.22 

𝐾𝐼𝐶 (𝑀𝑃𝑎. √𝑚) 5.47 ± 0.30 6.96 ± 0.84 

Etheoretical (Voigt) 
b (GPa) 314 337 

Etheoretical (Reuss) 
c (GPa) 314 333 

Eexperimental (GPa) 314 340 

Gexperimental (GPa) 122 134 

Resistivity (Ω cm) 1.00 x 1013 8.9 x 10-1 

Thermal Conductivity (W mK-1) 18.19 ± 0.12 25.40 ± 0.08 

Bending Strength (MPa) 882.61 ± 31.15 866.84 ± 54.49 

a Along the largest dimension; b 𝐸𝑉𝑜𝑖𝑔𝑡 = 𝐸1𝑉1 + 𝐸2𝑉2 (57); c  1/𝐸𝑅𝑒𝑢𝑠𝑠 = 𝑉1/𝐸1 + 𝑉2/𝐸2 (58) 
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The addition of TiN to the matrix further enhances the hardness of the composite due 

to the higher intrinsic hardness of TiN (18-21 GPa) (63) and the reduction of the 

residual sintering liquid phase in the microstructure. Furthermore, incorporating TiN 

significantly increases fracture toughness (KIC) (39, 40, 64, 65).  

Toughening mechanisms are related to the CTE mismatch, elastic modulus 

mismatch, and microcracking toughening associated with the TiN particle size (39). 

The elastic modulus of the composite is found to be within theoretical limits and 

increases with the addition of TiN to the matrix. Additionally, the 30%vol. TiN 

composition lies after the percolation threshold, where the electrical resistivity of the 

composite drastically decreases, promoting the transition from an insulator to a 

conductor. The phase composition of the samples is presented in Figure III.1.3.a, 

including the presence of β-Si3N4 (ICDD’s PDF 04-005-4900), TiN (ICDD’s PDF 04-

002-2466), and traces of yttrium oxynitride secondary (Y2Ti2O5.5N, ICDD’s PDF 04-

005-5509) formed due to crystallization of the liquid phase during cooling in the 

sintering process. It is worth noting that the samples present no α-Si3N4 phase, 

indicating a complete and irreversible transformation from α-Si3N4 to β-Si3N4 during 

the sintering process. The slight dislocation observed in the XRD baselines suggests 

that part of the liquid phase may not have crystallized entirely after sintering, 

remaining as a glassy phase in the microstructure. 
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Figure III.1.3. (a) X-ray diffraction and (b) EDS analysis of the Si3N4-TiN (30%vol.) 
composite; (c) SEM microstructure of Si3N4-TiN with 30%vol. of TiN (with CF4 plasma 
treatment). Adapted from ref. (41).  

 

SEM micrographs (Figure III.1.3.b and Figure III.1.3.c) reveal the presence of β-Si3N4 

grains (appearing in dark grey) with a high aspect ratio, surrounded by the 

intergranular secondary phase (appearing in white). With the addition of TiN, a 

decrease in the size of β-Si3N4 grains is observed. The distribution and interparticle 

contact of the TiN grains (appearing in light grey) contributes to forming an 

electroconductive network with lower resistivities. Despite using higher temperatures 

and a longer sintering cycle for the Si3N4-TiN composite, there was no excessive 

increase in the size of β-Si3N4 grains. This lack of significant growth can be attributed 

to the growth-hindering effect of the TiN particles present in the composite. All 

findings regarding the development and characterization of Si3N4-TiN ceramic 

substrates have been previously presented in a prior study (41). Further insights into 

the interpretation of current results and the composition of substrate phases can be 

found in the aforementioned research. 
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III.1.3.2. BDD/Si3N4-TiN characterization 

The quality of the BDD films was evaluated using SEM and Micro-Raman 

spectroscopy. The BDD films were found to cover the substrate uniformly (Figure 

III.1.4.a) without any voids or cracks on the surface, which are defects commonly 

caused by an inadequate seeding process. The average diamond grain size was 

measured to be 1.45 ± 0.37 µm by the mean linear intercept method, according to 

the ISO Standard No. 4499-2:2020 (66). The average film thickness was 4.95 ± 0.36 

µm (Figure III.1.4.b), indicating average diamond growth rates of 0.99 µm h-1. 

 

 

Figure III.1.4. (a) SEM micrograph in the plan view of a BDD film deposited over Si3N4-TiN; 
(b) SEM-EDS elemental mapping of the cross-section of the BDD/Si3N4-TiN electrode; (c) 
Raman spectroscopy spectrum of the BDD films deposited over Si3N4-TiN. 
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The Raman spectra (Figure III.1.4.c) was analyzed to evaluate the quality of the 

diamond by deconvoluting it into peaks associated with the diamond and non-

diamond components of the film. The non-diamond carbon peaks observed in the 

Raman spectra are primarily related to sp2 carbon in the grain boundaries. The 

natural diamond band is typically found at 1332 cm-1 (67). The peaks observed at 

1150 and 1440 cm-1 are attributed to trans-polyacetylene (TPA) present in the grain 

boundaries of the BDD film (68, 69). The 1220 cm-1 peak is linked to disordered 

diamond, primarily caused by boron incorporation in the diamond lattice (70-72). The 

D-band at ~1350 cm-1 and D’-band at ~1620 cm-1 are assigned to defect-induced 

Raman features related to carbon sp2 structures, and the G band at ~1550 cm-1 is 

associated with the C=C sp2 bond stretching mode (67, 69, 73). The phase purity of 

the BDD film was measured by dividing the integral intensity of the diamond band 

(IDiamond) by the integral intensity of the G band (IG) (74). Results are presented in 

Table III.1.3. The average diamond phase purity figure-of-merit was 1.1, indicating 

good diamond quality. 

 

Table III.1.3. Data extracted from the Raman spectra of the BDD films deposited 
over Si3N4-TiN. 

Raman Center FWHM Integral Intensity Residual Stress IDiamond/IG 

Peak 

 
(cm-1) (cm-1) (a.u.) (GPa) 

Diamond 1330.9 12.3 17.2 -0.6 1.1 

D-band 1350.0 69.5 5.8 

G-band 1527.8 104.9 16.2 

 

The deviation of the diamond band from 1332 cm-1 in the Raman spectrum is a 

function of the intrinsic residual stresses present in the BDD film (75), which primarily 

arise during the cooling step after BDD deposition inside the CVD chamber due to 

the mismatch in the thermal expansion coefficient of the substrate and the BDD film. 

Non-diamond carbon impurities may also induce residual stress at grain boundaries 

and structural defects (76). The residual stress (σr) was determined by measuring 

the diamond peak shift (∆ϑ) from the natural stress-free diamond peak (1332 cm-1) 

in the Raman spectrum, following Eq. III.1.6 (75). 
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 σr = −0.567 × ∆ϑ Eq. III.1.6 

 

The Raman spectrum reveals that the BDD film deposited on the Si3N4-TiN substrate 

is under compressive residual stress, with an average value of -0.6 GPa. Such a low 

value supports our proposition that the Si3N4-TiN composite is a promising substrate 

for BDD electrodes. The low residual stress obtained using Si3N4-TiN substrates is 

likely attributed to the close CTE of Si3N4 to that of diamond (25). 

Boron doping levels in the BDD/Si3N4-TiN composite were quantified using the 

Raman Spectrum analysis, employing the methodology outlined by Bertrand et al. 

(70), which uses the Lorentzian component of the peak located at approximately 500 

cm-1 (493.9 cm-1, Figure III.1.4.c) to estimate boron concentration. The obtained 

results revealed a boron doping concentration of approximately 4.27 x 1020, a value 

that indicates metal-like conductivity (77). This finding underscores the successful 

incorporation of boron into the BDD film, which is crucial for water treatment 

applications.  

The estimated water contact angle value measured on the surface of BDD/Si3N4-TiN 

was found to be 86.5 ± 1.6 ° (Figure III.1.5.a). The measured water contact angle, 

falls within the range of 80 to 100°, aligning with the typical range reported in the 

literature for as-grown hydrogen-terminated BDD surfaces (78). This result 

underscores the hydrophobic nature of the as-grown BDD/Si3N4-TiN surface. 

The grazing angle XRD spectrum depicted in Figure III.1.5.b showcases the 

crystallographic characteristics of the BDD layer deposited over the Si3N4-TiN 

composite. Notably, the XRD analysis unveiled mixed crystallographic orientations, 

with the (111) orientation being the most predominant one. 
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Figure III.1.5. (a) Contact angle measurements of distilled water over the BDD/Si3N4-TiN 
surface; (b) Grazing angle X-ray diffraction of the BDD film deposited over Si3N4-TiN 
(Diamond: ICDD’s PDF 04-013-9778). 
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III.1.3.3. The service life of BDD/Si3N4-TiN electrodes 

The BDD film adhesion to the Si3N4-TiN substrate can be estimated by measuring 

the interfacial crack resistance parameter from the reciprocal slope dLoad/dCrack Radius 

(Figure III.1.6.b) (42). We estimated a crack resistance value of 7.54 ± 0.46 N µm-1. 

Indentation loads were applied in the range of 100 to 1200 N (41)(Section II.1). 

Delamination of the film started to be observed from an applied load of 1000 N and 

substrate chipping with an applied load of 1200 N (Figure III.1.6.a). This result is 

superior to the ones obtained for CVD diamond deposited over Si3N4-TiN with similar 

amounts of TiN, as reported in previous works from our group (42). The interfacial 

crack resistance is also higher than the reported in the literature (5 N µm-1) for 

diamond films deposited over Si3N4 (79). However, the value is lower than obtained 

in a previous work published by our group on the adhesion of CVD diamond 

deposited over Si3N4, whose value was 12 N µm-1 (25). Nonetheless, this high value 

was obtained with a diamond film thickness of 39 µm, approximately eight times 

thicker than the film studied in this work. If accounting for this difference, the adhesion 

result obtained in this work is almost five times higher than the best result given in 

the literature for diamond adhesion to Si3N4-based substrates. Such an excellent 

result may be the key to solving one of the main problems in selecting a suitable 

substrate to produce BDD electrodes: film adhesion strength. 
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Figure III.1.6. (a) SEM micrographs of the Brale indenter imprints at 200, 400, 600, 800, 
1000, and 1200 N indentation loads; (b) Circumferential crack radius versus indentation 
load (Adapted from ref. (41)). 



Chapter III: Performance Evaluation of BDD/Si3N4-TiN Electrodes in Water Treatment 

233 

 

An accelerated life test of BDD/Si3N4-TiN electrodes was conducted in 3 M H2SO4 

for 2016 hours. The test revealed that the electrodes exhibited no film delamination 

(Figure III.1.7.a). The latter would be indicated by an abrupt increase in cell potential 

(80). The average cell potential during the test was 7.8 ± 0.3 V, with a slow increase 

from 7.4 V to 8.6 V observed throughout the test. This variation could be attributed 

to the gradual oxidation of the predominantly hydrogen-terminated as-grown BDD 

surface. Hydrogen-terminated BDD surfaces undergo a phenomenon known as 

surface transfer doping, which increases their surface conductivity (81). However, 

over time, particularly in the context of electrolysis in H2SO4 under high current 

density, these surfaces undergo oxidation processes, becoming predominantly 

oxygen-terminated, resulting in a substantial reduction in surface conductivity 

(81,82). The SEM micrograph of the BDD/Si3N4-TiN electrode surface (Figure 

III.1.7.b) following the accelerated life test confirms the absence of BDD film 

delamination, with the film remaining intact and free from voids or points of solution 

permeability. Additionally, EDS analysis of the surface (Figure III.1.7.c) reveals the 

presence of only carbon and oxygen, indicative of the exclusive presence of the BDD 

film with potential superficial residual contamination post-use. The BDD electrodes 

fabricated with Si3N4-TiN substrates demonstrated comparable or superior results to 

those tested under the same conditions and fabricated with other substrate materials 

such as Nb, Si, Ta, Ti, and WC-Co (Table III.1.4). These results further confirm that 

growing BDD on Si3N4-TiN substrates is a viable approach for producing BDD 

electrodes with long service life. This combination may facilitate the scaling-up of 

electrochemical oxidation processes using BDD anodes and enhance their 

technology readiness level. 
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Figure III.1.7. (a) Accelerated life test of BDD/Si3N4-TiN electrodes. Solution: 3 M H2SO4. 
Current density: 1 A cm-2; SEM micrograph (b) and EDS (c) of the BDD/Si3N4-TiN electrode 
surface after the accelerated life test; (c) SEM micrographs of (d) Si3N4 and (b) Si3N4-TiN 
ceramics after submersion in 3 M H2SO4 for 60 days at room temperature. 

 

Further information to support the service life analysis of BDD/Si3N4-TiN electrodes 

was extracted by immersing uncoated Si3N4 and Si3N4-TiN ceramic disks in 3 M 
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H2SO4 solutions for 60 days (1440 hours) at room temperature. The samples were 

weighed and examined using SEM to evaluate their chemical resistance. The results 

showed that the Si3N4 ceramic (Figure III.1.7.d) exhibited fewer signs of chemical 

etching compared to the Si3N4-TiN ceramic (Figure III.1.7.e), which displayed pits 

resulting from the etching of TiN grains (appearing in light grey). As reported by 

Monteverde et al., the corrosion of Si3N4 by H2SO4 primarily involves the consumption 

of grain boundary phases (83). The weight loss for Si3N4 was 7.2%, while the weight 

loss for Si3N4-TiN was 10.1%. These findings suggest that even if the BDD film 

delaminates from the substrate during water treatment processes, the BDD/Si3N4-

TiN electrode may still function for additional hours, even in aggressive 

environments. 

 

Table III.1.4. Accelerated life test of BDD/Si3N4-TiN electrodes compared with the 
literature. 

Substrate material Electrolyte Current density Service life Ref. 
  

(A cm-²) (h) 
 

Si3N4-TiN 3 M H2SO4 1.0 > 2016 This work 

Nb 0.5 M H2SO4 10.0 850 (84) 
 

1 M H2SO4 1.0 484 (81) 
 

1 M H2SO4 1.3 88-130 (85) 
 

3 M H2SO4 1.0 > 1600 (22) 
 

6 M HNO₃ 0.5 1620-1810 (86) 

Si 1 M H2SO4 1.0 262 (87) 
 

3 M H2SO4 1.0 > 1600 (22) 

Ta 3 M H2SO4 1.0 > 1600 (22) 

Ti 1 M H2SO4 0.5 ~500 (88) 
 

1 M H2SO4 1.0 127 (81, 89) 
 

3 M H2SO4 0.5 89 (90) 
 

3 M H2SO4 1.0 1530 (22) 
 

3 M H2SO4 1.0 264 (91) 
 

3 M H2SO4 1.0 95 (92) 

Porous Ti 3 M H2SO4 0.5 111 (90) 

WC-Co 3 M H2SO4 1.0 1440 (93) 

- 1 M H2SO4 0.5 295 (88) 
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III.1.3.4. Electrochemical reactivity of BDD/Si3N4-TiN electrodes 

The electrochemical response of BDD is strongly affected by factors such as boron 

doping level, surface termination, grain size, crystallographic orientation, resistivity, 

and the presence of impurity phases (94). The reactivity of BDD electrodes was 

studied using both electroactive species characterized with charged inner-sphere 

electron transfer (1 mM K3[Fe(CN)6] in 0.1 M KCl) and outer-sphere electron transfer 

(1 mM [Ru(NH3)6]Cl3 in 0.1 M KCl) (Figure III.1.8). Results show that the peak-to-

peak separation between oxidation and reduction potentials increased with 

increasing scan rate (10 mV s-1 to 300 mV s-1), from 73 mV to 122 mV for the inner-

sphere redox couple, and from 70 mV to 116 mV for the outer-sphere redox couple. 

