Tuning Redox Chemistry in Gd-Doped Ceria: Gd-Driven Suppression of Ce³⁺ Formation in Reducing Condition. 
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Ceria (CeO₂) and rare-earth-doped ceria are among the most important oxide materials for catalytic applications and solid oxide fuel cells (SOFCs), owing to their exceptional oxygen storage capacity and high oxygen-ion conductivity. In particular, gadolinium-doped ceria (GDC) exhibits enhanced ionic conductivity through the formation of oxygen vacancies introduced for charge compensation. Although conductivity measurements have long suggested that Gd doping suppresses the reduction of Ce⁴⁺ to Ce³⁺ under reducing conditions, direct spectroscopic evidence of this effect has remained elusive.
Here, we combine in situ high-energy-resolution fluorescence-detected X-ray absorption spectroscopy (HERFD-XAS) at the Ce L₂,₃ edges and X-ray Raman scattering (XRS) at the Ce N₄,₅ edges with X-ray pair distribution function (PDF) analysis and density functional theory (DFT) calculations to directly probe the evolution of the cerium electronic structure during reduction. HERFD-XAS provides direct sensitivity to Ce³⁺ formation through the quadrupole-induced pre-edge feature at the Ce L₃ edge, while high-momentum-transfer XRS quantitatively follows changes in the Ce 4f multiplet structure, enabling direct determination of the Ce⁴⁺/Ce³⁺ ratio under operando conditions.
Our results provide the first direct spectroscopic demonstration that Gd doping inhibits Ce³⁺ formation during reduction by stabilizing oxygen vacancies generated through charge compensation, thereby preserving predominantly ionic conduction over a broader range of reducing conditions. Complementary PDF analysis and DFT calculations reveal that increasing Gd concentration induces significant local structural relaxations around oxygen vacancies, which progressively limit their participation in oxygen-ion diffusion. These findings identify an optimal Gd concentration in the range of x = 0.10–0.25, where suppression of electronic reduction is achieved while maintaining high oxygen mobility. This work establishes a direct relationship between dopant concentration, local structure, and electronic response, providing important guidelines for the rational design of ceria-based electrolytes for intermediate- and low-temperature SOFCs and other redox-active oxide materials.

