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Abstract 

This study reports the performance of a flow-through reactor to promote the sustainable 

production of H2O2 upon cathodic reduction of anodically generated O2. A smart 

configuration that alternated Ti|IrO2-Ta2O5 anode meshes, as a source of O2 subsequently 

reduced to H2O2 at adjacent porous reticulated vitreous carbon cathodes, was successfully 

tested employing a 0.050 M Na2SO4 solution at pH 3.0. With this reactor, the need of an 

external source of pure O2 or air typically employed during the electrosynthesis of this 

high value commodity was avoided. Bulk electrolyses in recirculation operation mode 

were carried out to evaluate the influence of the volumetric flow rate (0.4-1.0 L min-1) 

and applied current (59.5-178.5 mA) on the H2O2 accumulation profiles. The best 

performance of the reactor was achieved at 0.8 L min-1 and 59.5 mA, reaching 14.3 mg 

L-1 H2O2 after 3 h, with maximum current efficiency and electrolytic energy consumption 

of 100% and 0.021 kWh (g H2O2)-1, respectively. This is a first approach to produce 

greener H2O2, envisaging its future application to water treatment by electrochemical 

advanced oxidation processes. 

Keywords: Oxygen evolution reaction; Oxygen reduction reaction; Flow-through reactor; 

H2O2 electrogeneration; Water treatment 
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1. Introduction 

Hydrogen peroxide is a very important chemical in our daily life due to its multiple 

industrial applications, such as mild synthesis of organic compounds, bleaching in paper 

and textile production, water disinfection and wastewater treatment [1,2]. As a green 

oxidant [3], H2O2 is an alternative to common toxic reagents like chromate or 

permanganate. In addition, several H2O2-based electrochemical oxidation processes like 

electro-Fenton (EF), photoelectro-Fenton and electro-peroxone have been successfully 

devised to produce hydroxyl radicals able to degrade organic pollutants in water [4-6] or 

create polymer gels [7]. 

In recent years, several plants have been built to produce H2O2 in order to satisfy the big 

demand from propene oxide synthesis [8], opening a huge market to new synthesis 

methods, although the most utilized at industrial scale is still the anthraquinone (AQ) 

autoxidation first described by Riedl and Pfleiderer in 1940 [9]. However, this method 

has some disadvantages, such as the use of solvents or the accumulation of unwanted 

harmful by-products [1]. Within this context, the electrosynthesis route has arisen as an 

eco-friendly alternative to chemical synthesis [2,10], being especially interesting when 

low to moderate H2O2 concentrations are required, as is the case of water treatment [11]. 

This typically involves the two-electron oxygen reduction reaction (ORR, (1)), which 

occurs with high efficiency at carbonaceous cathodes [12-17].  

𝑂𝑂2 + 2𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻2𝑂𝑂2  E0 = 0.695 vs SHE    (1) 

In many cases, these materials have been implemented in electrolytic cells in which the 

O2 or air is fed into a gas chamber. The gas then flows from the back side of the porous 

cathode and is transformed into H2O2 at the three-phase boundary (i.e., in contact with 

the electrolyte). This configuration, so-called gas-diffusion electrodes (GDE), is known 
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to yield the greatest oxidant concentrations at ambient conditions [7,10,11,18-22]. 

Nonetheless, this technology is delicate due to possible cathode flooding if the pressures 

are not correctly balanced during the electrolysis [11], which typically obliges to employ 

expensive oversized compressors to fulfill the oxygen demand and air pressure. In such 

cases, this ends in an additional capital expense as well as a waste of energy from 

excessive air and liquid pumping [23]. However, it is worth mentioning that the proper 

design of the GDE in connection with a suitable compressor may decrease the cost of the 

external air supply. 

In an electrochemical cell, the main event at the inert anode is the oxygen evolution 

reaction (OER, (2)). Dimensionally stable anodes (DSA) are the most widespread 

materials for this purpose [24]. 