An ohmic potential drop may account for the observed increase in peak-to-peak 

separation with increasing scan rates (95). The peak-to-peak separation 

measurements indicate a quasi-reversible electron transfer for both redox couples, 

with some symmetry observed between oxidation and reduction peaks. While 

reversibility could be improved by reducing residual sp2 carbon and surface 

imperfections on the BDD film, the BDD/Si3N4-TiN electrode seems suitable for 

electrochemical oxidation processes. According to the Randles-Sevcik equation, the 

peak current is proportional to the square root of the scan rate for diffusion-limited 

electrochemical reactions (96). The linearity between the anodic current peak and 

the square root of the scan rate observed in both redox systems reactions at the 

BDD/Si3N4-TiN electrode (Figure III.1.8.c and Figure III.1.8.d) indicates they are 

controlled by diffusion. As the scan rate increases, the concentration gradient near 

the electrode surface increases due to the reduced time available for the diffusion of 

species, resulting in higher peak currents. Furthermore, these linear relationships 

also reinforce the evidence for the quasi-reversibility of both redox processes 

(Fe(CN)6
3−/4− and Ru(NH3)6

2+/3+). 
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Figure III.1.8. Cyclic voltammograms of the BDD/Si3N4-TiN electrode in 0.1 M KCl solutions 
containing (a) 1 mM K3[Fe(CN)6] and (b) 1 mM [Ru(NH3)6]Cl3, with scan rates ranging from 
10 to 300 mV s-1. Plots of the anodic peak current versus the square root of the scan rate 
for (c) Fe(CN)6

3−/4− and (d) Ru(NH3)6
2+/3+ redox couples. Temperature: room temperature. 

 

To evaluate the performance of the BDD/Si3N4-TiN electrode, cyclic voltammetry was 

conducted in 1M HClO4 electrolyte. The latter aimed to determine the magnitude of 

the background current and the electrochemical potential window, which serves as 

an indicator of the electrode's operating limit. Results revealed low background 

current values and a wide working potential window of 3.5 V vs. SCE for the 

BDD/Si3N4-TiN electrode (Figure III.1.9). This wide electrochemical potential window 

of water stability further indicates a high-quality diamond with low defects, grain 

boundary density, and non-diamond carbon, as previously observed through Raman 

spectroscopy. Additionally, the BDD/Si3N4-TiN electrode presents the widest 

potential window and the lowest background current among commonly applied 

electrode materials, such as Pt, Reticulated Glassy Carbon, and Au. 
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Figure III.1.9. Cyclic voltammetry of BDD/Si3N4-TiN electrodes immersed in 1 M HClO4 
compared with Pt, Glassy Carbon, and Au electrodes. Temperature: room temperature. 

 

III.1.3.5. Phenol electrooxidation with BDD/Si3N4-TiN electrodes 

The BDD/Si3N4-TiN electrode was able to eliminate phenol completely and remove 

up to 98.8% of the COD in the tested solution after 5 hours of electrooxidation at an 

applied current density of 30 mA cm-2 (Figure III.1.10.a). The normalized remaining 

phenol and COD concentrations were fitted to a first-order kinetic model, as 

described in Eq. III.1.7 (95), to determine the kinetic constants. 

 

 C
C0
⁄ = e− kappt Eq. III.1.7 

 

Where C is the respective concentration (mg L-1) at time t (h); C0 is the initial 

concentration; and kapp is the apparent rate constant. The later was used to estimate 

the half-life (t1/2), according to Eq. III.1.8. 
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 t1/2 = 
ln 2

kapp
 Eq. III.1.8 

 

The first-order rate constant was determined to be 0.697 h-1 (R² = 0.9872) and 0.676 

h-1 (R² = 0.9715) for phenol and COD removal, respectively. The corresponding half-

life (t1/2), which reflects the time required for the initial concentration to decrease by 

50%, was calculated to be 0.995 h and 1.025 h for phenol and COD, respectively.  

 

 

Figure III.1.10. (a) BDD/Si3N4-TiN electrode performance in the anodic oxidation of phenol 
with an applied current density of 30 mA cm-2 for 300 minutes; (b) Energy consumption and 
COD removal depending on the applied current density (30, 60, 90 or 120 mA cm-²) using 
a BDD/Si3N4-TiN anode for phenol electrooxidation. Cell configuration: Batch mode. 
Cathode: Stainless steel 316. Initial concentration: 1 mM phenol (94.11 mg L-1). Electrolyte: 
0.1 M Na2SO4. Anode geometric area: 0.8 cm². Volume of solution: 20 mL. Temperature: 
room temperature. 

 

Anodic oxidation of phenol was carried out for 180 minutes at varying current 

densities (30, 60, 90, and 120 mA cm-²) (Figure III.1.10.b) to evaluate the effect of 

applied current density on electrode performance. Results indicated that increasing 

the current density led to faster phenol degradation rates due to the increased 

production of reactive oxygen species at the electrode surface (97). However, it also 

resulted in higher specific energy consumption, highlighting the need for a balance 

between degradation rate and energy efficiency. As illustrated in Figure III.1.10.b, 

within the studied range of applied current density (30-120 mA cm-²) and a volume-

to-area (V/A) ratio of 25 (cm³/cm²), an applied current density of 30 mA cm-² 

represents the optimal compromise between degradation rate and energy 

consumption. 
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Figure III.1.11. (a) UV-Vis spectra of solutions containing 1 mM phenol in 0.1 M 
Na2SO4 treated by anodic oxidation with a BDD/Si3N4-TiN anode; (b) Relationship 
between phenol removal estimated by UV-Vis Spectroscopy and COD removal; (c) 
Proposed phenol indirect oxidation to aromatic compounds at the BDD anode 
(adapted from (99)). Cell configuration: Batch mode. Cathode: Stainless steel 316. 
Initial concentration: 1 mM phenol (94.11 mg L-1). Electrolyte: 0.1 M Na2SO4. Applied 
current density: 30 mA cm-². Anode geometric area: 0.8 cm². Volume of solution: 20 mL. 
Temperature: room temperature. 

 

During the electrooxidation process, the cell potential was maintained above the 

water decomposition overpotential (E > 2.05 V vs. SCE) at all applied current 

densities. Such high anodic potentials prevent electrode deactivation, and phenol 

oxidation primarily occurs through the generation of hydroxyl radicals via water 

discharge (100). As shown in Figure III.1.11.a, the UV-Vis spectra of samples treated 
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at a current density of 30 mA cm-² for various electrolysis times indicate a decrease 

in absorbance of the main peak λmax(Phenol) 269 nm. Additionally, as the phenol 

peak decreases, small peaks at longer wavelengths (280-300 nm) in the UV-vis 

spectra were observed, which are likely indicative of the presence of oxidation 

byproducts of phenol, which may be attributed to hydroquinone (101). Figure 

III.1.10.a illustrates that the complete elimination of phenol occurred slightly faster 

than that of COD, which also suggests the potential conversion of phenol to other 

intermediate aromatic compounds. These observations support the presence of 

indirect electrooxidation, as depicted in Figure III.1.11.c (99, 102).  

The similarity in the apparent first-order rate constant for phenol and COD removal, 

the linear relationship between phenol and COD removal rates (as shown in Figure 

III.1.11.b), as well as the UV-vis spectra (Figure III.1.11.a) suggest that the phenol 

concentration exhibits a monotonically decreasing trend, reaching a negligible level 

at the 300th minute. The intermediate species exhibit a slight increase up to 180 

minutes and then decrease to a negligible level by the 300th minute. These findings 

suggest that the phenol oxidation to CO2 and H2O (Eq. III.1.9) may be complete within 

180 minutes (100). Alternatively, if any intermediate species form near the electrode, 

they will likely undergo rapid mineralization into CO2 and H2O after 180 minutes of 

treatment. 

 

 C6H5OH 
𝟐𝟖𝐎𝐇•

→    6CO2 + 17H2O Eq. III.1.9 

 

III.1.3.6. BDD/Si3N4-TiN electrodes compared with the literature 

To understand the advances of the BDD/Si3N4-TiN electrode system in comparison 

to the reported literature, a performance comparison was conducted considering 

similar experimental conditions. A detailed table summarizing the results of this 

comparison can be found in Supplementary Information Table III.1.1. Regarding 

energy consumption, the BDD/Si3N4-TiN electrode exhibited lower energy 

consumption values than the average results reported in the literature. One strategy 

to make the process more sustainable by improving its energy efficiency in the 

electrochemical water treatment using BDD anodes is by applying renewable energy 

sources, such as wind, tidal, or solar power. This approach can potentially lead to 

the development of self-sufficient and sustainable water treatment processes. It is 

important to note that the interpretation of results can be misleading when 
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experimental parameters, such as initial pollutant concentration, applied current 

density, type, and concentration of electrolyte, V/A ratio, and cell/reactor 

configuration, are not considered (23). 

The type and concentration of electrolyte affect the solution’s conductivity, which 

directly impacts the duration of electrooxidation required to achieve complete 

degradation of a given pollutant and the applied potential. These factors, in turn, 

significantly impact the final energy consumption. Therefore, meaningful 

comparisons can only be made between experiments conducted with the same 

solution conductivity. Additionally, the V/A ratio can significantly impact the 

performance of a single BDD electrode, as reactions involving the direct 

electrooxidation of organics at BDD electrodes occur at the electrode surface (103). 

Mass transport can be improved by reducing cell volume (104), which makes it easier 

for organic species to reach the electrode’s surface. In a configuration where the V/A 

ratio is as low as possible, degradation rates could be faster, making the process 

more effective and energy efficient. With such a configuration, water treatment with 

BDD electrodes could be performed in a constant flow-through process that requires 

only a short time to achieve complete degradation of organics. Furthermore, a 

smaller electrode area is beneficial in terms of cost, production of BDD electrodes, 

and current distribution. The conductivity of BDD is not uniformly distributed across 

its surface (105). Thus, a larger electrode area may lead to poor current density 

distribution, resulting in lower degradation efficiency and the potential formation of 

undesired byproducts (105). Additionally, the configuration of the electrochemical 

cell, along with the reactor shape and geometric parameters, affect flow dispersion 

and mass transport, influencing the potential and current distribution in the BDD 

anodes (105, 106). This directly impacts the current efficiency and energy 

consumption of the degradation process (107, 108).  

As seen in Supplementary Information Table III.1.1, only a few studies correspond 

to the same V/A ratio and applied current densities used in this work (109-113). In 

some cases (110, 112), the electrolyte concentration was significantly higher (> 7 M) 

than the one applied in this study (0.1 M), which aimed to simulate conditions closer 

to real-world applications (sea water). Regardless of electrolyte concentration and 

cell configuration, the BDD/Si3N4-TiN electrode demonstrated removal rates and 

ACE values comparable to those obtained by other BDD electrodes studied under 

similar experimental conditions (V/A ratio, applied current density, and electrolysis 

time) in the literature. 
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III.1.4. Conclusions 

In conclusion, our study has demonstrated that using an electroconductive ceramic 

composite of silicon nitride (Si3N4) and titanium nitride (TiN) as a substrate for BDD 

electrodes can effectively address the issue of electrode failure due to BDD 

delamination. The BDD/Si3N4-TiN electrode could withstand more than 2016 hours 

of accelerated life test without film delamination and exhibited an interfacial crack 

resistance value of 7.54 N µm-1. Furthermore, the BDD/Si3N4-TiN electrode could 

eliminate phenol entirely and up to 98.8% of the model solution’s Chemical Oxygen 

Demand (COD) after 5 hours of direct anodic oxidation, with an Average Current 

Efficiency (ACE) of 14% and an energy consumption of 138 kWh kgCOD
-1. The 

BDD/Si3N4-TiN electrode exhibited lower energy consumption values compared to 

the average results reported in the literature. Renewable energy sources such as 

wind, tidal, or solar power can be considered to improve energy efficiency and open 

the possibility of self-sufficient and sustainable water treatment processes. 

Furthermore, it was found that the BDD/Si3N4-TiN electrode can achieve comparable 

degradation rates and ACE values to other BDD electrodes studied under similar 

experimental conditions. There is still much ground to cover to understand the 

potential of BDD/Si3N4-TiN electrodes fully. Further research is needed to investigate 

the optimum treatment conditions (e.g., current density, electrolyte type and 

concentration, volume-to-area ratio, cell design, pH, electrode geometry), test them 

with different organic molecules and real wastewater systems, compare their 

performance in different EAOPs, and perform a cost-effectiveness analysis for future 

large-scale applications. These steps will help to optimize the performance of the 

electrochemical oxidation process, understand its limitations and advantages, and 

ultimately pave the way for its integration into sustainable water treatment systems. 

Overall, our results suggest that BDD/Si3N4-TiN electrodes are a potential long-

lasting solution for large-scale water treatment and may facilitate the scaling-up of 

electrochemical advanced oxidation processes (EAOPs) using diamond technology.  
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III.1.6. Supplementary Information 

To enhance the comprehension of the advancements accomplished by the BDD/Si3N4-TiN electrode system, we present a 

comprehensive performance comparison in Supplementary Table III.1.1. This table offers an extensive overview of the 

experimental results obtained specifically for phenol degradation using BDD electrodes. It serves as a valuable resource for 

evaluating the progress made by the BDD/Si3N4-TiN electrode system in comparison to the existing literature. 

 

Supplementary Table III.1.1. Phenol degradation performance of BDD/Si3N4-TiN electrodes compared to other BDD electrodes across the 
literature. 

