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ABSTRACT OF THE DISSERTATION 

Novel Single-Atom Catalysts (SACs) Design Based on First Principles 

by 

Chuanye Xiong 

 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 
University of California, Riverside, December 2023 

Dr. De-en Jiang, Chairperson 
 

The development of Single-Atom Catalysts (SACs) is a milestone in the catalysis 

industry. SACs usually have unique electronic properties and ultrahigh reactivity for 

chemical reactions. The Turnover frequency (TOF) values of SACs are generally much 

larger than that of regular nanoparticle catalyst. However, due to the high surface energy 

of the SACs, the aggregation effect restrains the researchers from further increasing the 

loading of the Single-Atoms on the supports. The aggregation, unlike coking which could 

be easily solved by reoxidation of the catalyst, is irreversible and would also lead to the 

deactivation of the catalyst. This conundrum prevents the implementation of SACs in 

industrial usage. To solve this problem, scientists usually leverage the Strong Metal-

Support interaction (SIMI) effect to anchor the Single-Atoms by the defect sites on the 

support (e.g., vacancies, hydroxyl group). In this dissertation, the first part of our work is 

to conduct the rational design of the SACs on the 2-dimensional (2D) hexagonal boron 

nitride (h-BN) material. We assessed the possibility of noble metals Ru, Pt, and Au loaded 
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on h-BN as SACs from three aspects (i.e., stability, activity, and selectivity). Both ab initio 

Molecular Dynamics (AIMD) simulations and anchoring energy calculations suggested 

that Au is not stable over the defect sites of h-BN. From the reaction energy plot of the 

propane dehydrogenation (PDH), we found that the Pt over B vacancy and Ru over N 

vacancy are promising for PDH reactions with low dehydrogenation barriers. We also 

noticed that there is a trade-off for the C-H bond activation and C3H6 desorption. This 

trade-off relationship let the researchers make a compromise between the activity and 

selectivity when conducting the catalyst design. The second part of this thesis focuses on 

the activity of the defect sites of the h-BN, we selected a set of vacancy sites with different 

sizes. From the defect formation energy calculations, we found that the normalized 

formation energy decreases with the increase of defect size. Also, we probed the CH4 

activation over these vacancies and we found that the B-B pair over the N vacancy and B-

N pair over the BN2 vacancy have excellent reactivity for CH4 activation. The third part of 

our work is to examine the activity and selectivity of CH4 oxidation to acetic acid over 

Single-Atom Rh dispersed Porphyrin-based Metal Organic Framework (pMOF) catalyst. We 

found that the Rh in-plane model favors the CH3OH formation while the Rh out-of-plane 

model favors the CH3COOH formation. This thesis gives the interpretation of the reaction 

mechanism of Single-Atom catalysts over h-BN and pMOF catalysts.
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Chapter 1.  Introduction 

1.1 Single-Atom catalyst 

At present, with the increasingly rapid development of the catalyst industry, 

researchers gradually focus on the molecular-level catalysis, aiming at fine-tuning the 

structure-performance relationships of the catalysis and achieving better economic 

effectiveness. The development of Single-Atom catalysts (SAC) is a milestone along the 

way of probing molecular-level catalysis. The concept of the Single-Atom catalysis was first 

put forward by Dr. Tao Zhang in 2011 when they successfully anchored the Single-Atom Pt 

over the iron oxide1. Single-Atom catalyst usually exhibits significantly higher Turnover 

Frequency (TOF) than the nanoparticles2, 3. Still, SAC could achieve 100% atom efficiency 

in that each atom of the catalysts plays a vital important role in the reaction. The atomic 

efficiency is crucial for developing noble metal catalyst like Pt4, Au5 and Ru6 owing to the 

high cost when synthesizing the catalyst. Achieving isolated dispersion not only reduces 

the loading of the previous metal but also maximizes the potential catalytic performance 

of each active site. The high ultrahigh activity of the SAC is attributed to the exposure of 

every active atom to the reactants and the unique electronic properties due to the 

quantum confinement effect which could lead to the higher energy level and larger band 

gap7,8. At present, the SAC has been broadly utilized in the hydrocarbon 

hydrogenation/dehydration reactions9-11, water splitting reactions (i.e., HER and OER)12, 13, 

selective oxidation reactions14, 15, etc. 
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Owing to the high surface energy of SAC metals compared to metal clusters16, the 

migration and aggregation of the Single-Atom metals are common issues especially at high 

temperatures. Unlike coking17, which is reversible and could be resolved by thermal 

regeneration of the catalysts. Catalysts aggregation is irreversible and leads to 

deactivation of the catalysts. To tackle the aggregation issue, researchers leveraged Strong 

Metal-Support Interaction (SMSI) to anchor the Single-Atoms by the defects site of the 

support18-20. Although defect site greatly facilitate the stabilization of Single-Atom, 

researchers still found the reducible iron oxide could also stabilize the isolated Pt via the 

Strong Covalent Metal-support Interaction (CMSI) without defect21. In this section we will 

briefly talk about the Single-Atom supported by metals, metal oxides, 2 dimensional 

materials and Metal-organic Frameworks (MOFs). 

1.1.1 Single-Atom catalysts over metals 

Single-Atom metals dispersed on other metals or Single-Atom alloys have attracted 

the attention of the academia as a result of their higher stability, induced by strong metal-

metal interaction, compared to Single-Atoms dispersed on other supports22. The Single-

Atoms are generally stabilized over the step sites or grain boundaries of the hosting 

metals22. So far, Single-Atom alloys have been extensively investigated including Pt/Cu23, 

Pd/Cu24, Pt/Ag25 and cheap metal alloy Ni/Cu26. In 2018, Dr. Maria Flytzani-

Stephanopoulos collaborated with Dr. Michail Stamatakis and Dr. E. Charles Sykes and 

developed Pt/Cu Single-Atom alloy catalyst which can reduce the coke formation for 

methane and butane activation reaction, Density functional Theory (DFT) simulations also 
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found that Pt/Cu Single-Atom alloy model would suppress the deep dehydrogenation step 

with higher barrier compared with Pt (111) surface23. Moreover, Dr. Gong’s group 

developed the Pt/Cu Single-Atom alloy via co-impregnation method by mixing Pt 

precursor with Cu precursor, and their catalysts possesses excellent C-H bond activation 

capabilities and prevents selectivity by suppressing the deep dehydrogenation reaction. 

Their SAC breaks the trade-off relationship between the catalytic activity and the 

selectivity27. 

