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ABSTRACT

The growing néed for sustainable chemical technologies has accelerated the exploration of carbon
dioxide (CO,) as a renewable C, feedstock. In this work, three distinct CO,-related transformations,
cycloaddition, carbonylation, and selective oxidation were investigated to design defect-engineered
catalysts capable of efficient CO, activation and utilization. The selected reactions include: (i)
cycloaddition of 1,2-propanediol (PD) to propylene carbonate (PC), (ii) carbonylation of
monoethanolamine (MEA) to 2-oxazolidinone (2-Ox), and (iii) soft oxidation of furfural (FA) to
furoic acid (FO). For the cycloaddition reaction, Cu-Mo mixed oxides were synthesized, with
Cu;Mo,0, prepared at 500 °C showing a high density of oxygén vacancies and metastable Cu'/Mo**
species. These defect sites created cooperative Lewis acid-base pairs that facilitated strong CO,
chemisorption, as supported by structural characterization and theoretical analyses (DFT, COHP, and
ELF). The optimized catalyst delivered 99% PD conversion and 97% PC yield with excellent
recyclability. In the MEA carbonylation reaction, Zn-NC catalysts derived from ZIF-8 were tuned
via controlled pyrolysis. The Zn-NC-550 °C sample exhibited an optimal distribution of Zn-N,C and
frustrated Lewis pair (FLP, Zn-N,,C) sites. Spectroscopic and temperature-programmed analyses
confirmed the nature and density of these active centers. Computational studies indicated that
COOH-containing intermediates preferentially adsorb at FLP sites, steering the reaction toward
selective 2-Ox formation, whereas alternative binding modes led to side products. Site-blocking
experiments further verified the critical role of FLPs. For furfural oxidation, CeQO: nanocatalysts
prepared via hydrothermal and MOF-derived routes were compared. The MOF-derived
CeQ,-NF-MOF demonstrated superior activity due to enriched Ce*" species and oxygen vacancies,
resulting in enhanced reducibility and: balanced surface acidity. Spectroscopic evidence confirmed
favorable substrate adsorption, leading to 99.9% conversion and sclectivity with sustained stability.
This study establishes a unified strategy for defect engineering in heterogeneous catalysis,
demonstrating how tailored electronic and structural features can drive efficient CO, activation
across chemically diverse transformations.
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