Boron-doped Diamond Electrocatalyst for Enhanced Anodic H2O2 Production
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ABSTRACT 
[bookmark: _Hlk19797747]Electrochemical production of hydrogen peroxide (H2O2) constitutes a cost-effective and alternative method to the complex and energy-intensive anthraquinone oxidation process. The two-electron water oxidation reaction (WOR) pathway, whilst unconventional, is an attractive option for H2O2 generation as it can be combined with suitable reduction reactions to effectuate simultaneous electrosynthesis of valuable chemicals at a large scale. In this work we demonstrate that a carbon-based catalyst, boron-doped diamond (BDD), achieves an H2O2 concentration and production rate of 29.0 mmol dm-3 and 19.7 µmol min-1 cm-2, respectively, illustrating the capability of BDD as a suitable electrocatalyst for H2O2 formation from water.
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Hydrogen peroxide, a powerful oxidising and bleaching agent, is amongst the world’s most produced chemicals, with a wide range of industrial applications, including paper and textile bleaching, chemical synthesis and wastewater treatment. The current standard for manufacturing H2O2 is the anthraquinone autoxidation process, which is characterised by its energy intensity due to low conversion efficiencies, and its rife waste stream generation owing to the formation of non-reactive by-products.1 A more sustainable method for on-site production of H2O2 locally is therefore highly desirable, and electrochemistry may offer one such alternative route. Cathodic electro-generation of H2O2 via the oxygen reduction reaction (ORR) is a well-established process2, with researchers attaining impressive current efficiencies and H2O2 production rates utilising carbonaceous materials like activated carbon3, hierarchically porous carbon4, carbon nanotubes5, N-doped carbon6,7 and cobalt-porphyrin carbon electrodes.8 Far fewer studies have been carried out on the unorthodox two-electron water oxidation reaction (WOR), where H2O2 is electrocatalytically synthesized from H2O directly at the anode.9 This approach remains a relatively unexplored field of electrochemistry, primarily due to reservations concerning the thermodynamic feasibility of the reaction, yet is highly desirable for the efficient and integrated electro-production of valuable chemicals via redox reactions, at an industrial scale.
The anodic, WOR toward H2O2 can be described by Equation 1:
	[bookmark: _Hlk19787425]2H2O (l) ⇌ H2O2 (aq) + 2H+(aq) + 2e-	
	E° = 1.760 V vs. SHE
	(1)


The three primary reactions that compete with the WOR are the relatively effortless hydrogen peroxide oxidation reaction (Equation 2), the thermodynamically favourable four-electron water oxidation reaction that results in oxygen evolution (Equation 3) and the spontaneous decomposition of H2O2 due to its chemical instability (Equation 4).10,11 
	[bookmark: _Hlk19787023][bookmark: _Hlk19794626]H2O2 (aq) ⇌ O2 (g) + 2H+(aq) + 2e-
	E° = 0.670 V vs. SHE
	(2)

	2H2O (l) ⇌ O2 (g) + 4H+(aq) + 4e-
	E° = 1.23 V vs. SHE
	(3)

	2H2O2 (aq) ⇌ O2 (g) + 2H2O (l)
	
	(4)


Several recent studies have demonstrated the capability of various metal oxides to catalyse the two-electron WOR. These materials, while demonstrating impressive Faradaic efficiencies (70 %, 76 % and 81 % for BiVO4, CaSnO3 and ZnO, respectively)11–13 suffer from low current densities (0.2 - 1.0 mA cm-2 for MnOx)14,15 and H2O2 production rates (1.0 µmol min-1 cm-2 and 1.5 µmol min-1 cm-2 for TiO2 and SnO2, respectively),11 deeming their large-scale implementation questionable.
We address these challenges by demonstrating the electrocatalytic capability of a synthetic BDD film, coated on a titanium substrate, to promote H2O2 generation via water oxidation. Electrolysis was performed at constant potentials to quantify the concentration, production rate and efficiency of the BDD electrocatalyst. The applied potential range for these electrochemical experiments is selected following analysis of the cyclic voltammogram depicted in Figure S1, in the Supporting Information.
The capability of the BDD electrode to electrochemically catalyse the WOR toward H2O2 is evaluated by measuring the concentration of H2O2 yielded as a function of the electrode potential applied (Figure 1a). At the lowest potential applied (2.67 V vs. RHE), 0.54 mmol dm-3 of H2O2 is detected. The applied electrode potential is increased at increments of 0.1 V, and it was observed that the concentration of H2O2 rises correspondingly. At 3.47 V vs. RHE, a value of 29.0 mmol dm-3 of H2O2 is attained, the highest recorded concentration of H2O2 to date produced via water oxidation, approximately four times larger than the reported concentration of 7.5 mmol dm-3 of H2O2 accumulated using Al2O3/BiVO4.16 