1.1.2 Single-Atom catalysts over metal oxides 

Metal oxides are one of the most prevalent supports for dispersing Single-Atoms 

owing to the fact that metal oxides have complex surface structures. The steps sites, 

vacancies, surface hydroxyl groups over metal oxides can be utilized to anchor the Single-

Atoms28. Furthermore, some properties of the metal oxides (e.g., surface acidity/basicity, 

crystalline phase) are easy to be tuned in the catalyst preparation process, the interactions 

between the metal and support could be manipulated by these tunable properties as well. 

Currently, SAC supported by reducible oxides are most widely investigated owing to the 

abundant vacancies existing on the surface. Dr. Roger Rousseau and Dr. Zdenek Dohnálek 

found that the iron vacancies in the reconstructed Fe3O4(001) surface which are the ideal 

spots for anchoring isolated Pd atoms29. Researchers also found that the defects on the 

FeOx could anchor the isolated Pt atoms and the Single-Atom Pt/FeOx catalyst has high 

performance on CO oxidation1 and NO reduction30 reactions. CeO2 is another popular 

reducible metal oxide support for dispersing the Single-Atoms due to its high vacancy 
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density. Dr. Emiel J. M. Hensen’s group developed Single-Atom Pd catalyst dispersed on 

CeO2 (111) and found the catalyst is highly active for low-temperature CO oxidation31. By 

utilizing DFT calculations, Dr. Qingfeng Ge also found that Single-Atom doped CeO2 

catalyst has promising performance on acetic acid formation via direct C-C coupling by the 

insertion of CO2
32. Moreover, many other metals like Pt33, Ru34, Rh35, Cu36 dispersed on 

CeO2 support have been widely studied in recent years. As a superstar semiconductor 

material used in electrochemistry and photochemistry, TiO₂ also serves as a prototype for 

anchoring Single-Atoms. Dr. Gianfranco Pacchioni unveiled the atomistic property of Pt 

Single-Atom dispersed on TiO2 surface by combining experimental characterizations with 

DFT simulations37. Apart from noble metal, some cheap metals (e.g., Fe38, V39) were also 

developed as the Single-Atom catalysts dispersed on TiO2. 

1.1.3 Single-Atom catalysts over 2 dimensional materials 

2-dimensional (2D) materials have been brought to the attention of the research 

community since the discovery and rise of the graphene40. Serving as the exemplary 

model catalyst, Single-Atom dispersed on 2D materials have been extensively investigated 

by the scientists. In this section, we will briefly talk about SAC over graphene, MoS2 and 

hexagonal boron nitride (h-BN). As the most well-known 2D material, graphene has been 

utilized in electronic devices41, energy storage42 and catalysis43 thanks to its amazing 

electronic conductivity, elasticity and flexibility. At present, Atomic layer deposition 

(ALD)44, Electroplating deposition45 and Iced-photochemical reduction46 are three major 

methods to load Single-Atoms over graphene. The Single-Atoms dispersed over graphene 
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are mostly studied as electrocatalysts47 owing to the relatively low reaction temperature 

compared to thermal catalysts, which would extensively avoid the migration and 

aggregation of the Single-Atoms. Theoretical works have investigated the metal anchored 

on pristine graphene48, 49 (i.e., the bridge, top and hollow sites of the pristine graphene), 

the defects of graphene50 and decorated graphene51. The pristine graphene is not capable 

of anchoring Single-Atom metals compared to the graphene with defects sites (i.e., 

vacancies, nonmetal atom decorations) owing to the relatively weak non-covalent bond 

between Single-Atom metal and graphene52. A group of researchers (Dr. Xianghua Kong, 

Dr. Xiaojun Wu and Dr. Hengxing Ji, etc.) developed the Co SAC dispersed on nitrogen-

doped graphene (Co-N/G)53. By combining the experimental characterization and DFT 

simulations, they found that the Co-N-C local structure serves as the active site for both 

Li2S formation and breakdown reactions, greatly promoting the efficiency of the electrode. 

Molybdenum Disulfide (MoS2) is another prevalent 2D material for supporting Single-

Atoms owing to its 3-layer sandwich-like structure, which introduced more options for 

anchoring sites of Single-Atoms. Dr. Jingyue Liu’s group, in collaboration with Dr. 

Kyeongjae Cho’s group, successfully synthesized the Single-Atom Rh1/MoS2 catalyst54 by 

the adsorption method55. By utilizing HAADF-STEM techniques, EXAFS characterizations, 

and DFT simulations, they found that the Rh Single-Atoms are anchored on the edge sites 

of the MoS2 substituting Mo atom sites54. Via assessing the catalytic performance of 

Crotonaldehyde Hydrogenation reaction, they observed that their Rh1/MoS2 catalyst can 

achieve 100% selectivity towards crotyl alcohol formation54. In recent years, the utilization 
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of hexagonal boron nitride (h-BN) has attracted the attention of researchers because of 

its high thermal stability compared to graphene. Theoretical simulations have been 

applied to probe the possibility of Single-Atom doped h-BN for electrochemistry reaction 

(i.e., Electrochemical Nitrogen Fixation56) and thermal catalytic reaction (i.e., CO 

oxidation57). Recently, Dr. Denis V. Leybo’s group developed the Single-Atom Fe1/h-BN 

catalyst by using phthalocyanine as the precursor, and they found the catalyst has great 

potential for CO2 hydrogenation reaction58. 

1.1.4 Single-Atom catalysts over the Metal Organic Frameworks 

Metal Organic Frameworks (MOFs) materials are promising candidates for catalytic 

reactions due to its large specific surface area and amorphous structure, which provides 

numerous sites for functionalization59. The basicity and acidity of the MOFs catalysts could 

be easily tuned by the preparation methods. Dr. Suojiang Zhang’s group developed the 

acidic UiO-67 type MOFs by introducing bipyridyl nitrogen, and they found that the strong 

acidic active sites facilitate the esterification reaction60. Their achieved conversion rate of 

isooctyl alcohol is as high as 85%60. In terms of the basic sites in MOF catalysts, they can 

originate not only from the intrinsic metal sites or ligands but also from subsequent 

functional decorations59. MOFs consist of nodes and linkers. The metal sites located at the 

nodes could be functionalized by the amine groups61, 62, which contribute to the formation 

of basic active sites. The ligand located at the linkers could also be functionalized via the 

direct amination process. Dr. Norbert Stock’s group developed the direct amination 

method of Cr-MIL-101–NO2 by conducting the hydrothermal reaction between 
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nitroterephthalic acid and CrCl363. Due to the limited categories of functional groups of 

the direct functionalization methods, Post-Synthetic Modification (PSM) became more 

and more popular in recent years. Dr. Andrew D. Burrows’s group utilized the one-step 

sulfur oxidation for the PSM of the IRMOF-964.  