Substrate j t V/A 

ratio 

COD0 [Ph]0 COD 

Removal 

Phenol 

Removal 

EC ICEt ACEt SE Ref. 

 
mA/cm² min cm³/cm² mgO2/L mg/L % % kWh/kgCOD kWh/m3 kWh/kgPh % %  

 

Si3N4-TiN 30 300 25.0 250 94.1 98.8% 99.8% 138.3 3.4 369.8 3.6% 13.8% 0.1 M 

Na2SO4 

This 

work 

Si3N4-TiN 30 180 25.0 250 94.1 81.7% 80.7% 100.2 2.1 274.8 7.2% 19.1% 0.1 M 

Na2SO4 

 

Si3N4-TiN 60 180 25.0 250 94.1 83.3% 91.1% 213.9 4.5 529.8 - 9.7% 0.1 M 

Na2SO4 

 

Si3N4-TiN 90 180 25.0 250 94.1 89.7% 97.9% 317.3 7.1 787.1 - 7.0% 0.1 M 

Na2SO4 

 

Si3N4-TiN 120 180 25.0 250 94.1 93.2% 100.0% 462.7 10.8 1167.8 - 5.4% 0.1 M 

Na2SO4 

 

WC-Co 100 - - 5795 2352.8 98.5% - - - - 42.1% - 0.5 M 

H2SO4 

(1) 

Si 20 660 8.3 548 - 99.7% - 435.0 - - 7.0% - 0.05 M 

Na2SO4 

(2) 
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Substrate j t V/A 

ratio 

COD0 [Ph]0 COD 

Removal 

Phenol 

Removal 

EC ICEt ACEt SE Ref. 

 
mA/cm² min cm³/cm² mgO2/L mg/L % % kWh/kgCOD kWh/m3 kWh/kgPh % %  

 

Si 30 300 31.3 200 94.1 94.4% - - 27.5** - 3.0% 15.6% 0.5 M 

Na2SO4 

(3) 

Si 50 - - - 50.0 94.0% - - - - - - 0.1 M 

H2SO4 

(4) 

Si 100 - - - 50.0 95.0% - - - - - - 0.1 M 

H2SO4 

 

Si 150 - - - 50.0 93.0% - - - - - - 0.1 M 

H2SO4 

 

Si 30 240 60.0 1000 941.1 42.0% - - - - - - 0.035 M 

Na2SO4 

(5) 

Si 30 360 6.4 2400 - 100.0% - - - - - 28.5% 0.035 M 

Na2SO4 

(6) 

Si 47 - 15.7 - 1882.2 99.0% - - 80.0 - - - 0.1 M 

H2SO4 

(7) 

Si 100 - 15.7 - 1882.2 96.4% - - - - - - 0.1 M 

H2SO4 

 

Si 142 - 15.7 - 1882.2 98.4% - - - - - - 0.1 M 

H2SO4 

 

Si 60 3600 10.0 - 470.6 - 88.3% - - 112.0 - - 1 M HClO4 (8) 

Ti 15 900 66.7 224 94.1 95.0% - - 8.2 - 6.0% - 0.5 M 

Na2SO4 

(9) 

Ti 100 240 13.3 9153 3.8 50.9% - - - - - 52.1% H2SO4 (10) 

Ti 100 240 13.3 9153 3.8 63.3% - - - - - 64.7% H2SO4 
 



Chapter III: Performance Evaluation of BDD/Si3N4-TiN Electrodes in Water Treatment 

255 

 

Substrate j t V/A 

ratio 

COD0 [Ph]0 COD 

Removal 

Phenol 

Removal 

EC ICEt ACEt SE Ref. 

 
mA/cm² min cm³/cm² mgO2/L mg/L % % kWh/kgCOD kWh/m3 kWh/kgPh % %  

 

Ti 10 140 4.8 1175 - 96.7% - - - - - 78.5% 0.01 M 

Na2SO4 

(11) 

Ti 10 - - 1175 500.0 96.6% - - - - - - 0.01 M 

Na2SO4 

(12) 

Ti 20 300 62.5 - 94.1 70.0% - - - - - 23.8% 0.2 M 

Na2SO4 

(13) 

Nb 27 68 1.6 300 - 85.4% - 587.4 - - - - Na2SO4 (14) 

Nb 9 80 1.5 633 - 77.0% - 31.0 - - - - Na2SO4 
 

Nb 30 270 25.5 - 100.0 99.3% - - - - - 10.5% 0.01 M 

Na2SO4 

(15) 

Nb 45 270 25.5 - 100.0 71.9% - - - - - 1.6% 0.01 M 

Na2SO4 

 

Nb 60 270 25.5 - 100.0 79.6% - - - - - - 0.01 M 

Na2SO4 

 

Nb 20 69 1.6 500 - 80.0% - 110.0 - - - - 0.05 M 

Na2SO4 

(16) 

Nb 30 150 25.5 - 100.0 100.0% - - - - 20.0% - 0.01 M 

Na2SO4 

(17) 

Nb 50 350 - 666 280.0 96.0% - 81.3 - - - 22.7% Na2SO4 (18) 

Nb 30 480 160.0 378 - 91.0% - 26.6 - - - 61.0% 0.1 M 

Na2SO4 

(19) 

Nb 50 480 89.3 500 210.0 77.3% - 122.0 - - - - 0.1 M 

H2SO4 

(20) 
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Substrate j t V/A 

ratio 

COD0 [Ph]0 COD 

Removal 

Phenol 

Removal 

EC ICEt ACEt SE Ref. 

 
mA/cm² min cm³/cm² mgO2/L mg/L % % kWh/kgCOD kWh/m3 kWh/kgPh % %  

 

Nb 50 350 21.4 666 280.0 97.0% - - - - - - 0.1 M 

Na2SO4 

(21) 

Nb 20 1200 63.0 - 94.1 - 97.0% - - - - - 0.2 M 

Na2SO4 

(22) 

Nb 4 234 6.0 - 50.0 - 65.4% - - - - - 1 mM 

NaNO2 

(23) 

Nb 7 390 6.0 - 50.0 - 99.0% - - - - - 10 mM 

NaBr 

(24) 

Nb 30 1800 25.0 - 100.0 - 100.0% - - 443.0 - - 7.75 M 

Na2SO4 

(25) 

Nb 30 1800 25.0 - 100.0 - 97.6% - - 487.0 - - 7.05 M 

Na2SO4 

(15) 

Nb 60 3600 25.0 - 100.0 - 100.0% - - 691.0 - - 7.05 M 

Na2SO4 

 

- 30 120 11.4 - 300.0 94.0% - - - - - - 0.035 M 

Na2SO4 

(26) 

- 10 600 428.6 - 300.0 51.0% - - - - - - 0.04 M 

Na2SO4 

 

- 30 210 12.7 - 100.0 98.9% - 57.0 - - - 19.1% 0.01 M 

Na2SO4 

(25) 

- 20 300 62.5 - 94.1 86.0% - - - - - - 0.2 M 

Na2SO4 

(27) 

- 10 480 21.4 - 200.0 92.0% - - - - - - - (28) 
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- 30 480 18.8 - 200.0 98.0% - - - - - - - 
 

Substrate j t V/A 

ratio 

COD0 [Ph]0 COD 

Removal 

Phenol 

Removal 

EC ICEt ACEt SE Ref. 

 
mA/cm² min cm³/cm² mgO2/L mg/L % % kWh/kgCOD kWh/m3 kWh/kgPh % %  

 

- 215 240 14.3 - 1985.0 100.0% - - - - - - 0.1 M 

Na2SO4 

(29) 

- 30 375 24.7 - 222.0 78.5% - - - - - - 0.1 M 

Na2CO3 

(30) 

- 20 300 8.3 540 240.0 68.5% - - - - - 12.3% 0.05 M 

Na2SO4 

(31) 

- 10 600 100.0 - 47.1 - 31.5% - - - - - 0.2 M 

Na2SO4 

(32) 

* t: Electrolysis time; j: Applied current density; V/A ratio – Volume-to-Area ratio; COD0  Initial Chemical Oxygen Demand; [Ph]0 - Initial Phenol concentration; EC - Energy Consumption; ICEt - 

Intantenous Current Efficiency at t; ACEt - Average Current Efficiency at t; SE – Supporting electrolyte. 

** For 80% mineralization. 
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Abstract 

Boron-doped diamond (BDD) electrode surface modification holds promise for improving 

their electrochemical performance in water treatment applications. In this study, we 

employed radiofrequency (RF) plasma treatments with different gases (O2, Ar, and CF4) to 

functionalize BDD surfaces. We characterized the modified BDD surfaces using Raman 

spectroscopy, sessile drop contact angle measurements, cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and Mott-Schottky analysis. Our 

investigation included a comparative analysis between the plasma-treated BDD electrodes 

and as-grown BDD films in the context of electrochemical phenol oxidation, serving as a 

model pollutant. Our results revealed significant alterations induced by RF plasma 

treatments, covering changes in the electrochemical potential window, kinetics towards the 

Fe(CN)6
3−/4− and Ru(NH3)6

2+/3+ redox couples, surface wettability, and flat-band potential. 

The diamond quality and capacitance of the films remained largely unaffected. After plasma 

treatment, the samples exhibited enhanced hydrophilicity, particularly following O2 and Ar 

treatments, as compared to their as-grown counterparts. When subjected to specific 

electrolytes, plasma-treated surfaces also demonstrated a substantially expanded 

electrochemical potential window. Notably, the generation of byproducts during the phenol 

electrooxidation tests was significantly reduced in both the as-grown and the Ar-treated 

BDD electrode. However, the standout revelation from our experiments was that the 

superior performance of untreated as-grown BDD film in electrochemical phenol oxidation. 

This suggests that, for water treatment applications, plasma treatments might not yield 

substantial improvements in the electrochemical activity of BDD electrodes. Nonetheless, 
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these plasma treatments hold promise for diverse applications of BDD electrodes, including 

sensing. In conclusion, our study reveals the potential of RF plasma treatments to modify 

the surface characteristics of BDD films. However, their suitability for water remediation 

appears limited. These results have important implications for developing more effective 

strategies for functionalizing BDD electrodes for several applications.
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III.2.1. Introduction 

Electrochemical oxidation is a promising technique for removing organic pollutants from 

water due to its high efficiency and low environmental impact (1). Boron-doped diamond 

(BDD) electrodes for water treatment have gained significant attention in recent years due 

to their exceptional properties, such as high chemical stability, low background current, and 

high oxygen evolution overpotential (2). These electrodes are grown by Chemical Vapor 

Deposition (CVD) processes in H2-rich atmospheres, resulting in H-terminated surfaces that 

slowly react with oxygen (3). However, the performance of BDD electrodes can be further 

improved by modifying their surface chemistry through chemical functionalization (4). 

Chemical functionalization comprises the chemical introduction of functional groups onto 

the surface of BDD electrodes. These functional groups can change the surface properties, 

such as wettability, conductivity, and electrochemical properties (5). This approach can 

potentially increase electrode performance in water treatment through Electrochemical 

Advanced Oxidation Processes (EAOPs). Chemical functionalization can be performed by 

several methods, such as plasma treatments (3, 6-9), wet chemical methods (10-13), 

deposition of thin films (14-17), ion implantation and electrodeposition (18-26), and 

photochemical modification (27). 

One straightforward solution for functionalizing BDD surfaces is through plasma treatment. 

It involves the generation of a plasma, which is a state of matter that occurs when a gas is 

partially ionized, resulting in a mixture of neutral and charged particles (28). The latter 

strikes the surface and knocks off surface atoms, promoting surface modification (28). 

Depending on the gases employed, the resultant surface can be functionalized with various 

chemical groups (29). Several types of gas such as H2 (30-32), O2 (8, 30, 31, 33, 34), Ar (5, 

31), CF4 (5, 7), CF4-He (6), C3F8 (35), Cl2 (5), CH4 (5), NH3 (36), and NH3/N2 (37) have 

already been employed in BDD plasma treatment. Hydrogen-, oxygen-, fluorine-, and 

amine-terminated diamond surfaces were successfully obtained in various studies (5-8, 30-

37). 

One of the primary benefits of plasma treatment for chemical functionalization is that it is a 

versatile, simple, and cost-effective method that can be easily scaled up for industrial 

applications (5). They allow highly reproducible results once conditions such as treatment 

time, plasma power, pressure, and gas flow can by precisely controlled (5). Furthermore, 

reports demonstrate that diamond surface modification can be reached after only one 

minute of plasma treatment (34). 

This study aims to characterize plasma-modified BDD electrodes deposited by HFCVD and 

evaluate their performance for the electrochemical oxidation of persistent organics 
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pollutants in water. Radiofrequency (RF) plasma treatment is used to modify the BDD 

surfaces. We investigate the effect of different plasma treatment gas types (O2, Ar, and CF4) 

on the electrochemical activity of the BDD electrodes employing various techniques such 

as Raman Spectroscopy, Sessile Drop Contact Angle, Cyclic Voltammetry (CV), 

Electrochemical Impedance Spectroscopy (EIS), and Mott-Schottky plots. We also explore 

the potential applications of these functionalized BDD surfaces in water treatment through 

electrochemical oxidation, choosing phenol as a model pollutant. The results obtained in 

this study will provide insights into the design of diamond electrodes with enhanced 

electrochemical activity and efficiency for removing organic pollutants from water. 

 

III.2.2. Materials and Methods 

III.2.2.1.  BDD Electrode Preparation 

A Si3N4-TiN electroconductive ceramic substrate was chosen as the substrate material 

(Section II.1) (38). The substrate was previously flat-lapped using an abrasive diamond 

suspension (15 μm, 15-WP, Kemet, UK) to achieve a smooth surface. To enhance the 

adhesion of the BDD film, the substrate was plasma etched with CF4 for 120 seconds. The 

substrate was then seeded in an ultrasonic bath for 45 minutes, using a solution of abrasive 

diamond powder (0.5-1.0 μm and 10-20 μm, Diamecânica, Portugal) in ethanol. Following 

seeding, the substrate was thoroughly ultrasonically cleaned in isopropanol for 15 minutes 

to remove residual particles and contaminants. 

The BDD deposition was conducted using a laboratory-made HFCVD system using eight 

parallel tungsten filaments (Ø 0.3 mm, 99.95% purity, GoodFellow, UK). The temperature 

of the filaments was closely monitored using a two-color pyrometer (RAYMR1SCSF, 

Raytek, USA) to maintain it within a range of 2180 to 2220ºC throughout the deposition 

process. Boron doping was achieved by introducing a boron oxide solution (10000 ppm) 

diluted in ethanol into the system. This boron source was dragged into the reactor from a 

canister through an Ar flow, maintained at a constant pressure of 2 bar. A B2O3/CH4 ratio of 

0.625 was chosen for the films. After deposition, the HFCVD reactor was kept in a hydrogen-

rich atmosphere for 45 minutes and then cooled slowly to ensure H-terminated BDD 

surfaces. The detailed deposition conditions are outlined in Table III.2.1. 

 

 

Table III.2.1. Specific Parameters Employed in BDD HFCVD Deposition 
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Duration 

(h) 

Pressure 

(mbar) 

Total 

Gas 

Flow 

(sccm) 

CH4/H2 

ratio 

Ar/H2 

ratio 

B2O3/CH4 Substrate 

Temperature 

(°C) 

Filament’s 

temperature 

(°C) 

5 25 230 0.02 0.15 0.625 800-850 2180-2220 

 

III.2.2.2.  Surface Modification and Characterization 

Three different BDD electrodes were selected. Each one underwent a different surface 

modification though RF plasma etchings (K1050X, Emitech, France) containing Ar, O2, or 

CF4 for 10 minutes. An “as-grown” BDD electrode was kept referencing a predominantly H-

terminated surface. 

Electrical resistivity measurements were performed using a homemade apparatus with two 

independent copper wires attached with silver glue to the diamond films. Raman 

Spectroscopy (acquired with a 532 nm laser line, 532 ER, Wasatch Photonics, USA) was 

carried out for diamond quality assessment. The concentration of boron [B] was determined 

using a non-invasive and contactless technique that assesses boron doping through the 

Raman spectrum (Eq. III.2.1) within the range of 2 x 1020 to 1022 cm-3 (39). In this equation, 

ω500 represents the wavenumber (cm-1) of the Lorentzian component of the peak situated 

around 500 cm-1 in the Raman spectrum (39). 

 

 [𝐵] (𝑐𝑚−3) = 8.44 × 1030 × exp (−0.048 × 𝜔500) Eq. III.2.1 

 

Sessile drop contact angle measurements were carried out using a goniometer (Attention 

Theta, Biolin Scientific, Sweden) by measuring in 4 different points the contact angle (θ) 

between each treated BDD surface and droplets of 3 μL of deionized water, 1 μL of di-

iodomethane, 1 μL of formamide, and 1 μL of ethylene glycol at room temperature and 

atmospheric pressure. The software OneAttension (Version 4.1.3, Biolin Scientific, 

Sweeden) was used to measure the contact angles. 

 

III.2.2.3.  Electrochemical Characterization 

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) 

measurements were performed using a potentiostat (PGSTAT302N, Metrohm Autolab, 

Switzerland) controlled by computer software (Nova 2.1.5, Metrohm Autolab, Switzerland) 

in a three-electrode configuration with a platinum foil as the counter electrode and a SCE 

reference electrode, in a single-compartment Teflon cell. The geometric surface area of the 
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BDD working electrode was 0.785 cm2. All experiments were carried out in a solution 

volume of 25 mL at room temperature. 

The kinetics of the Fe(CN)3
−3/−4 and Ru(NH3)6

3+/2+ redox systems were studied in solutions 

of 1 mM of potassium hexacyanoferrate(III) (>98% purity, Honeywell Fluka, USA) in 0.1 M 

KCl (>99.5% purity, Sigma-Aldrich, USA), and 1 mM of hexaammineruthenium(III) chloride 

(98% purity, Sigma-Aldrich, USA) in 0.1 M KCl, respectively, at scan rates ranging from 5 

to 300 mV/s.   

