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Abstract 

This work is focused on the evaluation of the performance of bulk electrosynthesis of 

chlorine oxoanions and peroxodisulfate with diamond electrodes, made with the same 

conductive-diamond coating deposited on three different substrates (niobium, tantalum 

and silicon). Results point out an important influence of the substrate on the efficiency of 

the processes. The diamond coatings on tantalum substrate leads to higher concentrations 

of hypochlorite and perchlorate from the electrolysis of synthetic brines. Specifically, the 

most remarkable influence has been observed at 1500 A m-2. This can be attributed to a 

production of large amounts of hydroxyl radicals which significantly contribute to the 

generation of hypochlorite and perchlorate by mediated oxidation of chloride and 

hypochlorite, respectively. On the contrary, the electrochemical production of 

peroxodisulfate is favored when using silicon as diamond substrate, as well at current 

densities higher than 1000 A m-2. Although the formation of peroxodisulfate depends on 

the production of hydroxyl radicals, this better performance of silicon (and even niobium) 
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can be related to the decomposition of peroxodisulfate by means of its reaction with the 

excessively high concentrations of hydroxyl radicals produced with diamond coatings 

deposited on tantalum. These results are of extreme significance for the tailoring of 

electrodes for specific applications, because they demonstrate that the boron doping and 

the sp3/sp2 ratios are not the only inputs to be considered.  
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Highlights 

- Electrolysis with BDD anodes allows to generate powerful oxidants. 

- Ta-BDD favors the generation of larger amounts of ·OH than Si-BDD or Nb-

BDD. 

- Hypochlorite and perchlorates are more efficiently produced with Ta-BDD 

electrodes by mediated oxidation. 

- Higher efficiencies for peroxodisulfate production with Si-BDD, because of its 

increased decomposition during Ta-BDD electrolysis. 

 

 

1. Introduction. 
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In last decades, diamond based coatings have been evaluated as electrode material for the 

degradation of a wide variety of organic pollutants contained in wastewater, such as 

pharmaceuticals, dyes, pesticides, characterized for being difficult to be removed by 

conventional treatment technologies [1-6]. This material has a wide electrochemical 

window that favors the production of large amounts of free hydroxyl radicals during water 

electrolysis (Eq. 1) [7], which are known to be extremely efficient oxidants, and the 

responsible to consider electrolysis with diamond electrodes as an Advanced Oxidation 

Process (AOP).  

H2O → ·OH + H+ + e-                                                     (1) 

In fact, this species is the main responsible for organic matter depletion, either directly or 

by side reactions [8-11]. Thus, hydroxyl radicals are known to interact between them to 

form hydrogen peroxide and ozone and to react with other ions contained in wastewater, 

favoring the production of other powerful oxidants, like hypochlorite and peroxoanions 

(e.g. peroxodiphosphate, peroxodisulfate and peroxocarbonate). These last ones are more 

stable (longer lifetime) than hydroxyl radical and allow the further oxidation of organics 

during the electrolysis of wastewater. In those processes, current density is a key 

parameter to control the amount of oxidants produced and temperature to preserve them 

once formed [12, 13]. Sometimes, the species produced are less reactive at room 

temperature than the parent compound. This happens with the chlorite, chlorate and 

perchlorate formed by sequential oxidation of hypochlorite, whose formation is known to 

be one of the main drawbacks of the diamond environmental electrolytic technology [14]. 

However, what becomes a problem for water treatment is an opportunity for 

electrosynthesis, as currently the production of perchlorate is one of the most studied 

processes because of the large number of applications of this compound. 

In this sense, most of the oxidants formed accidentally during water electrolysis can be 

suitable reagents for different applications such as bleaching [12], disinfection [15-17], 
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pyrotechnics [18], detergents, organic synthesis [19, 20] and many more. However, they 

are difficult to be produced by other conventional technologies and, hence, electrolysis 

with diamond anodes can be a promising technology for their generation, becoming a 

potential market for these processes. 

