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Hydrogen is considered one of the most promising energy carriers for achieving carbon neutrality and facilitating the transition toward sustainable energy systems. Although water electrolysis enables the production of high-purity green hydrogen, its widespread implementation remains limited by the high energy consumption associated with the anodic oxygen evolution reaction (OER) [1]. Replacing OER with the electrochemical oxidation of biomass-derived molecules has emerged as an attractive strategy for reducing the energy demand of hydrogen production while simultaneously valorizing renewable feedstocks. Compounds such as methanol, ethanol, formic acid, and ammonia exhibit significantly lower oxidation potentials than water, offering the possibility of decreasing electrolyzer operating voltages and improving overall process economics [2].

In this work, the role of catalyst materials in biomass-assisted hydrogen production was investigated using low-temperature membrane electrolyzers. Particular attention was devoted to the development and evaluation of electrocatalysts for the oxidation of biomass-derived compounds. Various catalyst systems, including Ni/C, NiFe/C, Pt/C, and PtRu/C, were examined to identify active and stable materials capable of promoting selective oxidation reactions in both acidic and alkaline media while maintaining high hydrogen evolution rates at the cathode. The influence of catalyst composition on reaction kinetics, overpotential, and long-term stability was systematically evaluated. Furthermore, the relationship between catalyst surface properties and overall electrochemical performance was investigated. Electrochemical characterization was performed using polarization curve analysis, linear sweep voltammetry, electrochemical impedance spectroscopy, and long-term durability testing. The effects of operating parameters, including temperature, reactant concentration, and flow conditions, were evaluated to determine their influence on reaction kinetics, energy efficiency, and catalyst stability. The obtained results demonstrated that the selection of appropriate catalyst-feedstock combinations plays a critical role in minimizing overpotentials and enhancing system performance.

To further improve electrolyzer operation, advanced bipolar plates with optimized flow-field geometries were designed and analyzed using Computational Fluid Dynamics (CFD). Numerical simulations conducted in ANSYS Fluent enabled detailed investigation of reactant distribution, pressure drop, and mass transport phenomena within the electrochemical cell. The optimized flow-field configurations promoted more uniform reactant utilization and reduced transport limitations, thereby enhancing the effectiveness of the catalyst–electrolyte interface.

The proposed approach demonstrated a substantial reduction in the energy requirements of hydrogen production compared with conventional water electrolysis. Biomass-assisted electrolysis enabled operating voltage reductions of up to 0.7 V in proton exchange membrane (PEM) systems and up to 0.25 V in anion exchange membrane (AEM) electrolyzers. The combination of tailored electrocatalysts, biomass-derived feedstocks, and optimized reactor architecture provides a promising pathway toward more energy-efficient, economically viable, and sustainable electrolysis systems.
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