The potential window of the electrodes was evaluated through voltammograms recorded in 

a 1 M HClO4 (70% purity, Honeywell Fluka, USA), 0.1 M KNO3, (98% purity, Sigma-Aldrich, 

USA) and 0.1 M H2SO4 (95-97% purity, Merck, Germany) electrolytes at a 100 mV/s scan 

rate. EIS measurements were performed in 0.1 M KCl electrolyte. The frequency range for 

the EIS measurements was from 105 Hz to 10-2 Hz, with 7 points per decade. The EIS data 

were fitted to an equivalent circuit model using the Zview software (Version 3.5g, Scribner 

Associates, USA). The charge transfer resistance (Rct) and the double layer capacitance 

(Cdl) were extracted from the EIS data and analyzed. Mott-Schottky plots were constructed 

from multiple EIS measurements of the BDD electrodes submerged in 0.1 M KCl electrolyte 

at potentials ranging from -0.3 V to 0.6 V vs. SCE, from 105 Hz to 0.1 Hz. The Mott-Schottky 

plots were generated by plotting 1/C2 as a function of bias voltage for each BDD electrode. 

The acceptor concentration and the flat-band potential were determined from the slope and 

the intercept of the linear region of the Mott-Schottky plot. 

 

III.2.2.4.  Electrooxidation Tests 

Anodic oxidation of phenol was carried out for each treated surface to understand the effect 

of the RF plasma surface treatments on the organics electrooxidation ability of BDD 

electrodes. The electrode configuration remained consistent with that employed for 

electrochemical characterization techniques. Volumes of 20 mL containing solutions of 1 

mM phenol (94.11 mg L-1, ≥99% purity, Sigma-Aldrich, USA) in 0.1 M Na2SO4 (≥99.0% 

purity, Sigma-Aldrich, USA) were electrooxidized with an applied current density of 30 

mA/cm², at room temperature. Aliquots were collected every 60 minutes and analyzed by 

UV-Vis spectroscopy (Flex, Sarspec, Portugal) to determine the remaining phenol 

concentration in the solution. Volumes of 2.5 mL of the treated solutions were mixed with 

potassium dichromate (≥99.0% purity, Sigma-Aldrich, USA) and a mixture of H2SO4 (95-

97% purity, Merck, Germany) and Ag2SO4 (≥99.5% purity, Sigma-Aldrich, USA) in vials to 

measure the Chemical Oxygen Demand (COD). These vials were heated to 150°C for 2 

hours and then analyzed using a photometer (AL250 COD VARIO, Aqualytic, Germany). 
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III.2.3. Results and Discussion 

III.2.3.1.  Diamond Quality 

The quality assessment of the BDD films was carried out using Micro-Raman spectroscopy. 

The Raman spectra (Figure III.2.1) were subjected to deconvolution to discern peaks 

corresponding to the film's diamond and non-diamond components.  

 

 

Figure III.2.1. Raman Spectroscopy Analysis of plasma-modified BDD surfaces. 

 

The characteristic natural diamond band is commonly observed around 1332 cm-1 (40). The 

shift of the diamond band from 1332 cm-1 is directly related to the inherent residual stresses 

in the BDD film (41). The G band at approximately 1550 cm-1 and the D-band at 

approximately 1350 cm-1 are assigned to defect-induced Raman features associated with 

carbon sp2 structures. The peak at 1220 cm-1 is linked to disordered diamond, primarily due 

to boron incorporation in the diamond lattice (42). Peaks at 1150 and 1440 cm-1 are 

attributed to trans-polyacetylene (TPA) located at the grain boundaries of the BDD film (43). 

The presence of non-diamond carbon peaks in the Raman spectra primarily points towards 

sp2 carbon at grain boundaries. All spectra display the characteristic asymmetry of the 

diamond peak related to the Fano resonance in BDD films, indicating the presence of 
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metallic doping (44). The purity of the BDD films was quantified by dividing the integral 

intensity of the diamond band (Idiam) by the integral intensity of the G band (IG) (45). The 

results are presented in Table III.2.2.  

 

Table III.2.2. Data extracted from the Raman Spectra plasma-modified BDD surfaces. 
 

Diamond Band 

Center (DBC) 

Residual Stress* 

(GPa) 

Idiam/IG R² 

As-grown 1332.26 -0.15 0.95 0.9933 

O2 1332.12 -0.07 0.95 0.9947 

Ar 1332.71 -0.40 0.92 0.9910 

CF4 1332.04 -0.02 0.94 0.9895 

* 𝜎𝑟 = −0.567 × (𝐷𝐵𝐶 − 1332) (41) 

 

It is important to note that no significant visible distinctions are apparent between the 

samples. Following the deconvolution of the peaks, a slight reduction in the Idiam/IG ratio was 

observed in the sample treated with Ar, indicating lower diamond quality attributable to 

heightened intensities of sp2-related peaks. Foord and Goeting’s findings point that Ar+ ion 

bombardment has been shown to potentially lead to surface amorphization by forming an 

insulating diamond-like carbon layer, thereby affecting the electrochemical properties of 

BDD electrodes (46). However, evidence from the Raman spectra in this study is insufficient 

to point out surface amorphization once the sp2-related peaks retained similar intensities in 

all samples. Furthermore, all samples exhibit low compressive residual stress with 

negligible deviations between them. The slight disparities noted in the data resulting from 

the peak deconvolution of the Raman spectra are likely a consequence of subtle fluctuations 

in film quality across various regions, dependent upon the sample’s positioning during the 

Raman spectroscopy analysis. Hence, it can be stated that the 10-minute plasma 

treatments did not lead to significant alterations in the diamond film’s quality. It is plausible 

that such effects might manifest with prolonged treatments, as reported in existing literature 

(5, 47). 

 

III.2.3.2.  Resistivity 

The resistivity values of the plasma-treated samples are provided in Table III.2.3. It can be 

observed that there was significant passivation, exceeding an order of magnitude, following 

the plasma treatments. Among all the treatments, the sample treated with Ar exhibited the 

most substantial passivation. Variations in the resistivity of the plasma-treated samples 
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compared to the as-grown condition could be strongly linked to changes in surface bond 

polarity. The as-grown samples deposited through HFCVD in our reactor are predominantly 

terminated with hydrogen owing to controlled cooling under a hydrogen atmosphere (48). 

Hydrogen termination involves surface bond polarity, giving rise to electrostatic interactions 

that impact the energy levels of valence and conduction bands (49). For diamond surfaces 

terminated in hydrogen, both bands exhibit increased levels, and the conduction band is 

positioned above the vacuum level, resulting in a negative electron affinity (49, 50). This 

phenomenon gains significance when the diamond electrode is immersed in an aqueous 

solution, enabling electron transfer between the valence band and H3O(aq)
+ (49, 50). This 

leads to a positively charged accumulation layer on the surface—a process known as 

surface transfer doping—which notably enhances surface conductivity (49-51). 

In contrast, oxygen-terminated surfaces exhibit an opposing bond polarity that diminishes 

valence and conduction band levels, yielding a positive electron affinity (49). In the case of 

argon treatment, the relatively larger size of Ar molecules may remove surface species from 

the as-grown samples. This suggests that the primary impact of Ar treatment could be 

surface cleansing rather than substantial modification. This effect could be linked to the 

elimination of the positively charged accumulation layer formed through surface transfer 

doping on the as-grown samples, potentially contributing to the decline in the performance 

of these modified electrodes. In the case of CF4 treatment, as observed by Ristein et al., 

the introduction of fluorine atoms onto the diamond surface results in an increase in 

conductivity (49). Fluorinated derivatives of C60, like C60F18 and C60F48, are particularly 

effective in improving surface conductivity (49). However, it is important to note that an 

increase in conductivity was not observed in our samples treated with CF4. 

 

Table III.2.3. Plasma-modified BDD surface resistivity values. 
 

Resistivity 

(Ω cm) 

As-grown 0.014 ± 0.010 

O2 0.187 ± 0.022 

Ar 0.678 ± 0.201 

CF4 0.210 ± 0.053 

 

 

 

III.2.3.3.  Contact Angle and Surface Tension 
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Measuring the wettability of BDD electrodes holds great significance in the domain of 

electrochemical water treatment. The wettability of the electrode surface plays a vital role 

in determining the effectiveness of the electrochemical oxidation process. A more 

hydrophilic surface can promote the detachment of gas bubbles from the electrode surface, 

improving the area of contact between the electrode and water, thereby increasing the 

process’s efficiency (52). When interfacial interactions are key, the ability of a solid surface 

to interact with a liquid is a crucial factor. It directly influences whether and to what extent 

these interactions can occur. If a solid/liquid interface does not allow for good wetting or 

does not wet at all, it results in poor interaction and efficiency. 

In contrast, better wetting leads to more effective interfacial interactions. Consequently, 

managing the wettability of BDD surfaces is essential for improving their interaction with 

water, thus optimizing their performance as electrodes. Furthermore, this control ensures a 

consistent distribution of current density (53), underscoring its importance in 

electrochemical water treatment processes. 

The Zisman plot (54), an established graphical approach, was employed to determine the 

surface tension of the plasma-treated BDD surfaces by determining the critical surface 

tension. The critical surface tension indicates the liquid’s surface tension required for 

completely wetting a given solid surface. The Zisman plot is constructed by plotting the 

Young’s contact angle as a function of the surface tension of liquids interacting with the 

solid surface. To estimate the surface tension of the plasma-treated BDD films using the 

Zisman plot, a range of liquids with distinct surface tensions were deposited on their surface, 

and the contact angle was measured (Figure III.2.2). The cosine of the contact angle was 

then calculated and plotted against the surface tension of the liquids (Figure III.2.3). The 

critical surface tension was determined by plotting a line indicating a contact angle of 0° 

(Cos θ = 1) on the Zisman plot and identifying the point at which this line intersects with the 

Zisman plot. Typically, the critical surface tension closely approximates the surface tension 

of the solid surface, making it a valuable parameter for characterizing the wettability of the 

surface of BDD electrodes. 
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Figure III.2.2. Contact angle measurements of (a) distilled water, (b) di-iodomethane, (c) 
formamide, and (d) ethylene glycol droplets over plasma-modified BDD surfaces. 

 

 

Figure III.2.3. Zisman plot for estimating the surface tension of plasma-modified BDD 
surfaces: (a) as-grown; (b) O2-treated; (c) Ar-treated; (d) CF4-treated. 
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Table III.2.4. Contact angle measurements and critical surface tension of plasma-modified 
BDD surfaces. 

Liquid Surface tension  

at 20°C (mN/m) 

Contact Angle (°) 

As-grown O2 Ar CF4 

Ethylene Glycol 47.7 47.26 ± 5.04 29.38 ± 3.34 29.32 ± 8.69 28.66 ± 7.68 

Di-iodomethane 50.8 47.98 ± 6.04 35.35 ± 1.03 44.85 ± 3.72 21.66 ± 2.71 

Formamide 58.2 67.05 ± 3.46 18.6 ± 1.19 0 48.84 ± 2.68 

Distilled Water 72.8 86.5 ± 1.6 30.53 ± 2.89 0 72.74 ± 2.13 

Critical Surface Tension (mN/m) 36.08 - - 45.12 

 

As-grown hydrogen-terminated BDD surfaces are typically associated with water contact 

angles ranging from 80 to 100°, falling within the hydrophobic range (55). Our results are in 

line with this range for as-grown BDD surfaces. All plasma treatments resulted in more 

hydrophilic surfaces. However, this effect was less pronounced in samples treated with CF4. 

Notably, the surface treated with Ar became entirely hydrophilic, to the extent that 

measuring the water contact angle was not even possible. 

The critical surface tension quantifies the force required to maintain a liquid’s cohesion and 

serves as an approximation for the surface tension of a given surface. Materials with high 

surface energy tend to exhibit greater wetting behavior, whereas those with lower surface 

energy tend to be less wettable. The variability in contact angle results obtained for surfaces 

treated with O2 and Ar prevented the estimation of their critical surface tension. Our results 

indicate that CF4-treated surfaces tend to be more wettable than the as-grown surfaces 

when exposed to various liquids. As previously mentioned, surfaces with greater wetting 

behavior could potentially enhance the electrooxidation performance of BDD electrodes. 

 

III.2.3.4.  Electrochemical Potential Window 

The electrochemical potential window of BDD electrodes is defined by various 

characteristics of the diamond film, including diamond quality, dopant concentration, surface 

imperfections, and the nature of the electrolyte solution used (56-58). Figure III.2.4 

illustrates cyclic voltammograms recorded in 1 M HClO4, 0.1 M KNO3, and 0.1 M H2SO4 

electrolytes at the plasma-treated Si3N4-TiN/BDD electrode. The electrochemical potential 

window was assessed using the linear fit method (59), and the resulting values are 

presented in Table III.2.5. 
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Figure III.2.4. Cyclic Voltammograms of Plasma-Surface Modified BDD Electrodes in 
Various Electrolytes: (a) 1 M HClO4, (b) 0.1 M KNO3, and (c) 0.1 M H2SO4 solutions. 

 

Table III.2.5. Electrochemical potential window of plasma-modified BDD surfaces across 
different electrolytes 

 Electrochemical Potential Window (V vs. SCE) 

1 M HClO4 0.1 M KNO3 0.1 M H2SO4 

As-grown 3.3 3.0 3.1 

O2 3.4 3.4 2.8 

Ar 3.4 3.6 2.9 

CF4 3.3 3.5 3.2 

 

The wide potential windows observed in the cyclic voltammograms indicate the preservation 

of inertness against surface adsorption of ions like H+ and OH− after treatment. The low 

background current on the treated surfaces indicates that the 10-minute plasma etching 

treatments did not lead to substantial surface roughening. 

An enlargement of the potential window has been consistently observed in all plasma-

treated samples immersed in 1 M HClO4 and 0.1 M KNO3 electrolytes, indicating less 

absorption of H+ and OH− ions. In all cases, the potential windows were mostly extended 

towards more cathodic potentials. 

In the case of 0.1 M H2SO4 electrolyte, only the CF4-treated sample exhibited a slight 

increase in the potential window compared to the as-grown counterpart. Such an effect was 

notably evident in prior investigations involving CF4 plasma treatment of BDD surfaces, 

extending the potential window to around 5 V in aqueous conditions (6). This represented 

an increase of about 1.5 V compared to untreated BDD electrodes (6). Sine et al. proposed 

that fluorine surface groups present in diamond films weaken the adsorption of water 

molecules and atomic hydrogen while inhibiting the hydrogen evolution reaction, thereby 
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causing the widening of the potential window (6). Thus, the lack of a comparably wide 

potential window in our study could be attributed to the possibility that the fluorine coverage 

on our treated surfaces was insufficient to effectively inhibit the adsorption of water 

molecules and atomic hydrogen to a significant extent, such as 1.5 V. 

The notably expanded potential window observed in the plasma-treated surfaces, 

particularly when exposed to 1 M HClO4 and 0.1 M KNO3 electrolytes, indicates a promising 

avenue for utilizing plasma-treated BDD cathodes in reactions demanding extremely 

negative potentials. This is also desirable for sensing applications. However, optimizing 

plasma treatments is essential to fully exploit the potential for inhibiting the hydrogen 

evolution reaction to a maximum extent. 

