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Abstract

With the significant energy consumption associated with industrialization, the concentration of nitrogen
in the atmosphere has increased, leading to serious environmental issues. The electrochemical nitrogen
reduction reaction for ammonia synthesis is regarded as one of the most promising alternatives for the
production of NHj3, as it weakens, but does not directly break, the inert N=N bond under mild conditions.
However, the development of suitable catalyst materials remains a major challenge for practical applications.
Recently, carbon-based two-dimensional materials have shown great potential in catalytic reactions due to
their excellent electron conduction capabilities, low cost, and abundant availability.

Based on first-principles calculations and machine learning methods, this thesis systematically
investigates the catalytic properties of carbon-based two-dimensional materials loaded with transition metal
atoms, focusing on the mechanisms of activity regulation in the nitrogen reduction reaction and the nitric
oxide reduction reaction. Through an in-depth analysis of the surface behavior of transition metal atoms on
nitrogen-doped two-dimensional carriers, the study reveals the structure—activity relationship between
electronic structure characteristics and catalytic performance. This provides a theoretical foundation for the
application of carbon-based materials in clean energy conversion and pollution control. The main conclusions
of the study are as follows:

(1) By employing spin-polarized density functional theory and ab initio molecular dynamics simulations,
this chapter systematically investigates the structural stability and nitrogen reduction performance of 28
transition metal polyatomic catalysts anchored on the recently developed two-dimensional biphenyl sheet.
Through a rigorous six-step screening strategy, it was determined that the W> and Ru; clusters supported on
the biphenyl sheet exhibited exceptional nitrogen reduction potential, with remarkably low onset potentials
of -0.26 V and -0.36 V, respectively. The electronic structure analysis revealed that the ability of these
polyatomic catalysts to effectively capture and reduce N> molecules is enhanced, which can be attributed to
the two-way charge transfer between the d orbitals of the transition metal atoms and the molecular orbitals
of the adsorbed N via a “donation-backdonation” mechanism. These results underscore the significance of
the biphenyl sheet as a catalytic substrate for the design of diatomic nitrogen reduction reactions.

(2) Density functional theory was integrated with six machine learning algorithms to directly and
accurately predict the Gibbs free energy of various reactions. The catalytic activity of 729 diatomic catalysts,
including 27 transition metal dimers supported on nitrogen-doped graphene, was evaluated, facilitating rapid
screening. Ultimately, a three-step screening strategy was employed to identify 109 highly active catalysts
for nitrogen reduction and 80 catalysts for nitric oxide reduction. The model training results indicate that

gradient boosting regression is the most effective machine learning model for predicting catalytic activity,



achieving a coefficient of determination of 0.9785 and a root mean square error of 0.081 eV. This study offers
valuable insights for the design of complex reaction processes and the large-scale, rapid screening of
bimetallic electrocatalysts with high activity and selectivity.

In this thesis, the application of diatomic catalysts in the electrocatalytic nitrogen reduction reaction is
systematically discussed, utilizing first-principles calculations and machine learning methods. Catalysts with
exceptional activity were identified, and the charge transfer mechanism was analyzed. By combining six
machine learning algorithms to predict catalytic activity on a large scale, it was determined that the gradient
boosting regression model yielded the best performance. This study provides a significant theoretical
foundation for the screening and design of efficient bimetallic catalysts.

Key words: Carbon-based two-dimensional materials; Electrocatalytic nitrogen reduction reaction;

First-principles calculations; Machine learning
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Figure 1-1 Main forms and transformation processes of the nitrogen cycle in ecosystems
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