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Abstract 18 

The degradation of organic pollutants in water by electro-oxidation (EO) process is a very active 19 

research topic, but it has been pre-eminently focused on the development of anodes with 20 

enhanced electrocatalytic ability to produce ●OH at their surface. Conversely, the degradation 21 

pathways that may arise from the potential ●OH production at the cathode surface are often 22 

disregarded. This work discusses the contribution of ●OH, formed at a Ti, graphite, stainless 23 

steel or Pt cathode from the reduction of O2 or H2O2, to phenol oxidation in 0.5 mol dm-3 H2SO4 24 

medium. The •OH production in the cathodic compartment of a divided cell was assessed from 25 

coumarin oxidation monitored via UV/Vis spectroscopy and HPLC with a fluorescence 26 

detector, salicylic acid oxidation evaluated by HPLC with a photodiode array detector and 27 

electron paramagnetic resonance. It was demonstrated that the production depended on the 28 

cathode nature, decreasing as: Pt > graphite >> stainless steel > Ti. It was concluded that a two-29 

electron reaction converted O2 to H2O2, which was monoelectronically reduced to ●OH. The 30 

results reveal the importance of cathode selection in water treatment by EO. 31 

Keywords: Boron-doped diamond; Electrochemical oxidation; Electrochemical reduction; 32 

Hydroxyl radical; Water treatment 33 
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1. Introduction 35 

 Growing research is focused on the electro-oxidation (EO) treatment of water contaminated 36 

with toxic and recalcitrant organic compounds. These studies have mainly addressed the 37 

application of different active and non-active anodes [1–5], with the purpose of synthesizing 38 

new materials or improving the performance of existing ones [7–9]. Among tested materials, 39 

PbO2, Sb-doped SnO2 and boron-doped diamond (BDD) are preferred over conventional 40 

graphite and dimensionally stable anodes (DSA®), owing to their greater ability to form 41 

different oxidants (O2, hydroxyl radical (●OH) and H2O2, among others) from reactions (1)-(3) 42 

(see Table 1). The BDD anode has emerged more vigorously due to its outstanding physical 43 

and chemical properties as compared with other electrode materials, finding numerous 44 

electrochemical applications such as water decontamination [10], electroanalysis of organic 45 

compounds and biomolecules [11], and energy conversion [12]. 46 

 Much less is known about the role of the cathodic material in EO. Four main cases have 47 

been considered: (i) evolution of H2, (ii) direct reduction of pollutants and their intermediates, 48 

(iii) electrodeposition of metals and (iv) indirect production of oxidizing agents. The evolution 49 

of H2 is significant if the cathode possesses a low overpotential for reactions (4) and (5) [7], 50 

whereas alternative products appear if the required overpotential is too large [13]. 51 

 Several authors have reported the reduction of pollutants and their intermediates at the 52 

cathode surface during EO. Kötz et al. [14], using a Pt anode and a Ti/Pt cathode for the EO of 53 

phenol solutions, detailed the formation of the benzoquinone/hydroquinone redox system as 54 

cathodic by-products. Similarly, Polcaro et al. [15] suggested that intermediates generated 55 

during the EO of 2-chlorophenol solutions could be reduced at the cathode. Azzam et al. [7] 56 

showed that the cathode nature (Pb, Zn or Cu) and pH affected the kinetics of 4-chlorophenol 57 

degradation by EO using a Ti/RuO2 anode, although such effects were explained in depth. The 58 

importance of the cathode in EO has been mentioned recurrently [15–18], but few researchers 59 
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have made a rigorous investigation. Recently, Borràs et al. [19] reported the EO of atrazine 60 

solutions with a BDD anode, showing that its degradation was favored using a stainless steel 61 

(SS)-304 cathode instead of an air-diffusion electrode. 62 

 The contamination related with the discharge of industrial wastewater with high content of 63 

heavy metals can be remediated by EO, addressing the simultaneous oxidation of organic 64 

pollutants and metal electrodeposition [20]. On the other hand, some cathodes are able to 65 

produce oxidizing agents. The most exploited process is the reduction of O2 to H2O2, which is 66 

a weak oxidant with potential application to the treatment of contaminated water [7]. Metallic 67 

and carbonaceous materials have been evaluated for H2O2 electrogeneration, being the latter 68 

ones those possessing higher performance [21]. However, the mechanisms for O2 reduction 69 

reaction (ORR) are still under study [22–25], since the selectivity of the materials to produce 70 

H2O2 clearly shows the effect of the cathode composition. 71 

 Lately, the feasible ●OH production at the cathode has been investigated, although the 72 

information is still limited. This radical is a strong oxidizing species with a high standard redox 73 

potential (Eº = +2.8 V vs SHE) [26]. ●OH can destroy most organic pollutants mainly via 74 

hydrogen abstraction or electrophilic addition to π systems [27]. The latter kinds of reactions 75 

are of great interest because of the straightforward application to several areas such as 76 

electrosynthesis [28-30], energy production [31,32] and water treatment [33]. For example, 77 

Imamura et al. [34] found that the surface of a 316L stainless steel (SS) cathode irreversibly 78 

contaminated with absorbed organics could be reactivated via electrolysis of synthetic H2O2 79 

because of the ●OH formation from reaction (6) with k2  = 1.2 × 1010 dm3 mol-1 s−1. A divided 80 

cell with a Pt anode and KCl as supporting electrolyte was used and ●OH was detected by 81 

electron paramagnetic resonance (EPR). Later, Choi and Bard [35] confirmed the occurrence 82 

of reaction (6) by cyclic voltammetry coupled to chemiluminescence. Bo-Tao et al. [36] 83 

assessed the ●OH production in the cathodic compartment of a divided cell with an oxygenated 84 
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K2SO4 solution, a Ti/PbO2 anode and a SS-304 cathode, by UV/Vis spectroscopy using its 85 

