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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 2 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 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, we propose a set of guidelines detailing a consistent experimental procedure for comparison purposes in the future.
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1 INTRODUCTION
Over the last 2 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 (Swain et al., 2013; Martin et al., 2019), good stability and corrosion resistance (Ramesham and Rose, 1997; Swain, 2019), inert surface with low adsorption (Swain, 1994), low double-layer capacitance and background current (Swain and Ramesham, 2002), high current density electrolysis (1–10 A.cm-2) (Luong et al., 2009), and high overpotential for both hydrogen and oxygen evolution (Martin et al., 2019).
The electric potential window of BDD electrodes is much wider than that of any other material (Brillas and Martínez-Huitle, 2011), 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 (Swain et al., 2013; Martin et al., 2019). This broad potential window arises from the BDD’s high overvoltage for water splitting (Brillas and Martínez-Huitle, 2011). The HER and OER are inner-sphere reactions that generally consist of multi-step electron transfer reactions that depend on reaction intermediates’ adsorption (He et al., 2019). 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 (Brillas and Martínez-Huitle, 2011). 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 (Ramesham and Rose, 1997; Swain, 2019). 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 (Luong et al., 2009). The sp2-hybridised orbitals present in the surface of these electrodes increase the adsorption strength (Medeiros de Araújo et al., 2014), while the sp3-hybridised orbitals present in the diamond structure shows weak adsorption capacity (Brillas and Martínez-Huitle, 2011). Electrode fouling is easily avoided in BDD electrodes if working above the potential region of water splitting (Iniesta, 2001). BDD electrodes can also be self-cleaned through the polarization of such polymeric films (Ryl et al., 2016). The surface of BDD electrodes resists deactivation processes, showing stable voltametric responses towards [image: image] even after 2 weeks of continuous potential cycling (Swain, 1994). 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 (Stanković and Kalcher, 2016). The above-mentioned excellent electrochemical behavior of BDD electrodes can vary drastically depending on their physicochemical properties.
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 (Cornejo et al., 2021). Recent reviews on the electrochemical degradation of contaminants with BDD electrodes can be found in the literature (Cobb et al., 2018; Freitas et al., 2019; Ganiyu and Martínez-Huitle, 2019; He et al., 2019; McBeath et al., 2019; Nidheesh et al., 2019; Trellu et al., 2019; Cornejo et al., 2020; Clematis and Panizza, 2021a; Karim et al., 2021; Bogdanowicz and Ryl, 2022; Crispim et al., 2022; De Luna and Bensalah, 2022; He et al., 2022; Mousset, 2022; Oliveira et al., 2022; Wang et al., 2022). 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.
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 (Donthu et al., 2021). 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 (Guedes and Borschiver, 2005; Araújo, 2006). 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 (Donthu et al., 2021).
In this work, bibliometric analysis was used 1) to identify the growth and trends in the application of BDD in the degradation of contaminants; 2) to identify the dissemination of information with quantification of publications by journals, universities, and research centers, and by country; and 3) 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 (van Eck and Waltman, 2010).
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 S1. 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 S2). Figure 1 illustrates the number of publications per year on BDD as an electrode for electrooxidation of contaminants.
[image: Figure 1]FIGURE 1 | Number of publications per year on BDD as an electrode for electrooxidation of contaminants, based on the Scopus database (source: the authors).
The first publication identified in the SLR was published in 1994 (Mitra et al., 1994), although the first one ever reported on the electrochemical behavior of CVD diamond dates back to 1987 (Pelskov et al., 1987). 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 (Patel et al., 1992), the United States (Swain, 1994; Swain and Ramesham, 2002) or China (Zhu J. Z. et al., 1995; Zhu P. et al., 1995). 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 relevance and is still extensively explored. The dissemination of information was identified through the analysis of publications by journals, as shown in Figure 2.
[image: Figure 2]FIGURE 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 (source: the authors).
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 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.
[image: Figure 3]FIGURE 3 | Number of publications per university and research center with more than 20 publications on BDD as an electrode for electrooxidation of contaminants (upper); and number of publications per country on BDD as an electrode for electrooxidation of contaminants (below). All results were based on the Scopus database (source: the authors).
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 4) was constructed.
[image: Figure 4]FIGURE 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 (source: the authors).