2H2O → O2 + 4H+ + 4𝑒𝑒−   E0 = 1.229 V vs SHE    (2) 

The O2 evolution is commonly considered a side reaction with no added value. This is 

due to the electrode arrangement inside the reactor since they tend to be accommodated 

as parallel plates in flow-by reactors. Therefore, aiming to consume the O2 produced at 

the anode to further favor the subsequent H2O2 electrosynthesis, a flow-through 

configuration with porous electrodes seems preferable. A first attempt was published by 

Drogui et al. [25], but a very simple cell equipped with a single graphite felt cathode was 

used. Recently, the concept has been demonstrated by Zhou et al. [26] employing a flow-

through reactor equipped with a reticulated vitreous carbon (RVC) cathode. However, 

they observed some problems attributed to coalition of O2 bubbles on the cathode surface, 

which was detrimental for the ORR as shown by their current efficiencies < 5%. In 

response to this limitation, this communication addresses the design of a smart 

rectangular flow-through cell to produce H2O2 in a more efficient manner. A novel flow-
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through cell equipped with a porous Ti|IrO2-Ta2O5 anode to form O2 via OER, and an 

RVC cathode to yield H2O2 was evaluated in Na2SO4 medium at pH 3.0. The influence 

of the volumetric flow rate and applied current on the accumulation of H2O2, current 

efficiency and energy consumption was systematically assessed. 

2. Materials and methods 

Reagents of analytical grade were purchased from Sigma-Aldrich and Karal. Distilled 

water was used to prepare the analytical solutions and perform the electrolytic trials. 

2.1. Description of the reactor 

Fig. 1a shows an exploded view of the flow-through reactor, which was designed by 

ourselves based on computational fluid dynamics simulations. These are not shown 

herein, but they guaranteed good dispersion of the liquid, appropriate mass transport and 

homogeneous current distribution. Table 1 shows the dimensions and characteristics of 

the components of the reactor. The plastic elements were constructed by 3D printing, 

using acrylonitrile butadiene styrene (ABS). 

The reactor was equipped with two pairs of anodes (A) and cathodes (C), arranged in an 

alternate A-C-A-C configuration (interelectrode gap of 0.5 cm) that ensured the adequate 

collection of the anodic O2 at the cathode surface thanks to the vertical flow. The reactor 

consisted of two rectangular ABS end plates, whereas the electrolyte flow channel was 

embedded in between. As can be observed in Fig 1b, the electrolyte flow channel 

contained two sets of three Ti|IrO2-Ta2O5 meshes, manufactured by the Pechini method 

[27], and two porous RVC pieces (Goodfellow, 60 pores per inch (ppi)). Both, anodes 

and cathodes had the same dimensions (1.5 cm length × 3.0 cm breadth × 0.5 cm 

thickness). The geometric area of each set of anodic meshes was 8.5 cm2 and hence, the 
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two sets accounted for a total anodic area of 17 cm2. The specific area (A/Ve) of each 

cathode (60 ppi RVC) was 40 cm-1 [28], yielding a total cathodic geometric area of 180 

cm2. Each of the anodic sets and RVC pieces was put in contact with a current collector 

with dimensions of 1.5 cm length × 3.0 cm breadth (Fig. 1a). For the anodes, Ti|IrO2-

Ta2O5 plates welded to screws made with the same material were employed, whereas 

stainless steel 3016 was used for the cathodes. The liquid inlet (diameter of 1.1 cm) was 

placed at the bottom of the cell. The solution was immediately dispersed to the channel 

through the manifold, which had five slots that directly connected to a receiving plastic 

net (Fig. 1a). The purpose of this net was to homogenize the fluid before it reached the 

first anode. When the solution came out from the second cathode, it was received by a 

plastic net, which was followed by the exit manifold made of five slots that dispersed the 

liquid toward the outlet (diameter of 1.1 cm). 