reaction with N,N-dimethyl-p-nitrosoaniline (RNO) as spin trap [37]. However, it is known that 86 

analysis with RNO can lead to false positives [38]. 87 

 Note that the four-electron reduction of O2 is strictly dependent on pH, generating either 88 

hydroxide anion (OH−) by reaction (7) with Eº = +0.401 V vs SHE in alkaline medium [39] or 89 

water by reaction (8) with Eº = +1.229 V vs SHE under acidic conditions [40]. The two-electron 90 

reduction of O2 to H2O2 in acidic medium may be explained by the initial formation of oxygen 91 

radical anion (O2•−) from reaction (9), followed by its reduction via reaction (10) and (11), 92 

although no experimental evidence has been presented yet. This mechanism differs from that 93 

proposed in alkaline medium, based on the ionization of H2O2 to its conjugated base (HO2−) via 94 

reaction (13) with pKa = 11.62 at 298 K [36,41-43], although H2O2 can be either hydrolyzed by 95 

OH− from reaction (14) or react with HO2− to generate ●OH from reaction (15) [41]. In turn, 96 

HO2− can be reduced to OH− from reaction (16) [44] or undergo chemical decomposition to 97 

OH− and O2 from reaction (17). Reaction (18) accounts for the overall reaction in acidic 98 

medium, with E° = +0.67 V vs SHE [45]. This species can then follow various routes: (i) 99 

cathodic reduction to water from reaction (19) with Eº = +1.776 V vs SHE [45], (ii) chemical 100 

decomposition to water and O2 by reaction (20) [20,46], (iii) anodic oxidation to O2 from 101 

reaction (21) [46] and (iv) reduction to ●OH and water following reaction (6). This radical can 102 

then be either reduced to water from reaction (22) [36] or react with H2O2 yielding hydroperoxyl 103 

radical (HO2
●) and water from reaction (23) [34], impeding its detection. 104 

 The possible ●OH production in the presence of O2 has also been reported by Noël et al. 105 

[47] using Pt as cathode and coupling two analytical techniques, namely radical footprinting 106 

and scanning electrochemical microscopy. Although the authors agreed with the ●OH 107 

generation according to reaction (6), they proposed a new 3-electron route to form this radical 108 

by reaction (24) on a Pt surface. 109 
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 During the EO treatment of organic pollutants with a BDD anode, O2 and H2O2 are formed 110 

from reaction (1) and (3), respectively [48]. Hence, the cathodic reduction of these species can 111 

be expected, possibly forming ●OH that can contribute to the global decontamination process. 112 

Based on this assumption, the present work aims to evaluate the effect of the cathode nature on 113 

EO process with a BDD anode in acidic medium, allowing the electrochemical reduction of O2 114 

and H2O2 to ●OH. With this purpose, acidic phenol solutions were electrolyzed using Ti, 115 

graphite, SS-304 and Pt as cathodes, and the ●OH production was evaluated by UV/Vis 116 

spectroscopy, reversed-phase high-performance liquid chromatography (RP-HPLC) coupled to 117 

a fluorescence detector or a photodiode array and EPR. 118 

2. Experimental 119 

2.1. Chemicals 120 

 Sulfuric acid, hydrochloric acid, sodium hydroxide, phenol, coumarin (C9H6O2), 7-121 

hydroxycoumarin (C9H6O3), tert-butanol, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), salicylic 122 

acid, 2,5-dihydroxybenzoic acid  and 2,3-dihydroxybenzoic acid were purchased from Sigma-123 

Aldrich. Sodium sulfate, used as supporting electrolyte, was purchased from Fluka. Citric and 124 

acetic acids were purchased from Merck. HPLC-grade acetonitrile and methanol were from 125 

Panreac. High-purity Millipore Milli-Q water (resistivity > 18.2 MΩ cm) was employed to 126 

prepare all solutions. 127 

2.2. Analytical techniques 128 

 The solution pH was measured with a Crison 2000 device, being maintained at 298 K with 129 

a Julabo heat exchanger. Potentiodynamic analysis by cyclic voltammetry and linear sweep 130 

voltammetry, as well as the electrolyses of phenol solutions, were made using an Autolab 131 

PGSTAT 30. Phenol degradation was monitored by UV/Vis spectroscopy using a Lambda 132 

XLX´+ spectrophotometer coupled to a flow cell with a Cole Palmer peristaltic pump. All 133 



7 
 

experiments were performed at 298 K maintained with a Polyscience heat exchanger. During 134 

the electrolysis, solutions were vigorously stirred with a magnetic stirrer at 300 rpm. In the 135 

electrolyes with O2 and/or H2O2, an Amel 2053 potentiostat-galvanostat was used to establish 136 

the cathodic potential (Ecath). Total organic carbon (TOC) of solutions was measured on a 137 

Shimadzu VCSN TOC analyzer. 138 

 The production of ●OH and H2O2 was analyzed by UV/Vis spectroscopy using a Shimadzu 139 

UV-1800 spectrophotometer with temperature set at 298 K with a Polyscience heat exchanger. 140 

Indirect analysis of ●OH generation through RP-HPLC was made with: (i) a Shimadzu 10Avp 141 

LC, fitted with a Thermo Electron Corporation Hypersil ODS 5 μm, 150 mm × 3 mm (i.d.), 142 

column at 298 K, and coupled to a Shimadzu RF-10AxL fluorescence detector, and (ii) a Waters 143 

600 LC, fitted with the above column at 308 K, and coupled to a Waters 996 photodiode array 144 

detector. ●OH detection by EPR was made using a Bruker ESP 300E EPR spectrometer with 145 