In the search of efficient electrosynthesis processes many works have evaluated the 

influence of the main characteristics of the diamond coatings on the efficiency of the 

process. In this context, Brito et al. have reported the electrosynthesis of active chlorine 

species using diamond anodes with different sp3/sp2 ratio, finding a remarkable influence 

of this parameter on the production of perchlorate: high graphite content leads to a higher 

production of this compound [21]. Likewise, De Paiva Barreto et al. evaluated the 

influence of sp3/sp2 ratio on the production of peroxodisulfate [22]. They concluded that 

lower sp3/sp2 ratios favor the electrochemical production of peroxodisulfate at higher 

current densities. Based on these previous works, diamond characteristics seem to 

remarkable affect the electrochemical production of powerful oxidants.  

Within this frame, our research group evaluated the influence of boron content, the 

thickness and the sp3/sp2 ratio on the electrochemical production of peroxodiphosphate 

with commercial diamond anodes [23]. In that study, it was found that the most important 

parameter on the electrosynthesis of this oxidant was, surprisingly, the thickness of the 

diamond layer. Specifically, higher efficiencies were obtained when the electrode with 

the thinner layer was used. This result indicated that the substrate may have an important 

influence on the process performance, although in that moment we did not own reliable 

electrodes (electrodes with exactly the same characteristics made on different substrates) 

to check this hypothesis.   

As it is well-known, Conductive Diamond coatings can be manufactured on different 

substrates such as silicon, niobium or tantalum. Most of papers reported in literature 

describes the use of diamond anodes for the electrosynthesis of oxidants with silicon 
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substrate [24-26] and, to the authors’ knowledge, the influence of the diamond substrate 

has not been evaluated for the electrochemical generation of powerful oxidants.  

With this background, this work focuses on the evaluation of the performance of diamond 

coatings on the production of chlorine oxoanions and peroxodisulfate, trying to 

complement the results of our previous work, in order to verify if the substrate is an 

important input for predicting the performance of the oxidation process. Likewise, the 

behavior of different substrates is not only important for the technical viability of 

electrosynthesis of oxidants but also for the economical aspects since the price of tantalum 

is higher than niobium. Hence, diamond substrate is expected to be an important point to 

take into account in the economical viability of electrochemical processes.  

 

2. Material and methods. 

2.1. Analytical procedures. 

Chlorine species were measured by ion chromatography using a Metrohm 930 Compact 

IC Flex coupled to a conductivity detector. A Metrosep A Supp 7 column was used to 

determine the concentration of chloride, chlorate and perchlorate. The mobile phase 

consisted of 85:15 v/v 3.6 mM Na2CO3/acetone solution with a flowrate of 0.80 cm3 min- 

1. The temperature of the oven was 45 ºC and the volume injection was 20 μL. The peak 

of hypochlorite interferes with chloride in the chromatographic system used. For this 

reason, the concentration of hypochlorite was determined by a selective titration using 

As2O3 in NaOH 2 M [27, 28]. Peroxodisulfate concentration was measured 

iodometrically according to Kolthoff & Carr [29] and by UV spectrophotometry [30]. 

2.2. Electrochemical cell. 

Electrolyses were carried out in a single-compartment electrochemical flow cell equipped 

with boron doped diamond (BDD) plates as electrodes (Adamant Technologies, 
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Switzerland). The geometric area was 78 cm2 and, the interelectrode gap between the 

electrodes was 5 mm. The electrodes were made on purpose for this work. The boron 

content of the electrodes was 2500 ppm. The sp3/sp2 ratio was not possible to evaluate 

due to the high level of boron doping. This favors Fano effect which alters Raman 

scattering of diamond lattice. Niobium, silicon and tantalum were used as substrates to 

deposit the diamond coating and the thickness of this coating was 7.8, 5.9 and 7.3 µm, 

respectively.  

2.3. Experimental procedure. 

Bench scale electrolyses were carried out under galvanostatic conditions and batch 

operation mode. Synthetic brines (NaCl 1 M) or sulfate concentrate effluents (H2SO4 1 

M) were stored in a glass tank (1 dm3) and circulated through the electrochemical cell by 

a peristaltic pump. A Delta Electronika ES030-10 power supply (0-30V, 0-10A) provided 

the electric current and, the applied current densities were within the range 300-1500 A 

m-2. A heat exchanger was used to maintain the temperature at 25 ºC. 