[image: ]
Figure 1. Results from electrochemical experiments at a constant potential range of 2.67 – 3.47 V vs. RHE for 300 s, in 25 cm3 of 2.0 mol dm-3 KHCO3 using a 7.4 cm2 BDD-Ti working electrode. (a) H2O2 concentration expressed in mmol dm-3 vs. the applied electrode potential. (b) FE for H2O2 production vs. the applied electrode potential. (c) Kinetic curve of H2O2 concentration over time at a constant potential of 3.17 V vs. RHE for 7200 s in 1.0 mol dm-3 KHCO3 (red line) and 2.0 mol dm-3 KHCO3 (blue line).

The selectivity of BDD towards H2O2 synthesis was examined by measuring the Faradaic efficiency (FE) (Figure 1b) of the oxidation process, using Equation 5 and Equation 6: 
	FE (%): [nH2O2 experimental (mol) / nH2O2 theoretical (mol)] × 100
	(5)


nH2O2 theoretical (mol) is quantified by Faraday’s Law:
	Q (C) = n (mol) × ze × F (C mol-1)
	(6)


Where Q, n, ze and F are the charge passed, the number of moles, the interchanged electrons and the Faraday constant, respectively.
At 2.67 V vs. RHE the FE is approximately 10.5 % and a gradual increase is observed at a more positive electrode potential, with the FE reaching a peak value of 28 % at 3.17 V vs. RHE, after which a gradual decrease is noted. The observed trend of the FE reaching an optimum value at a specific electrode potential and current, before steadily decreasing suggests that there is a particular potential range where the surface of the BDD catalyst favours H2O2 production slightly more compared to the evolution of oxygen (Equation 3).
[bookmark: _Hlk26194802]The BDD electrode is subsequently subjected to electrolysis at a constant potential of 3.17 V vs. RHE (the applied electrode potential where the maximum FE of 28% was recorded) for a period of 7200 s to examine the concentration of H2O2 over time. The concentration of H2O2 was initially measured every 180 s until the 900 second mark after which the concentration was then measured every 900 s (Figure 1c). It is observed that the concentration of H2O2 rapidly rises to 23.6 mmol dm-3 within the first 1000 s of the experiment (blue line), before stabilising and reaching a plateau until around 4000 s. During that time the concentration of H2O2 reaches a peak value of 24.7 mmol dm-3. Subsequently, a gradual decrease is observed and, at the end of the experiment, the concentration of H2O2 is 17.5 mmol dm-3. The undesirable decline of the H2O2 concentration can be attributed to: i) a decrease in the electrolyte’s conductivity due to the depletion of available K+ ions in the solution, ii) a water shift toward the catholyte via cation diffusion through the Nafion membrane, iii) further oxidation of accumulated H2O2 near the surface of the BDD electrode and in the bulk solution, and iv) spontaneous decomposition of H2O2 (Equation 4).