Win-EPR 2.3 Symphony software. Total Fe was obtained by inductively coupled plasma (ICP) 146 

with a Perkin Elmer Optimum 3200 RL equipment. 147 

2.3. Methods 148 

2.3.1. Selection of the reaction media 149 

 Polycrystalline BDD (B content of 1300 ppm) thin film of 3 µm thickness, deposited on 150 

titanium substrate (Ti/BDD) by hot filament chemical vapor deposition (HF-CVD), was 151 

provided by NeoCoat®. Before use, this electrode was properly activated (i.e., removal of C-152 

sp2 impurities) and cleaned in 0.5 M H2SO4 for 15 min by applying a potential of +2.3 V vs 153 

Hg/Hg2SO4 (K2SO4 (sat)) [49,50]. The electrochemical behavior of Ti/BDD in different 154 

reaction media was analyzed by cyclic voltammetry, using a conventional three-electrode cell 155 

with 60 cm3 capacity. The working electrode was a 2.185 cm2 BDD thin film, the counter 156 

electrode was a Pt mesh or Ti bar (yielding the same results), and Hg/Hg2SO4 (K2SO4 (sat)) 157 

with Eº = +0.640 V vs SHE was used as reference electrode. Cyclic voltammograms were 158 
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recorded with 50 cm3 of 0.5 mol dm-3 supporting electrolyte at 298 K, at a scan rate of 100 mV 159 

s-1. Prior to each measurement, the solution was deoxygenated with N2 for 10 min, maintaining 160 

the gas flow during the trials. 161 

2.3.2. Selection of phenol concentration 162 

 The electrochemical response of Ti/BDD previously activated was assessed by cyclic 163 

voltammetry on a wide range of phenol concentrations up to 550 mg dm-3. For this analysis, 164 

phenol was successively added to a fixed reaction volume (50 cm3 of 0.5 mol dm-3 H2SO4) until 165 

reaching the required concentration. The experimental system and operation conditions were 166 

those reported in subsection 2.3.1, but replacing the Pt mesh by a Ti bar. After the evaluation 167 

of each potential zone, the Ti/BDD electrode was reactivated in 0.5 mol dm-3 H2SO4 with a Pt 168 

mesh as counter electrode by applying a potential pulse of +2.3 V vs Hg/Hg2SO4 for 60 s. 169 

2.3.3. Effect of the cathodic material on the electrochemical reduction of O2 170 

 The electrochemical behavior of Ti, graphite, SS-304 and Pt as the working electrode was 171 

studied in 0.5 mol dm-3 H2SO4 by linear sweep voltammetry. The geometrically active area of 172 

each electrode with cylindrical configuration was of 0.1011 cm2. The same experimental and 173 

operational conditions mentioned in subsection 2.3.2 were utilized. Ti, graphite and SS-304 174 

were sonicated for 10 min before analysis, whereas Pt was flame-annealed followed by 175 

electrochemical cleaning. The gap between the working and counter electrodes was 1 mm. 176 

2.3.3.1. Phenol electrolysis 177 

 The degradation of phenol was carried out in potentiostatic mode using a 2.185 cm2 178 

Ti/BDD anode, a Ti, graphite, SS-304 or Pt cathode and a Hg|Hg2SO4 (K2SO4 (sat)) as the 179 

reference electrode. Solutions of 50 cm3 of 0.5 mol dm-3 H2SO4 containing 0.320 mmol dm-3 180 

phenol (23.0 mg dm-3 TOC) were electrolyzed under constant stirring at 300 rpm at an anodic 181 

potential Ean = +2.3 V vs Hg|Hg2SO4 for 30 min. Before and after all trials, the electrode 182 
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materials were cleaned and reactivated as described above. Phenol removal was monitored by 183 

UV/Vis spectroscopy coupling the spectrophotometer to a flow cell where the electrolyzed 184 

solution was circulated at 12.5 cm3 min-1. In each electrolysis, samples were withdrawn times 185 

for TOC analysis. 186 

2.3.3.2. •OH production from electrochemical reduction of O2 and H2O2 187 

 Solutions of 10 cm3 of 0.05 mol dm-3 Na2SO4 at pH 3 adjusted with 0.5 mol dm-3 H2SO4, 188 

either saturated with O2 for 30 min or containing 100 mmol dm-3 H2O2 with deoxygenation 189 

using N2, were electrolyzed in the presence of the different probe compounds selected for 190 

reacting specifically with generated ●OH. The content of this radical was determined by UV/Vis 191 

spectroscopy, RP-HPLC coupled to a fluorescence or a photodiode array detector and EPR. 192 

 Electrolyses were performed in potentiostatic mode in a three-electrode divided cell of 15 193 

cm3 capacity containing the above Ti, graphite, SS-304 or Pt electrode as the cathode and a Pt 194 

wire as the anode, employing Ag|AgCl (KCl (sat)) as the reference electrode. The Pt wire was 195 

placed in the anodic compartment, separated by a Nafion® 117 cation exchange membrane, 196 

which was previously activated to facilitate the passage of protons and avoid false positives 197 

derived from anodic reactions. Ecath values between -0.305 and -0.405 V vs Ag|AgCl were 198 

selected and the trials were performed under constant stirring at 298 K. All the electrodes were 199 

first activated following the protocols detailed above and, between two consecutive tests, they 200 

were sonicated for 10 min followed by rinsing with Milli Q water. 201 

 For the analysis by UV/Vis spectroscopy, electrolyses were performed by adding coumarin 202 

at a concentration of 0.1 mmol dm-3 to the 0.05 mol dm-3 Na2SO4 solution of pH 3 and the 203 

change of absorbance at λ = 278 nm was measured for 15 h. Analysis in the presence of 0.05 204 

mol dm-3 tert-butanol was additionally made. The electrolyzed solutions in the presence of 205 

coumarin were also analyzed by RP-HPLC coupled to a fluorescence detector in order to detect 206 

the hydroxylated derivative 7-hydroxycoumarin. The excitation and emission wavelengths 207 
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were 314 and 471 nm, respectively, the mobile phase was a 30:70 (v/v) acetonitrile/water 208 

mixture at a flow rate of 0.5 cm3 min-1, and its retention time was 2.874 min. 209 