 

3. Results and discussion. 

Electrolysis of chloride. Figure 1 shows the changes in the conversion of chloride to 

hypochlorite with the electric charge applied, during the electrolysis at four current 

densities (300, 600, 1000 and 1500 A m-2) of synthetic brines (1 M NaCl) using diamond 

anodes made with the three different substrates: Nb, Ta and Si.  
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Figure 1. Hypochlorite conversion as function of the applied electric charge during the 

electrolysis of synthetic brines. Diamond substrate: (a) Nb; (b) Si; (c) Ta. Current density: 

(■) 300 A m-2; (□) 600 A m-2; (●) 1000 A m-2; (○) 1500 A m-2. C0: 1 M NaCl.     

As expected, hypochlorite conversion increases with the applied electric charge for all 

the tests carried out [31]. This increase is very fast during the first steps and then, it is 

followed by a plateau zone that corresponds to the maximum conversion achieved (in 

some cases there is not plateau but a decrease in the conversion at large current charge 

passed). The total conversion of chloride into hypochlorite is not reached in any of the 

tests, which suggests that an equilibrium between the rates of production and destruction 

of hypochlorite is reached during the electrolysis operated in discontinuous mode. 

Hypochlorite is known to be produced by disproportionation of the electrochemically 

formed chlorine (Eqs. 2-4) or by the action of hydroxyl radicals on chloride ions (Eq. 5).  
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2 Cl- → Cl2 + 2 e-                                                         (2) 

Cl2 + H2O → HClO + Cl- + H+                                               (3) 

HClO ⇌ H+ + ClO-                                                        (4) 

Cl- + ·OH → ClO- + H+ + e-                                               (5) 

At this point, it is worth to remember that with diamond electrodes the final product in 

the oxidation of chlorides is not hypochlorite but perchlorate [32]. Although there are 

chemical paths that explain the formation of chlorate by disproportionation and even by 

direct oxidation, the most important mechanism to explain this formation is by the action 

of hydroxyl radicals. In fact, in electrolysis with metal mixed oxide (MMO) anodes the 

amounts of chlorates formed are not very important at the operation conditions used in 

this work and, in addition, no perchlorates can be detected during the electrolysis with 

those electrodes [31]. 

Likewise, in the experiments carried out in this work, a very large concentration of 

chloride is used in the raw matter fed to the discontinuous electrochemical system and 

because of that, hypochlorite shows a pseudo-behavior of final product as the oxidation 

of chlorides by hydroxyl radicals will be easier than the oxidation of the hypochlorite.  

Furthermore, results show that the electrochemical production of hypochlorite is clearly 

influenced by the current density: higher current densities mean higher hypochlorite 

conversion for the same applied charge. This means a more efficient process, which can 

be easily explained by the more important role of the hydroxyl radicals at these harsh 

conditions, as it was explained in a previous work of our group [13]. In that research, it 

was shown that direct oxidation mechanisms are promoted when working at low current 

densities, while operating at higher values promotes the importance of the mediated 

mechanisms based on hydroxyl radicals.  
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Regarding the diamond substrate, the maximum hypochlorite conversion achieved was 

obtained when using the electrode with tantalum (Ta) followed by niobium (Nb) and, 

finally, the silicon (Si) substrate. This behavior suggests that Ta-BDD anode may be 

promoting the generation of larger amounts of hydroxyl radicals during the 

electrosynthesis and, hence, it would be more suitable for the electrochemical production 

of powerful oxidants based on chlorine through mediated oxidation (Eq. 5). To illustrate 

this point, Figure 2 shows the final hypochlorite conversion as function of the diamond 

substrate at different current densities. These conversion values practically correspond to 

the maximum conversion achieved during the electrosynthesis. 