Owing to the tunable properties and the well-defined spatial structure of MOFs, 

more and more researchers began to probe the feasibility of SACs stabilized by MOFs. Dr. 

Yadong Li’s group leveraged the pyrolysis process and synthesized the Zn/Co MOFs 

materials65. By combining Extended X-ray Absorption Fine Structure (EXAFS) and spherical 

aberration correct high-angle annular dark-field scanning transmission electron 

microscope (HAADF-STEM), they found that Co atoms are truly isolated dispersed on the 

N-doped carbon skeleton over the linkers65. Also, the authors found the Co single sites 

have comparable performance with state-of-art commercial Pt/C catalyst for ORR 

reaction65. Dr. Jiang’s group also found that the porphyrin structures located at linker 

positions in Al-TCPP could effectively anchor the Single-Atom Pt, and their catalysts can 

achieve ultrahigh TOF values, which is 30 times higher than the TOF of Pt nanoparticle 

catalysts66. Apart from the linkers, the SACs can also be dispersed over the metal node 

structures on the MOF. A group of researchers (Dr. Christopher J. Cramer, Dr. Laura 

Gagliardi, Dr. Joseph T. Hupp and Dr. Omar K. Farha) leveraged the atomic layer deposition 

method to introduce the Single-Atom Ni on the Zr-based nodes MOF and the catalyst has 

great stability against sintering in the ethylene hydrogenation reaction67,68.  
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1.2 Computational Catalyst Design 

The Computational Catalyst Design refers to the field of probing the mechanism of 

chemical reactions and designing the catalysis with high activity, selectivity, and stability 

by combining the Density Functional Theory69, Molecular dynamics70, and Combined 

Quantum Mechanical/Molecular mechanics methods (QM/MM)71. It’s an interdisciplinary 

research field merging Computer Science, Chemical Reaction Engineering and Quantum 

Chemistry. Without the help of the computational catalyst design, even if the cutting-edge 

characterization methods (i.e., STM, EXAFS, HAADF-STEM) could not assist human fully 

understand the chemistry reaction mechanism and the molecular level structural changes 

of the catalyst with the reaction time on stream. In this section, we will break down the 

whole discussion into the following parts: (1) State-Of-Art prevalent Computational 

Catalyst models. (2) Procedures for the computational catalyst design. (3) Finding the 

descriptors for boosting catalyst design. 
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1.2.1 State-of-Art prevalent Computational Catalyst models 

Bulk and slab models. 

Bulk and slab models are generally utilized to represent the heterogeneous 

catalysts (e.g., Crystals). These models have repetitive structures and when software 

conducting the calculation on these models, the periodic boundary conditions are 

implemented for simplifying the calculation process. The periodic models can be divided 

into bulk models72 and surface slab models73. 

The bulk models refer to the bulk phase of the materials which are repetitive along 

the x, y and z directions in the 3-dimensional coordination system. As for the metals bulk 

phase, there are three most common types of crystalline structures discovered in metals: 

(1) Body-Centered Cubic (BCC)74. In this structure, all the eight atoms are located at the 8 

conners of the cube, which is a unit cell, and one atom is located at the center of the cube. 

(2) Face-Centered Cubic (FCC)75. In this structure, 8 atoms are located at each of the 

corners and 6 atoms are located at the centers of each cube face. (3) Hexagonal Close-

Packed (HCP)76. In this structure, the basic unit cell is a hexagon rather than cubic. 6 atoms 

are located at each of the corners of the hexagon and one additional atom is in the middle. 

The HCP structure is packed layer by layer with close packing. The bulk structures of metal 

oxides are much more complex compared to pure metals or metal alloys. Some metal 

oxides may occur phase transitions under certain conditions. The titanium oxide has two 

common phases77: (a) Rutile phase, which is stable at high temperatures; (b) Anatase 

phase, which is a sub stable phase. The properties (e.g., band gap, lattice constant, 
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reactivity, etc.) of these two phases significantly differ from each other77, 78. The perovskite 

material (ABO3) series are another complex metal oxide series, the physical/electronical 

properties of these materials vary significantly with the changing of the A/B sites of the 

metals and the doping effects79, 80. Amorphous materials could also be represented by the 

period bulk model, Dr. Gong’s group leveraged the periodic bulk model to simulated the 

substance diffusion in the tunnels of sodalite zeolite (SOD)81. Also, Dr. Mathieu Digne 

collaborated with Dr. Philippe Sautet built the γ-Al2O3 bulk phase super cell by stacking 8 

Al2O3 units82.  

The surface slab models are utilized to represent the surface of the materials, 

which typically represent the catalyst surfaces in computational catalysis. Similar to the 

bulk models, the metal surfaces are simpler than that of metal oxides. The slab models 

are generally achieved by cleaving the bulk models along certain direction of the plane. 

As for transitional metals, (111) surfaces are the most well-known surface for simulating 

surface reactions. (e.g., propane dehydrogenation83, acetylene hydrogenation84, Fischer–

Tropsch reaction85, etc.). (211) surfaces are believed to have high activity for surface 

reactions owing to the existence of the coordinatively unsaturated atoms over the 

edge/step sites of the (211) surfaces86. In terms of metal oxides, the surface conditions 

are more complicated than that of metals. The hydroxyl groups (-OH) on metal oxides 

could tune the surface properties of metal oxides87. Moreover, the oxygen vacancies are 

crucial for conducting the chemical loop related reactions88, 89. Therefore, when simulating 

the metal oxides surface, it’s of vital importance to consider the effects of hydroxyl group 
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coverages90 and oxygen vacancy coverages91 on the performance of the catalysts when 

illuminating the reaction mechanism.  

Cluster Models 

Cluster models are generally utilized to represent nano particles or molecules. In 

contrast to the bulk models or surfaces models, cluster models generally are isolated 

systems, and they are usually surrounded by the gas phase. As for the nanoparticles, the 

properties of the nanoparticles greatly depend on the size of the particles. Dr. Jens K. 