The electrochemical reactor was connected to a closed reservoir by means of a hydraulic 

system made of polyvinyl chloride (PVC), and it was operated in recirculation mode (Fig. 

2) to carry out the H2O2 accumulation. The tank contained 2 L of solution, which was 

recirculated using a magnetic pump model 4-MD-HC from Little Giant, with 0.1 

horsepower (∼75 W). It was adapted to a valve and flow meter model F-440 from Blue-

White industries, with a maximum capacity of 1.0 L min-1 to control the flow rate. A BK 

Precision 1621A power source was employed to run the electrolyses at constant current 

and directly monitor the cell voltage. As mentioned above, an air pump was not needed 

because O2 was collected from anodic OER. 

2.2. Bulk electrolysis 

The H2O2 accumulation trials were performed using 2 L of a 0.050 M Na2SO4 solution at 

pH 3.0 and room temperature (298 ± 2 K). The content of the electrogenerated oxidant 
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was quantified from the formation of the titanic-hydrogen peroxide yellowish complex 

[17], whose absorbance was measured employing a Perkin Elmer Lambda 35 

spectrophotometer set at λ = 408 nm. The effect of the volumetric flow rate within the 

range 0.4-1.0 L min-1 and that of the constant applied current in the interval 59.5-178.5 

mA (i.e., anodic current density in the range 3.5-10.5 mA cm-2) on the time course of 

H2O2 concentration was studied. The electrolyte was deaerated before each electrolytic 

trial. 

The current efficiency (ϕ) and the electrolytic energy consumption (EC) were the two 

figures of merit assessed during the accumulation of H2O2, being determined via Eq. (3) 

and (4):  

𝜙𝜙 =
𝑛𝑛𝑛𝑛𝐶𝐶H2O2𝑉𝑉

1000𝑀𝑀H2O2𝐼𝐼𝐼𝐼
× 100        (3) 

EC = 𝐸𝐸cell𝐼𝐼𝐼𝐼
𝐶𝐶H2O2𝑉𝑉

          (4) 

where n (=2) is the number of transferred electrons according to reaction (1), F is the 

Faraday constant (= 96,485 C per mol of electrons), 𝑐𝑐H2O2 is the hydrogen peroxide 

concentration (in mg L-1), V is the solution volume (in L), 𝑀𝑀H2O2 is the molecular weight 

of H2O2 (34.01 g mol-1), I is the applied current (in A), t is the electrolysis time (in s) and 

100 is a conversion factor to determine the efficiency as a percentage. Ecell is the cell 

voltage (in V) resulting during the electrolysis. Note that, in this work, the EC values 

provided only take into account the electricity used to run the electrolysis, disregarding 

that needed to pump the solutions. 

3. Results and discussion 
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Fig. 3a-c shows the influence of the flow rate on the H2O2 concentration profile, current 

efficiency and electrolytic energy consumption for the electrolysis of 2 L of a 0.050 M 

Na2SO4 solution at pH 3.0, maintaining a constant applied current of 59.5 mA for180 

min. From the time course shown in Fig. 3a, a gradual increase of the oxidant 

concentration is evidenced at all flow rate values, which demonstrates the feasibility of 

two-electron ORR via reaction (1) in the reactor developed here without requiring air 

bubbling. Furthermore, the dependence of the reactor performance on the flow rate also 

confirms that reaction (1) is mass-transport controlled, i.e., it is a function of the arrival 

of the dissolved O2 and the protons to the RVC cathode surface [15,17]. Not all the O2 

evolving at the anode via reaction (2) is completed dissolved [30], which is a drawback 

because O2 in gas form is not adequate to be reduced. However, RVC is a suitable 

material, since its porous structure can act as a gas diffusor that breaks the gas bubbles 

and yields smaller microbubbles that can be finally dissolved to undergo the cathodic 

reduction [17,28]. 