The observed decrease in this study contrasts with the trend reported by Michaud et al., who attained a constant H2O2 concentration for over 18,000 s, using BDD films coated on silicon wafers in a solution of 1.0 mol dm-3 perchloric acid.17 It should be noted however that the H2O2 concentration achieved in this work (24.7 mmol dm-3 at a total current density of 88.2 mA cm-2, Figure S2) is approximately 30 times larger than that accumulated by Michaud et al. (0.8 mmol dm-3 at a total current density of 160 mA cm-2), which can account for the noted decomposition trend.
[bookmark: _Hlk26194838]An identical set of experiments was also carried out, at the same potential, using a lower concentration of the supporting electrolyte, 1.0 mol dm-3 of KHCO3 (Figure 1c, red line). The trend observed using the lower concentration of KHCO3 is similar to that of the higher concentration of supporting electrolyte, with H2O2 rapidly being produced within the first 1000 s of the experiment, reaching a peak concentration of 10.8 mmol dm-3 before gradually declining to 7.6 mmol dm-3 at the end of the experiment.
The amount of H2O2 accumulated using 2.0 mol dm-3 of KHCO3 is, on average, 2.4 times larger than the concentration of H2O2 measured when 1.0 mol dm-3 of electrolyte is used. This highlights the role of the hydrogen-carbonate ion in promoting continuous H2O2 synthesis while also curtailing H2O2 decomposition during electrolysis, as initially reported by Fuku and Sayama.18 
An important parameter for scaling up the two-electron WOR process is the production rate of H2O2 (νH2O2), defined as the number of moles of H2O2 (µmol) generated, per the duration of electrolysis (min), per geometric surface area of the working electrode (cm2). The production rate of H2O2 on BDD is compared with other studies reported in literature11,12 on WOR towards H2O2 (Figure 2a). BDD’s rate of H2O2 production (black line) rises exponentially as the electrode potential is increased, and at 3.07 V vs. RHE, the νH2O2 is measured at 7.5 µmol min-1 cm-2, higher than the respective H2O2 production rate of the metal oxide catalysts reported. Whereas the production rate for metal oxides reaches a peak at a certain potential and gradually decreases, BDD’s H2O2 production rate continues to grow at more positive electrode potentials. At 3.5 V vs. RHE, a value of 19.7 µmol min-1 cm-2 is reached, approximately four times higher than the production rate of BiVO4 (red line), as a result of BDD’s exceptional stability and the high current density attained (Figure S3). This trend demonstrates BDD’s noteworthy capability to produce H2O2 via the two-electron WOR pathway and establishes BDD as a competent carbon-based alternative to metal oxide catalysts.

[image: ]
Figure 2. Comparison of the results achieved in this work to metal oxide catalysts. (a) production rate (µmol min-1 cm-2) of BDD and reported metal oxides vs. the applied electrode potential converted to RHE. (b) Peak FE for H2O2 synthesis using BDD achieved in this work compared to maximum reported FEs for metal oxides. Metal oxide data used for Fig. 3a kindly provided by the authors of (11,12).