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 by-products are featured in the green cluster. The blue one involves water treatment containing 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 (de Queiroz et al., 2017). 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 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 2 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 by-products and their toxicity and associated energy consumption/costs.
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 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 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.
[image: Figure 5]FIGURE 5 | Number of publications per year on commercial and in-house BDD anodes in the degradation of contaminants, based on the bibliometric analysis search (source: the authors).
Figure 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 S3. 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).
[image: Figure 6]FIGURE 6 | Commercial BDD manufacturer preference based on the bibliometric analysis search (source: the authors).
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 (Bogdanowicz and Ryl, 2022).
Non-etheless, 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 (Mehedi et al., 2014), 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 (Railkar et al., 2000). 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.
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 (Gracio et al., 2010; May et al., 2011). 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 (May et al., 2011; Salgueiredo et al., 2011; Huang et al., 2021; Sharma et al., 2022).
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) (Sires et al., 2014; Cano et al., 2016; Xu, 2016; Ma et al., 2018).
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 (Einaga et al., 2014), 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.
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 (Chen, 2004). 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) (Yang et al., 2022).
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 (Chen, 2004; He et al., 2019). A carbide buffer layer may be formed during CVD deposition, restricting further substrate carburization and promoting easy diamond nucleation and crystal growth (Xiang-Liu et al., 1991). Furthermore, a substrate material with low carbon solubility and diffusion coefficient yields higher diamond nucleation rates (Yang et al., 2022). Temperature gradients interfere with the surface reactions and diamond growth kinetics (Bushuev et al., 2017). 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 (Yang et al., 2022).
Several materials have been proved suitable substrates for BDD deposition, including Si, Nb, Ta, W, Mo, Ti, Zr, and graphite (Fryda et al., 1999; Shaw et al., 2002; Chaplin et al., 2011); dielectric ceramics (Neto et al., 2012); high pressure-high temperature (HPHT) diamond (Denisenko et al., 2008); carbon fibers (Jian et al., 2021); SiO2 fibers (Zhang et al., 2020); carbon nanotubes (Zanin et al., 2014); TiO2 nanotubes (Vernasqui et al., 2021); or metal foams (Zhang J. et al., 2019). Polished silicon wafers are by far the most applied substrate material, being identified in more than 36% of the published articles (Supplementary Figure S1), especially p-doped Si commercial wafers. Their characteristic low electrochemical activity and ability to form stable and compact oxide films help prevent film delamination (Brito et al., 2018). 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 (Yu et al., 2014). 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 (Fryda et al., 1999). 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 S2) and, since 2013, started to surpass the use of Si substrates. Roughly, the approximate substrate stability for diamond film deposition obeys the following order: Ta > Si > Nb > W > Ti (Chaplin et al., 2011). 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) (Moelle et al., 1997; Luong et al., 2009; Gracio et al., 2010). 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 (Chaplin et al., 2011). Nevertheless, the high cost of Nb, Ta, and W substrates makes them unattainable for widespread use in large-scale applications (Nidheesh et al., 2019). Ti has been considered a desirable substrate among those mentioned above due to its lower cost, high conductivity, corrosion resistance, and excellent mechanical properties (Braga et al., 2009). 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 (Fryda et al., 1999; Lim et al., 2008; He et al., 2019). 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 (Lu X. R. et al., 2019). 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 (Guo and Chen, 2007; Gerger and Haubner, 2008; Sun et al., 2012; Kwon et al., 2019).
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 (Guimaraes et al., 2020). Diamond growth over non-diamond materials usually requires pre-treatment of their surface by a seeding stage (Spitsyn et al., 1981). 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 (Chaplin et al., 2011; da Silva et al., 2018) showing that ultrasonic seeding is more effective than seeding 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 (Choi et al., 2017).
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 (Hangarter et al., 2015). 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 (Brito et al., 2018) and norfloxacin (da Silva et al., 2018). 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 (Kwon et al., 2019). 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 (Yang et al., 2022) 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 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 (Li et al., 2014; Bergmann et al., 2015; Wu et al., 2015; Alvarez Pugliese et al., 2016; Souza et al., 2016; Naji et al., 2017; Durán et al., 2018; Salmerón et al., 2019; Roccamante et al., 2020; Tawabini et al., 2020; Maldonado et al., 2021; Monteil et al., 2021; Salmeron et al., 2021), 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 (Chaplin, 2014).