Nørskov’s group built a series of Pt cluster models, comprising 13 to 1415 Pt atoms, to 

simulate nanoparticles of varying sizes with diameters ranging from 0.7nm to 3.5nm. They 

found that with the increase of the particle size, the properties (i.e., adsorption energy, 

density of states) converge towards the values observed in slab surfaces (i.e., 211 surface, 

111 surface). They also found that the critical particle size for Pt is around 1.6 nm; below 

this size, the properties of the particles begin to diverge from those of the surface, while 

the critical particle size for Au is 2.7nm92, 93. Moreover, researchers also utilized cluster 

models to simulate the metal oxides, Dr. Elena Jakubikova conducted the Gaussian 

simulations on small VxOy clusters and found that cyclic and cage-like structures are 

preferred by the isomer vanadium oxide owing to the lower energy94. Also, some other 

scientists leveraged the [(≡Si—O)3VIII(OH2)] models to represent the vanadium oxides 

supported on Silica catalyst95. In their work, they illuminated the Mars–van Krevelen 

mechanism for light alcohol partial oxidation reactions. Furthermore, the cluster models 

are also widely used in the enzyme reactions as biocatalysts96. Dr. Klaus E. Hermann’s 
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group utilized the density functional theory calculations to study the geometric and 

electronic properties of K[VO(O2)Hheida] complex. They found that there is no strong 

covalent bond between K and [VO(O2)Hheida], while the K exists as caption to balance out 

the negative charge of (VO(O2)Hheida)-. Also, their calculated O 1s excitation spectra are 

consistent with the experimental characterization results, which validates the correctness 

of their models97. Still, Dr. Fahmi Himo, with Polina Georgieva, probed the methyl transfer 

reaction catalyzed by the lysine methyltransferase (HKMT) SET7/9 enzyme, and their 

calculated energy barrier is very close to the experimental results98. 

1.2.2 Procedures for the computational catalyst design. 

The targets of the computational catalysis can be divided into two aspects from a 

high-level perspective: (1) Assisting the experiments to understand the behaviors and 

mechanisms of chemical reactions at atomic level; (2) To build-up the intrinsic structural 

relationships of the catalysts for rational design of the catalysts. The computational 

catalyst design is based on the sufficient understanding of the properties of the catalysts 

surface and the reaction mechanisms. In this part we generally talk about the technical 

procedures for conducting the computational catalyst design99: 

(1) The first step is to choose the catalyst system (e.g., metal catalysts, metal oxides 

catalysts, enzyme catalysts) based on the industrial requirements. Furthermore, 

we would need to build catalyst models for representing the catalysts. Although 

the real structural condition for catalysts is extremely complicated, computational 
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scientists still can make some implications to simulate the catalyst under ideal 

conditions to focus mainly on the reactions over the active sites. The state-of-art 

prevalent models for representing catalysts consists of surface slab model, bulk 

model, and cluster model. Consider the capability of the modern computers, the 

model consists of less than 200 atoms are tolerable when conducting the DFT and 

ab initio Molecular dynamics (AIMD)100 calculations. 

(2) After we figured out the models for the catalyst, we would conduct thermal 

dynamics calculations to figure out the surface conditions of the catalysts. Dr. 

Jiang’s group utilized the surface diagram to find the stable surface terminations 

for Perovskite Oxyhydride materials by calculating the Surface Grand potential 

(SGP)101. In this step, it’s necessary to validate the surface model by making 

comparisons with experimental studies. For example, by comparing the CO 

vibration frequencies over the surface with the experimental diffuse reflectance 

infrared Fourier transform spectroscopy (CO-DRIFTS) would validate the actual 

existence of the active sites represented by simulation models102. 

(3) The third step is to investigate the reaction pathways by simulating each 

elementary step, which includes the initial state, transitional state, and final state 

along with the reaction coordinate. By combining all the reaction pathways for all 

possible reactants, intermediates, products, we could map out the reaction 

networks. The reaction networks generally consist of the pathways to the desired 

products, side products. Based on the information obtained from the reaction 
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networks, we can illuminate the reaction mechanisms and conduct some basic 

analysis of the modification methods to improve the performance of the catalysts. 

Dr. Joachim Sauer’s group constructed the reaction network for propane 

dehydrogenation reactions over monomeric vanadium oxides supported on silica, 

based on the analysis toward the reaction network, they found that the 

peroxovanadate local structure is the main contributor for the overoxidation 

reactions, which would reduce the selectivity of the propylene103. 

(4) On the condition that the reaction energy plot has been obtained, the micro-

kinetic studies104, 105 are supposed to be conducted for getting the reaction rate 

and selectivity. Also, we could carry out the sensitivity analysis by leveraging the 

Degree of Rate Control method (DRC). By utilizing these results, we can directly 

compare with the experiments values and guide the catalyst design. 

(5) The last step is to find descriptors based on the understanding we’ve obtained 

from the catalysts simulations. The descriptors are mainly used to determine the 

properties that are expensive or time-consuming for computational or 

experimental methods to achieve by the relatively cheap properties which could 

be easily get. The decent descriptors would greatly boost the prediction accuracy 

of the catalysts by using computational methods. 

1.2.3 Descriptors in computational catalysis 

Nowadays, the appearance of the descriptors dramatically increases the efficiency 

of the catalysts screenings in that computational scientists depend on the descriptors to 
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make predictions for the performance of catalysts. Generally, an outstanding descriptor 

should possess two characteristics: (1) the format of the descriptor is supposed to be as 

simple as possible; (2) the descriptor should have physical foundations behind it. In this 

section, we divided the current prevalent descriptors into energy descriptors, electronic 

descriptors, and geometric descriptors. 

The energy descriptors aim at utilizing computationally inexpensive energy 

variables to predict those that are computationally expensive. The Brønsted–Evans–

Polanyi Relationship (BEP)106, 107 is an exemplary model among these descriptors, which 

illustrates a linear relationship between the reaction activation energy and the reaction 

energy. At present, researchers still are utilizing the BEP relationships for metals108, metal 

oxides and metal carbides109. In 2016, Dr. Jens K. Nørskov’s group developed a similar 

descriptor for predicting the C-H bond activation energy by the hydrogen affinities and C-

H bond strength, and they test their predictions among various catalysts system (e.g., 

metals, metal oxides, MOFs, and Graphene) and found their fitting relationships will 

always stand110. 

The electronic descriptors mainly focus on the electronic structures of the 

materials. Most important descriptor among these is the d-band theory developed by Dr. 

B. Hammer and Dr. Jens K. Nørskov, which describing the adsorption strength of metals111. 

In their work, they found that when the adsorbates attach on the metal surfaces, the 

orbitals of adsorbates will interact with the s and d orbitals of the metal surfaces, which 
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lead to the formation of the anti-bonding states and bonding states. Apart from the d-

band theory, Dr. Jinlong Gong’s group recently developed the ionization energies as the 

descriptor, to predict the adsorption of oxygen (*O) and hydroxyl (OH*) groups over a 

variety of materials (i.e., metal oxides, graphene, metal alloys, and zeolites)112. 

