From Self-Organized Anodic Nanostructures to Functional Electrified Interfaces: Understanding Formation Pathways and Engineering Material Complexity
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Electrochemical interfaces are highly dynamic systems whose structure and properties continuously evolve during material synthesis and operation. Understanding the mechanisms governing the formation of nanostructured materials at electrified interfaces remains essential for designing advanced functional systems with tailored properties. In particular, self-organized anodization processes provide a versatile route toward controlled fabrication of ordered nanoporous and nanotubular metal oxide architectures (e.g., Al2O3, TiO2, WO3, SnO2, ZnO, ZrO2) with tunable geometry, composition, and physicochemical characteristics (1).

Nanoporous anodic aluminum oxide (AAO), obtained via electrochemical oxidation of aluminum in acidic electrolytes, represents one of the most important template systems for the fabrication of a wide range of functional nanostructures. AAO membranes enable the formation of highly ordered arrays of nanowires, nanotubes, and nanocones composed of metals, semiconductors, and polymers. Such nanostructured architectures have found broad applications in energy storage systems, thermoelectric materials, electrocatalysis, and chemical sensing. In parallel, self-organized anodic semiconductor oxides such as TiO2, WO3, and SnO2 have emerged as highly promising materials for clean energy technologies, including photoelectrochemical water splitting, hydrogen evolution, and photocatalysis, owing to their controllable morphology and favorable interfacial properties (2).

This lecture will further discuss how electrochemical and related synthetic strategies enable the design of a broad class of functional materials, ranging from nanoporous and nanotubular anodic oxide systems, through composite, doped semiconductors and semiconductor heterojunction architectures (e.g., WO3/FeWO4, WO3–SeO2–CuO, WO3/CuWO4 and related interfaces), to compositionally complex metallic systems such as high-entropy alloys (HEAs) for electrocatalytic applications (3-6). These material classes illustrate how deliberate control over structure, composition, and interfacial organization enables tuning of charge transport, surface reactivity, and overall functional performance in energy-related applications.

The synergy between nanoscale engineering and compositional complexity, supported by comprehensive structural, morphological, and spectroscopic characterizations, provides a powerful framework for understanding structure–property relationships in advanced catalytic systems. This integrated approach not only enables the rational design of efficient materials for hydrogen production and other electrochemical energy conversion processes but also points toward emerging directions in the development of durable and multifunctional electro- and photoelectrocatalytic interfaces.
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