 

III.2.3.5.  Kinetics Towards Redox Couples 

The Fe(CN)6
3−/4− constitutes an inner-sphere redox couple, thereby considered surface 

sensitive (60). Consequently, the electron transfer rates of the Fe(CN)6
3−/4− redox couple 

rely on the surface termination of BDD electrodes. In Figure III.2.5, cyclic voltammograms 

depict the behavior of plasma-modified BDD surfaces immersed in a 0.1 M KCl electrolyte 

containing the Fe(CN)6
3−/4− redox couple. The anodic and cathodic peak potentials shifted 

symmetrically in the positive and negative directions from their starting values only in the 

as-grown samples. Significant changes in the separation of the anodic (Epa) and cathodic 

(Epc) peaks (Figure III.2.7) after plasma treatment can be observed in the modified BDD 

surfaces towards the Fe(CN)6
3−/4− redox couple. All surface modifications led to slower 

electron transfer kinetics, requiring higher potentials to induce electron transfer.  
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Figure III.2.5. Cyclic voltammograms of plasma-modified BDD surfaces in 0.1 M KCl 
electrolyte with the Fe(CN)6

3−/4− redox couple: (a) as-grown; (b) O2-treated; (c) Ar-treated; 
(d) CF4-treated. 

 

In contrast to the Fe(CN)6
3−/4− redox couple, the Ru(NH3)6

2+/3+ redox couple is classified as 

an outer-sphere redox couple, indicating a lack of direct interaction with the surface that 

leads to surface insensitivity (60). The literature indicates that BDD electrodes exhibit 

reversibility in the case of the Ru(NH3)6
2+/3+ redox couple only when the primary electrical 

transport mechanism within the film is metallic conduction (61). In Figure III.2.6, cyclic 

voltammograms illustrate the behavior of plasma-modified BDD surfaces immersed in a 0.1 

M KCl electrolyte containing the Ru(NH3)6
2+/3+ redox couple. In contrast to the scenario 

observed with Fe(CN)6
3−/4, the redox kinetics of Ru(NH3)6

2+/3+ were less affected by the 

surface modifications of BDD electrodes. Symmetry between the anodic and cathodic peaks 

is evident in all samples. However, it is also noticeable that the peak separation has nearly 

doubled in all plasma-treated samples compared to the as-grown ones (Figure III.2.7). 

 



Chapter III: Performance Evaluation of BDD/Si3N4-TiN Electrodes in Water Treatment 

276 

 

Figure III.2.6. Cyclic voltammograms of plasma-modified BDD surfaces in 0.1 M KCl 
electrolyte with the Ru(NH3)6

2+/3+ redox couple: (a) as-grown; (b) O2-treated; (c) Ar-treated; 
(d) CF4-treated. 

 

 

Figure III.2.7. Peak separation of plasma-modified BDD surfaces in 0.1 M KCl electrolyte 
with (a) Fe(CN)6

3−/4− and (b) Ru(NH3)6
2+/3+ redox couples. 
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As per the Randles-Sevcik equation (Eq. III.2.2), in diffusion-limited electrochemical 

reactions, the peak current is directly proportional to the square root of the scan rate. 

 

 𝑖𝑝 =  0.4463𝑛𝐶0𝐴𝐹 (
𝑛𝐹𝜈𝐷

𝑅𝑇
)

1
2
 Eq. III.2.2 

 

Where D is the diffusion coefficient (cm2/s), Ip is the peak current (A), R is the gas constant 

(8.314 J/mol K), T is the temperature (K), n is the number of electrons transferred in the 

reaction, C0 is initial concentration (mol/cm3), A is the surface area (cm²), F is the Faraday 

constant (96485 C/mol), 𝜈 is the scan rate (V/s). 

Regarding peak current (Ip) versus the square root of the scan rate, all four surfaces 

provided a good linear fit (Figure III.2.8) in both redox couples. Thus, electron transfer is 

most likely occurring in a homogenous, diffusion-controlled manner, with no analyte 

absorption in the electrode surface prior to electron transfer.  

 

 

Figure III.2.8. Peak current (Ip) vs. square root of scan rate for plasma-modified BDD 
surfaces in 0.1 M KCl electrolyte with (a) Fe(CN)6

3−/4− and (b) Ru(NH3)6
2+/3+ redox couples. 

 

The heterogeneous standard rate constant (k0) of electron transfer was calculated from the 

method proposed by Lavagnini et al. (62), which combines the Nicholson method (Eq. 

III.2.3) (63) and the Klingler and Kochi method (Eq. III.2.4) (64). Such method allows the 

determination of k0 in a vast range of peak separations (ΔE). Thus, it is suitable for all 

systems, from reversible to totally irreversible. The calculations incorporated diffusion 

coefficients for Fe(CN)6
3−/4− and Ru(NH3)6

2+/3+ based on literature values, which were 7.20 

and 7.86 × 106 cm2/s, respectively (65). 
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 Ψ = 𝑘0 √
𝜋𝐷𝑛𝐹𝑣

𝑅𝑇
 Eq. III.2.3 

 

 𝑘0 = 2.18  √
𝛼𝐷𝑛𝐹𝜈

𝑅𝑇
 𝑒𝑥𝑝 [

−𝛼2𝑛𝐹Δ𝐸

𝑅𝑇
] Eq. III.2.4 

 

Where Ψ is the kinetic parameter, D is the diffusion coefficient (cm2/s), n is the number of 

electrons transferred in the reaction, F is the Faraday constant (96485 C/mol), 𝜈 is the scan 

rate (V/s), R is the gas constant (8.314 J/mol K), T is the temperature (K), 𝛼 is the transfer 

coefficient for the electrode process, and ΔE is the peak separation (V).  

The heterogeneous standard rate constant (k0) was obtained from the slope of the plot of 

the kinetic parameter estimated by the equation proposed by Lavagnini et al. (Eq. III.2.5) 

(62) versus [πDnFν/(RT)]1/2. 

  

 Ψ =
 −0.6288 + 0.0021𝑛Δ𝐸

1 − 0.017𝑛Δ𝐸
 Eq. III.2.5 

 

In Table III.2.6, we provide the electrochemical parameters for the Fe(CN)6
3−/4− and 

Ru(NH3)6
2+/3+ reaction at the surfaces of plasma-modified BDD electrodes, utilizing a scan 

rate of 5 mV/s, offering a comprehensive overview of the redox processes on these modified 

surfaces. 
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Table III.2.6. Electrochemical Parameters of the reaction of Fe(CN)6
3−/4− and Ru(NH3)6

2+/3+ 
on the surface of plasma-modified BDD surfaces (scan rate: 5 mV/s) 

Redox Couple Treatment Epa 

(mV) 

Epc 

(mV) 

E0
a 

(mV) 

ΔE 

(mV) 

Ipa 

(A) 

Ipc 

(A) 

Ipa/Ipc 

 

k0 

(cm/s) 

Fe(CN)6
3−/4− As-grown 217 151 184 65 3.63 x 10-5 -3.72 x 10-5 0.98 7.670 x 10-3 

 
O2 398 -65 166 463 3.79 x 10-5 -4.24 x 10-5 0.89 9.03 x 10-5 

 
Ar 302 40 171 262 4.04 x 10-5 -3.48 x 10-5 1.16 2.10 x 10-4 

 
CF4 1536 -836 350 2372 2.36 x 10-6 -2.06 x 10-5 0.90 1.20 x 10-5 

Ru(NH3)6
2+/3+ As-grown 227 146 186 81 3.89 x 10-5 -3.77 x 10-5 1.03 1.91 x 10-3 

 
O2 -76 -307 -191 232 7.44 x 10-5 -9.57 x 10-5 0.52 2.04 x 10-4 

 
Ar -96 -292 -194 196 3.15 x 10-5 -3.20 x 10-5 0.98 3.78 x 10-4 

 
CF4 -94 -281 -187 186 5.30 x 10-5 -6.45 x 10-5 0.82 4.25 x 10-4 

a E0 = (Epa + Epc)/2 

 

The as-grown BDD surface presented a quasi-reversible behavior for the Fe(CN)6
3−/4− redox 

couple with a 65 mV peak separation at 5 mV/s. However, plasma treatment for 10 minutes 

with O2 and CF4 led to a strong irreversibility of the electrochemical process towards 

Fe(CN)6
3−/4−, especially in the case of CF4, that showed a peak separation of 2372 mV at 5 

mV/s. Although modification with Ar also led to slower electron transfer, the Ar-modified 

BDD surface presented a heterogeneous standard rate constant (k0) laying within the quasi-

reversible range (0.020 > ks > 5.0 x 10-5 cm/s) (66). The literature suggests that, in the case 

of both oxidized and fluorinated surfaces, electrostatic repulsion can arise between their 

surface dipoles characterized by high electronegativity and the charges present on the 

redox ion (5). This repulsion phenomenon may contribute to a reduction in electron transfer 

kinetics. 

In the case of the Ru(NH3)6
2+/3+ redox couple, despite all plasma-treated samples displaying 

k0 values indicative of quasi-reversible behavior, the electron transfer kinetics slowed down 

by more than one order of magnitude compared to the untreated electrode.  

Consequently, for both redox systems, it was observed that the electron-transfer rate was 

diminished on the plasma-treated BDD surfaces compared to as-grown surfaces. This effect 
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can be attributed to the reduced surface conductivity of the plasma-treated samples. As 

mentioned previously, surface termination can potentially modify the electric structure of the 

diamond surface/electrolyte interface through an electrochemical transfer doping 

mechanism, which significantly impacts electrode kinetics. Additionally, the decline in 

electron transfer rates for redox reactions resulting from plasma treatment may also be 

attributed to the inhibition of redox species adsorption onto the electrode surface (67).  

 

III.2.3.6.  Electrochemical Impedance Spectroscopy 

The Nyquist plots (Figure III.2.9), generated through EIS measurements in a 0.1 M KCl 

solution, were simulated using an equivalent circuit model. The ZView software was 

employed to simulate the equivalent electrical circuit to estimate data from the EIS spectra 

(Table III.2.7). The Nyquist plots exhibit semicircles representing processes limited by 

electron transfer. Furthermore, the plots reveal that the capacitance of all samples varies 

with frequency. An impedance phase angle of 45° points to the presence of Warburg 

impedance (W), accounting for diffusion-controlled charge transfer processes at the 

electrode/electrolyte interface. 

Consequently, the electrode’s equivalent circuit incorporates a Warburg diffusion element 

and a frequency-dependent constant phase element (CPE). This CPE reflects the 

distribution of reactivity due to surface electrochemical heterogeneity. Such heterogeneity 

might originate from the different surface terminations, the surface roughness of the 

samples, or uneven dispersion of boron atoms within the diamond film (68, 69). By utilizing 

the circuit model with mixed kinetic and charge-transfer control comprising a CPE in parallel 

with a resistor and a Warburg element, the double-layer capacitance (Cdl) of the BDD films 

was estimated.  

A low double-layer capacitance is desirable for sensing and water treatment applications 

because it reduces background current and improves signal-to-noise ratio (70). Notably, all 

samples demonstrated films with notably low Cdl values. Although minor variations in Cdl 

were observed among different surface treatments, these differences are probably not 

significant enough to notably affect the electrode performance in electrooxidation. 

Among the extracted information from the EIS spectra, the charge transfer resistance (Rct) 

reflects the electrode capability to transfer electrons at the liquid-solid interface (71). 

Diminished charge transfer resistances indicate improved electron transfer processes, 

facilitating the direct oxidation of organic pollutants (71, 72). A reduction in Rct was observed 

for the samples treated with Ar and CF4 compared to the as-grown reference. However, an 

increase in Rct was noted for the samples treated with O2.  
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Figure III.2.9. Nyquist plots obtained by EIS of plasma-modified BDD surfaces immersed 
in 0.1 M KCl. 

 

Table III.2.7. Data extracted from the EIS spectra utilizing the ZView software and 
equivalent electrical circuit. 

 
OCP 

(V vs. SCE) 

Rs 

(Ω/cm2) 

Q0 

(1/Ω cm2 s-n) 

n Rct 

(Ω/cm2) 

W 

(1/Ω cm2) 

Cdl 

(µF/cm²) 

χ2 

 

As-grown 0.19 15.57 5.94 x 10-6 0.95 2.60 x 104 2.53 x 105 3.74 0.000350 

O2 0.17 10.36 1.56 x 10-5 0.91 3.18 x 104 1.95 x 105 6.83 0.002058 

Ar 0.18 17.58 1.01 x 10-5 0.94 1.77 x 104 1.06 x 106 5.58 0.000105 

CF4 0.16 8.72 2.60 x 10-6 0.96 1.58 x 104 3.42 x 105 1.64 0.000129 

 

III.2.3.7.  Mott-Schottky Plots 

The measurement of the Mott–Schottky plot enables the estimation of flat-band potential 

(EFB) and dopant density (NA). The Mott-Schottky plot consists of plotting 1/C² as a function 
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of bias voltage. The dopant density can be determined from the Mott-Schottky plot’s slope 

via Eq. III.2.6 (73, 74). 

 

 𝑁𝐴 = −
2

𝑞𝐴2𝜀0𝜀𝑟
 [
𝑑(𝐶−2)

𝑑𝑉
]

−1

 Eq. III.2.6 

 

Where C is the capacitance, V is the applied bias voltage, q is the elementary charge, A is 

the apparent geometric area of the electrode, ε0 is the permittivity of vacuum, εr is the relative 

permittivity, and NA is the doping density at the edge of the depletion region. To estimate 

doping density, BDD’s permittivity was assumed as ε = 5.51 according to reports in the 

literature for polycrystalline BDD films (75). The built-in potential, or flat-band potential, can 

be estimated from the intercept to the x-axis of the Mott-Schottky plot (73, 74). Results are 

shown in Figure III.2.10 and Table III.2.8.  

 

 

Figure III.2.10. Room temperature Mott-Schottky plots (C−2 versus the potential) of plasma-
modified BDD surfaces immersed in 0.1 M KCl. 
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Table III.2.8. Estimated values of flat band potential and acceptor concentration extracted 
from Mott-Schottky plots and boron concentration from Raman spectroscopy. 

 
As-grown O2 Ar CF4 

EFB (V vs. SCE) 0.75 3.00 3.09 3.40 

NA (cm–3) 1.88 x 1021 4.30 x 1021 5.00 x 1021 5.22 x 1021 

[B]Raman (cm–3) 1.10 x 1021 1.55 x 1021 3.12 x 1021 2.18 x 1021 

 

Measuring the EFB is one of the fundamental properties of any semiconductor–electrolyte 

system due to its direct relation to the availability of charge carriers for electrochemical 

processes (61, 76). The EFB represents the applied potential at which band bending and 

charge depletion are absent at the interface between a semiconductor and an electrolyte 

(77). This happens when the Fermi level of the semiconductor is at the same level as the 

redox Fermi level of the electrolyte. For potentials other than the EFB, an electric field forms 

at the semiconductor interface, which will either push the electrogenerated electrons into 

the bulk (in a state of depletion) or towards the surface (in a state of accumulation) (76). For 

a p-type semiconductor such as BDD, depletion regions arise when applied potentials are 

more negative than the EFB, leading to increased charge transfer, especially in the case of 

low-doped BDD (78, 79). On the other hand, accumulation regions occur when applied 

potentials become less negative than the EFB, inducing a decrease in the charge transfer 

(78, 79). These regions can potentially influence the chemical reactivity of the surface, the 

formation of chemical bonds, and the adsorption of molecules on the surface. 

Regarding surface modification, the EFB’s position is closely linked to the surface chemistry 

of the BDD electrode (80). Variations in the EFB can indicate alterations in the electrode’s 

surface termination, such as the introduction of oxygenated groups (80). Understanding the 

relationship between the EFB and the surface chemistry can help optimize these electrodes’ 

performance. 

The EFB values for hydrogenated diamond electrodes have been extensively covered in the 

literature. The reported values range from 0 V/SCE to +1.9 V/SCE (73, 80-85) and are 

influenced by various factors such as film deposition methods, sample preparation 

processes, the presence of sp2 carbon and surface pre-treatments (73, 80, 81, 85). 