A positive effect of the rising flow rate on the H2O2 accumulation was observed up to 0.8 

L min-1. Specifically, an almost 2.5-fold rise, from 6.1 to 14.3 mg L-1 at the end of the 

electrolysis, was achieved operating the system at 0.2 and 0.8 L min-1, respectively. Worth 

noting, at 0.8 L min-1, an abrupt increase of H2O2 concentration up to 6.7 mg L-1 can be 

seen during the first 20 min of electrolysis, clearly outperforming the trials made at lower 

or higher flow rates. This behavior can be plausibly related to the fast transport of the 

dissolved O2 microbubbles to the cathode surface once generated at the anode, avoiding 

their coalescence and thus favoring their penetration through the RVC pores with the right 

dimensions. After that initial period, the H2O2 accumulation became slower due to its 

concomitant partial destruction. 
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Conversely, it seems that a greater flow rate of 1.0 L min-1 was detrimental from the point 

of view of the mass transport, attaining a lower H2O2 content of 10.4 mg L-1 at 180 min. 

This can be explained by at least of the following reasons: (i) the excessive transport of 

H+ toward the RVC cathode surface, consequently stimulating the parasitic hydrogen 

evolution reaction (HER) via reaction (5) over the two-electron ORR; (ii) the enhanced 

transport of electrogenerated H2O2, either throughout the porous cathode favoring its 

reduction via reaction (6) or through the anode holes increasing its oxidation rate from 

the inverse of reaction (1); or (iii) the insufficient residence time of the dissolved O2 

within the cathode pores, limiting the extent of the ORR via reaction (1). Additionally, 

the greater hydrodynamic pressure could eventually favor the solution penetration within 

the RVC cathode, which would alter the area of the O2(aq)-cathode interface, thereby 

promoting the cathodic H2O2 reduction reaction (6) [15,17]. 

2𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻2    E° =  0 V vs SHE   (5) 

𝐻𝐻2𝑂𝑂2 + 2𝐻𝐻+ + 2𝑒𝑒− → 2𝐻𝐻2𝑂𝑂  E0 = 1.801 V vs SHE   (6) 

It is important to mention that the range of H2O2 concentrations determined in this new 

reactor with self-sustained H2O2 production are adequate for a future application to EF 

treatment of organic pollutants. For example, raw carbon-felt cathode produces about 7 

mg H2O2 L-1 at moderate current densities in conventional EF reactors [29]. Within this 

context, it also interesting to note, in all the curves of Fig. 3a, the absence of a clear 

plateau at 180 min. This means that the H2O2 production rate is still greater than the 

consumption rate at that time, which is beneficial since it would allow to perform 

degradation experiments that can be prolonged for a long time without a lack of oxidant. 

Fig. 3b illustrates the resulting current efficiency increase at higher flow rate within the 

interval of 0.2-0.8 L min-1. The highest efficiency (100%) was obtained at 0.8 L min-1 
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after 20 min, in correspondence with the unexpectedly large H2O2 concentration. 

Afterwards, it decreased exponentially during the electrolysis, reaching 25% at the end 

of the trial. The loss of current efficiency may be attributed to the aforementioned H2O2 

consumption reactions, whose rate is enhanced as the accumulation becomes higher, 

although the partial H2O2 disproportionation of H2O2 in the bulk cannot be discarded 

either. At the other flow rates, the efficiency was quite constant in each single trial, which 

is a positive feature since it allows predicting very well the performance of the reactor. 

On the other hand, the EC curves agreed perfectly with the efficiency tendencies, 

revealing a lower consumption as the flow rate increased from 0.2 to 0.8 L min-1 (Fig. 

3c). At 180 min, the lowest EC value attained at 0.8 L min-1 was 0.021 kWh (g H2O2)-1. 

