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Abstract

The increasing occurrence of emerging contaminants in aquatic environments, together with the urgent
need for decarbonization, calls for sustainable strategies in material design. This communication
presents an eco-design approach for the development of advanced catalysts and electrocatalysts based
on the valorization of agro-industrial and industrial residues. Through green synthesis methods,
including hydrothermal carbonization, slow pyrolysis, and deep eutectic solvents utilization,
carbonaceous materials such as biochar and hydrochar were obtained. These materials were further
optimized through heteroatom doping and the incorporation of advanced structures, including metal—
organic frameworks, graphitic carbon nitride, and high-entropy spinel oxides. The resulting catalysts
exhibited outstanding performance in two major application areas: water remediation in advanced
oxidation processes (AOP) and hydrogen production through water splitting. In water treatment,
pollutant removal efficiencies above 90% were achieved, together with effective microbial disinfection
in real wastewater matrices. In parallel, the materials acted as efficient noble-metal-free electrocatalysts
for the oxygen and hydrogen evolution reactions, displaying low overpotentials and long-term stability
during water splitting using treated wastewater as the electrolyte. Another approach is the development
of sustained-release materials for AOP. These controlled-oxidant-release systems reduce the burst effect
associated with direct oxidant addition, ensuring prolonged activity, minimizing reagent losses, and
preventing secondary contamination. Sustained-release materials exhibited a stable release profile,
maintaining effective oxidant concentrations over extended treatment periods and enhancing overall
process efficiency compared with conventional dosing strategies. Overall, this research demonstrates
how eco-design can support circular economy and zero-waste principles while delivering scalable
solutions for environmental remediation and sustainable energy production.
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