 For RP-HPLC analysis with a photodiode array detector, the 0.05 mol dm-3 Na2SO4 210 

solution at pH 3 was electrolyzed after adding salicylic acid at 5 mmol dm-3. The disappearance 211 

of salicylic acid and its reaction products (2,3- and 2,5-dihydroxybenzoic acids) was analyzed 212 

from the corresponding calibration curves. The separation process was performed isocratically 213 

with a mobile phase composed of a mixture of 10% acetonitrile, 10% methanol, 0.03 mol dm-3 214 

citric acid, 0.3 mol dm-3 acetic acid and water, circulated at 0.5 cm3 min-1. The retention time 215 

was 10.0 min for salicylic acid (λ = 301 nm), 5.0 min for 2,3-dihydroxybenzoic acid (λ = 315 216 

nm) and 4.1 min for 2,5-dihydroxybenzoic acid (λ = 330 nm). 217 

 Solutions of 0.05 mol dm-3 Na2SO4 at pH 3 containing 10 mmol dm-3 DMPO were 218 

electrolyzed under the same conditions and analyzed by EPR employing the following 219 

conditions: frequency of 100 kHz, modulation amplitude of 1.429 G, magnetic field center at 220 

3470 G, sweep width of 100 G, time constant of 10.240 ms, sweep time of 83.886 s, microwave 221 

frequency of 9.78 GHz and microwave power of 1.997 mW. 222 

 The H2O2 concentration was determined via the Ti(IV) oxysulfate method [51]. Total Fe 223 

measurements through ICP were made in triplicate, with a limit of detection (LOD) < 5 ppb. 224 

3. Results and Discussion 225 

3.1. Selection of the reaction medium 226 

 Phenolic industrial wastewater such as that discharged from refineries or spent caustic 227 

contains anions like SO4
2−, Cl− and OH−, among others [52]. These ions may have influence on 228 

both, the oxidative pathways during phenol degradation and the electrochemical response of a 229 

Ti/BDD anode. For this reason, 0.5 mol dm-3 H2SO4, HCl or NaOH solutions were selected as 230 

reaction media to clarify the electrochemical behavior of this electrode. Fig. 1 depicts the cyclic 231 
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voltammograms obtained at 100 mV s-1. It can be observed that the OER (oxygen evolution 232 

reaction) started at about +1.6 V in 0.5 mol dm-3 NaOH (see Fig. 1c), much earlier than +2.0 233 

and +1.8 V observed in H2SO4 (see Fig. 1a) and HCl (see Fig. 1b), respectively. The lower O2-234 

evolution overpotential in NaOH agrees with the expected dependence of the thermodynamic 235 

potential values with pH [16]. In practice, alkaline pH can cause the following complications: 236 

(i) low current efficiencies for phenol oxidation due to concomitant O2 evolution, and (ii) 237 

formation of scavengers of ●OH such as hydrogen carbonate by reaction (25) and carbonate by 238 

reaction (26). The attack of ●OH on carbonate via reaction (27) with k2 = 2.8 × 108 − 3.9 × 108 239 

dm3 mol-1 s-1 and hydrogen carbonate via reaction (28) with k2 = 5.7 × 106 − 8.5 × 106 dm3 mol-240 

1 s-1 [53] decreases its availability for decontamination [54]. Accordingly, alkaline medium was 241 

discarded in the present work. 242 

 When comparing the profiles of Fig. 1a and b, a largest potential window can be observed 243 

using the H2SO4 medium. The oxidative differences in such acidic media arise from the 244 

production of other oxidizing species like peroxodisulfate in H2SO4 and active chlorine in HCl, 245 

whose formation reactions compete with water oxidation from reaction (2). It can then be 246 

assumed that the different O2-evolution overpotentials in these media could have a significant 247 

impact on the formation of said species. In earlier work [55], the much superior ●OH production 248 

in H2SO4 as compared to HCl has been reported and hence, the former acid was selected for 249 

subsequent trials. 250 

3.2. Selection of phenol concentration 251 

 A discharge with high organic load not only entails a longer electrochemical treatment, but 252 

it can also have influence on the electrochemical performance of the Ti/BDD anode. Phenol 253 

concentration in industrial phenolic waste can vary between 2,000 and 11,000 mg dm-3, 254 

attaining more than 100,000 mg dm-3 in terms of chemical oxygen demand [52,55]. To evaluate 255 

the electroactivity of phenol at the Ti/BDD surface in 0.5 mol dm-3 H2SO4, a cyclic 256 
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voltammetric study was made considering two potential regions. The stability region was from 257 

0 to +1.4 V vs Hg|Hg2SO4, whereas the medium decomposition occurred within the region from 258 

+1.4 to +2.8 V vs Hg|Hg2SO4. Phenol concentration ranges investigated were 0-140 mg dm-3 259 

and 150-550 mg dm-3, respectively. No higher phenol contents were considered, in order to 260 

prevent the passivation of the Ti/BDD working electrode upon formation of a polymeric film. 261 

The cyclic voltammograms recorded in the stability region at 100 mV s-1 are presented in Fig. 262 

2. A clearly irreversible oxidation peak, resulting from the charge transfer during the oxidation 263 

of phenol at the Ti/BDD surface, can be seen at an anodic potential (Ep
a) near +1.1 V vs 264 

Hg|Hg2SO4 at 20 mg dm-3 phenol. This peak was shifted to more positive potentials as the 265 

substrate content was increased, attaining an Ep
a close to +1.3 V vs Hg|Hg2SO4 at 60 mg dm-3 266 

phenol. At higher concentration, no oxidation peak could be identified. This behavior can be 267 

attributed to the formation of a polymeric film during the oxidation process. Its strong adhesion 268 

to the Ti/BDD surface caused the inhibition of charge transfer upon blockage of active sites 269 