 

Figure 2. Final hypochlorite conversion as function of the diamond substrate during the 

electrolysis of synthetic brines. Current density. (■) 300 A m-2; (□) 600 A m-2; (●) 1000 

A m-2; (○) 1500 A m-2. C0: 1 M NaCl.   

Results clearly point out that the final conversion of chloride to hypochlorite is enhanced 

when using tantalum as the substrate of the diamond coating and when current densities 

higher than 600 A m-2 are applied. For example, it can be seen a higher conversion with 

this metal (Ta) during the electrosynthesis at 1000 A m-2 (75.21 %) in comparison with 
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the results obtained at 1500 A m-2 using silicon as substrate (65.78 %). On the other hand, 

the lowest conversion attained during the process at low current densities (300 A m-2) 

using Ta substrate can be related to a negligible production of hydroxyl radicals under 

these operating conditions and a less important direct oxidation process with this anode. 

Therefore, the experimental data obtained seem to confirm the excellent electrocatalytic 

properties of diamond anodes with tantalum substrate for the generation of large amounts 

of hydroxyl radicals at higher current densities. Likewise, it can be observed that the 

lowest conversion to hypochlorite is obtained during the electrosynthesis with Si-BDD, 

except for the case of 300 A m-2, for which direct oxidation mechanism is expected to 

control the process. This is a relevant result, since most of the papers reported in literature 

related to the application of diamond electrodes for wastewater treatment (removal of 

organics/disinfection) use this type of anodes with silicon substrate, almost as an standard 

electrode because of its supposed optimum behavior [2, 11, 33, 34]. Hence, the results 

obtained in this work open the possibility of improving the process efficiency by using 

Ta as substrate not only for the production of powerful oxidants based on chlorine but 

also for the treatment of wastewater, where the action of hydroxyl radicals is also 

expected to be very important.  

As previously commented, the final trend observed in hypochlorite conversion (plateau 

zone) can be related to the oxidation of this compound to other species such as chlorate 

and perchlorate [14, 32], particularly to the moment in which the rates of production and 

destruction of this species are equalized. In this context, Figure 3 shows the conversion 

to chlorate during the electrolysis of the synthetic brines.  
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Figure 3. Chlorate conversion as function of the applied electric charge during the 

electrolysis of synthetic brines. Diamond substrate: (a) Nb; (b) Si; (c) Ta. Current density: 

(■) 300 A m-2; (□) 600 A m-2; (●) 1000 A m-2; (○) 1500 A m-2. C0: 1 M NaCl.  

Chlorate conversion increases with the applied electric charge for all the tests carried out, 

regardless the diamond substrate used, and the current density applied. The experimental 

data follow a linear increase and, the maximum values that can be attained are lower than 

25 % for the highest current density (1500 A m-2) at electric charges around 130 Ah dm-

3. Even so, the increasing trend observed suggests that the conversion could be 

significantly enhanced if larger electric charges are applied. In this case, there are not 

great differences as function of the diamond substrate since the chlorate conversion 

attained is low. In fact, if these results are compared to those obtained in the conversion 

to hypochlorite (Figure 1), the differences among the substrates appear from conversions 
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higher than 20 %. Therefore, this seems to indicate that higher applied electric charges 

are required to observe a remarkable influence of the diamond substrate on the 

electrochemical production of chlorates because the concentration of hypochlorite is 

higher at these conditions and, this better ratio with respect to chloride increases their 

chances for being oxidized by hydroxyl radicals.  

However, chlorate is only an intermediate in this process and the final product in the 

oxidation of chlorides with diamond anodes is perchlorate. Figure 4 shows the influence 

of the current density on the conversion to perchlorate during the tests carried out.  

