Multimetallic Transition Metal Nitrides as Bifunctional Electrocatalysts for Oxygen and Hydrogen Evolution Reactions
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The transition toward a sustainable and low-emission energy economy strongly depends on the efficient production of green hydrogen via electrochemical water splitting. However, the widespread commercial implementation of this technology is fundamentally difficult due to the slow kinetics of the anodic oxygen evolution reaction (OER) and the high costs associated with advanced noble metal catalysts, such as platinum used in the hydrogen evolution reaction (HER) and iridium or ruthenium oxides used in the OER. Consequently, the design of highly active, durable, and naturally abundant bifunctional electrocatalysts remains one of the most significant challenges in the field of energy materials science. Transition metal nitrides (TMN) have recently emerged as a highly attractive alternative due to their unique physicochemical properties. The incorporation of nitrogen atoms into the interstitial sites of the transition metal crystal lattice causes a narrowing of the metal’s d-bands, modulating the density of electronic states so that it more closely resembles that of noble metals. This structural modification provides exceptional electrical conductivity, high chemical stability, and increased corrosion resistance, providing a solid foundation for the design of advanced catalysts.

Although monometallic and bimetallic nitrides appear very promising, pushing the boundaries of natural catalytic performance requires the use of more complex structures. This work focuses on the strategic development of multimetallic transition metal nitrides to exploit complex intermetallic synergies and structural effects. Through the systematic evaluation of a series of multimetallic nitrides with varying compositions based on different combinations of Ni, Co, Cu, Mn, Mo, and Fe, we investigate the complex relationships between composition and activity. The incorporation of multiple transition metal centers into a unified nitride lattice induces intentional lattice distortions and a favorable redistribution of electronic charge. This multi-component environment provides highly tunable local coordination geometries, which are crucial for optimizing the Gibbs free energy of adsorption of intermediate compounds, in accordance with the Sabatier principle. The diverse oxidation states and electronegativities of the incorporated metals, which occur in abundance in the earth, facilitate cooperative electron transfer processes, thereby lowering the activation energy barriers for both half-reactions. Ultimately, this study elucidates the theoretical and mechanistic foundations of how multimetallic strategies can be used to break traditional scaling relationships in electrocatalysis, providing a rational pathway for the design of next-generation high-performance materials.
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