[56]. In order to clarify the effect of phenol concentration, similar cyclic voltammograms were 270 

recorded comprising both regions, i.e., between -1.9 and +2.8 V vs Hg|Hg2SO4, with special 271 

interest in the range from +1.4 to +2.8 V. The j-E profiles recorded are shown in Fig. 3, showing 272 

no significant changes as the phenol content was varied, except for a slight increase in j. This 273 

means that phenol was oxidized pre-eminently upon the action of ●OH formed from reaction 274 

(2), which allows concluding that a quite reproducible oxidative behavior can be expected 275 

regardless of the phenol concentration. 276 

3.3. Assessment of the cathodic materials for the electrochemical reduction of O2 and H2O2 277 

 In the present work, Ti, graphite, SS-304 and Pt were selected as cathodes due to their 278 

electrocatalytic and mechanical properties. As stated in the Introduction, the nature of the 279 

cathode affects the type of reduction because of the different H2 evolution overpotential, 280 

eventually modifying the global oxidation process. A first analysis by linear sweep voltammetry 281 
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was performed in 0.5 mol dm-3 H2SO4 using each cathode. This study showed that water 282 

reduction started at an Ecath of -0.805, -0.355, -0.305 and -0.305 V vs Ag|AgCl using graphite, 283 

SS-304, Ti and Pt, respectively, whereas the corresponding water oxidation was initiated at an 284 

Ean of +1.145, +0.795, +0.845 and +1.145 V vs Ag|AgCl. This means that only graphite 285 

presented a large overpotential for H2 evolution, being the best cathode for ORR with H2O2 286 

electrogeneration. 287 

3.3.1. Phenol electrolysis 288 

 To assess the overall influence that the nature of the cathodic material exerts on phenol 289 

degradation by EO with a Ti/BDD anode, a solution with 23 mg dm-3 TOC of this pollutant in 290 

0.5 mol dm-3 H2SO4 was electrolyzed in an undivided cell by applying an Ean = +2.3 V vs 291 

Hg|Hg2SO4. Fig. 4 shows the online UV/Vis analysis of phenol solution at time zero and at 30 292 

min of electrolysis using each of the four cathodes. It can be observed that phenol (λmax = 270 293 

nm) was transformed into 1,4-benzoquinone (λmax = 248 nm). By comparing the different 294 

absorption spectra, one can conclude that 1,4-benzoquinone was largely accumulated in the 295 

sequence: SS-304 > Ti > graphite as the cathode, being absent during the EO with Pt. This trend 296 

differs from that pointed out above from the linear sweep voltammetric analysis, where all the 297 

cathodes behaved similarly except graphite. Classically, the formation of 1,4-benzoquinone 298 

would be explained through the addition of ●OH on the aromatic ring of phenol at the Ti/BDD 299 

surface, thereby yielding a dihydroxylated derivative like hydroquinone [56]. Although this 300 

intermediate was not detected in the above tests, its formation during phenol electrolysis has 301 

been widely documented [56,57]. The 1,4-benzoquinone/hydroquinone couple is a well-known 302 

redox pair in equilibrium in aqueous solution [57]. The following considerations can be taken 303 

into account: (i) the source of ●OH at the Ti/BDD surface is constant; (ii) 1,4-benzoquinone is 304 

formed upon oxidation of hydroquinone, previously generated by oxidation of phenol via ●OH 305 

attack [56], with k2 = 1.0 × 1010 dm3 mol-1 s-1 [58]; and (iii) 1,4-benzoquinone can only be 306 
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destroyed through the action of ●OH [57], with k2 = 1.2 × 109 dm3 mol-1 s-1 [58]. From this, at a 307 

constant Ean, one would expect a similar accumulation of 1,4-benzoquinone. The dependence 308 

with the cathode employed could then be explained by an additional source of oxidation, acting 309 

in concomitance with anodic ●OH. This was confirmed from the TOC decay found after 30 min 310 

of electrolysis, which was higher using Pt (16%) than the other cathodes (oscillating around 311 

9%). The enhancement of phenol mineralization suggest the generation of a larger amount of 312 

oxidizing species in the cell with Pt cathode. 313 

3.3.2. Effect of the counter electrode on ●OH production 314 

3.3.2.1. Electrochemical reduction of O2 315 

 To evidence the possible formation of ●OH from cathodic O2 reduction, as well as the 316 

influence of the material, four analytical techniques were used, namely UV spectroscopy, RP-317 

HPLC coupled to a fluorescence or a photodiode array detector and EPR. It must be considered 318 

that, unlike other reactive oxygen species such as H2O2 and HO2
●, ●OH has a very limited 319 

lifetime (10-9 s) [59]. 320 

 The UV analysis was performed using coumarin as the probe compound. Coumarin is not 321 

electroactive in the stability zone [60], and it reacts with ●OH according to reaction (29) with 322 

k2 = 2 × 109 dm3 mol-1 s-1 [61], yielding the fluorescent derivative 7-hydroxycoumarin. First, 10 323 

cm3 of a 0.05 mol dm-3 Na2SO4 solution containing coumarin at 0.1 mmol dm-3 were 324 

electrolyzed in the cathodic compartment of a divided cell with a Pt cathode by applying an 325 

Ecath = -0.305 V vs Ag|AgCl for 15 h, in the presence of dissolved atmospheric O2. Fig. 5a 326 

highlights a slight decrease in the absorbance of coumarin at λmax = 278 nm along the 327 

electrolysis, suggesting a weak generation of oxidants at the cathode. This trend was compared 328 

with those using the other cathodes and, as depicted in Fig. 5b, the absorbance decrease was 329 

greater using Pt, followed by graphite, SS-304 and Ti, although with an insignificant difference 330 
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among the three latter materials. This confirms the greater oxidation ability described above for 331 