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.
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 (Yang et al., 2019). 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 (Srikanth and Jiang, 2011). 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 7.
[image: Figure 7]FIGURE 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 (source: the authors).
In HFCVD deposition, an appropriate filament temperature will guarantee molecular hydrogen dissociation, usually obtained at temperatures above 2000°C. 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 (Mehta Menon et al., 1999). 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 (Schwander and Partes, 2011). MPCVD depositions using higher microwave powers exhibit increased feed gas temperature and dissociation efficiency, resulting in larger grain sizes and improved growth rates (Tang et al., 2011).
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 (Haenni et al., 2004). 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 (Macpherson, 2015). The latter is the main reason for using MPCVD in free-standing diamond deposition (Schwander and Partes, 2011). In addition, the degradation of the filaments used in HFCVD can promote metal contamination of the films (Schwander and Partes, 2011), interfering with the quality of the final films and, for example, hindering the film adhesion to the substrate or inducing graphitization points (Griesser et al., 1994; Mehta Menon et al., 1999; Lee et al., 2022). On the other hand, the plasma area is limited by the wavelength of the microwave radiation in the MPCVD method (Macpherson, 2015), 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 (Gracio et al., 2010).
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 (Einaga et al., 2014). 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 (Parikh and Adomaitis, 2006). Tables 1, 2 summarize some of the HFCVD and MPCVD deposition parameters respectively, found in the articles within the SLR.
TABLE 1 | HFCVD deposition conditions present in the literature based on the bibliometric analysis search.
[image: Table 1]TABLE 2 | MPCVD deposition conditions present in the literature based on the bibliometric analysis search.
[image: Table 2]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 (Gracio et al., 2010). According to the van der Drift regime (van der Drift, 1967; Gracio et al., 2010), 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 (van der Drift, 1967; Yang et al., 2019). Some researchers also add small amounts (<2%) of O2 to the gas mixture to limit impurity incorporation and non-epitaxial defect formation (Teraji et al., 2015). The gas mixture influences the grain size, diamond quality, and the surface finish of the diamond film (Neto et al., 2016). 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°C–1,150°C) and CH4/H2 gas mixture ratios (1%–13%) (Bushuev et al., 2017). 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 1,000°C 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 (Sein et al., 2006). 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 (Jia et al., 2010). In addition, pressure has been shown to affect film quality, boron-doping concentration, and diamond crystallographic plane growth direction (Jia et al., 2010). 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] (Lu X. R. et al., 2019). The growth parameter is mainly determined by different deposition parameters such as pressure, gas composition, and the temperature of the substrate (Wild et al., 1990; Wild et al., 1994; Paritosh et al., 1999; Tamor and Everson, 2011).
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 (Bogdanowicz and Ryl, 2022). The most used sources of boron in CVD diamond growth are gases such as trimethylborane [B(CH3)3], trimethylborate [B(OCH3)3], or diborane (B2H6). Solid-state sources such as boron oxide (B2O3) diluted in ethanol or methanol have also been successfully used (Brillas and Martínez-Huitle, 2011; Neto et al., 2016). Controlling the [B]/[C] ratio in the feed gas inside the reactor is established by determining appropriate mixing ratios based on Raoult’s law (Einaga, 2018). 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 (Cifre et al., 1994).
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 (Wei and Chen, 2008). The cooling atmosphere will also affect diamond surface chemical termination (Vanhove et al., 2007).
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 (Bogdanowicz and Ryl, 2022).
4.3 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 (Baluchová et al., 2019; Bogdanowicz and Ryl, 2022).
4.3.1 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 (Macpherson, 2015). High NDC content affects the electrocatalytic inertia of the electrode (Macpherson, 2015) and modifies its adsorption characteristics, decreasing the potential window (Medeiros de Araújo et al., 2014) and increasing fouling susceptibility (Patel et al., 2013). Relevant presence of sp2 carbon in the BDD films may induce voltametric responses like glassy carbon and graphite (He et al., 2019). 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 (Read and Macpherson, 2016). The NDC content is also related to higher background current and double-layer capacitance (Bennett et al., 2004). 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 by-products (Medeiros de Araújo et al., 2014).