The geometric descriptors are generally focused on the spatial structure of the 

catalyst models. The Generalize Coordination Numbers (GCN) are the most prevalent 

geometric descriptor. The GCN is defined as the following equation: 

𝐶𝑁̅̅ ̅̅ (𝑖) = ∑
𝑐𝑛(𝑗)

𝑐𝑛𝑚𝑎𝑥
                                                     (1.1)

𝑛𝑖

𝑗=1

 

Where 𝐶𝑁̅̅ ̅̅ (𝑖)  is the GCN of atom i, the 𝑐𝑛(𝑗)  refers to the coordination 

numbers of the neighboring atoms of i, 𝑐𝑛𝑚𝑎𝑥 refers to the previous work113. As we can 

see from the equation (1.1), the GCN not only considers the coordination number of the 

centering atom but also considers the coordination of surrounding atoms. The GCN could 

be utilized to predict the adsorption energies of various adsorbates (e.g., OH*, OOH*)113, 

and this relationship could be applied to not only the metal cluster models with different 

sizes but also the surface slab models.  

Apart from the following descriptors, with the development of the computer 

hardware and machine learning methods, the machine learnings techniques have been 

widely used to predict the performance of the materials114. Some researchers leveraged 

the Convolutional network to learn the molecular fingerprint115. Also, Dr. Fung 
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collaborated with Dr. Jiang utilized several machine learning methods (e.g., kernel-ridge 

regression, neural network) to predict the H adsorption energies of 2D materials116. 

However, it’s still hard to unveil the black-box effects when applying the machine learning 

models to predict the behaviors chemical reactions without the physical chemistry 

foundation for the materials.  
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Chapter 2.  Computational Theories 

2.1 The birth of Schrödinger equation 

Newton's laws of motion and the law of universal gravitation (Newton's classical 

mechanics) have had a profound influence on human society since they were first put 

forward in the 17th century in that Newton's classical mechanics is capable of successfully 

explaining the celestial bodies motion and dynamic property of everyday object.  

However, with the increasing demand for probing the nature of the atom 

structures by the late 19th century, scientists gradually realized that Newton’s classical 

mechanics could not well-explain the behavior of microscopic particles. Later, German 

scientist Werner Heisenberg first put forward the uncertainty principle, which states that 

for quantum particles, the accuracy of the momentum measurement is inversely 

correlated to the accuracy of the position measurement. This theory challenges the basics 

of Newton’s classical mechanics, which assumes that the quantum states (e.g., position, 

momentum) of particles can be measured concurrently with any accuracy. In the 1920s, 

Prince Louis de Broglie introduced the concept of matter waves, extending the wave-

particle duality from photons to all other quantum particles. Inspired by Louis de Broglie's 

theory on matter waves, Austrian and naturalized Irish physicist Erwin Schrödinger 

developed an equation to describe the behavior and property of quantum particles in a 

wave-like way, this linear partial differential equation is named as Schrödinger equation. 

The birth of the Schrödinger equation is a milestone in the history of physics, initiating the 
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development of quantum mechanics. The development of Schrödinger equation also 

opened up a way to better understand the nature and insights of the materials. 

2.2 The formula of Schrödinger equation 

The Schrödinger equation is a fundamental equation in quantum mechanics, 

which is a pivot to illuminate the behavior of system at atomic or quantum scales. The 

foundation of the Schrödinger equation was built on several assumptions: (1) Operator 

hypothesis, which states that every observable physical quantity in quantum mechanics 

could be described by the operator. (2) Wave function hypothesis, which claims that the 

state of the quantum system could be depicted by the wave function, which should be 

finite and continuous. (3) Identical particles assumption, which refers to the postulation 

that quantum particles with the same state (wave function) cannot be distinguished from 

each other. The formula of the Schrödinger equation can be divided into the time-

dependent form and time independent form1: 

2.2.1 Time Dependent Schrödinger equation 

The time-dependent form Schrödinger equation depicts the evolution of state of 

a system with time in the quantum view, which is shown as equation (2.1).  

ĤΨ = iℏ
∂

∂t
Ψ                                                   (2.1) 

This equation is the general form of time-dependent Schrödinger equation for the 

quantum system. Where the Ĥ is Hamiltonian operator, i is the imaginary operator, ℏ 
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refers to reduced Planck constant, t is the time and ψ is the wave function describing 

the states of the quantum system. ψ is a function of the position of every element in the 

system and the time. 

The expansion of the equation of (2.1) for a single quantum particle can be written 

as the following equation: 

iℏ
∂

∂t
Ψ(x, t) = -

ℏ2

2m
∇2Ψ(x, t) + V(x)Ψ(x, t)           (2.2) 

Where V(x) is the potential energy and it’s the time independent function of the 

particle position x . m  refers to the mass of the particle, Ψ(x, t)  refers to the wave 

function and it’s the function of the quantum particle position x and the time t. 

By conducting the separation of the variables, we can rewrite Ψ(x, t) as φ(x)f(t). 

Where the φ(x) is the function of position x only and f(t) is the function of time t 

only. Thus, the equation (2.2) could be rewritten as the following equation (2.3): 

-
ℏ2

2m

1

φ(x)
∇2φ(x) + V(x) = iℏ

1

f(t)

∂f(t)

∂t
           (2.3) 

The left side of the equation is solely dependent on the position x while the left 

side of the equation is solely dependent on the time t. Both sides of the equation would 

be equal to the energy of the system, which is a constant value. 
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2.2.2 Time Independent Schrödinger Equation: 

To solve the Schrödinger Equation in a simpler way, we would assume that when 

the wave function at the stationary states. We can derive the time independent version 

of the Schrödinger Equation by focusing on the left side of (2.3) and multiplying the wave 

function. Therefore, the (2.3) could be rewritten as time independent form: 

-
ℏ2

2m
∇2φ(x) + V(x)φ(x) = Eφ(x)                         (2.4) 

Where the E  term refers to the total energy of the system and φ(x)  is the 

separated wave function and it’s only dependent on the position of the particle in the 

system. Under the situation that the Hamiltonian operator Ĥ is not explicitly dependent 

on time and the energy of the system is conserved, we would leverage the stationary time 

independent version. The general form of the Schrödinger Equation was shown as 

equation (2.5): 

Ĥφ(x) = Eφ(x)                                                              (2.5) 

2.3 Solution for the Schrödinger equation 

Owing to the complexity of the wave function, it’s impossible for the modern 

computer to solve the exact solution of wave function in that the dimension of the wave 

function grows exponentially with the number of the particles in the quantum system. 