The efficiency of BDD to catalyse the water oxidation reaction toward H2O2 is evaluated by comparing the peak FE achieved in this work to the maximum efficiencies of the reported metal oxide catalysts (Figure 2b). Boron-doped diamond’s peak FE of 28 % is well below that of calcium tin oxide (CaSnO3) or BiVO4 at 76 % and 70 %, respectively, however it is worth noting that the current densities attained in this study (up to 295 mA cm-2 at 3.47 V vs. RHE) are at least an order of magnitude larger than the reported current densities reached using the metal oxide catalysts. A more positive electrode potential will result in rapid oxygen evolution, competing with H2O2 production and can also gradually increase the electrolyte’s temperature, leading to thermal decomposition of accumulated H2O2, which could account for the diminished FE measured using the BDD catalyst. Improvements to the electrochemical cell used and modification of BDD’s selectivity toward H2O2, by tuning the degree of boron doping are possible options for enhancing the overall efficiency of the reaction.
In this work, we studied the catalytic ability of synthetic boron-doped diamond films to promote H2O2 formation via the two-electron WOR pathway. Conducted in a two-compartment, three-electrode batch cell, we have demonstrated that BDD is a promising catalyst for anodic H2O2 electrosynthesis, presenting reasonable selectivity alongside excellent stability and rate of reaction. 
· Applying a constant electrode potential within the range of 2.67 – 3.47 V vs. RHE for 300 s, we found that BDD generated 29.0 mmol dm-3 of H2O2 at 3.47 V, the highest reported value to date for the WOR, exclusively, in neutral media. 
· Electrolysis conducted at 3.17 V vs. RHE, for 7,200 s, using different concentrations of KHCO3, showed that the amount of H2O2 synthesized in 2.0 mol dm-3 of KHCO3, was on average 2.4 times larger than the amount produced in 1.0 mol dm-3 of KHCO3. This accentuates the importance of hydrogen-carbonate in stimulating H2O2 synthesis and minimising H2O2 decomposition.
· When comparing BDD’s catalytic performance to state-of-the-art materials, we acquire an H2O2 production rate of 19.7 µmol min-1 cm-2, amongst the highest recorded values for the two-electron WOR, almost four times larger than the rate achieved using BiVO4. The FE of the reaction using a BDD working electrode reaches a peak value of 28 % at 3.17 V vs. RHE, yet this is accomplished at total current densities of at least 120 mA cm-2. 
These results indicate that diamond-carbon structures like BDD are stellar catalyst options for the two-electron WOR toward H2O2. Further optimisation of the electrochemical cell used and tailoring of the boron content of BDD have been identified as future steps to improve the selectivity of the catalyst and boost the progression of large-scale electrosynthesis of H2O2 using just water.
Experimental Methods
Electrochemical experiments were carried out in a two-compartment, three-electrode and low-volume electrochemical cell, where a Nafion 115 proton-exchange membrane (Fuel Cell Store) separated the anodic and cathodic compartments (Figure 3) to prevent H2O2 degradation by exposure to the hydrogen evolution reaction (HER) occurring in the CE compartment (Equation 7).
[image: ]
Figure 3. Low-volume, two-compartment and three-electrode electrochemical cell. (1) BDD/Ti working electrode (WE), surface area, A = 7.4 cm2; (2) Pt-mesh counter electrode (CE), surface area, A = 25 cm2; (3) silver/silver chloride reference electrode (saturated KCl); (4) Nafion 115 cation exchange membrane, pre-treated in 1 mol dm-3 H2SO4; (5) 2.0 mol dm-3 aqueous KHCO3 electrolyte, pH 8; (6) borosilicate-coated magnetic stirring bar; (7) WE compartment, and (8) CE compartment.

		2H+ (aq) + 2e- → H2 (g) 



	E° = 0.0 V vs. SHE
	(7)


The anodic compartment contained a BDD working electrode (A = 7.4 cm2) and a silver/silver chloride (≥ 99.0 %, saturated KCl) reference electrode (Bio-Logic Science Instruments Ltd), while a Pt mesh (A = 25 cm2) was used as a counter electrode in the cathodic compartment. An aqueous solution of 2.0 mol dm-3 KHCO3 (>99.5 %, pH 8, V = 25 cm3 per compartment), was used as an electrolyte, and the anolyte was stirred at 500 rpm using a borosilicate-coated magnetic stirring bar. The working electrode was subjected to a range of different potentials (Metrohm Autolab PGSTAT302N, Booster20A), to investigate the catalyst’s performance while the current was measured as a function of time. The concentration of H2O2 produced was quantified using Quantofix Peroxide test strips and a Quantofix Relax reflection photometer. Samples containing H2O2 were titrated with potassium permanganate (>99.9 %, Fischer Scientific) and sulfuric acid (99.999% H2SO4) to further corroborate the accuracy of the results attained, based on the following reaction (Equation 8):
	2MnO4- (aq) + 6H+(aq) + 5H2O2 (aq) → 2Mn2+(aq) + 8H2O (l) + 5O2 (g)
	(8)


The boron-doped diamond electrode used in this study was synthesised by deposition of BDD films on a titanium substrate via hot-filament chemical-vapour-deposition (HF-CVD). The coating process and characterisation of the BDD coating are depicted in Figure S4 in the Supporting Information.
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