A second set of electrolytic trials was performed to evaluate the influence of applied 

current on the electrosynthesis of H2O2, Fig. 4. These tests were carried out at a flow rate 

of 0.8 L min-1 and at constant applied current values of 59.5, 119 and 178.5 mA. These 

values were selected among others, as a better performance regarding the accumulation 

of H2O2 could not be obtained outside this range. Fig. 4a shows a lower H2O2 

accumulation as applied current became higher. This means that, even though the OER is 

favored as the electrons are withdrawn more quickly from the anode (reaction (2)), thus 

saturating the solution with dissolved O2, the cathodic potential is concomitantly shifted 

to more negative values. This favors the four-electron ORR to yield H2O instead of H2O2 

(i.e., inverse of reaction (2)), as well as the parasitic reactions (5) and (6) [15,17]. As a 

result, 13.2 and 10.6 mg H2O2 L-1 were obtained after 180 min at 119 and 178.5 mA, 

respectively. 

Similarly, the current efficiencies became lower at any given time as the applied currents 

were increased (Fig. 4b), ending in 11.2% and 6.0% at 119 and 178.5 mA, respectively. 

Fig. 4c shows that the electrolytic energy consumption increased with the applied current, 
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which is directly related to the rise in cell potential, attaining values of 3.2, 4.5 and 6.0 V 

at 59.5, 119 and 178.5 mA, respectively. The greatest EC value was attained at 178.5 mA, 

being 0.157 kWh (g H2O2)-1 after 180 min. The best performance of the reactor was 

achieved at 59.5 mA, reaching 14.3 mg L-1 H2O2 after 3 h, with current efficiency and 

electrolytic energy consumption of 24.2% and 0.021 kWh (g H2O2)-1, respectively. 

Conclusions 

The electrosynthesis of H2O2 sustained by O2 produced on site from water discharge is 

feasible in a well-engineered flow-through reactor equipped with Ti|IrO2-Ta2O5 and RVC 

as the anode and cathode material, respectively. The experimental characterization of the 

reaction environment in terms of volumetric flow rate and applied current has been 

systematically studied by means of bulk electrolyses operating in recirculation mode. The 

best performance of the reactor has been achieved at 0.8 L min-1 and 59.5 mA, reaching 

14.3 mg L-1 H2O2 after 3 h of electrolysis, with final current efficiency and electrolytic 

energy consumption of 24.2% and 0.021 kWh (g H2O2)-1, respectively. The moderate 

concentration of H2O2 obtained in this first approach is estimated to be sufficient to 

produce hydroxyl radicals from Fenton’s and peroxone reactions, with direct application 

in water treatment. 
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Figure captions 

Fig. 1. (a) Exploded view of the flow-through reactor and (b) liquid flow channel. 

Fig. 2. Electrical and flow circuit employed for the bulk electrolyses. 

Fig. 3. Influence of volumetric flow rate on the (a) H2O2 accumulation, (b) current 

efficiency (c) and electrolytic energy consumption. Electrolyte: 0.050 M Na2SO4 at pH 

3.0 and 298 ± 2 K. The applied current was 59.5 mA. The geometric area of the anode 

and cathode was 17 cm2 and 180 cm2, respectively. 

Fig. 4. Influence of applied current on the (a) H2O2 accumulation, (b) current efficiency 

(c) and electrolytic energy consumption. Same conditions described in Fig. 3, at a 

volumetric flow rate of 0.8 L min-1. 
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Table 1. Dimensions and characteristics of the reactor and the electrodes. 

Channel length 19 cm 

Channel breadth 3 cm 

Channel thickness 0.5 cm 

Electrode spacing 0.5 cm 

Turbulence promoter, plastic mesh Type D DCa and DLb = 1.1 cm 

Volumetric area (RVC) 40 cm-1 

RVC porosity 0.965  

RVC area in contact with the solution  180 cm2 

Ti|IrO2-Ta2O5 anode area, in contact with the solution 17 cm2 

a Internal dimension of the short diagonal of the mesh 
b Internal dimension of the long diagonal of the mesh 


