Tuning Hydrogen Adsorption on Pt/C through CaO-Induced Electron Spin Redistribution: Experimental and DFT Mechanistic Study
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The development of efficient and low-cost electrocatalysts for the hydrogen evolution reaction (HER) remains one of the key challenges in sustainable hydrogen production. In this work, we demonstrate that calcium oxide (CaO), including CaO obtained from waste paper, can serve as an effective support for ultra-low platinum loading (0.2 wt% Pt/C), leading to significant enhancement of HER performance. The Pt/C-modified CaO composite exhibited a substantial decrease in overpotential from 637.4 mV for pristine CaO to 99.7 mV at 10 mA cm⁻², accompanied by a reduction of the Tafel slope from 391 to 127 mV dec⁻¹ and improved charge-transfer resistance. Electrochemical measurements revealed a strong synergistic interaction between Pt species and the CaO matrix, resulting in enhanced electron transfer and increased electrochemically active surface area. Advanced characterization techniques including TEM, XRD, Raman spectroscopy, and in situ/ex situ EPR spectroscopy were employed to investigate the structural and electronic properties of the catalyst. EPR studies demonstrated the formation of isolated defect sites and potential-dependent electron delocalization processes during HER. In situ Raman analysis confirmed dynamic surface reconstruction and formation of hydrogen-related intermediates under cathodic polarization. Density functional theory (DFT) calculations revealed that the CaO support induces redistribution of unpaired electron density from Pt toward the C–Pt interface, stabilizing the Pt scaffold and modifying hydrogen adsorption geometry. The presence of CaO alters hydrogen binding energetics while maintaining favorable thermodynamics for H₂ formation. These findings provide a new strategy for designing cost-effective HER electrocatalysts based on oxide-induced spin-state engineering and sustainable support materials.




