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The generation of “green” oxidizing agents by electrochemical synthesis opens the field for sustainable, on-demand, and on-site production, which is often based on non-critical starting materials. In this study, electrosyntheses were carried out on different cathode and anode materials. In half-cell experiments, the cathodic synthesis of peracetic acid (PAA) was investigated on gas diffusion electrodes (GDEs), reaching 22.6 mmol L−1 of PAA with a current efficiency (CE) of 7.4%. Moreover, peroxodicarbonate (PODIC®) was produced anodically on boron-doped diamond (BDD) electrodes with concentrations as high as 42.7 mmol L−1 PODIC® and a CE of 30.3%. Both cathodic and anodic processes were individually examined and improved. Finally, the half-cell reactions were combined as a proof of concept in a parallel paired electrolysis cell for the first time to achieve an increased overall CE.
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INTRODUCTION
In contrast to classical and well-established synthesis processes in the chemical industry, whose high energy demand is mainly covered by fossil fuels, electrochemical synthesis offers a sustainable and eco-friendly alternative (Biddinger and Modestino, 2020). The use of regenerative electricity not only avoids fossil energy sources but also prevents the application of hazardous oxidizing and reducing agents. Moreover, electrochemical synthesis routes are often energy-saving and cost-efficient as they can often be shortened in comparison to classical synthesis routes (Frontana-Uribe et al., 2010; Kreysa et al., 2014; Yan et al., 2017; Möhle et al., 2018; Blanco and Modestino, 2019; Janssens-Maenhout et al., 2019). It, thus, hardly comes as a surprise that electrochemical synthesis is increasingly becoming a focused topic with a wide application field in modern organic and inorganic synthesis (Wiebe et al., 2018; Pollok and Waldvogel, 2020; Zhu et al., 2021). Despite all its advantages, electrochemical synthesis still mainly focuses on the reaction at the working electrode, although the reaction at the counter electrode can have a great impact on the performance and selectivity of the electrochemical process at the working electrode (Klein and Waldvogel, 2022). As the counter electrode is often chosen just to reduce terminal voltage, the electrochemical reaction at the counter electrode remains unused in regard to the formation of valuable products. To exploit the whole potential of an electrolysis cell, the combination of two processes in a paired electrolysis cell and, thus, the formation of (valuable) products on both electrodes is an elegant way to increase process performance (Ibanez et al., 2017; Hilt, 2020; McKenzie et al., 2022). In the net reaction, 100% current efficiency (CE) per electrode—and, therefore, a combined CE of 200% in the whole cell—can be achieved. Hereby, paired electrolysis cells can operate in different modes. For example, in the linear paired electrolysis cell, the same product is obtained on both the anode and cathode (Figure 1A). In contrast, two different products are obtained in a parallel paired electrolysis cell (Figure 1B) (McKenzie et al., 2022). The synthesis of widely used chemicals such as “green” oxidizing agents in a paired electrolysis offers the universal implementation of an environmentally friendly process from the reactants over the process up to the products and was, therefore, set as the final scope of this study.
[image: Figure 1]FIGURE 1 | General electrochemical synthesis of hydrogen peroxide and peracetic acid on the GDE and of peroxodicarbonates on BDD electrodes in a linear (A) and parallel (B) paired electrolysis. M = H, alkali metal.
Peracetic acid (PAA) is a strong oxidizing agent with remarkable oxidizing properties. The industrial production of PAA is based on the chemical reaction between hydrogen peroxide and acetic acid in the presence of sulfuric acid as a catalyst (Saha et al., 2003a; Zhao et al., 2007; Zhao et al., 2008; Jolhe et al., 2015). Its formation is an equilibrium reaction with hydrogen peroxide, and usually, concentrations up to 15% are used for the most applications (Van et al., 2014; Doll et al., 2015; Boyce, 2016; Johnston et al., 2016; Luukkonen and Pehkonen, 2017). In higher concentrations, PAA is chemically unstable and sensitive to external heating. These properties place high demands on transport, storage, and handling and make PAA expensive (Pettas and Karayannis, 2004; Zhao et al., 2007; Zhao et al., 2008; Ni et al., 2016; Wang, 2018; Zhang et al., 2018). In addition to the general advantages of electrochemical synthesis, the in situ formation of PAA reduces costs and increases safety when produced on site. As H2O2 is needed as the starting material for PAA synthesis, gas diffusion electrodes (GDEs) are a good choice of cathode material since they allow the direct reduction of oxygen to H2O2 and minimize the parasitic formation of hydrogen during electrolysis as a side reaction. Based on this, the (indirect) electrochemical synthesis of PAA via the electrosynthesis of H2O2 on GDE was reported by Saha et al. (2004), who obtained PAA concentrations of 6.3 mM (CE = 28%, Pt added) and 2.1 mM (CE = 9.5%, Pt free GDE) at a GDE surface of 19 cm2 and a current density of 10 mA cm−2 in 1 M CH3COOH.