Pt. A comparative electrolysis was then carried out with an O2-saturated coumarin solution 332 

using this cathode. Fig. 5c shows a remarkable enhancement of coumarin disappearance, which 333 

verifies the possible ●OH production from O2 reduction. An analogous trial was made in the 334 

presence of tert-butanol at a concentration of 0.05 mol dm-3, since this compound is a very 335 

effective ●OH scavenger with k2 = 6 x 108 dm3 mol-1 s-1 [37,62]. Fig. 5c evidences that the initial 336 

absorbance of the solution was not reduced in this assay, indicating that all generated ●OH 337 

reacted with tert-butanol [37,62,63], whose concentration was much higher than that of 338 

coumarin.  339 

 During the electrolysis of the O2-saturated coumarin solution in 0.05 mol dm-3 Na2SO4 at 340 

pH 3 with each of the four cathodes, 7-hydroxycoumarin formed as product after 15 h at Ecath 341 

= -0.305 V vs Ag|AgCl was detected by RP-HPLC coupled to a fluorescence detector. 342 

Concentrations of 0.27, 0.24, 0.18 and 0.10 μmol dm-3 were attained using Pt, graphite, SS-304 343 

and Ti, respectively. These results demonstrate the occurrence of reaction (29), being valid the 344 

hypothesis of ●OH production in O2-rich media. Further validation was carried out with Pt and 345 

graphite through RP-HPLC analysis with a photodiode array detector. An O2-saturated 5 mmol 346 

dm-3 salicylic acid solution with 0.05 mol dm-3 Na2SO4 at pH 3 was electrolyzed at Ecath = -347 

0.305 V vs Ag|AgCl. The acid reacts with ●OH with k2 = 5 × 109 dm3 mol-1 s-1 [64], yielding a 348 

mixture of 2,3- and 2,5-dihydroxybenzoic acids, which can be detected by RP-HPLC. Fig. 6a 349 

shows a slow removal of salicylic acid with graphite cathode, being much faster with Pt. The 350 

appearance of the two main dihydroxybenzoic acids confirmed the ●OH generation with both 351 

cathodes. As can be seen in Fig. 6b, 2,5-dihydroxybenzoic acid was the major by-product 352 

formed, although both acids were progressively destroyed. Note that only traces of both acids 353 

were detected using a Ti or SS-304 cathode. 354 
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 All the above findings highlight the superior ability of Pt cathode to produce •OH. This 355 

was further corroborated by means of EPR based on the •OH-DMPO adduct signal. Fig. 7 shows 356 

the EPR spectra recorded during the treatment of 10 cm3 of an O2-saturated 10 mmol dm-3 357 

DMPO solution with 0.05 mol dm-3 Na2SO4 at pH 3 in the cathodic compartment of a divided 358 

cell with a Pt cathode operating at Ecath = -0.305 V vs Ag|AgCl. A very weak signal can be 359 

observed after 10 min of electrolysis, which was strongly enhanced at 60 min, showing the 360 

typical spectrum with four peaks at a relative proportion of 1:2:2:1 related to the adduct. No 361 

signals were found in blank experiments involving only the supporting electrolyte, as well as 362 

in the presence of 10 mmol dm-3 DMPO before current supply. It can also be seen that the 363 

typical peaks disappeared in the presence of 0.05 mol dm-3 tert-butanol, thus confirming the 364 

•OH generation. To validate the EPR results, the conventional Fenton’s reaction producing ●OH 365 

according to reaction (30) with k2 = 63 dm3 mol-1 s-1 [8] was used as a reference pattern. To do 366 

this, 10 mmol dm-3 H2O2 and 1 mmol dm-3 Fe2+ were added to 10 cm3 of a 10 mmol dm-3 DMPO 367 

solution with 0.05 mol dm-3 Na2SO4 at pH 3 and 298 K. Fig. 8 shows the EPR spectrum at 10 368 

min of this trial, which was analogous to spectrum (3) of Fig. 7. 369 

 In conclusion, the ●OH production is clearly dependent on the nature of the material used 370 

as cathode, as pointed out above, and this could be related either to a monoelectronic reduction 371 

of H2O2 from reaction (6) or a direct 3-electron O2 reduction via reaction (24). 372 

3.3.2.2. Analysis of electrogenerated H2O2 from O2 reduction 373 

 It has been proposed that in the presence of O2, H2O2 can be formed in acidic medium by 374 

global reaction (18), playing an important role in ●OH production from reaction (6) [36,47]. 375 

Considering this, the H2O2 concentration accumulated in the cathodic compartment of a divided 376 

cell containing 10 cm3 of an O2-saturated 0.05 mol dm-3 Na2SO4 solution at pH 3 was 377 

determined upon electrolysis with the different cathodes at Ecath = -0.305 V vs Ag|AgCl. The 378 

H2O2 was quantified using the Ti(IV) oxysulfate method based on reaction (31). Traces of H2O2 379 
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were determined after 60 min of electrolysis either with graphite (0.0812 mmol dm-3) or Pt 380 

(0.0810 mmol dm-3) cathodes, whereas no H2O2 was detected (limit of quantification = 0.05 381 

mmol dm-3) using Ti or SS-304. These results are congruent with those about ●OH production 382 

shown in Fig. 5 and 6, where graphite and Pt were proven as electroactive cathodes. Considering 383 

that H2O2 can be formed electrochemically through O2
●− according to reactions (9)-(11), or 384 

chemically by ●OH recombination via reaction (32) with k2 = 5.3 × 109 dm3 mol-1 s-1 [62,65], 385 

the above solution was electrolyzed again after adding tert-butanol at 0.05 mol dm-3. As can be 386 

seen in Fig. 9, H2O2 was detected in the absence and presence of the scavenger, reaching a 387 

higher content in the latter case. This phenomenon is apparently contradictory with the expected 388 