Also, for the many-body system, the electrons interact with each other in a complex way 

and it’s hard for scientists to solve for the electron interaction term and the potential 
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energy term. Therefore, researchers are required to make postulations and simplify the 

Schrödinger Equation to solve it. Aiming at tackling this issue, American physicist Julius 

Robert Oppenheimer and his Advisor Max Born put forward the Born-Oppenheimer 

approximation in 19272. Considering that the mass of the nucleus is much larger than 

electrons, the speed of the electron would be dramatically faster than that of nucleus. 

Therefore, the nucleus is relatively stationary compared to electrons. Also, the behavior 

of a single electron won’t affect the nucleus. This approximation allows researchers to 

divide the wave function into electronic wave function and nuclear wave function. Based 

on the Born-Oppenheimer approximation, Hartree-Fock developed the mean field theory, 

suggested that the quantum particle in the system experiences the average force field 

generated by other particles, Hartree-Fork method significantly simplify the complex 

Schrödinger Equation and utilized the slater determinant to depict the wave function3. 

However, the Hartree-Fork method neglected the interaction between the electrons, and 

it can lead to the deviation from actual experimental results on the system Energy. To 

address these deficiencies of the Hartree-Fock method, scientists developed several Post-

Hartree-Fock method by adding the electron correction terms between electrons, 

including the Coupled Cluster (CC) technique4, Møller–Plesset perturbation theory5. Other 

than post Post-Hartree-Fock method, some methods including N-electron Valence State 

Perturbation theory6 and Multireference Configuration Interaction7 are also prevalent in 

streamlining the Hartree-Fock method.  



34 

 

2.4 Kohn-Sham equation and Density functional Theory 

Owing to the high computing demand of the post Hartree-Fork method and with 

the increase of the number of electrons and size of the basis set, it’s unrealistic to solve 

the wave function for large systems using expensive basic sets. To tackle this issue, density 

functional theory transforms the target of solving the wave function into solving the 

electronic density problem. The concept of the density of electrons can be dated back to 

the 1920s when Llewellyn Thomas and Enrico Fermi developed the Thomas–Fermi (TF) 

model8-10. However, it was not until Walter Kohn and Pierre Hohenberg put forward the 

Hohenberg–Kohn theorems, that density functional theory began to have a theoretical 

foundation11. The first Hohenberg–Kohn theorem states that the ground state system 

energy is a unique function of the electronic density, and the second theorem claims that 

the energy of a system reaches to the minimum when the electron density is the ground 

state density. Inspired by the Hohenberg–Kohn theorems, Walter Kohn and Lu Jeu Sham 

put forward the Kohn–Sham equation12, developing the exact version of the density 

function: 

(-
ℏ2

2m
∇2 + veffective(x)) ψi(x) = εiψi(x)                             (2.6) 

Where ψi(x) refers to the Kohn-Sham orbital and εi refers to the corresponding 

orbital Energy. veffective(x)  is named as the Kohn-Sham potential and it could be 

expanded into three terms as is shown in equation (2.7): 
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veff(x) = vexternal(x) + e2 ∫
ρ(r')

|r-r'|
dr' +

δExc[ρ]

δρ(r)
           (2.7) 

Where vexternal(x) is the external potential, e2 ∫
ρ(r')

|r-r'|
dr' is the term related to 

Coulomb interaction and 
δExc[ρ]

δρ(r)
 refers to the exchange-correlation potential. Once the 

orbital functions of the system containing N electrons are obtained, the electron density 

of the system could be calculated using the following equation: 

n(x) = ∑ |ψi(x)|2

N

i=1

                                                            (2.8) 

Where n(x)  is the electron density of the system and it’s a function of the 

coordinates. The procedure to solve for the Kohn-Sham equation is shown as the following 

steps:(1) Set an initial value for the electron density and utilize it as input for the Kohn-

Sham equation to solve for the orbital function ψi(x); (2) Leverage the equation (2.8) to 

obtain the electron density; (3) Compare the electron density obtained by equation (2.8) 

with previous electron density, if the difference is within the tolerance the process can be 

terminated; otherwise, we would continue the iteration process for achieving the 

converged electron density. 

2.5 Jacob’s Ladder and density functional approximations 

The accuracy of the Kohn-Sham equation depends on the specific formula of the 

exchange-correlation function. If the exchange-correlation term were accurate, 

researchers would obtain the accurate electron density. However, approximations were 
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made in the real case of solving the exchange-correlation term. The levels of different 

exchange-correlation functions are shown as the ‘Jacob Ladder’ classification13, 14. The 

ladder starts from the Hartree World referring to the Hartree Approximation15 which 

describing the simple none interacting system where electrons are emerged in the 

average potential field contributed by other electrons.  

With the increasing level of rungs, the method becomes more accurate. The first 

rung of the ladder refers to the earliest Local Spin-Density Approximation16 (LSD) that the 

exchange-correlation function is only related to the spatial distribution of electron density. 

The LSD is not accurate to account for the bulk and surface properties of metals16. 

To make up the defeats of LSD when solving for the system with inhomogeneous 

electronic distribution, researcher began to leverage the Generalized Gradient 

Approximation (GGA)17 including the gradients of electron density into the exchange-

correlation function, which is represented on the second rung of the ladder. GGA 

dramatically improves the accuracy of predicting the properties of molecules and solids 

when dealing with the inhomogeneities in electrons distribution, among which the 

Perdew-Burke-Ernzerhof (PBE)18 exchange-correlation function is most prevalent. Until 

now, PBE is still a good option for surface chemistry simulation and this method has been 

utilized to simulate a variety of materials, like metals19, 20, metal oxides21, 22, MOFs23, 24, etc. 

PBE offers a good trade-off between calculation efficiency and accuracy of the results. 

Meta-Generalized Gradient Approximation (Meta-GGA) is  a more advanced method 
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than GGA, by incorporating the second order of the derivative and calculating the 

Laplacian of the electron density25. The state-of-art prevalent Meta-GGA methods are 

TPSS26, M05-2X/M06-2X27 and the recent developed SCAN28 function which has been 

demonstrated high accuracy in predicting the properties of layered materials.  

