Coupling 3D Printing, Phase Inversion and MPECVD for the Design of B,N-Doped Carbon Anodes for Electrochemical Water Treatment
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The implementation of the EU Urban Wastewater Treatment Directive imposes the removal of organic micropollutants, motivating the development of advanced and sustainable treatment technologies. Electrochemical oxidation (EO) is a promising alternative to ozonation and activated carbon, yet conventional anodes still rely on critical raw materials and operate in flow-by configurations, which limit mass transport and degradation efficiency. Here, we present a catalyst-free strategy to fabricate 3D carbon electrodes with hierarchical porosity, combining additive manufacturing, phase inversion–assisted micromolding, and microwave plasma-enhanced chemical vapor deposition (MPECVD).
Topologically optimized scaffolds were designed from CFD simulations of 15 modular blocks, including triply periodic minimal surfaces and 3D fractal geometries, evaluated for friction factor, surface-area-to-volume ratio and mixing efficiency. Polyacrylonitrile/DMF (10% w/w) was then cast into water-soluble FDM molds (PVA-, BVOH-based), with mold chemistry, rather than dissolution kinetics, controlling microscale porosity and yielding µCT-confirmed total porosities of 62–80%. After thermal stabilization, simultaneous pyrolysis, H2 plasma etching and MPECVD growth in CH4/H2/B2H6 atmospheres yielded vertically aligned B,N-doped carbon nanowalls directly on the polymer-derived substrate, with optimal conditions identified through a Taguchi L9 design. SEM, HR-TEM, XPS and Raman confirmed crystalline graphitic nanowalls and intrinsic pyridinic/pyrrolic N together with B-C bond formation.
Electrochemical characterization in [Fe(CN)6]3−/4− revealed a 20-fold increase in electrochemically active surface area and a 6.2-fold increase in the heterogeneous electron transfer rate constant k0 for the optimized electrode (cPAN3) relative to non-optimized analogues, with a charge transfer resistance as low as 1.7 Ω and a wide potential window favorable to •OH-mediated EO. When tested as anodes in a flow-through reactor for the degradation of three β-blockers, the optimized B,N-doped scaffolds achieved 4.7-, 4- and 6.5-fold higher pseudo-first-order rate constants for atenolol, metoprolol and propranolol, respectively. UHPLC-ESI–MS/MS-based transformation product analysis combined with PCA indicated a common •OH-driven pathway for metoprolol and propranolol, and a distinct, less efficient route for atenolol. This integrated materials–simulation–electrochemistry approach demonstrates that hierarchically porous, metal-catalyst-free 3D B,N-doped carbon electrodes are a scalable and sustainable platform for advanced wastewater treatment.
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