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Introduction 

Due to the high energy demands of the traditional anthraquinone process (Ciriminna et al., 2016), electrochemical 

hydrogen peroxide (H2O2) generation has emerged as a compelling alternative. This approach offers significant 

advantages, including the capacity for decentralized production and a reduced environmental footprint. 

Historically, noble metal catalysts have demonstrated superior performance and high efficiency in this field. 

However, their widespread industrial application is severely hindered by their high cost and inherent scarcity, 

which present significant economic and scalability challenges. 

 In this context, carbon-based materials are increasingly used for H2O2 synthesis. To improve the 

sustainability, fossil fuel derived carbons, such as carbon blacks, are being replace by materials sourced from 

biomass waste. This approach transforms lignocellulosic residues into high-value carbon powders, aligning with 

circular economy principles. This strategy not only mitigates hazardous waste issues but also provides a sustainable 

platform for electrochemical hydrogen peroxide production without sacrificing performance. 

 Beyond the challenges associated with catalyst selection, the configuration of the electrochemical reactor 

also plays a critical role in the efficient generation of H2O2. This is mainly due to the 2e-ORR kinetics, the 

simultaneous occurrence of parasitic reactions and the progressive degradation of electrode surfaces. 

Consequently, reactor design involves several key aspects, including the architecture of the cathodic and anodic 

compartments, the use or omission of ion-exchange membranes, the choice of gas diffusion and catalyst layers and 

the operating mode of the electrolyte, whether under static or flow conditions (O.S. Santos et al., 2022). 

 This study evaluated a self-engineered ‘air breathing’ reactor using carbon catalysts derived from 

Phragmites australis as lignocellulosic waste. The design uses atmospheric oxygen directly at the cathode, 

achieving high H2O2 concentrations without the need for external gas supplies or compressors. 

 

Materials and Methods 

The reactor consists of an anodic compartment through which water circulates (a 0.05 M Na2SO4 solution is used 

to enhance conductivity). A PFSA D125-U membrane is employed as the ion-exchange membrane. The cathodic 

compartment is open to the atmosphere and does not require any pump or compressor, which significantly reduced 

energy consumption and represents one of the major innovations of the prototype. A schematic representation of 

the reactor architecture is presented in Figure 1.  

 
 

Figure 1. Schematic representation of the reactor. (1) PVC cathodic compartment through which H2O2 drops fall 

by gravity and which is open to the atmosphere, (2) 0.01 mm Teflon separator, (3) carbon-based cathode 

(catalytic layer in contact with the membrane), (4) cation-exchange membrane, (5) titanium mesh anode coated 

with MMO, (6) two Teflon separators of 1 mm each and (7) PVC anodic compartment through which the anolyte 

flows in and out. 
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 In this setup, the H2O2 droplets exiting the cathodic compartment are collected in a water reservoir to 

monitor concentration trends over time. Additionally, direct measurements were taken from the droplets as they 

emerged from the reactor to determine the actual, undiluted concentration of H2O2 being generated. 

 Phragmites australis was used as the catalyst precursor and subjected to hydrothermal carbonization (HTC) 

at 200 ºC. The resulting hydrochar was then chemically activated with NaOH at 600 ºC under an inert atmosphere. 

The catalyst was deposited onto the surface of a carbon cloth using the hot-dripping method (Ramírez et al., 2025). 

The anode employed was a commercial titanium mesh coated with a mixture of metal oxides (MMO), specifically 

designed for the oxygen evolution reaction (OER). 

 

Results 

By using carbon cloth with 10 % wet proofing, a maximum concentration exceeding 6000 mg L-1 was achieved in 

the water reservoir. At a current density of 50 mA cm-2, the efficiency remained at 100 % throughout the 120-

minute experiment. However, increasing the current density to 75 mA cm-2 resulted in a decrease in Faradaic 

efficiency (FE). Despite this, the values remained considerably high, with FE values between 70 and 80 %. Finally, 

at a current density of 100 mA cm-2, a sharp drop was observed, decreasing to 20-25 %. This decline was attributed 

to electroosmotic flow, which hinders H2O2 generation by excessively wetting the cathodic surface. This flooding 

effect prevents oxygen molecules from reaching the active reaction sites.  Regarding the energy consumption, 

values of 4.2 and 6.5 kWh kgH2O2
-1 were recorded for 50 and 75 mA cm-2, respectively. These results demonstrate 

the high competitiveness offered by this reactor configuration. Furthermore, the droplets exiting the reactor 

exhibited remarkably high concentrations, surpassing 6 wt%, while achieving an impressive production rate of up 

to 45 mg cm-2 h-1. 

 In addition to these outstanding results, the reactor demonstrated excellent durability, successfully operating 

for up to 100 h without any decline in FE, which remained between 70 and 80 %, as shown in Figure 2. 

 

 
 

Figure 2. (A) H2O2 accumulation in the reservoir and (B) Faradaic efficiency during a 100 h test at a current 

density of 12.5 mA cm-2. 

 
Conclusions 

Considering all the aforementioned results, the reactor exhibits outstanding performance, positioning it as a highly 

promising alternative that significantly outperforms previously reported systems. Notably, it achieves H2O2 

concentrations suitable for direct use in the vast majority of H2O2-consuming industries, eliminating the need for 

additional purification steps. 
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