●OH scavenging effect, as inferred from Fig. 5c and 7, which allows discarding the 389 

recombination as main route for H2O2 generation. The superior H2O2 concentration in the 390 

presence of tert-butanol suggests that the parasitic reaction (33) with k2 = 1.2-4.5 × 107 dm3 391 

mol-1 s-1 [66] is minimized, thanks to partial ●OH destruction. The product, HO2
●, can be either 392 

recombined to regenerate H2O2 from reaction (34) or be attacked by ●OH yielding O2 and water 393 

according to reaction (35) with k2 = 1 × 1010 dm3 mol-1 s-1 [65]. 394 

 Therefore, it can be assumed that the H2O2 generated mainly comes from the 2-electron 395 

ORR, further being monoelectronically reduced to ●OH according to reaction (36). In principle, 396 

this allows discarding the proposed 3-electron reduction of O2 to ●OH via reaction (24). 397 

3.3.2.3. Electrochemical reduction of H2O2 398 

 Aiming to confirm the effect of the cathode on the ●OH production in acidic medium from 399 

reaction (36), a solution of 10 cm3 containing 0.05 mol dm-3 Na2SO4, 10 mmol dm-3 DMPO 400 

and a high H2O2 concentration (100 mmol dm-3) at pH 3 was put in the cathodic compartment 401 

of a divided cell and electrolyzed using each cathodic material at Ecath = -0.305 V vs Ag|AgCl, 402 

after deoxygenation under a N2 stream. Fig. 10 shows the EPR spectra obtained after 10 and 60 403 

min of electrolysis using the Pt cathode. As can be seen, the signal corresponding to the ●OH-404 
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DMPO adduct was much more intense at 10 min, in agreement with the gradual disappearance 405 

of H2O2 due to its cathodic electrochemical reduction.  406 

 To know the effect of the applied cathodic potential on ●OH generation using Pt, a solution 407 

with the same composition of that mentioned above was electrolyzed at Ecath values of -0.205, 408 

-0.305 and -0.405 V vs Ag|AgCl for 10 min. Similar EPR spectra to that shown in Fig. 10 were 409 

recorded in all cases, with a slightly higher signal intensity at Ecath = -0.405 V vs Ag|AgCl. This 410 

is indicative of a rather insignificant effect of the cathodic potential on the ●OH generation from 411 

reaction (36). The same behavior was found with Ti, graphite and SS-304 as alternative 412 

cathodes. 413 

 Fig. 11 collects the comparative EPR spectra obtained using SS-304, graphite and Ti 414 

cathodes for 10 min at Ecath = -0.305 V vs Ag|AgCl. Similar spectra can be observed in all cases, 415 

accounting for the monoelectronic H2O2 reduction to ●OH at each cathode. Taking into account 416 

that Fe2+ ion is a catalyst that accelerates the decomposition of H2O2 to form ●OH via Fenton’s 417 

reaction (30), ICP analysis of the solution was done to discard false positives. This analysis 418 

excluded the presence of Fe2+ in the solution since its content was lower than its LOD. From 419 

these findings, one can conclude that H2O2 can be effectively reduced to generate ●OH and 420 

hence, in acidic medium containing O2 or H2O2, this radical is originated from reaction (36) 421 

using a Pt or graphite cathode. If H2O2 is not electrogenerated, ●OH is not detected or it is 422 

produced at very low concentrations, as observed using SS-304 and Ti as cathodes.  423 

4. Conclusions 424 

 This work demonstrates the greater or lower ●OH production in 0.5 mol dm-3 H2SO4 425 

medium via electrochemical reduction of O2 and H2O2 at a Ti, graphite, SS-304 and Pt cathode. 426 

RP-HPLC coupled to a fluorescence detector revealed the formation of 7-hydroxycoumarin 427 

from coumarin hydroxylation, being Pt cathode clearly better to generate ●OH. Graphite 428 
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cathode also presented a good electroactivity for ●OH production, whereas it was much poorer 429 

in the case of SS-304 and Ti. The study on phenol oxidation with a BDD anode in an undivided 430 

cell confirmed the above behavior of each cathode. From the addition of H2O2 to a DMPO 431 

solution, it was established that at pH 3, ●OH was formed from the monoelectronic reduction 432 

of H2O2, rather than from the direct 3-electron reduction of O2. The ORR occurred via a 2-433 

electron pathway with H2O2 as product. These results clarify the contribution of the cathode in 434 

the EO process for water treatment, since each material can contribute in a different manner to 435 

the global generation of the main oxidant, ●OH. 436 
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Figure captions 

Fig. 1. Effect of the reaction medium (0.5 mol dm-3) on the cyclic voltammogram recorded on 

a Ti/BDD electrode. Counter electrode: Pt mesh; potential range: from -2.0 to +3.0 V vs 

Hg/Hg2SO4; scan rate: 100 mV s-1; temperature: 298 K. 

Fig. 2. Effect of phenol concentration, from 0 to 140 mg dm-3, on the cyclic voltammogram 

obtained with a Ti/BDD electrode in 0.5 mol dm-3 H2SO4. Counter electrode: Ti; potential 

range: from 0 to +1.4 V vs Hg|Hg2SO4; scan rate: 100 mV s-1; temperature: 298 K. 

Fig. 3. Effect of phenol concentration (150, 350 and 550 mg dm-3) on the electrochemical 

response of a Ti/BDD electrode by cyclic voltammetry in 0.5 mol dm-3 M H2SO4. Counter 

electrode: Ti; range of potential: from -1.9 to +2.8 V vs Hg|Hg2SO4; scan rate: 100 mV s-1; 

temperature: 298 K. A blank voltammogram without phenol is also shown. The inset is a 

magnification of voltammograms with phenol. 

Fig. 4. Effect of cathode material on the UV/Vis spectra obtained before and after 30 min of 

electrolysis of 50 cm3 of 0.320 mmol dm-3 phenol in 0.5 mol dm-3 H2SO4 using an undivided 

cell with a Ti/BDD anode at Ean = +2.3 V vs Hg|Hg2SO4 and 298 K. 