Another substance group that can be used as “green” oxidizers in a broad range of applications and can be obtained by eco-friendly electrochemical synthesis is peroxo compounds such as peroxodicarbonates (PODIC®, M2C2O6, M = alkaline metal) (Velazquez-Peña et al., 2013; Groenen Serrano, 2021; Ziogas et al., 2022; Zirbes et al., 2023). For Na2C2O6, several groups showed its electrochemical synthesis on platinum anodes by electrolyzing an aqueous solution of sodium carbonate at current densities between 200 mA cm-2 and 1 A cm-2 and at low temperatures (Wiel et al., 1971a; Wiel et al., 1971b; Manoharan et al., 2000; Zhang and Oloman, 2005), and its synthesis specific to boron-doped diamond (BDD) was first described by Saha et al. (2003b). In contrast, investigations in the synthesis of potassium peroxodicarbonate—especially on BDD electrodes—are rare (Constam and von Hansen, 1896; Hansen and Elektrotech, 1897). A good overview of the synthesis of different peroxodicarbonates was reported by Seitz et al. (2022). In addition to basic experiments with aqueous K2CO3 solutions as the BDD electrode and by the use of different ternary electrolyte compositions in mixtures of M2CO3 (M = H, Na, K), they received the best CE results of 42% (A = 3 cm2, j = 2.88 A cm−2) and 24% at an enlarged BDD of 10.8 cm2 (j = 0.8 mA cm−2). Furthermore, they proved the use of the obtained peroxodicarbonate mixtures as green oxidizers for N- and S-oxidations such as for epoxidations (Seitz et al., 2022). In addition, further investigations into the improvement of the electrochemical synthesis of K2C2O6 on BDD, with special regard to the enlargement of the electrode, are still pending.
In this study, we present the electrochemical synthesis of PAA via H2O2 synthesis on the GDE and of PODIC® on BDD using particularly large electrodes with a geometrical surface area of 24 cm2. In general, the combination of the GDE and BDD in one setup is well known, e.g., for the synthesis of only hydrogen peroxide or PAA (Moraleda et al., 2016; Llanos et al., 2019; Tawabini et al., 2020; Muddemann et al., 2021). Herein, the proof-of-concept combination of the parallel paired synthesis of PAA and PODIC® is shown for the first time. After describing the optimization of the individual half-cell syntheses including material screening of different carbon-based GDEs, we combined the cathodic GDE process with the anodic BDD process in an enlarged cell setup with 35 cm2 electrode geometrical surface areas. The resulting parallel electrolysis setup was investigated in relation to its CEs and the improvement of the process.
MATERIALS AND METHODS
For the first material screening of the GDEs, we used an H-cell setup with a 5 cm2 geometrical electrode surface area. For further optimization of the reaction on the cathode and anode including the cathodic PAA synthesis, we designed a half-cell setup for both the GDE and the BDD reaction with an active geometrical area of 24 cm2 for each electrode. The anode and cathode chambers were separated with a Nafion® 115 membrane. For the combination of both processes, a flow cell (Figure 2) was used, which was designed by Eilenburger Elektrolyse-und Umwelttechnik GmbH (EUT) with 35 cm2 geometrical electrode surface area each. In the half-cell setup, both chambers were separated with a Nafion® 115 membrane. The GDEs were provided by Covestro Deutschland AG. We used graphite (1), carbon black (CB, 2), carbon nanotubes (CNTs, 3), carbon fiber (4), glassy carbon (5), and CNTs with additional silver (6) containing GDEs for synthesis. The BDD was a DIACHEM® electrode by CONDIAS GmbH (24 cm2 planar BDD electrode; 35 cm2 structured BDD electrode; see Supplementary Figure S10). Electrolyses were conducted in single experiments (n = 1), and if not stated otherwise, experiments were conducted without temperature control.