Different laser wavelengths ranging from 257 to 1,064 nm have been used in Raman spectroscopy to evaluate the quality of the diamond thin films (Prawer and Nemanich, 2004). The determination of the sp3/sp2 ratio strongly depends on the excitation wavelength, and it increases with the increasing energy of the used laser (Prawer and Nemanich, 2004; Jagannadham et al., 2010). Typically, the peaks used for sp3/sp2 calculations are the first-order diamond band (sp3) at 1,332 cm-1; the G-band between 1,500 and 1,600 cm-1 (related to the C=C sp2 bond stretching mode); and the D-band usually located at 1,345 cm-1 (represents most sp2 structures) (Ballutaud et al., 2008; Dychalska et al., 2015). In the case of nanocrystalline diamond films, the first-order diamond peak is only detected under UV excitation (Prawer and Nemanich, 2004).
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) (Isshiki et al., 2012). Others divide Idiamond by the total integrated intensity of the Raman spectrum (Itotal) (Salgueiredo et al., 2011; Štenclová et al., 2019). 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 (Gheeraert et al., 1993; Ferrari and Robertson, 2004; Prawer and Nemanich, 2004; Kowalska et al., 2020). 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 excitation line is used, authors usually determine the diamond quality by Eq. 1 (Espinoza et al., 2019), Eq. 2 (McNamara et al., 1992), or Eq. 3 (Vorlíček et al., 1997).
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In Eq. 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. 3, β is the figure-of-merit or the Raman quality fraction (Vorlíček et al., 1997). 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. 4, where 50 is a correction factor for the substantial resonant Raman scattering effect of sp2 bonded carbons (Shroder et al., 1990; Kowalska et al., 2020).
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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) (Prawer and Nemanich, 2004).
4.3.2 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 (Williams, 2011; Gomez-Ruiz et al., 2019). 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 (van der Drift, 1967). 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 (Pleskov, 2011).
4.3.3 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 (Yang et al., 2019). The evolution of resistivity in diamond as a function of boron concentration ([B]) in BDD thin films has been studied (Lagrange et al., 1998). For [B] bellow 1019 cm−3, the conduction in diamond is dominated by free electrons within the valence band. Up to 3 × 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 × 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 (Sharma et al., 2022). Boron preferentially incorporates the (111) diamond facets compared to (100) facets (Spitsyn et al., 1981; Larsson, 2020). Electric conductivity in (111) planes is estimated to be approximately 104 times higher than that in (100) planes (Spitsyn et al., 1981), with consequent faster electron transfer kinetics in (111) planes (Bogdanowicz and Ryl, 2022). Furthermore, boron atoms are not electrically active when incorporated within the grain boundaries (Lu et al., 2012), which means that the measured doping level is usually higher than the effective carrier concentration (holes) (Yang et al., 2019). 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 (Sharma et al., 2022). 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 (Sharma et al., 2022). In the case of heavily doped BDD films, many authors use a non-destructive and contactless measurement using Raman spectroscopy data to estimate the boron doping concentration. The following equation (Eq. 5) was proposed, and it is valid for boron doping concentration within the 2 × 1020 ∼1022 cm−3 range (Bernard et al., 2004):
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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 (Prawer and Nemanich, 2004).
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 (Einaga et al., 2014). Enhanced BDD electrochemical performance is commonly linked to high boron doping levels, which provide higher carrier concentration and electrical conductivity (Einaga et al., 2014), thus electrochemical reactions are faster for heavier doped BDD electrodes (Pleskov, 2011). 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 [image: image] redox couple (Azevedo et al., 2013). 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 (Salazar-Banda et al., 2010). 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 (Liu et al., 2018). Boron concentration also affects the adhesion strength of the film (Gerger and Haubner, 2008), diamond nucleation density, grain size, and overall diamond quality (Wang et al., 1992). 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 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.