In this study, our oxygen-modified BDD surface exhibited a much more positive EFB value 

(+3.0 V/SCE) than the hydrogenated as-grown surface (+0.75 V/SCE). Such shift in the EFB 

upon oxidation of diamond surfaces has been observed in several studies (57, 86-88), with 
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the degree of shift depending on the chemical type of oxygenated terminations (80). The 

noticeable shift in the EFB’s position implies a correlation between reduced charge transfer 

and the displacement of band edges. Studies suggest a tight relation exists between the 

EFB position of BDD electrodes and the proportions of specific C–O groups, like hydroxyl or 

ether groups (80, 89). These functional groups are associated with an increase in the 

potential drop in the Helmholtz layer and a reduction of the surface and subsurface 

hydrogen (90). A notable negative shift in the EFB was observed in BDD electrodes after 

cathodic reduction that contributed to the increase of hydrogen terminations (80). Such shift 

to lower potentials might be related to forming C–H functional groups on the surface of 

diamond films (91). 

We noticed a similar positive shift in the EFB for the BDD films treated with Ar and CF4 gases. 

The CF4 results align with what Yamaguchi et al. found (36). They observed that BDD films 

plasma treated with C3F8 gas have a larger band bending at the electrode/electrolyte 

interface, restraining the interfacial electron transfer between BDD and the target redox 

species (36). This could be why the cyclic voltammograms of CF4-treated samples show 

strong irreversibility towards the Fe(CN)6
3−/4− redox couple. Moreover, there was an 

observed electrostatic repulsion between BDD and analytes in the case of C3F8-treated 

BDD films (36). This observation holds significant potential for electrochemical applications, 

as it could help prevent the adsorption of some compounds on the BDD surface that cause 

electrode fouling.  

To the best of our knowledge, there are no records on the EFB measurements of diamond 

surfaces modified with Ar plasma treatment. The substantial positive shift of the EFB 

observed in BDD films treated with O2, Ar, and CF4 indicates considerable surface state 

modifications. These results emphasize the significance of surface termination in the 

electrochemical behavior of diamond electrodes.  

When considering the acceptor concentration determined using Mott-Schottky plots, it is 

important to acknowledge the influence of the chosen electrolyte. This choice can lead to 

significant variations in the estimated acceptor concentration, even up to an order of 

magnitude. For instance, in a study by Alehashem et al., the same electrode showed an 

acceptor concentration of 1.4 x 1019 when tested in a 0.1 M KBr solution, while it yielded a 

value of 1.3 x 1020 in a 0.1 M H2SO4 solution. Our estimated acceptor concentration values 

align with the literature (80, 85) and the boron concentrations estimated from the Raman 

spectrum’s peak at approximately 500 cm−1. Furthermore, both methods suggest that the 

film doping is above the semiconductor-to-metallic conduction transition in CVD-diamond 

films, with acceptor concentrations surpassing 3 x 1020 cm−3 (79). 
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While the estimation of the EFB using the Mott-Schottky technique is widely accepted, it is 

crucial to remember that the results obtained might not accurately represent the actual EFB  

value. This is particularly evident in cases of highly doped BDD, where the estimated values 

do not solely represent the space charge layer (85). According to Živcová et al. (85), Mott-

Schottky plots applied to highly-doped BDD face challenges in representing pure space-

charge capacitance because the potential drop occurs primarily on the solution part of the 

interface, leading to impedance data that do not solely characterize the diamond’s 

semiconductor properties. These observations could be relevant given that our films exhibit 

acceptor concentrations surpassing the transition to metallic conductivity. 

 

III.2.3.8.  Electrooxidation Tests 

To assess the efficiency of the plasma-modified BDD electrodes in the degradation of water 

pollutants, anodic oxidation tests were conducted using 1 mM phenol solutions in 0.1 M 

Na2SO4. UV-vis spectroscopy and COD analyses were conducted to quantify the outcomes 

achieved in the phenol degradation processes using each electrode type. The UV-vis 

spectra depicted in Figure III.2.11 display a noticeable phenol peak positioned around 269 

nm, which exhibits a gradual reduction in intensity throughout the electrooxidation treatment 

duration. Throughout the treatment, minor peaks emerge in the UV-Vis spectra (indicated 

by dark grey arrows), near the wavelength range of the primary 269 nm peak. These 

observations strongly imply the presence of oxidation byproducts of phenol, such as 

hydroquinone (92). However, it is noteworthy that this phenomenon of byproduct 

emergence is notably reduced in both the as-grown BDD electrode and the Ar-treated 

sample. This attenuated effect indicates a potential variation in the oxidation pathway or a 

differential rate of byproduct formation for these specific samples, suggesting possible 

distinct interactions between the modified-surfaces and phenol during the oxidation 

process.  
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Figure III.2.11. UV-Vis spectra of 1 mM phenol solutions in 0.1 M Na2SO4 treated by anodic 
oxidation using plasma-modified BDD electrodes: (a) as-grown; (b) O2-treated; (c) Ar-
treated; (d) CF4-treated. 

 

The phenol degradation results were fitted to a first-order kinetic model, described in Eq. 

III.2.7 (93). 

 

 
𝐶
𝐶0
⁄ =  𝑒− 𝑘𝑎𝑝𝑝𝑡 Eq. III.2.7 

 

Where C represents the concentration (mg/L) at a given time t (h), while C0 stands for the 

initial concentration. Eq. III.2.7 in question is employed to calculate the apparent rate 

constant (kapp). Based on the determined values of kapp, the corresponding half-life (t1/2) can 

be deduced. This parameter indicates the duration required for the initial concentration to 

reduce by 50%, following Eq: 8. 
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 𝑡1/2 = 
𝑙𝑛 2

𝑘𝑎𝑝𝑝
 Eq. III.2.8 

 

The average current efficiency (ACE), as shown in Eq. III.2.9, was determined concerning 

the COD values. 

 

 ACE =  
F V (COD0 − CODt)

8 I ∆t
 Eq. III.2.9 

 

Where F represents the Faraday constant (96485 C/mol); V stands for the electrolyte 

volume (L); t signifies the duration of electrolysis (s); COD0 represents the initial COD 

concentration (gO2/L); CODt and CODt+∆t indicate the COD concentrations at times t and 

t+∆t (s), respectively; 8 denotes the equivalent mass of oxygen (gO2/eq); and I represents 

the applied current (A). 

Figure III.2.12 provides the degradation process of a solution containing 1 mM phenol in 0.1 

M Na2SO4 in terms of phenol and COD removal, treated through anodic oxidation using the 

surface-modified BDD electrodes. 

 

 

Figure III.2.12. (a) Decay of phenol concentration and (b) COD reduction in 1 mM phenol 
solutions in 0.1 M Na2SO4 treated by anodic oxidation with 30 mA/cm2 for 3 hours using 
plasma-modified BDD electrodes 

 

Table III.2.9 presents the degradation performance of plasma-modified BDD electrodes in 

relation to the phenol and COD removal after 3 hours, energy consumption, apparent rate 

constant (kapp), half-life (t1/2), and average current efficiency (ACE).  
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Table III.2.9. Degradation Performance Metrics of Plasma-Modified BDD Electrodes. 
 

As-grown O2 Ar CF4 

Phenol removal after 3 h 91.1% 56.2% 58.2% 76.1% 

Energy Consumption (kWh/kgphenol) 242.0 466.8 424.6 359.8 

kapp 0.7997 0.2834 0.2897 0.4881 

t1/2 (min) 52 147 144 85 

COD removal after 3 h 89.8% 49.0% 52.6% 70.7% 

Energy Consumption (kWh/kgCOD) 95.3 207.7 182.4 150.2 

ACE (%) 20.4% 11.1% 11.9% 16.1% 

kapp (COD) 0.7447 0.2321 0.2547 0.4268 

t1/2 (COD) (min) 56 179 163 97 

 

Considering the obtained results, it is evident that as-grown BDD electrodes exhibit superior 

performance in phenol oxidation compared to surfaces treated with O2, Ar, and CF4 

plasmas. The as-grown films exhibited superior outcomes in terms of phenol reduction, 

COD reduction, energy consumption, and ACE. Notably, predominantly hydrogen-

terminated as-grown surfaces appear to present superior performance than the plasma 

surface-modified ones due to the preservation of a high surface conductivity. The CF4 

plasma treatment was more effective in terms phenol and COD removal when compared to 

O2 and Ar plasma treatments. Such an enhanced performance compared to O2 and Ar 

plasma-modified electrodes might be linked to reduced fouling effects caused by 

electrostatic repulsion between BDD and analytes in fluorinated BDD surfaces (35, 49).  

Despite the near zero contact angle results observed on surfaces treated with O2 and Ar, 

suggesting an enhancement in the efficiency of the water treatment process due to 

increased hydrophilicity, the electrooxidation tests did not align with this expectation. 

Regarding the kinetics of the reactions involving the redox couples, the electrooxidation 

results are consistent with the higher electron transfer rates observed in the as-grown films. 

The CF4 plasma-treated sample's lower double-layer capacitance may have contributed to 

its superior performance compared to the O2- and Ar-treated samples. The resistivity results 

of the films also correspond to the electrooxidation efficiency results, as the plasma-treated 

films exhibited a substantial passivation of surface conductivity. 
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While our results strongly advocate for the effectiveness of as-grown BDD electrodes, it is 

crucial to acknowledge the temporal evolution of hydrogen-terminated surfaces. Over time, 

these surfaces undergo oxidation processes, potentially transitioning towards behaviors 

intermediate between hydrogen-terminated and oxygen-terminated surfaces (48, 94, 95).  

It is worth noting that conventional practices in BDD electrode cleaning involve anodic 

polarization in sulfuric acid, a method known to induce surface oxidation (96). Therefore, 

cathodic polarization (95) or hydrogen plasma treatment for surface rejuvenation might be 

more appropriate to ensure sustained and optimal electrode performance. However, it is 

important to exercise caution, as hydrogen plasma treatment, while offering potential 

benefits such as removing non-diamond phases selectively (97) and reducing lattice 

distortion and defect density (98), has also been associated with boron acceptors 

passivation (99, 100) and could potentially incur additional costs in terms of equipment, feed 

gas, and energy consumption. Therefore, for practical applications, the preferred strategy 

would be to employ cathodic polarization for surface rejuvenation. 
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III.2.4. Conclusions 

In conclusion, our study delved into the electrooxidation efficiency of plasma-modified 

boron-doped diamond electrodes for persistent organic pollutants degradation using 

various source gases. We meticulously characterized the surfaces through various 

techniques, including Raman spectroscopy, the sessile drop method, cyclic voltammetry, 

electrochemical impedance spectroscopy, and Mott-Schottky plots, shedding light on their 

electrochemical behavior. The results revealed that as-grown BDD electrodes outperformed 

their plasma-treated counterparts primarily due to their superior surface conductivity. As-

grown BDD electrodes exhibited remarkable phenol and COD removal efficiency, indicating 

their effectiveness in water pollutant degradation. Furthermore, both as-grown and Ar-

treated BDD electrodes exhibited reduced byproduct generation during phenol 

electrooxidation. These findings underscore the crucial role of surface termination in 

electrode efficiency. Among the plasma treatments, CF4 treatment showed promise, 

potentially due to reduced fouling effects. While our study has provided valuable insights 

into BDD electrode behavior in water pollutant degradation, there is room for further 

exploration. Future studies should delve into more effective treatment conditions by varying 

parameters such as treatment time and plasma power. Notably, our investigation has 

highlighted that brief plasma etching treatment can effectively create diverse functionalized 

BDD surfaces depending on the plasma source. The plasma-treated surfaces displayed 

enhanced hydrophilicity and a notably expanded potential window in the presence of 

specific electrolytes, rendering them a promising option for scenarios demanding highly 

negative potentials, including sensor applications and green hydrogen production. Our 

study provides valuable insights into BDD electrode behavior in water pollutant degradation 

and emphasizes the need to consider electrode surface characteristics in optimizing 

electrooxidation processes. We also recommend exploring methods such as cathodic 

polarization or hydrogen plasma treatment to ensure sustained and optimal electrode 

performance. These findings pave the way for future research endeavors in this critical field 

of environmental remediation. 
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Chapter IV 

Improving the Electrooxidation 

Efficiency of BDD/Si3N4-TiN 

Electrodes 

This chapter is dedicated to the development of a strategy to enhance the efficiency of 

electrochemical oxidation processes using BDD electrodes, with a particular focus on 

reducing the time and energy consumption involved in these processes. 

An innovative approach for energy-efficient electrochemical water treatment, with a 

specific focus on degrading phenol is here introduced. The method involves 

electrooxidation with the concomitant fouling followed by a rapid reactivation process 

applied to a BDD/Si3N4-TiN electrode using a square wave pattern in a cyclic way. The 

main goal was to accelerate the conversion of phenol into compounds that are more readily 

degradable through this fouling-reactivation cycle, while minimizing both the time and 

energy requirements associated with electrochemical oxidation processes. This approach 

was driven by the urgent demand for more cost effective and environmentally friendly 

water treatment methods. 
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Abstract 

This study presents an innovative approach for energy-efficient electrochemical water 

treatment, specifically targeting phenol degradation. The proposed method is based on 

cyclic steps of electrooxidation that results in fouling and a rapid reactivation in a sequence 

applied to a boron-doped diamond (BDD) electrode employing a square wave pattern. The 

primary objective was to accelerate the transformation of phenol into more easily 

degradable compounds by leveraging this fouling-reactivation cycle. A three-level full 

factorial experimental design was employed to fine-tune the frequency and duty cycle of the 

square wave pattern, determining the most energy-efficient fouling and reactivation steps. 

The results demonstrated that the newly proposed approach outperformed conventional 

continuous anodic oxidation processes regarding energy efficiency. The energy 

consumption was reduced by more than four times while achieving superior levels of phenol 

elimination. This research underscores the potential of the fouling-reactivation strategy to 

significantly enhance the energy efficiency of water treatment processes, making strides 

toward sustainable and environmentally friendly solutions.
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IV.1.1. Introduction 

Phenolic compounds are significant industrial chemicals found as pollutants in various 

environmental contexts such as water systems, the atmosphere, and food products (1). 

These compounds, originating from wastewaters and industrial emissions, adversely affect 

human health and the environment (2-4). Electrochemical Advanced Oxidation Processes 

(EAOPs) have emerged as a promising approach for removing persistent pollutants like 

phenolic compounds from water (5). Among these processes, boron-doped diamond (BDD) 

electrodes have gained attention due to their exceptional properties that make them well-

suited for this purpose, such as wide potential window, low background current, high 

physical and chemical stability, inert surface with low adsorption properties, high 

electrocatalytic activity, and high self-cleaning capability (6). 

However, a key concern for the widespread application of EAOPs is the associated energy 

consumption and the occurrence of electrode fouling (7). Electrode fouling, also known as 

electrode passivation, occurs due to the accumulation of a non-conductive impermeable 

layer on the electrode surface (8). This phenomenon obstructs electron transfer and leads 

to a reduction in current, thus limiting the effectiveness of electrochemical water treatment 

methods (9). The fouling layer blocks direct analyte-electrode interaction and can obstruct 

active reaction sites on the electrode surface, further reducing the accessibility of target 

molecules (9, 10).  

As outlined by Whang et al., the occurrence of electrode fouling due to phenol is 

fundamentally a multi-step procedure encompassing the deprotonation, oxidation, and 

polymerization of phenol. In aqueous solutions, particularly those with pH values near or 

higher than the pKa of phenol (9.98, 25 °C) (11), when a potential below the region of water 

stability (E < 2.3 V/SHE) is applied, phenol experiences deprotonation and oxidation, 

forming phenoxy radicals through a rapid one-electron-transfer process (12, 13). These 

radicals can subsequently combine with each other or with phenol molecules, leading to 

polymerization (13). The resultant polymeric layer gradually builds up on the electrode 

surface. 