[image: Figure 2]FIGURE 2 | Exploded assembly of the electrochemical flow cell with the GDE and BDD with 35 cm2 geometrical electrode surface area each. 1 = cell body for the anode with o-rings and copper-contact; 2 = BDD; 3 = seal; 4 = Nafion® membrane; 5 = spacer with flow field; 6 = GDE; 7 = cell body for the cathode with a gas chamber; 8 = anolyte outlet; 9 = anolyte inlet; 10 = gas inlet (gas outlet is not visible); 11 = catholyte outlet; and 12 = catholyte inlet. Some parts are twisted for better visibility.
Further information on materials and methods, such as the size of the electrolysis cells and product quantification, is provided in Supplementary Material.
RESULTS AND DISCUSSION
Material screening of the gas diffusion electrode for H2O2 synthesis
For the cathodic synthesis of hydrogen peroxide as an educt for PAA synthesis, different carbon materials are tested (Supplementary Table S1). As carbon itself is the catalyst used to produce hydrogen peroxide, no further catalysts are needed for its production with the GDE. We, therefore, focused on five different carbon materials to evaluate the effect of their different surface structures on hydrogen peroxide synthesis. Even though we used two different CNT cathodes, one CNT-GDE included additional silver, since silver might not catalyze hydrogen peroxide production, but it could have a positive effect on PAA formation as it is known for platinum (Saha et al., 2004). The GDEs were screened in H-cell experiments of 30 min in a 0.5 M Na2SO4 aqueous electrolyte solution (V = 100 mL) with a geometrical GDE surface area of 5 cm2 under variation of the current density (20 mA cm−2, 60 mA cm−2, and 100 mA cm−2). The quantification of hydrogen peroxide was performed via iodine titration (n = 2). Using graphite and glassy carbon, no H2O2 was detected; therefore, those materials were not chosen for further experiments. As the four residual materials produced hydrogen peroxide at current densities between 20 mA cm−2 and 100 mA cm−2, we chose CB and CNT-based GDEs for our further experiments, since they showed the best CEs even at higher current densities. The CE for the CB GDE was the highest at 84% at j = 20 mA cm−2 and 57% at j = 100 mA cm−2. The latter is slightly better than the data reported by Cordeiro-Junior et al. (2022) for GDEs with 40% PTFE load (∼40%) but worse in comparison with a GDE with 20% PTFE load (∼60%); the CE reported in the literature increases with an increase in current density while we observed a decrease in the CE. Compared with this, the CE of the CNT-based GDE was lower at j = 20 mA cm−2 (58%), but it remained relatively stable even at higher current densities, making it adequate for further experiments. A detailed overview of materials and reached CEs for the respective current densities is provided in Supplementary Table S1.
Half-cell experiment 1: investigation of the PAA formation
In the next step, we probed the influence of different parameters on the electrochemical synthesis of PAA via H2O2 on CB- and CNT-based GDEs, and we started with the variation in the current density (20 mA cm−2, 60 mA cm−2, and 100 mA cm−2). Therefore, the setup was changed to a flow reactor with a geometrical GDE surface area of 24 cm2 and a flow rate of 50 mL min-1. The quantification of PAA next to hydrogen peroxide was performed via a two-step titration with Ce(SO4)2, followed by iodometry (see Supplementary Material for additional details). The catholyte (V = 100 mL) was changed from Na2SO4 to acetic acid as it is needed as an educt for further reaction with hydrogen peroxide. Initially, the current density was varied in a 2.5 M aqueous CH3COOH/CH3COONa solution for 30 min electrolysis experiments.