Although GGA and some advanced Meta-GGA methods dramatically improve the 

accuracy compared to LSD, it’s not accurate enough for simulating the non-covalent 

interactions29, which are common in biomolecules when researchers predict the behavior 

protein-ligand binding. In order to further improve the accuracy especially when dealing 

with system strong electron correlation effects (i.e., transition metals), scientists began to 

explore hybrid functions (fourth rung of the ladder in Figure 2.1), which mixed a fraction 

of Hartree-Fock exchange energy terms with LSD or GGA to boost the accuracy of regular 

DFT. Among these hybrid methods HSE30 is commonly used to predict the band gap and 

other electronic properties, PBE031 and X3LYP32 are prevalent in simulating clusters. On 

the fifth rung of the ladder are the Random Phase Approximation (RPA)33 and Double 

Hybrid Approximation (DHA)34, and both of them utilized the unoccupied Kohn-Sham 

orbitals in the exchanged correlation function, owing to the large basis sets required, both 

RPA and DHA demand substantial computing resources, making them impractical for real-

world material simulations at current stage. However, in recent years, Dr. Georg Kresse 

group utilized the direct RPA (dRPA) to predict the Si system and achieve high consistency 

with the experiment results35. Also, Dr. Xu’s group developed several DHA models (e.g., 

xDH-PBE036, XYGJ-OS37) and achieved high accuracy in predicting the properties of small 
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molecules. Although at present, methods starting from the fourth rung of the ladder 

(Hybrid, RPA&DHA) are computationally so expensive that it’s almost impossible to 

leverage them for conducting structure optimization of the materials, with the 

increasingly rapid development of the GPU computing Hardware and High-performance 

computing technology, these methods are becoming promising in the future. 

 

Figure 2.1 Demonstration of Jacob Ladder of DFT14 

2.6 Basis set 

In quantum chemistry calculations, owing to the high-dimensional nature of the 

electron wave function, obtaining the exact geometry solution of wave function is 

challenging. Therefore, researchers utilized the basis set, consisting of a set of functions 

to depict the electronic wave function. The basis set transforms the problem of finding 

analytical solution of partial differential equations into obtaining numerical solution of 
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algebraic equations which could be easily handled by the computing program. The general 

equation for the basis set is shown as follows: 

ψi = ∑ cαfα                                                             (2.9)

n

α=1

 

Where ψi is the wave function, cα is the coefficient for the corresponding basis 

function fα. Incorporating more basis function will lead to more accurate results. Based 

on the exact formula, the basis set can be divided into atomic orbitals (i.e., Gaussian-type 

orbitals38), plane waves39 and real-space approach40, that directly focuses on the discrete 

physical space. Among these gaussian-type basis set and plane waves basis set are 

prevalent.  

2.6.1 Gaussian basis set 

Gaussian basis sets are linear combinations of gaussian functions, which are more 

efficient for molecular integrals computing than slater basis function. Gaussian bases are 

most used for molecules and clusters. The prevalent minimal Gaussian basis sets are the 

Slater-type Orbitals (STO-nG) series41, where n in the notation refers to the number of 

Gaussian primitive functions incorporated. Although the STO-nG basis sets have high 

efficiency, the accuracy of the results is relatively low in that these methods only 

incorporate one contracted gaussian orbitals. In 1970, Dr. John Anthony Pople developed 

the split-valence basis sets42 considering the fact that valence electrons participating the 

formation of chemical bonds. The method depicts each valence electron orbital by a linear 
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combination of Gaussian functions. Among split-valence bases, the 6-31G*43, 44 is a 

standard that balance the efficiency and accuracy as a medium basis set. To improve the 

accuracy when simulating the Core-to-Core or Core-to-Valence interaction using 

correlated wave functions, researchers developed the Correlation-consistent basis sets45, 

46, in which cc-pVNZ47 were utilized for lighter elements while cc-pVXZ/cc-pVXZ-PP48, 49 

were adopted for heavier elements. 

2.6.2 Plane wave basis set 

In contrast to Gaussian basis set, the plane wave basis sets are most commonly 

used for simulating the periodic boundary models (i.e., solid materials). In the plane wave 

basis set, each wave function is generally represented by a linear combination of periodic 

functions, which are named as plane waves. The plane wave functions are orthogonal to 

each other, and these functions are not correlated to specific atoms. The accuracy of the 

plane wave basis set in DFT calculations depends on the choice of the cut-off energy, or 

truncate energy. Dr. Blöchl put forward the Projector-Augmented-Wave method50, 51, 

which incorporates both linear augmented-plane-wave (LAPW) method and 

pseudopotential method. The wave functions near nucleus in Hilbert space have strong 

oscillations, which make the numeric computing low efficient. The PAW method transfers 

the oscillating wave functions into smooth functions, significantly improving the speed of 

the numeric computation. 



41 

 

2.7 Pseudopotential (PP) 

When simulating the system containing heavy elements (i.e., transition metals), 

solving for the wave functions and electron density for all the electrons is time consuming 

and cumbersome. In 1934, Dr. Hans Gustav Adolf Hellmann introduced the idea of 

pseudopotential which leverage the effective potential to represent the effect of the core 

electrons52. By using the PP, DFT calculations will only solve for the density of the valence 

electrons, and this approximation dramatically reduces the size of the basis set. At present, 

there are 2 most prevalent Pseudopotentials: Norm-conserving PP53 and Ultrasoft PP54. 

Norm-conserving requires larger basis sets than Ultrasoft PP, therefore it’s very 

cumbersome when dealing with transitional metals. In contrast, Ultrasoft PP releases the 

strictly norm-conserving restraint, greatly reduce the basis set requirement.  

2.8 Dispersion Correction of Density Functional Theory (DFT+D) 

The accuracy of the density functional Theory depends on the choice of the 

exchange-correlation function. Local Spin-Density Approximation (LSD) and semi-local 

generalized Gradient Approximation (GGA) still didn’t consider the non-covalent 

interactions. These long-range interactions are of vital importance in simulating layered 

materials, surface chemistry, and biomolecules. Therefore, incorporating dispersion 

correction is necessary to DFT for accurately simulating the properties of both solid 

materials and molecules. To handle the deficiency of the LSD and GGA for the long-range 

electron interactions. Dr. Stefan Grimme’s group developed the empirical dispersion 
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corrections (DFT+D)55-57. The DFT+D dispersion theory combines the Kohn-Sham energy 

EKS-DFT  from DFT with the dispersion energy Edisp  to form the total energy EDFT-D , 

which is shown as the following equation55: 

EDFT-D = EKS-DFT + Edisp                                                               (2.10) 

In DFT+D255, the strategy is to limit the DFT energy to focus mainly on the short-

range interactions while leave the long-range interactions to the damped 
C6

mn

Rmn
6   part. 