Fig. 5. UV spectroscopy analysis of ●OH production using coumarin as spin trap.  (a) With a Pt 

cathode in the absence of O2 (only atmospheric), (b) comparison of spectra using Ti, SS-304, 

graphite and Pt cathodes in the absence of O2 (only atmospheric), and (c) with a Pt cathode in 

an O2-saturated solution. The blank spectrum corresponds to the initial solution. Conditions: 

divided cell with 10 cm3 of 0.05 mol dm-3 Na2SO4 and 0.1 mmol dm-3 coumarin at pH 3, stirring 

at 300 rpm, Ecath = -0.305 V vs Ag|AgCl, electrolysis for 15 h, temperature of 298 K. In plot c, 

tert-butanol was at 0.05 mol dm-3. 



Fig. 6. RP-HPLC analysis with a photodiode array detector for the indirect determination of 

●OH produced upon the electrochemical reduction of O2 at Pt and graphite cathodes. (a) Change 

of normalized salicylic acid concentration and (b) variation of the proportion of the 

concentration of hydroxylated by-products formed during the reaction of salicylic acid with 

●OH. Conditions: divided cell with 10 cm3 of 0.05 mol dm-3 Na2SO4 and 5 mmol dm-3 salicylic 

acid at pH 3, stirring at 300 rpm, Ecath = -0.305 V vs Ag|AgCl, temperature of 298 K. 

Fig. 7. EPR analysis of ●OH production in a divided cell with 10 cm3 of an O2-saturated 0.05 

mol dm-3 Na2SO4 solution at pH 3 under stirring at 300 rpm using a Pt cathode at Ecath = -0.305 

V vs Ag|AgCl and 298 K. (1) Only supporting electrolyte. (2) Initial time, after addition of 10 

mmol dm-3 DMPO. Samples collected during the electrolysis: after (3) 10 min and (4) 60 min, 

and (5) after 60 min in the presence of 0.05 mol dm-3 tert-butanol. 

Fig. 8. EPR analysis of ●OH production by conventional Fenton’s reaction carried out in 10 

cm3 of a 10 mmol dm-3 DMPO solution with 10 mmol dm-3 H2O2 and 1 mmol dm-3 Fe2+ as 

reagents, under stirring at 300 rpm and 298 K after 10 min of treatment. 

Fig. 9. UV/Vis spectroscopy analysis of H2O2 generation from the electrochemical reduction 

of O2 dissolved in 10 cm3 of a 0.05 mol dm-3 Na2SO4 solution, in the absence and presence of 

0.05 mol dm-3 tert-butanol, at pH 3.0 under stirring at 300 rpm in the cathodic compartment of 

a divided cell with a Pt cathode after 60 min of electrolysis at Ecath = -0.305 V vs Ag|AgCl and 

298 K. 

Fig. 10. EPR analysis of ●OH production by electrochemical reduction of H2O2 in 10 cm3 of a 

solution containing 10 mmol dm-3 DMPO and 100 mmol dm-3 H2O2 in 0.05 mol dm-3 Na2SO4 

at pH 3 and stirred at 300 rpm in the cathodic compartment of a divided cell with a Pt cathode, 

after (1) 10 min and (2) 60 min of electrolysis at Ecath = -0.305 V vs Ag|AgCl. The solution was 



previously deoxygenated by bubbling N2 gas, and a N2 atmosphere was kept over the solution 

during the electrolysis. 

Fig. 11. EPR analysis of ●OH production by electrochemical reduction of H2O2 under the same 

conditions of Fig. 10 after 10 min of electrolysis, but using a (1) SS-304, (2) graphite and (3) 

Ti cathode.  
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Table 1 

List of reactions of interest in this work. 

 

Reaction Number Reaction Number 

2H2O → O2 + 4H+ + 4e− (1) H2O2
 + 2H+ + 2e- → 2H2O (19) 

H2O → ●OH + H+  + e−  (2) 2H2O2 → 2H2O + O2 (20) 

2●OH → H2O2  (3) H2O2 → O2 + 2H+ + 2e− (21) 

2H2O + 2e− → H2 + 2OH− (4) ●OH + H+ + e− → H2O (22) 

2H3O+ + 2e− ↔ H2 + 2H2O (5) H2O2 + ●OH→ HO2
● + H2O (23) 

H2O2 + e− → ●OH +OH−  (6) O2 + 2H+ + 3e− → ●OH + OH− (24) 

O2 + 2H2O + 4e− → 4OH− (7) CO2 + NaOH ⇆ NaHCO3 (25) 

O2 + 4H+ +4e− → 2 H2O (8) NaHCO3 + NaOH ⇆ Na2CO3 + H2O  (26) 

O2 + e− → O2
●− (9) ●OH + CO3

2− → OH− + CO3
●− (27) 

O2
●− + 2H+ + e− → H2O2 (10) ●OH + HCO3− → H2O + CO3

●−  (28) 

2O2
●− + 2H+ → 1O2  + H2O2 (11) C9H6O2 + ●OH → C9H6O3 + H+ (29) 

O2 + 2H2O + 2e− → H2O2
 + 2OH− (12) Fe2+ + H2O2 → Fe3+ + ●OH + OH− (30) 

H2O2 ⇆ H+ + HO2− (13) Ti(IV) + H2O2 + 2H+ → H2TiO + H2O (31) 

H2O2 + OH− → H2O + HO2− (14) 2●OH → H2O2 (32) 

H2O2 + HO2− → ●OH + O2
●− + H2O (15) H2O2 + ●OH → HO2

● + H2O (33) 

HO2− + H2O + 2e− → 3OH− (16) HO2
● + HO2

● → H2O2 + O2 (34) 

2HO2− → 2OH− + O2 (17) ●OH + HO2
● → O2 + H2O  (35) 

O2 + 2H+ + 2e− → H2O2
 (18) H2O2 + H+ + e− ↔ ●OH + H2O (36) 
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