For both tested GDEs, PAA concentration increased with an increase in current density (Supplementary Figure S5A) to maximum values of 3.6 mmol L−1 and 5.6 mmol L−1 for CB and CNT GDEs at j = 100 mA cm−2, respectively. At the same time, the CE for PAA decreased from 3.9% (CB) and 3.1% (CNT) at a current density of 20 mA cm−2 to 1.6% (CB) and 2.5% (CNT) at a current density of 100 mA cm−2 (Supplementary Figure S5B), which is significantly less than that in the study by Saha et al. (2004). Nevertheless, at this point, the GDE surface was 1.3 times larger, and further improvement in the herein-reported synthesis is still pending. As it is assumed that PAA is not synthesized directly on the GDE but by the reaction with H2O2, the applied GDE should not have a direct impact on the formation of PAA. Nevertheless, slightly higher PAA concentration could be reached on the CNT-based GDE in comparison to the CB-based GDEs even though our former experiments showed a higher concentration of H2O2 formed on CB. This small difference can be an indication that the formation of PAA is, to some extent, based on the reaction of the electrolyte with active oxygen formed on the GDE instead of the assumed reaction with the H2O2 formed on the GDE, as described by Saha et al. (2004). All in all, the impact of the GDE on the formation of PAA is negligible, and we used the CB-based GDE in the next step as it shows better results for the production of H2O2.
In a second set of experiments, we varied the electrolyte solution consisting of different aqueous alkaline acetate salt solutions and mixtures in 3 h electrolysis. As it showed the best results for the CE of both H2O2 and PAA, a current density of 20 mA cm−2 was applied. The obtained CEs for the PAA formation in different electrolytes over time in Figure 3B (see Supplementary Figure S6 for concentration and the data for H2O2). The best results to produce H2O2 were obtained in 5 M CH3COOK and in a mixture of 2.5 M CH3COOH/CH3COOK (1:1) with CEs over 80%. For the formation of PAA, the 2.5 M CH3COOH/CH3COOK (1:1) electrolyte also showed significant production of acid as we obtained concentrations of approximately 22 mmol L−1 at a CE of ca. 10% after 3 h. Any other tested electrolytes resulted in the formation of only 11 mmol L−1 PAA or less. As for the indirect electrochemical PAA synthesis, the catholyte had to change from an aqueous Na2SO4 solution (pHstart = 6.9; pHend = 11–12) to an acetic acid- or acetate-containing catholyte, pH values of the catholyte changed too. The pH values at the end of PAA electrolysis were acidic, ranging from 2.1 (CH3COOH) to 5.2 (both buffered systems), or alkaline, between 10.8 and 14.5 (acetate salts). Even though a more acidic pH should have a positive impact on PAA formation, the CH3COOH/CH3COOK buffer showed significantly better PAA yields than the CH3COOH or CH3COOH/CH3COONa catholytes. Therefore, it was suggested that not only the pH value but also the used salt might have an influence on the PAA synthesis. Compared with the literature, the obtained CEs for the formation of both H2O2 and PAA are in good agreement. As for the first described indirect synthesis of PAA outgoing from H2O2 that was produced on GDEs, Saha et al. (2003c) reached a maximum CE of 12% (H2O2) and ca. 4% (PAA) at a current density of 10 mA cm-2 and a 1 M CH3COOH electrolyte. In a later study, they were able to increase the CE up to 23% (H2O2) and 9.5% (PAA) by the addition of Nafion-H to the electrolyte (Saha et al., 2004). Furthermore, Merk et al. (2001) showed in a patent that the use of acetylsalicylic acid as an acetate transfer reagent, in combination with NaOH and acetic acid, can shorten the reaction time, resulting in concentrations of even 31 mmol L−1 PAA after 20 min at current densities of j = 100 mA cm2.
[image: Figure 3]FIGURE 3 | Variation in the electrolytes in the different half-cell experiments and resulting concentrations and CEs for the synthesis of PAA on the CB GDE (A, B) in 100 mL catholyte and of PODIC® on BDD (C, D) in 150 mL anolyte. j = 20 mA cm−2. The geometrical electrode surface area of each electrode was 24 cm2, and the flow rate was maintained at 50 mL min−1.