At high applied potentials (E > 2.3 V/SHE), electrode fouling is avoided by a facilitated 

reaction pathway leading to the mineralization of phenol, driven by accelerated reaction 

rates in the generation of phenoxide radicals and the subsequent formation of phenoxonium 

ions (14). In fact, a widely adopted technique for BDD electrode reactivation involves anodic 

polarization at elevated potentials, a process that yields hydroxyl radicals capable of 

oxidative elimination of the fouling deposit (15, 16). 
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Studies have been conducted to analyze the composition of the fouling layer generated by 

phenol. These investigations have pointed to quinone groups attributed to polyphenol, 

which emerges from either the direct or indirect oxidation of phenol involving intermediates 

(8). Furthermore, oxidative intermediate products of phenol, including pyrocatechol and 

hydroquinone, have also been identified (8). 

While the precise details of the fouling mechanism may exhibit variations, several models 

have been proposed to elucidate this phenomenon. Among these models are the area 

blocking or active site poisoning model (10), the film diffusion model (17), and a 

semiempirical model based on electron tunneling and the Tafel equation (10). 

During chronoamperometry experiments using BDD electrodes in aqueous solutions 

containing phenol, we observed cyclic variations in the current density response over time, 

particularly at elevated potentials such as 4 V/SCE. As we increased the applied potential, 

these cycles exhibited a progressively higher frequency. Following these observations, we 

chose to explore these cycles in an effort to achieve a more efficient oxidation of phenol. 

We embarked on an investigation to examine the hypothesis of enhancing energy efficiency 

by implementing a cyclic sequence involving rapid fouling and subsequent reactivation of 

BDD electrodes using a two-step square wave pattern. The underlying premise of this 

approach is based on the notion that the accumulation of phenolic compounds on the BDD 

electrode surface via electropolymerization at low applied potentials could be immediately 

succeeded by applying a suitably elevated potential. This elevated potential is intended to 

detach the polymeric layer while simultaneously initiating its partial or complete oxidation. 

The resulting oxidized polymeric layer is hypothesized to either return to the solution as 

more readily degradable products or to be destroyed by the electrogenerated hydroxyl 

radicals on the BDD surface (8, 16). By iteratively executing this process across a series of 

cycles, the anticipated outcome would be an accelerated mineralization of phenol, 

accompanied by a notable reduction in energy consumption compared to the typical anodic 

oxidation process. A schematic illustrating the anticipated mechanisms during fouling and 

reactivation stages in phenol oxidation in aqueous solution is depicted in Figure IV.1. 
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Figure IV.1. Schematic representation of potential reaction mechanisms of phenol in 
aqueous medium during fouling and reactivation stages. Adapted from ref. (8, 14-16). 
 

Utilizing the fouling phenomenon in combination with BDD's self-cleaning properties 

presents an opportunity to enhance the efficiency of water treatment processes. In this 

study, our objective is to investigate the interplay between fouling and BDD electrodes, 

leading to the development of an innovative approach for optimizing electrochemical water 

treatment efficiency. By examining the fouling process, determining the optimal fouling 

potential, and fine-tuning reactivation conditions, our goal is to minimize the energy 

consumption of the process. Through the strategic utilization of fouling effects and the 

inherent self-cleaning attributes of BDD electrodes, we aspire to contribute to the 

advancement of more effective and energy-efficient techniques for removing phenolic 

compounds from water systems. We expect that this study will pave the way for applying 

this strategy not only to phenolic compounds but also to other persistent organic pollutants 

present in water bodies. 

 

IV.1.2. Materials and Methods 

An innovative two-step square wave pattern approach was adopted, comprising a fouling 

phase and a subsequent self-cleaning, or reactivation, phase, employing a BDD electrode. 

The BDD electrodes employed in this investigation were deposited over electroconductive 

Si3N4-TiN substrates using an HFCVD reactor. Detailed information about the fabrication of 

these BDD electrodes can be found in Section III.1. 
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Cyclic Voltammetry (CV) was conducted to comprehend the BDD electrode's fouling 

process. The CV experiments were conducted within a potential range of -1.3 to 2.3 V/SCE, 

employing a scan rate of 100 mV/s. For the determination of the optimal timing and potential 

parameters for the fouling and subsequent reactivation phases, linear sweep voltammetry 

(LSV) and Chronoamperometry was employed. The LSV and Chronoamperometry 

experiments were performed under the same conditions as the CV experiments. All 

experiments were conducted in triplicate to ensure the reliability and consistency of the 

results. Further insight into the reactivation process of the BDD electrode was obtained 

through Chronoamperometry experiments. 

All CV, LSV, and chronoamperometry experiments were conducted using a Gamry 

Reference 600 potentiostat within a three-electrode setup. This setup included a platinum 

counter electrode, a saturated calomel electrode (SCE) as a reference electrode, and a 

disc-shaped BDD/Si3N4-TiN working electrode with an area of 0.785 cm2 exposed to the 

solution. The electrolyte solution used was 0.1 M Na2SO4 (≥99.0% purity, Sigma-Aldrich, 

USA), containing a phenol concentration of 1 mM (94.11 mg L-1, ≥99% purity, Sigma-

Aldrich, USA). 

Cyclic and continuous chronoamperometry was used for phenol degradation employing the 

square wave pattern, with optimized frequency and duty cycle, utilizing the same Gamry 

Reference 600 potentiostat. Bar-shaped BDD/Si3N4-TiN electrodes with a total submerged 

area of 0.8 cm2 served as both working and reference electrodes. These electrodes were 

kept at a fixed distance of 5 mm from each other. A SCE reference electrode was employed. 

The solution composition, using a volume of 25 mL for each trial, was the same as the 

preceding experiments (0.1 M Na2SO4, phenol concentration of 1 mM).  

Quantification of phenol concentration in the post-degradation solutions was performed 

using UV-Vis spectroscopy (FAbS, Sarspec, Portugal). Measurements were taken within 

the wavelength range of 200 to 500 nm, where the absorbance at 269 nm was directly 

proportional to the phenol concentration within the solution. 

A three-level full factorial experimental design was employed to optimize the phenol 

degradation process using the square wave pattern. This involved studying the impact of 

fouling time at a fixed potential and reactivation time at a fixed potential over a series of 

cycles equivalent to 1 hour of treatment. After each experiment, the response variable 

evaluated was the phenol concentration and energy consumption. A phenol degradation 

assay was performed for comparative analysis through anodic oxidation at a constant 

applied potential of 8 V/SCE for 1 hour. 
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IV.1.3. Results and Discussion 

To comprehend the process of electrode fouling in the BDD electrode, CV experiments were 

conducted using the same aqueous solution that will be employed in the water treatment 

assays, contaminated with phenol (1 mM phenol in 0.1 M Na2SO4). Figure IV.2 depicts ten 

consecutive cycles of the electrode immersed in the solution. The observed fouling phase 

is characterized by a substantial reduction in the current associated with an anodic oxidation 

peak located around 1.55 V/SCE. Notably, the current demonstrates a considerable 

decrease from the second cycle onward. From the fourth to the tenth cycle, there is a 

marked absence of substantial current changes indicative of electrode deactivation and the 

establishment of a fouling layer. In Figure IV.3, a schematic diagram depicts the stepwise 

process employed to determine the square wave potential signal. 
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Figure IV.2. Cyclic voltammograms of the BDD electrode after 10 cycles in a 0.1 M Na2SO4 
solution containing 1 mM phenol (Scan Rate: 100 mV/s). 

 

 

Figure IV.3. Schematic representation of the stepwise process for determining the square 
wave potential signal. 
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To elucidate the electrode reactivation process and aid in determining the reactivation time, 

chronoamperometric assays were conducted at various potentials (from 2.5 to 10V/SCE) 

for 5 minutes. Figure IV.4 depicts the initial 40 seconds of these assays at applied potentials 

of 2.5, 4.0, and 8.0 V/SCE. Upon careful examination of the current-time profiles, we noticed 

cyclic changes in current for potentials above 4 V/SCE, with the frequency of these cycles 

rising in parallel with the increasing potential. The 8 V/SCE potential was chosen to achieve 

rapid BDD reactivation, well above the region associated with water stability. This facilitates 

the generation of abundant electrogenerated hydroxyl radicals and oxygen bubbles capable 

of detaching the fouling layer from the BDD surface (16, 18). Additionally, the selection of 

an 8 V/SCE potential took into account the equipment's limitations under maximum 

operating conditions, as we experienced potentiostat overload in some longer experiments 

when applying higher potentials. After analyzing the selected reactivation potential, it was 

determined that this cyclic pattern possessed a duration of approximately 10 seconds, 

which could be the ideal reactivation duration. 

V.  

 

Figure IV.4. Chronoamperometric responses of the BDD electrode at 2.5, 4.0 and 8.0 
V/SCE applied potentials. 
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Observing the cyclic voltammograms (Figure IV.2) prompted several investigations 

employing LSV to determine the most suitable fouling potential for rapid electrode 

deactivation. Chronoamperometry was conducted to induce fouling of the electrodes at 

each analyzed potential for a duration of 12 s. This duration was determined based on 

preliminary studies of the fouling process, in which we verified that this time was sufficient 

to observe changes in the LSV response for analyzing the fouling process. Potentials 

ranging from 0 to 10 V/SCE were tested, emphasizing potentials proximate to the peak at 

approximately 1.55 V/SCE, as identified in the voltammograms. Subsequently, LSV 

analyses were conducted to assess the reduction in current corresponding to this peak. 

Three trials were conducted for each potential, and between each analysis, electrode 

reactivations were carried out by applying 10 V/SCE for 60 seconds in a 0.1 M Na2SO4 

electrolyte solution without phenol using Chronoamperometry. The averaged results of the 

triplicate responses for each fouling potential are presented in Figure IV.5. Upon careful 

analysis, it was observed that the lowest currents were attained when potentials ranging 

from 1.7 to 1.8 V/SCE were applied. Considering the primary objective of minimizing energy 

consumption within the electrochemical water treatment process, the potential of 1.7 V/SCE 

was chosen for the fouling plateau in the square wave pattern. 
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Figure IV.5. Linear sweep voltammogram of the BDD electrode to determine the optimal 
potential for the fouling phase (Scan Rate: 100 mV/s). 
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Subsequently, to conclude the determination of parameters corresponding to the fouling 

plateau in the square wave pattern, further experiments were conducted using LSV to 

determine the optimal duration of the fouling step. Similarly to the procedure for determining 

the fouling potential, triplicate trials were performed for each forced fouling duration. Forced 

fouling was executed through chronoamperometry by applying the previously established 

1.7 V/SCE potential for varying durations. The electrode reactivation procedure between 

each analysis remained consistent (applying 10 V for 60 seconds in 0.1 M Na2SO4 without 

phenol). The outcomes are depicted in Figure IV.6. Upon analyzing the lowest currents 

corresponding to the 1.55 V/SCE peak, it was observed that the ideal fouling duration fell 

between 10 and 12 seconds, effectively maximizing electrode deactivation. Additionally, a 

minor increase in current was noted beyond 13 seconds, suggesting a concurrent 

reactivation of the electrode surface. 
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Figure IV.6. Linear sweep voltammogram of the BDD electrode to determine the 
appropriate fouling duration (Scan Rate: 100 mV/s).  

 

A strategy analogous to the fouling process was employed to determine the parameters of 

the BDD reactivation plateau. LSV was once again utilized to determine the optimal 
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reactivation duration. The trials were conducted in triplicate. Each measurement comprised 

four sequential steps: firstly, chronoamperometry was employed to induce forced fouling by 

applying 1.7 V/SCE for 12 seconds, followed by reactivation using the analyzed reactivation 

duration. Subsequently, LSV was conducted to determine the current at 1.55 V/SCE. 

Finally, another reactivation step was executed by applying 10 V/SCE for 60 seconds in an 

electrolyte solution of 0.1 M Na2SO4 without phenol to ensure a clean surface for the 

subsequent trial. The LSV results for the electrode reactivation times are presented in 

Figure IV.7. The time yielding the highest current was 4 seconds, while the lowest was 20 

seconds. The gradual decrease in current observed up to 20 seconds, followed by a 

subsequent increase from 25 seconds onwards, suggests the concurrent nature of fouling 

and reactivation processes again, even under significantly elevated applied potentials such 

as 8 V/SCE. This observation emphasizes that the complex interplay between these two 

processes may persist despite the energetic conditions set by the high applied potential. 
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Figure IV.7. Linear sweep voltammogram of the BDD electrode to determine the optimal 
reactivation duration (Scan Rate: 100 mV/s).  

 

To clarify any doubts regarding the optimal times for each step in defining the square wave 

pattern, a three-level (32) full factorial experimental design was constructed. This design 

encompassed the fouling and reactivation times as analyzed factors, each with three levels. 

This approach was also adopted to verify the energy efficiency associated with each factor. 
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For instance, it aimed to determine whether achieving maximum fouling and reactivation at 

each step yielded the most energy-efficient outcome or if a balance involving partial 

processes (e.g., shorter times at each step) resulted in lower energy consumption. Thus, 

the three-level full factorial design presented in Table IV.1 was formulated, considering 

fouling times of 2, 6, and 12 seconds and reactivation times of 2, 6, and 10 seconds. This 

systematic experimental approach aimed to provide insights into the optimal times for the 

fouling and reactivation steps to achieve both efficient phenol degradation and energy 

usage in the electrochemical water treatment process. 

 

Table IV.1. Three-level full factorial experimental design detailing the combinations of 
fouling and reactivation durations based on linear sweep voltammetry and 
Chronoamperometry analyses.  

Experiment Fouling 

[1.7 V/SCE] 

(s) 

Reactivation  

[8 V/SCE] 

(s) 

L1 2 2 

L2 2 6 

L3 2 10 

L4 6 2 

L5 6 6 

L6 6 10 

L7 12 2 

L8 12 6 

L9 12 10 

 

Electrooxidation assays were conducted based on the experimental configurations 

designed in the factorial matrix. After each process, the solutions underwent UV-vis 

spectroscopic analysis to assess the remaining quantity of phenol in the solution. The 

spectroscopic results are depicted in Figure IV.8. The distinctive peaks at 269 nm highlight 

the variations in phenol concentration achieved through different experimental conditions. 

Configurations 3, 5, and 9 notably exhibited the most pronounced reduction in the peak 

corresponding to phenol after 1 hour of treatment. These outcomes underscore the 

effectiveness of these settings in facilitating significant phenol degradation. 

For comparison, a conventional anodic oxidation assay was conducted by applying 8 V/SCE 

for 1 hour. To discern the configuration yielding superior energy efficiency, the consumption 

for each assay was calculated by applying Eq. IV.1: 
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ECphenol [Wh kgphenol
−1] =

EjAt 

V ∆Cphenol 
 Eq. IV.1 

 

Where E represents the applied potential (V), while j stands for the applied current density 

(A m-2). A denotes the electrode's geometric area (m²), and t signifies the duration of 

electrolysis (h). V indicates the electrolyte volume (L), and ΔCphenol represents the total 

decrease in phenol concentration within the solution (kgphenol L-1). 

 

 

Figure IV.8. UV-Vis spectroscopy results depict phenol concentration after 60 minutes of 
each square wave pattern experiment.  

