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Significance and Relevance 
The electrochemical reduction of carbon dioxide (CO₂RR) is a transformative pathway to address 
greenhouse gas emissions while generating valuable chemical feedstocks. Fe-based Single-Atom 
Catalysts (SACs) offer a promising avenue due to their unique electronic and geometric properties. 
Recent advancements in computational and experimental techniques have enabled precise control 
over SAC structures, including the introduction of axial ligands1. This has been pivotal in enhancing 
their catalytic activity and selectivity2–4. By exploring tailored modifications, this work seeks to establish 
a framework for designing next-generation catalysts with improved performance, bridging 
fundamental insights and practical applications. 
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Introduction and Motivations 
The pressing need for sustainable technologies has brought CO₂RR to the forefront of catalytic 
research. Traditional bulk catalysts often suffer from low selectivity and high overpotentials, limiting 
their industrial viability. SACs, particularly Fe-based variants, have emerged as game changers, 
enabling atomic-level precision in catalyst design. These systems exhibit unique properties due to their 
isolated active sites, which can be further tuned through axial ligand modifications. This study uses 
density functional theory (DFT) to investigate the impact of axial ligands on Fe-N-doped graphene SACs, 
focusing on the electronic and steric effects that influence CO₂ activation and product formation. The 
overarching goal is to identify design principles that enhance selectivity and reduce energy barriers, 
paving the way for the efficient conversion of CO₂ into valuable chemicals. 
 
Results and Discussion 
This study provides detailed insights into the impact of axial ligand modifications on the reactivity and 
selectivity of Fe-based single-atom catalysts (SACs) for CO₂ reduction reactions (CO₂RR). A key finding 
is that all examined axial ligands, including chloride, 2-aminopyridine, and 8-aminoquinoline, induce a 
"molecular lift," elevating the Fe center out of the graphene plane. This structural alteration 
significantly influences the electronic properties of the active site and, consequently, its catalytic 
behaviour modifying the oxidation and spin state configuration of the Fe center.  
For instance, the electron-withdrawing nature of chloride ligand (Cl-), lowering the binding affinity of 
*CO, a key intermediate in CO₂RR. This promotes efficient CO desorption, preventing active site 
poisoning and enhancing catalyst turnover rates. Nitrogen-containing ligands, such as 2-aminopyridine 
and 8-aminoquinoline, exhibit a dual effect: despite the increase of steric hindrance around the active 
site, they adjust the electronic properties of the Fe center by donating electron density that impact 
binding strength of intermediate species. Among these ligands, chloride achieves the highest 
selectivity over the parasitic hydrogen evolution reaction (HER), facilitating the desorption of *CO, a 
crucial aspect for catalyst selectivity. On the other hand, the steric effects of nitrogen-based ligands 
result in slightly higher potential determining step (PDS) energies, but they stabilize other intermediate 
states, potentially favoring subsequent reduction steps beyond CO production. 
Adsorption energy calculations further emphasize the role of axial ligands in tuning reactivity. Chloride 
exhibits weaker binding with intermediates compared to nitrogen-based ligands, which aligns with its 



 

observed superior performance in CO desorption. However, N-based ligands provide a better balance 
between the electronic stabilization of the Fe center and the steric flexibility needed to accommodate 
various intermediates during the catalytic cycle. 
Overall, the introduction of axial ligands represents a versatile strategy to control the electronic and 
structural environment of Fe SACs, enabling precise tuning of catalytic properties. These findings 
highlight the potential for molecular lift engineering as a general approach to optimize SACs for CO₂RR, 
offering a pathway to achieve higher efficiency and selectivity in sustainable electrochemical 
processes. 
Experimental validation corroborates these findings, showing that ligand-modified Fe-based SACs 
achieve superior performance in CO₂RR compared to unmodified systems. The synergy between 
computational predictions and experimental data underscores the feasibility of tailoring SACs for 
specific catalytic outcomes, providing a robust platform for the development of sustainable 
technologies. 
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