As our half-cell experiments showed the best results (the second-highest H2O2 and by far the highest PAA concentrations and CEs) at a current density of 20 mA cm−2 with a 2.5 M potassium acetate buffer solution, we applied this setup in the combined cell.
Half-cell experiment 2: investigation of the anodic PODIC® formation on BDD
In addition to the synthesis of PAA on GDEs, we investigated the anodic synthesis of PODIC® on a planar BDD in a reactor setup with a geometrical BDD surface area of 24 cm2 and an electrolyte volume of 150 mL. Based on the better solubility of K2CO3 in water in comparison to its sodium analogous (30.7 g Na2CO3/100 g H2O or 2.9 mol L−1 and 111 g/0.8 mol K2CO3/100 g H2O or 8.0 mol L−1 at 25°C) (Haynes et al., 2016), its use permits a great variety of the electrolyte by adjusting the salt concentration. Therefore, we investigated the dependence of the PODIC® formation on BDD under variation in the concentration of the carbonate-based electrolytes up to highly concentrated solutions of 5 mol L−1 K2CO3. To characterize and compare the results of our flow cell with early reports, an electrolysis with 1.5 M Na2CO3 solution was carried out in the beginning at current densities of 20 mA cm−2, 50 mA cm−2, and 100 mA cm−2. The amount of percarbonates was determined via iodine titration.
The obtained concentration of Na2C2O6 in our initial experiments is in the same range as can be found in the literature; however, the CEs (Figure 3D) are lower than those in the studies of Chardon et al. (2017). On the basis of the Na2C2O6 synthesis in our flow cell, we repeated it starting from a 1.5 M K2CO3 and with higher concentrated K2CO3 electrolytes up to 5 M aqueous solutions. In all experiments, a saturation level is reached after 60–90 min at current densities less than 100 mA cm-2. At a current density of 100 mA cm−2, the concentration of K2C2O6 slowly decreased after 60 min except for the 5 M K2CO3 solution. Moreover, the highest starting concentration of the K2CO3 solutions of 5 M resulted in a 35% higher concentrated peroxodicarbonate solution of 135 mM at 100 mA cm−2 compared to the 1.5 M Na2CO3 electrolyte solution. Notably, in this context, the pH values are still relatively high for the different experiments outgoing from 5 M K2CO3. They lie within the range of 10.95–11.55, which is considered favorable for the formation of peroxodicarbonates according to Chardon et al. (2017). Due to the probably necessary formation of bicarbonates at pH values between 11.4 and 9, the resulting ratio of carbonates and bicarbonates affects the peroxodicarbonate synthesis directly and prevents it in reverse at higher (only carbonates) or lower (only bicarbonates) pH values (pKa1 = 6.35 and pKa2 = 10.33 of H2CO3) (Haynes et al., 2016; Chardon et al., 2017). Moreover, the carbonates react as a base, and therefore, the resulting alkaline pH stabilizes the peroxodicarbonates.
In comparison to the results of the study by Seitz et al. (2022), the obtained concentrations of K2C2O6 are lower (258 mM starting from 1.5 mM K2CO3 and 275 mM starting from 2.25 M K2CO3 and 800 mA cm−2). Although their applied current density was eight times higher than that in our experiments, their obtained CE was lower, with a maximum of 23% in comparison to the 56% we report in this study.