4.3.4 Surface termination
The surface termination of BDD electrodes can drastically influence their electrochemical kinetics (Yagi et al., 1999; Notsu et al., 2001). 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° (Neto et al., 2016). However, H-terminated diamond surfaces slowly oxidize with time when in contact with air, becoming more hydrophilic (Salazar-Banda et al., 2006; Vanhove et al., 2007). 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 (Yagi et al., 1999; Liu et al., 2007; Yano et al., 2019a; Yano et al., 2019b). Anodic polarization (Hutton et al., 2013) and oxygen plasma treatment are common means to obtain O-terminated BDD surfaces (Brillas and Martínez-Huitle, 2011). 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 (Neto et al., 2016). The oxygen atoms incorporate the doped films by bonding with carbon atoms, mainly as C–O–C and C=O terminating groups (Neto et al., 2016). 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 (Azevedo et al., 2013). O-terminated diamond surfaces show water contact angles ranging from 0.6° to 65° (Macpherson, 2015). The difference between H and O-terminated diamond surfaces is mainly associated with their electronic structures and surface bandgap (opposite bond polarities) (Liu et al., 2007). The former ([image: image] increases the energy levels of the valence (EVB) and conduction bands (ECB), as well as the negative electron affinity. The latter [image: image] lowers the energy levels and shows higher positive electron affinity (Macpherson, 2015).
The functional groups terminating the surface of BDD electrodes strongly influence the electron transfer kinetics of inner-sphere redox couples (Bard, 2010). 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 (Chaplin, 2014). These functional groups may vary according to the chosen anodic polarization procedure and the different grain orientations on the polycrystalline diamond surface (Yuan et al., 2021). 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 of carbonyl and ether groups at the surface of the electrode (Chaudhuri et al., 2022). Diamond surfaces with (100) texture present two available chemical bonds for a single carbon atom, promoting carbonyl and ether group formation (Chaudhuri et al., 2022). For example, the [image: image] redox system exhibits slow electron transfer for O-terminated surfaces but fast electron transfer for H-terminated surfaces (Yagi et al., 1999). In addition, H-terminated surfaces show narrower solvent potential windows than those O-terminated (Tryk et al., 2001).
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 (Lourencao et al., 2020).
4.3.5 Electrochemical characterization
In a summarized way, the four main points to be taken into account in the electrochemical characterization of BDD electrodes are (Macpherson, 2015): 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 (Macpherson, 2015). 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 (Yoon et al., 2012), H2SO4 (Kornienko et al., 2011), HClO4 (Iniesta, 2001), Na2SO4 (Chen et al., 2022), NaBr, NaCl (Zhang et al., 2018), 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 (McLaughlin et al., 2020). 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 (Olson and Bühlmann, 2012). The arbitrary method is highly influenced by the mass transport of the electrolyte (McLaughlin et al., 2020), and the setting of Jcut-off values has been diversely defined in the literature, limiting possible comparison of the obtained results (Mousavi et al., 2015). On the other hand, the linear fit method is less affected by the experimental conditions for each measurement system, becoming the recommended one for accurately comparing solvent potential windows (McLaughlin et al., 2020).
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 (Comninellis et al., 2008). 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 non-active behavior (Comninellis et al., 2008). Usually, BDD is considered a non-active 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 (Lee et al., 2017). 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 (Macpherson, 2015). Cdl can be calculated from cyclic voltammetry applying Eq. 6 or through electrochemical impedance spectroscopy (EIS) measurements.
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where iav is the average current from the forward and reverse sweep, A is the electroactive area, and [image: image] 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 (Macpherson, 2015).
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)63+/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 (Macpherson, 2015). However, the oxidation and reduction reaction rate of Ru(NH3)62+/3+ is little affected by surface defects, film microstructure, adsorbed sp2 carbon, or surface terminations like oxygen-containing groups (Ueda et al., 2009; Dettlaff et al., 2021). On the contrary, the Fe(CN)63−/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 (Dettlaff et al., 2021).
4.3.6 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 (Zhang C. et al., 2019). 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 3 shows the accelerated life tests and their experimental conditions found in the literature.
TABLE 3 | Accelerated life test results and experimental conditions found for several studied BDD electrodes.
[image: Table 3]4.4 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 configuration, active electrode area, cell design, and agents added in the solution, e.g., chloride, sulfate, phosphate, carbonate, and oxygen (Brillas et al., 2005; Enache et al., 2009; Panizza and Cerisola, 2009; Macpherson, 2015; Cano et al., 2016; Rubí-Juárez et al., 2016; Xu, 2016; McLaughlin et al., 2020). Comparing the degradation performance of BDD electrodes is again a repetitive challenge.