 

Figure 4. Perchlorate conversion as function of the applied electric charge during the 

electrolysis of synthetic brines. Diamond substrate: (a) Nb; (b) Si; (c) Ta. Current density: 

(■) 300 A m-2; (□) 600 A m-2; (●) 1000 A m-2; (○) 1500 A m-2. C0: 1 M NaCl.  
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As it can be observed, the conversion to perchlorate increases with the applied electric 

charge during the process. However, the values obtained are very low (< 0.5 %) due to 

extremely large amounts of free hydroxyl radicals that are required to convert all initial 

chlorides to perchlorate [12] and, the very important competition between chloride ions 

and chlorate ions, which is favored by the hugely higher concentration of the firsts. In this 

case, the diamond substrate does seem to influence the production of this species despite 

the low conversions achieved. Specifically, tantalum substrate leads to the highest 

conversion when working at higher current densities (1500 A m-2). These results agree 

the previous observed on hypochlorite conversion where this support (Ta) showed the 

best electrocatalytic properties to produce this oxidant (Figure 1). Again, this indicates 

that the contribution of hydroxyl radicals is more important with this electrode because 

the electrochemical production of perchlorate can only take place by the action of 

hydroxyl radicals [31]. For this reason, it is expected a higher conversion at 1500 A m-2 

because the electro-generation of these radicals is favored under those conditions [7, 13].  

To illustrate the influence of the diamond substrate on the production of perchlorates, 

Figure 5 summarizes the maximum amount electrogenerated of this oxidant and the 

efficiency during the electrolysis of synthetic brines with diamond anodes at 1500 A m-2.  
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Figure 5. Maximum amount of electrogenerated perchlorate as function of the diamond 

substrate during the electrolysis of brines. C0: 1 M NaCl; j: 1500 A m-2.  

The maximum amount of perchlorate was obtained during the process with tantalum 

substrate followed by silicon and, finally, niobium. Nevertheless, the experimental data 

attained with niobium and silicon substrates were very similar (Nb: 3.90 mmol ClO4
-; Si: 

4.05 mmol ClO4
-). Therefore, these results clearly show the better electrocatalytic 

properties of Ta substrate for the production of perchlorates.  

Regarding the efficiency, the highest value was obtained when working with tantalum as 

diamond substrate. Likewise, the efficiency during the process with niobium substrate 

was higher than that resulting in the process with silicon. This is an unexpected behavior 

taking into account that the concentration of perchlorate was a bit higher when silicon 

was used as substrate, but it is explained by the higher production of hypochlorite. Hence, 

the results obtained reveal that tantalum is the most appropriate support as diamond 

substrate for the electrosynthesis of oxidants based on chlorine whereas silicon substrate 

shows the lowest efficiency for electrochemical production of perchlorates.  

Electrolysis of sulfates. Figure 6 shows the concentration of peroxodisulfate 

electrochemically generated as function of the applied electric charge during the 

electrolysis of concentrated sulfuric acid solutions (1 M) at 1500 A m-2.  
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Figure 6. Concentration of electrogenerated oxidants as function of the applied electric 

charge during the electrolysis of synthetic solutions. Diamond substrate: (■) Nb; (▲) Si; 

(●) Ta. Current density: 1500 A m-2; C0: 1 M H2SO4.  
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peroxodisulfate increases with the applied electric charge for all the tests carried out. 
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formation of peroxodisulfate by direct oxidation is known to be very inefficient and its 

formation by mediated processes with hydroxyl radicals (Eq. 6) is the main mechanism 

that helps to explain the process [26]. Thus, with other electrodes, such as the MMO 
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reported to be almost negligible.  
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the production of peroxodisulfate radicals (Eq. 7) [35]. Likewise, the electrogenerated 

hydrogen peroxide during electrosynthesis from the recombination of hydroxyl radicals 

(Eq. 8) can react with peroxodisulfate to produce free sulfate and hydroxyl radicals (Eq. 

9) [36], which under the absence of other compounds to be oxidized, transform water into 

hydrogen peroxide and/or oxygen. This leads to a decrease in the efficiency of the 

process, although uncommonly, this decrease must be explained in terms of a higher 

production of hydroxyl radicals, clearly showing an antagonistic effect.  