 

The amount of phenol removed from the solution and the energy consumption for each 

assay are presented in Table IV.2. The condition exhibiting the lowest energy consumption 

in combination with the highest phenol removal was the L9 configuration, characterized by 

a fouling step at 1.7 V/SCE applied for 12 seconds, and a reactivation step involving 8 

V/SCE applied for 10 seconds. In comparison to the continuous application of 8 V/SCE for 

1 hour, the L9 condition demonstrated superior phenol removal from the solution with an 

average energy consumption that was 4.2 times lower. 
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We conducted a multivariable optimization of the experimental outcomes derived from the 

three-level full factorial design using the Minitab® software (19), and the findings are 

showcased in Figure IV.9. Our primary objective was to maximize phenol removal while 

minimizing energy consumption. The optimization process identified an optimal fouling 

duration of 12 seconds and a subsequent reactivation period of 10 seconds, resulting in 

predicted simulation values of 81.99% for phenol removal and 51.02 kWh/kgPhenol for energy 

consumption. These predicted values closely align with the optimized parameters obtained 

directly from experimental observations. The predicted simulation values exhibited a 

minimal deviation from the experimental results, with errors of 7% for phenol removal and 

2% for energy consumption. The multivariate analysis also reveals that the poorest 

outcomes are achieved when fouling and reactivation times are set to 2 seconds. 

 

Table IV.2. Comparative results of phenol degradation experiments, indicating both phenol 
removal efficiency and energy consumption for each approach.  

Experiment Fouling 

[1.7 V/SCE] 

(s) 

Reactivation  

[8 V/SCE] 

(s) 

Phenol 

Removed 

 (%) 

Energy  

Consumption 

(kWh/kgPhenol) 

L1 2 2 60.24% 73.93 

L2 2 6 72.70% 144.49 

L3 2 10 88.19% 145.81 

L4 6 2 19.04% 76.27 

L5 6 6 85.55% 54.81 

L6 6 10 85.15% 79.28 

L7 12 2 25.02% 24.12 

L8 12 6 68.85% 30.10 

L9 (Avg.)* 12 10 88.21% 50.01 

Continuous Anodic Oxidation - 3600 83.23% 209.49 

* The L9 experiment was performed in triplicate to ensure the results' robustness and reliability. 
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Figure IV.9. Predicted Outcomes from Multivariate Optimization of the Three-Level Full 
Factorial Experimental Design. 

 

Figure IV.10 provides a comparison of the phenol degradation progression every 15 

minutes during the L9 assay in comparison to the continuous process. These results 

underscore the substantial efficiency of the L9 configuration, which not only enhances 

phenol removal but also significantly reduces energy consumption compared to the 

continuous process. While continuous anodic oxidation required 209.49 kWh/kgPhenol for an 
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83.23% phenol removal rate, the L9 configuration achieved an 88.21% removal with an 

energy consumption of only 50.01 kWh/kgPhenol. 

 

 

Figure IV.10. UV-Vis spectroscopy comparison illustrating the phenol degradation 
progression over a 1-hour duration in two distinct assays. (a) Phenol degradation using the 
optimized conditions of the novel square wave anodic oxidation approach (fouling: 1.7V, 
12s; reactivation: 8V, 10s). (b) Phenol degradation through conventional continuous anodic 
oxidation at 8V.  

 

The UV-Vis spectroscopy curves of the L9 process exhibit a monotonic reduction in the 269 

nm peak up to 45 minutes. On the other hand, the curves of the continuous process display 

substantial baseline variation, indicating the possible presence of undesired phenol 

byproducts in the solution. The lower presence of intermediate compounds in the square 

wave anodic oxidation approach may indicate that the phenol oxidation mechanism in the 

two studied processes is distinct. This reinforces the significance of employing the square 

wave anodic oxidation process. The consistent decline of the peak in the L9 process 

highlights its efficacy in achieving phenol degradation with a less pronounced generation of 

undesirable byproducts. A final representation of the optimized square wave pattern, 

designed to substantially reduce energy consumption in the electrochemical oxidation of 

phenol using BDD electrodes, is presented in Figure IV.11. This illustration encapsulates 

the culmination of the study's efforts in achieving an effective and energy-efficient 

electrochemical water treatment approach for phenol degradation. 
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Figure IV.11. Optimized square wave cycle illustrating the innovative approach aimed at 
enhancing the energy-efficient phenol degradation process.  

 

The results of this study support the proposed hypothesis aimed at enhancing energy 

efficiency through the cyclic application of rapid fouling and subsequent reactivation of BDD 

electrodes using a two-step square wave pattern. The experimental evidence presented 

here suggests that the accumulation of phenolic compounds on the BDD electrode surface, 

coupled with the application of elevated potentials for detachment and oxidation of the 

formed polymeric layer, indeed leads to accelerated mineralization of phenol and a 

substantial reduction in energy consumption. However, further investigations are warranted 

to gain a deeper understanding of the underlying mechanisms that make this approach 

more efficient than the continuous process. Future studies should delve into the intricacies 

of the electrochemical and chemical interactions taking place during the cyclic fouling and 

reactivation steps and explore how these interactions contribute to the observed outcomes. 

Such efforts would refine our understanding of the phenomenon and potentially unlock 

opportunities to optimize and extend the applicability of this novel approach to other 

persistent pollutants in water treatment processes. Optimal frequencies and duty cycles of 

the square wave pattern derive from a delicate balance between electrochemical processes 

and temporal dynamics at the surface. The right fouling potential efficiently deactivates the 
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electrode, while a carefully chosen fouling time avoids saturation of the fouling layer, which 

would lead to lower process efficiency. Optimal reactivation times maximize target 

compound degradation while managing energy consumption. By refining the techniques 

and principles established in this study, there is a promising avenue to address diverse 

water contaminants more rapidly and efficiently, aligning with the broader goal of achieving 

more sustainable and effective environmental remediation strategies.



Chapter IV: Improving the Electrooxidation Efficiency of BDD/Si3N4-TiN Electrodes 

318 

V.1.4. Conclusion 

This study introduces an innovative approach to enhance the energy efficiency of 

electrochemical water treatment processes, with a specific focus on phenolic compound 

degradation. The strategy involves cyclic fouling and reactivation sequences applied to 

boron-doped diamond electrodes using a two-step square wave pattern. The goal was to 

accelerate the conversion of phenol into more easily degradable forms by leveraging fouling 

and subsequent reactivation, resulting in rapid phenol elimination from the solution.  

By exploiting on the interplay between fouling and reactivation, the proposed approach 

demonstrated significant potential to enhance energy efficiency while achieving superior 

phenol removal levels, offering a promising avenue for sustainable solutions. The novel 

square wave anodic oxidation technique demonstrated exceptional phenol removal 

efficiency, requiring only 50.01 kWh/kgPhenol for an 88.21% removal rate. In contrast, 

continuous anodic oxidation consumed 209.49 kWh/kgPhenol to achieve an 83.23% removal 

rate. Consequently, the novel square wave anodic oxidation technique consumes more than 

four times less energy compared to conventional anodic oxidation. 

Optimized frequency and duty cycles derived from a comprehensive three-level full factorial 

experimental design and multivariate optimization yielded predicted values closely aligning 

with experimental outcomes. While this study has made significant strides in establishing 

the efficacy of the proposed approach, further research is required to delve deeper into the 

underlying mechanisms that contribute to its enhanced performance. Investigating the 

electrochemical and chemical interactions occurring during the fouling and reactivation 

steps will provide valuable insights into the precise processes driving the observed 

outcomes. These insights will not only advance our understanding of the phenomenon but 

also pave the way for this approach's optimization and potential extension to address a 

wider range of persistent pollutants in water treatment. Future research is also required to 

explore the scalability of this approach under industrial and environmental contexts.  

In conclusion, this study underscores the novel approach's effectiveness in achieving 

phenol degradation while addressing energy efficiency concerns, contributing to 

sustainable water treatment methods. 

.
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Chapter V 

Conclusions and Future 

Perspectives 

Concluding this thesis, this chapter offers a summary of its key findings and explores their 

significance, impact, and potential for future research. 

Section V.1 presents the main outcomes of this thesis. 

Section V.2 discusses the opportunities for future research. 

Section V.3 details how this thesis’ results were shared with the scientific community. 
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V.1. Conclusions 

The key findings of this research are outlined in the following points, acknowledging that 

there are existing limitations to address and various aspects to explore in future 

investigations. 

• Anodic electrooxidation (AO) with boron-doped diamond (BDD) technology offers 

promise as an eco-friendly electrochemical advanced oxidation process (EAOP) for 

water treatment. The primary advantage of AO is its sole reliance on electrical 

current input. When synergistically paired with BDD technology, EAOPs 

demonstrate remarkable efficiency in the degradation and mineralization of 

pollutants. Moreover, the incorporation of Fenton-based processes and add-ons 

such as persulfate radicals, electrogenerated ozone, and photocatalysis can 

enhance the AO process using BDD technology. However, the integration of these 

techniques may introduce heightened complexity and costs, particularly when 

implemented on a larger scale. 

• Comparing BDD electrodes produced by different sources for water treatment poses 

challenges due to variations in their physicochemical characteristics, deposition 

conditions, and experimental methods used for their characterization and 

performance evaluation. The lack of essential information makes it impossible to 

perform accurate comparisons. To address this issue, a figure-of-merit equation 

proposed in Section I.2 normalizes BDD degradation results, enabling meaningful 

comparisons across various experimental conditions. 

• There is a pressing need for a standardized procedure, achieved through 

collaboration between the scientific community and manufacturers, to 

comprehensively evaluate and compare BDD electrode performance. Establishing 

a consensus on best practices would not only accelerate development but also 

facilitate the transition of laboratory-made BDD electrodes to commercial 

production. 

• Data analysis suggests that commercial BDD electrodes tend to consume less 

energy and exhibit better current efficiency for phenol degradation and landfill 

leachate treatment. However, the variability in reported operating conditions limits 

the conclusiveness of these indications. The analysis also hints at the potential for 

laboratory-made electrodes to match or even surpass the performance of their 

commercial counterparts with further optimization. 
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• The Taguchi method was an effective tool for optimizing BDD film deposition 

conditions in a laboratory-made HFCVD reactor, reducing the number of required 

experimental trials and enhancing efficiency. Detailed analysis explored the impact 

of gas composition and total gas pressure on various BDD film properties and 

electrochemical activity. Ideal conditions were identified for diamond quality, film 

resistivity, grain size, residual stress, electrochemical potential window, double-layer 

capacitance, and electron transfer efficiency. These findings provided a practical 

guide for maximizing BDD electrode performance. 

• Si3N4-TiN composites demonstrate superior mechanical and electrical properties 

compared to the dielectric Si3N4 matrix without TiN. 

• Si3N4-TiN composites, when used as substrates for diamond electrode deposition, 

offer enhanced compatibility for CVD diamond growth, mechanical strength, and 

chemical resistance, compared to conventional substrate materials like Si, Ti, Nb, 

and Ta. 

• The successful growth of conductive diamond films on electroconductive Si3N4-TiN 

substrates containing 30%vol. TiN shows promise for practical diamond electrode 

production.  

• Using an electroconductive ceramic composite of Si3N4-TiN as a substrate for BDD 

electrodes effectively prevents electrode failure due to BDD delamination. The 

BDD/Si3N4-TiN electrode demonstrated exceptional durability, withstanding over 

2016 hours of an accelerated life test in aggressive conditions without film 

delamination. The extended lifespan of these electrodes represents a promising 

path towards large-scale sustainable water treatment. While BDD electrodes come 

with a high initial cost, their extended lifespan justifies the initial investment. 

• The BDD/Si3N4-TiN electrode showed lower energy consumption compared to 

average reported results, while maintaining comparable degradation rates and 

current efficiency values to other BDD electrodes in similar experimental conditions. 

• The investigation into plasma-modified BDD electrodes for water pollutant 

degradation highlights the superior performance of as-grown BDD electrodes 

compared to their plasma-treated counterparts, primarily attributed to their 

enhanced surface conductivity associated with hydrogen termination. As-grown 

BDD electrodes demonstrate remarkable efficiency in phenol and COD removal, 

underscoring their effectiveness in pollutant degradation. This study underscores 

the critical role of surface termination in electrode efficiency, with CF4 treatment 

showing promise, potentially due to reduced fouling effects. These findings offer 
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valuable insights into BDD electrode behavior in degrading organic pollutants and 

emphasize the importance of considering electrode surface characteristics when 

optimizing electrooxidation processes. 

• The innovative approach involving cyclic fouling and reactivation sequences applied 

to BDD electrodes aimed to enhance energy efficiency while achieving superior 

removal of pollutants, specifically targeting phenolic compounds. The square wave 

anodic oxidation technique exhibited remarkable efficiency, requiring only 50.01 

kWh/kgPhenol to achieve an impressive 88.21% phenol removal rate in one hour of 

electrooxidation—more than four times less than the 209.49 kWh/kgPhenol consumed 

by continuous anodic oxidation to attain an 83.23% phenol removal rate. In addition 

to the reduced energy consumption, this novel method offers a substantial reduction 

in the time required for pollutant degradation when we compare the results obtained 

in Section III.1, where 274.8 kWh/kgPhenol of energy consumption was required to 

eliminate 80.7% of phenol in 3 hours, and Section III.2, which the as-grown BDD 

demonstrated 242.0 kWh/kgPhenol of energy consumption to eliminate 91.1% of 

phenol within the same 3-hour timeframe. Systematic exploration of fouling and 

reactivation mechanisms of BDD electrodes showcases the substantial potential of 

this approach for enhancing energy efficiency and achieving superior pollutant 

removal from wastewater. Such achievements reduce the limitations of EAOPs 

using BDD technology for water treatment in terms of associated costs due to high 

energy consumption, bringing practical application of the technology closer to large-

scale implementation. 
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V.2. Recommendations for future work 
 

Several avenues for future research and exploration emerge from the findings and 

limitations identified throughout this thesis. Recommendations for future research are 

outlined in the following points. 

• The exploration of anodic oxidation add-ons to BDD technology, such as persulfate 

radicals, electrogenerated ozone, photocatalysis, and Fenton-based processes has 

revealed their potential to improve electrooxidation processes. Future studies can 

delve deeper into optimizing these add-ons, exploring their effectiveness with 

different types of wastewaters, and assessing their long-term cost-effectiveness. 

• The proposal of a figure-of-merit equation for normalizing BDD degradation results 

is a significant step towards comparing the electrooxidation performance of different 

electrodes. Further research should focus on developing a standardized procedure 

for evaluating and comparing BDD electrodes, considering various contaminants 

and types of wastewaters, experimental conditions, and electrode characteristics. 

• The synthesis of Si3N4-TiN composites as electroconductive ceramic substrates for 

HFCVD deposition of diamond electrodes shows promise. Future work should 

explore their performance with different diamond film deposition techniques and 

assess their scalability for practical applications. 

• The use of the Taguchi method to optimize BDD film deposition conditions has 

offered valuable insights. Future research should consider exploring variations in 

reactor designs and configurations. 

• BDD/Si3N4-TiN electrodes have demonstrated their potential for sustainable water 

treatment. Although these findings are promising, comprehensive research is 

needed to optimize treatment conditions, assess their performance across diverse 

pollutants and real wastewater scenarios. Furthermore, future research should 

conduct standardized comparisons with BDD electrodes deposited over other 

substrate materials, as well as comprehensive sustainability analyses, considering 

factors such as economic feasibility, environmental impact, and energy efficiency 

when scaling up these electrodes for large-scale water treatment. 

• Although as-grown BDD electrodes showed superior performance compared to their 

plasma-treated counterparts, further research is necessary to explore optimal 

plasma treatment conditions, including varying parameters such as treatment time 

and plasma power. 



Chapter V: Conclusions and Future Perspectives 

327 

• The innovative approach introduced involving cyclic fouling and reactivation 

sequences for BDD electrodes shows potential in enhancing energy efficiency in 

phenolic compound degradation. Further studies should investigate the underlying 

mechanisms driving this approach, extend its applicability to a wider range of 

persistent pollutants, and assess its scalability for industrial and environmental 

contexts. 

• Considering the potential for improving energy efficiency in water treatment, future 

work should explore the integration of renewable energy sources such as wind, tidal, 

or solar power to power electrochemical processes. This could lead to self-sufficient 

and sustainable water treatment systems.
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