4.4.1 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 (Belhadj Tahar and Savall, 2019). Electrogeneration of H2O2, denominated AO with electrogenerated H2O2 (AO-H2O2), is another anodic oxidation method (Brillas et al., 2008). The efficiency of both methods depends on the type of material used as anode and must present high OEP (Moreira et al., 2017). 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 (Panizza and Cerisola, 2009). 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 (Brillas et al., 2004). 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 (Brillas, 2014). The sonoelectro-Fenton (SEF) process is performed under EF conditions and simultaneous application of ultrasound radiation (Oturan et al., 2008). Electrochemical degradation experiments combining UV or ultrasound irradiation demonstrated improved outcomes if compared to direct anodic oxidation (Hurwitz et al., 2014; Vidales et al., 2014; Vieira Dos Santos et al., 2017). Ultrasound radiation improves the transfer of pollutants to the BDD surface though it requires higher energy consumption; and UV irradiation increases hydroxyl radical generation (Vidales et al., 2014), preventing the formation of undesirable and hazardous by-products (e.g., chlorate and perchlorates) during the electrochemical degradation process (Cotillas et al., 2016). The key EAOPs are AO, AO-H2O2, EF, PEF, and SPEF (Sires et al., 2014). Other EAOPs such as peroxi-coagulation (Brillas and Casado, 2002) and Fered-Fenton (Huang et al., 2001) 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 (Clematis and Panizza, 2021b). The effluents from several industries and urban wastewater have low conductivities, but adding a supporting electrolyte enables water treatment by direct application of electrochemical processes (Ma et al., 2018). Still, this extra leads to increased operational costs and/or toxic by-products (Clematis and Panizza, 2021b). Alternatives include reduction of ohmic resistances and increasing the mass transport of the pollutants towards the surface of the electrode through a solid polymer electrolyte (SPE) (Clematis et al., 2017), or capillary microfluidic cells (Ma et al., 2018), respectively. A review on the electrochemical oxidation of organic pollutants in low conductive solutions can be found elsewhere (Clematis and Panizza, 2021b).
4.4.2 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 (Cano et al., 2016; Xu, 2016).
Cells are usually equipped with two types of electrode configurations: monopolar and bipolar designs (Cano et al., 2016). 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 (Cano et al., 2016). Moreover, reactors designed for cells with bipolar configuration allow switching the polarity of electrodes to electrochemically clean their surface and prevent electrode deactivation (Murugananthan et al., 2007). Nevertheless, one should bear in mind that monopolar electrodes consume less energy (Cano et al., 2016).
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 (Rivera et al., 2015; Cornejo et al., 2020).
4.4.3 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 (Xu, 2016).
Many degradation experiments are performed with the addition of a supporting electrolyte, particularly in high concentrations (higher solution conductivity) where electrooxidation proficiency is enhanced (Ma et al., 2018). The effect of different supporting electrolytes in phenol degradation using BDD electrodes has been assessed (de Souza and Ruotolo, 2013). 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 (Rubí-Juárez et al., 2016). 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 (Zhou et al., 2011a; Daskalaki et al., 2013; Espinoza-Montero et al., 2013; Fabianska et al., 2014). However, in terms of pH effect, there are diverse and even contradictory results which are dependent on the pollutant chemistry (Brillas et al., 2005; Zhou et al., 2011b; Xu, 2016). Ideally, the electrochemical behavior of BDD electrodes should be evaluated in different pH and electrolyte solutions before the degradation experiments (Enache et al., 2009).
Mineralization rates are linearly related to the current density (jappl) with two different operating regimes depending on it: current and mass transport-controlled oxidations (Brillas et al., 2005). In these regimes, the limiting current density (jlimit) for electrooxidation of the organic pollutant is estimated according to the following equation:
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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% (Panizza et al., 2001). 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% (Panizza et al., 2001).
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 by-products (Cano et al., 2016). 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 to the substrate. Still, lower current densities may avoid the production of non-desired or hazardous by-products (chlorate, perchlorate, or organo-chlorinates) (Cano et al., 2011).
The total volume of solution affects the residence time and, consequently, the degradation efficiency (Lacasa et al., 2013). 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 (Brillas et al., 2005).