S2O8
2- + ·OH → S2O8

-· + OH-                                           (7) 

·OH + ·OH → H2O2                                                    (8) 

S2O8
2- + H2O2 → 2 SO4

-· + 2 ·OH                                        (9) 

Hence, an over-production of hydroxyl radicals can be negative from the point of view of 

production of sulfate and can help to explain the shape of the changes in the formation of 

peroxodisulfate during the discontinuous electrolyses.  

On the other hand, in comparing electrodes, the production of peroxodisulfate is higher 

when working with silicon substrate followed by niobium and, finally, tantalum. These 

results are opposite to those observed during the electrosynthesis of oxidants based on 

chlorine, where tantalum showed the highest efficiency for the generation of these 

oxidants. However, these results are again indicating that diamond coatings deposited on 

tantalum are more efficient than the other two substrates in the production of hydroxyl 

radicals, although in this case, this enhanced production has a negative influence on the 

generation of the desired oxidant. 

Figure 7 shows the final conversion to peroxodisulfate at different current densities when 

passing an electric charge of 25 Ah dm-3, arbitrary value selected to avoid the undesired 

side reaction that reduces the concentration of peroxodisulfate. 
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Figure 7. Final persulfate conversion as function of the diamond substrate during the 

electrolysis of synthetic solutions. (■) j: 300 A m-2; (□) j: 600 A m-2; (●) j: 1000 A m-2; 

(○) j: 1500 A m-2. C0: 1 M H2SO4.   

The production of peroxodisulfate shows different behaviors depending on the range of 

current densities applied. Specifically, there are no important differences by operating at 

low current densities (j < 500 A m-2), region where the direct processes are supposed to 

control the overall rate. However, silicon substrate favors the production of large amounts 

of this oxidant when working at current densities higher than 1000 A m-2. These values (j 

> 1000 A m-2) have been reported in literature as the best operating conditions for the 

production of powerful oxidants by electrolysis with diamond anodes [24]. Hence, silicon 

substrate seems to be the most appropriate support for the electrosynthesis of 

peroxodisulfate whereas tantalum substrate shows the lowest efficiency for the generation 

of this oxidant with diamond anodes, although the explanation again is the higher 

production of hydroxyl radicals with this material. Niobium shows an intermediate 

behavior between tantalum and silicon, just similar to that observed in the electrolysis of 

chloride.  
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4. Conclusions. 

From this work, the following conclusions can be drawn: 

- Electrolysis with diamond anodes allows to generate large amounts of powerful 

oxidants due to the excellent electrocatalytic properties of these electrodes for the 

electrochemical production of hydroxyl radicals at current densities higher than 

1000 A m-2. These species significantly contribute to the oxidation of chlorides or 

sulfates, favoring the generation of chlorine-based oxidants or peroxodisulfates, 

respectively. 

- Hypochlorite is the main oxidant species electrochemically produced during the 

electrolysis of synthetic brines at low electric charge passed. The use of current 

densities around 1500 A m-2 leads to the highest production of this oxidant, 

regardless the substrate tested. However, the maximum conversion towards this 

compound was obtained during the process using the diamond anode with 

tantalum substrate. This suggests that this support favors the electrochemical 

production of hydroxyl radicals and, therefore, the production of hypochlorite.  

- Chlorate and perchlorate conversions are very low in comparison to the values 

obtained for hypochlorite because of the low electric current charge passed. The 

diamond substrate does not show a remarkable influence on the production of 

chlorate for all the current densities evaluated. However, in the case of 

perchlorate, tantalum substrate shows higher conversions to this compound than 

those obtained with silicon or niobium at current densities higher than 1000 A m-

2. These results can also be explained in terms of the higher production of hydroxyl 

radicals during the process with the Ta support.  

- Silicon substrate is the most appropriate metal for the electrochemical production 

of persulfates with diamond anodes. This behavior is opposite to that observed on 
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the production of oxidants based on chlorine and, it is related to the stability of 

the oxidant electrogenerated: persulfate can be decomposed by its reaction with 

hydroxyl radicals. Hence, tantalum substrate shows the worst efficiency for the 

production of this oxidant because of the excellent properties of this support for 

the production of large amounts of hydroxyl radicals. 
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