Synthesis of peracetic acid and potassium peroxodicarbonate in a parallel paired electrolysis cell
Based on the results of the half-cell experiments, we used a 5 M K2CO3 solution as the anolyte and a mixture of 2.5 M CH3COOH and 2.5 M CH3COOK (1:1 ratio) as the catholyte solution for the synthesis of PAA and PODIC® in a parallel paired electrolysis setup. The geometrical electrode surface areas were 35 cm2 each, and the electrolyte volumes were 150 mL. The experiments were performed with CB- and CNT-based GDEs as cathodes for a duration of 2 h. Due to the cell design of the up-scaled 35 cm2 electrolysis cell by EUT, a structured BDD electrode (BDD on the silicon substrate, see Supplementary Figure S10) was employed as an anode. The structured flow channel regime of the electrode was employed to allow the flow of the anolyte, to mechanically stabilize the ion exchange membrane, and also, to allow the application of electrolytes with decreased conductivities, even though the design might lead to a decrease in electrolysis performance due to inhomogeneous distribution of local current densities. The current density was set at 50 mA cm-2 (referring to the geometrical surface areas) to achieve a balance between high productivity and high selectivity of the reactions; the corresponding results are plotted in Supplementary Figure S9. The anodic formation of K2C2O4 was independent of the gas diffusion counter electrode. A maximum concentration of 75 mmol L−1 with a corresponding CE of 14% was obtained at the end of the electrolysis. The CE decreased relatively quickly from initially 38% after 0.5 h (Supplementary Figure S9B) as the concentration of PODIC® reached a saturation level after 2 h, as and it was observed for the synthesis in the half-cell setup. Nevertheless, the CE of the PODIC® synthesis in the half-cell experiments was four times higher than that in the combined cell. At the cathodic side employing a CNT-based GDE, a maximum concentration of 11.3 mmol L−1 PAA with a CE of 2.0% (Supplementary Figures S9C, D, respectively) was obtained, which is less than a quarter of the CE that can be reached after 2 h under the same conditions in the half-cell setup with a CB-based cathode. The use of CB in the parallel paired electrolysis ended in an even smaller PAA concentration and CE of 8.5 mmol L−1 and 1.5% after 2 h.
To the best of our knowledge, the first synthesis of PAA and PODIC® in a parallel paired electrolysis cell was demonstrated with this study. The presented proof of concept indicates that the combination of the individually described half-cell reactions is possible in general. However, a high variation in the efficiencies between the half-cell experiments and the parallel paired electrolysis setup was observed. The combination of the BDD and GDE and the related changes in cell and electrode design to operate both electrodes in one setup are the main changes in the setup of the parallel paired electrolysis cell and might decrease electrolysis performance. Moreover, the different structure of the BDD (planar in the half-cell experiments vs. structured in the paired setup) can cause a major change in the local current densities under BDD and hydrodynamic conditions and, therefore, affect the local PODIC® synthesis. Furthermore, differences in the pH values must be pointed out. In the paired electrolysis, the pH values of both the catholyte and anolyte were in the alkaline range with values between 10 and 11 after 2 h of synthesis. In contrast to this, the pH value of the catholyte in the half-cell experiments was at 5.2 after 3 h at j = 20 mA cm−2. As an acidic pH value improves the PAA formation, this might have had a major influence on the worsening of the process. Nevertheless, the presented proof of principle showed the combination of the individual half-cell reactions, leaving room for improvement in future studies.
CONCLUSION
In this study, the cathodic synthesis of PAA via H2O2 synthesis on the GDE and the anodic synthesis of PODIC® on BDD in single half-cell setups were evaluated. With active geometrical electrode surface areas of 24 cm2, 22.6 mmol L−1 of PAA (CE = 7.4%, j = 20 mA cm−2, and t = 3 h) in 2.5 M CH3COOH/CH3COOK and 42.7 mmol L−1 of PODIC® (CE = 30.3%, j = 20 mA cm−2, and t = 2 h) in 5.0 M K2CO3 were obtained. The combination of the cathodic GDE and anodic BDD reaction was realized in a parallel paired electrolysis setup with enlarged geometrical electrode surface areas of 35 cm2 each. The combination in a parallel paired electrolysis resulted in the worsening of the single processes and does not lead to a simple addition of the CEs of the individual half-cell reactions. The cell setup and changes in the pH values of the catholyte to unfavorable alkaline conditions are hypothesized as the most significant parameters. Nevertheless, the experiments in the parallel paired test setup demonstrate the simultaneous synthesis of oxidizing agents in both electrochemical half-cells and the first proof of principle of a parallel paired electrolysis for the anodic PODIC® and cathodic PAA synthesis. Future work for the adjustment of parameters and of the combined cell design, such as the experimental setup in general including a stable acidic catholyte, will be necessary to improve this promising approach to reach at least similar results compared to the half-cell experiments.
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