4.4.4 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 Eqs 8, 9, respectively (Comninellis and Pulgarin, 1991):
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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. 10) (Flox et al., 2007). In addition, the combustion efficiency (Eq. 11) can be determined by calculating the ratio between the TOC and the COD decrease rates (Pacheco et al., 2007):
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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), [image: image] 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. 12).
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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. 13.
[image: image]
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. 14), COD (Eq. 15), and TOC (Eq. 16). Additionally, some authors have expressed energy consumption values only as a function of the volume of the treated solution (Eq. 17). However, the latter expression of consumption does not consider the pollutant concentration and may induce misinterpretation of the electrode performance.
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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), [image: image] is the total amount of COD removed (kg/dm³), and [image: image] is the total amount of TOC removed (kg/dm³).
The previous equations allow normalization of the BDD degradation results for a specific contaminant (Eq. 14) or complex matrixes (Eqs 15, 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, [image: image], 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 4.
TABLE 4 | Summary of figures of merit used as performance indicators for pollutant degradation.
[image: Table 4]5 CASE STUDIES AND COMPARISONS ACCORDING TO THE LITERATURE
There are only a few studies comparing in-house electrodes with commercial ones (Hutton et al., 2013; Huang et al., 2021). For example, eleven different BDD electrodes 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) (Huang et al., 2021). 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 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 S4) or treating landfill leachate (Supplementary Table S5). 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 (Rohatgi, 2019).
The operating conditions used for the electrochemical treatment of phenol and landfill leachate are diverse. In the case of phenol (Supplementary Table S4), 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 S5), 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 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 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.
[image: Figure 8]FIGURE 8 | Main factors influencing the performance of BDD electrodes in the electrochemical degradation of pollutants (source: the authors).
6 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, by-products 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-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 9).
[image: Figure 9]FIGURE 9 | Experimental procedure proposed for evaluating BDD electrodes (source: the authors).
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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ACE average current efficiency
AFM atomic force microscopy
AO anodic oxidation
BDD boron-doped diamond
Cdiamond purity of chemically vapor deposited diamond
Cdl double-layer capacitance
COD chemical oxygen demand
CTE coefficient of thermal expansion
CVD chemical vapor deposition
EAOP electrochemical advanced oxidation processes
EC energy consumption
EELS electron energy-loss spectroscopy
EF electro-fenton
EIS electrochemical impedance spectroscopy
FWHM full width at half maximum
GDOES pulsed radio frequency glow discharge optical emission spectroscopy
HER hydrogen evolution reaction
HFCVD hot-filament chemical vapor deposition
HPLC high-performance liquid chromatography
HTHP high pressure-high temperature
ICE instantaneous current efficiency
Jappl applied current density
Jcut-off arbitrary current density cut-off
Jlimit limiting current density
MCD microcrystalline diamond
MCE mineralization current efficiency
MPCVD microwave plasma chemical vapor deposition
NCD nanocrystalline diamond
NDC non-diamond carbon
NDP neutron depth profile
OEP oxygen evolution potential
OER oxygen evolution reaction
PEF photoelectro-Fenton
Q’ average charge required for pollutant degradation
Qt average charge
RF radio frequency
RFCVD radio frequency plasma chemical vapor deposition
SEF sonoelectro-fenton
SEM scanning electron microscopy
SHE standard hydrogen electrode
SIMS secondary ion mass spectrometry
SLR systematic literature review
SPEF solar photoelectro-fenton
TOC total organic carbon
UNCD ultra-nanocrystalline diamond
UV ultraviolet
XPS x-ray photoelectron spectroscopy
β figure-of-merit or the Raman quality fraction
ηc combustion efficiency
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Pros
Most used FOMs, allowing comparison with most published

results COD measurements are less expensive than TOC

Provide instantaneous current efficiency data

TOC analyses are usually faster than COD and often result in
accuracy over an extensive range of concentrations from 1 to
50,000 ppm

Cons

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. In addition, dichromate does
not oxidize some organic species, which can imply false low
COD values

TOC measurements require expensive equipment and
complicated analysis

Requires both COD and TOC measurements

Q=g Ideal for comparing results when the cell potential value is Requires pollutant quantification techniques (e, UV-vis
e unavailable Does not require COD and/or TOC analysis spectroscopy, HPLC)

ECriutan = 752 Does not require COD and/or TOC analysis
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quality parameter, which may lead to misinterpretation
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