Where the Edisp  is the empirical term representing the dispersion energy and this 

correction term could be calculated as the equation shown below55: 

Edisp = -s6 ∑ ∑
C6

mn

Rmn
6 fdmp(Rmn)

Natom

n=m+1

Natom-1

m=1

                                 (2.11) 

Where s6 is the global scaling factor, Natom refers to the total number of atoms 

in the system, C6
mn is the dispersion coefficient between atom m and n, Rmn is the 

distance between atom m and n, the fermi-type damping function fdmp was utilized 

as the equation (2.12): 

fdmp(Rij) =
1

1 + e
-d(

Rij

Rr
-1)

                                                                (2.12) 

Where the Rr is the sum of the atomic van der Waals radius of atom m and n: 

Rr = R0m + R0n                                                                                    (2.13) 
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Also, the dispersion coefficient C6
mn would be calculated using the combination 

rules: 

C6
mn = √C6

mC6
n                                                                                      (2.14) 

To further improve the accuracy of the DFT+D2 method, Dr. Grimme combined the 

three-body energy term with the two-body term in the dispersion energy: 

Edisp = EtwoBody + EthreeBody                                                        (2.15) 

For the 2-body term, higher-ranked multipole term n = 8 is also considered, the 

two-body term could be represented as follows: 

EtwoBody = - ∑ ∑ (s6

C6
mn

Rmn
6 fdmp,6(Rmn)

Natom

n=m+1

Natom-1

m=1

+ s8

C8
mn

Rmn
8 fdmp,8(Rmn))                           (2.16) 

For the 3-body term, the dispersion energy is derived from the Axilrod–Teller– 

Muto nonadditive term by using the third-order perturbation theory58: 

EABC =
C9

ABC(cos θa cos θb cos θc + 1)

(rABrBCrAC)3
                                     (2.17) 

As is shown by the Scheme of the three-body system (Figure 2.2), the θa, θb and 

θc refers to the angle BAC, ACB and CBA, respectively. And the C9
ABC is the triple-dipole 

coefficient. 
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Figure 2.2 Scheme of the three-body system 

By adopting the damping function to the 3-body energy the ultimate 3-body term 

could be written as: 

EtwoBody = - ∑ fdmp,threeBodyEABC

NthreeBodyPairs

k=1

                           (2.18) 

The DFT+D3 method could obtain around CCSD(T) level of accuracy and solve the 

issue of overestimation of midrange dispersion encountered by DFT-D2 when dealing with 

the carbon systems. The high accuracy of DFT+D3 sacrifices the efficiency since 

incorporating the three-body term require the computing time complexity of O(n3).57 

2.9 Transition State Theory (TST) 

TST is used to describe the speed of the chemical elementary reactions. In 1889, 

inspired by the Van’t Hoff equation, which built the relationships between the equilibrium 

constant and the temperature, Swedish scientist Svante August Arrhenius proposed the 

Arrhenius rate law59 which could be used to obtain the chemical reaction rate constant 

based on the absolute temperature, the formula of the Arrhenius law is shown as the 

equation (2.19): 
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 k = Ae
-Ea
RT                                                                         (2.19) 

Where k is the rate constant, A is the pre-exponential factor and Ea refers to 

the activation energy. Arrhenius law is based on the empirical experimental observations 

since both pre-exponential factor and activation energy are obtained from microscopic 

measurements, which lack mechanical understanding at atomic level. To illuminate the 

physical nature of the pre-exponential factor and the activation energy, Henry Eyring, 

Michael Polanyi and Meredith Gwynne Evans proposed the Transition State theory60,61 . 

Later, the Arrhenius equation were modified to the following form:62: 

 k =
κkBT

h
e

∆Sa
R e

-∆Ha
RT                                                          (2.20) 

Where κ refers to the transmission coefficient, kB is the Boltzmann constant, h 

refers to the Planck constant and ∆Sa , ∆Ha  is the entropy difference, enthalpy 

difference between the reactants and transition state, respectively. By incorporating 

the∆Sa , ∆Ha  into the Gibbs free energy term equation (2.21) could be obtained, and 

∆Ga refers to the activation Gibbs free energy.   

 k =
κkBT

h
e

-∆Ga
RT                                                                 (2.21) 

The transition state theory describes an intermediate static state which exists 

between the initial state structure (reactant) and the final state structure (product) along 

the potential energy surface. This intermediate state lies on the saddle point of the 

potential energy surface and the Hessian matrix at this point has only one negative 
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eigenvalue. This state is called transitional state and the energy difference between the 

transitional state and the initial state is the activation energy, which can determine the 

reaction rate constant. 

The transition state search is a set of techniques or methods utilized in 

computational chemistry to locate the transitional state and the corresponding energy. 

The state-of-art transition state search method could mainly be divided into single-ended 

techniques and double-ended techniques63. The single-ended techniques take the input 

initial guess on the transitional structure and optimize for the converged state, including 

the eigenvector following method64 in which the optimization direction is along with the 

that of the negative eigenvectors. The double-ended methods take both the initial 

reactant structure and the final product structure as input to obtain the transition state, 

including the climbing image nudged elastic band method (CI-NEB)65 in which a set of 

intermediate state images are generated by the linear interpolation between the initial 

structure and the final structure, one of the images is set to climb up along the elastic 

band to reach to the saddle point.  
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Chapter 3.  Single-Atoms Anchored in Hexagonal Boron Nitride 

for Propane Dehydrogenation from First Principles 

3.1 Abstract 

Single-atom catalysts embedded in N-doped graphene have attracted great 

interest recently, but the hexagonal boron nitride (h-BN) is much less explored as a 

support. Using first principles density function theory and molecular dynamics, here we 

investigate the stability of Pt, Au, and Ru Single-Atoms anchored at B and N vacancies on 

h-BN. We find that Pt and Ru Single-Atoms are much more stable than Au on h-BN. We 

further examine propane dehydrogenation on these single-atom catalysts and find that 

Pt1 at the B vacancy in h-BN and Ru1 at the N vacancy in h-BN show excellent activity for 

propane dehydrogenation, as evidenced by low energy barriers for both dehydrogenation 

steps. Our work suggests that Pt and Ru Single-Atoms anchored at vacancy sites in h-BN 

could be promising for propane dehydrogenation. 

3.2 Introduction 

Single-Atom catalysis has attracted great interest in heterogeneous catalysis in the 

past decade.1 Doped graphene is a widely used substrate to support metal Single-Atoms 

due to the excellent metal-support interaction,2 high specific surface area,3 and high 

electron conductivity.4 For example, it was found that the FeN4 center and the N-group in 

graphene can enhance oxygen reduction reaction,5 while Co Single-Atoms on N-doped 

graphene show high activity and stability in hydrogen evolution reaction.6  
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As two prototypical 2D materials, graphene and hexagonal boron nitride (h-BN) 

share many properties. Hence, h-BN can be a potential candidate for anchoring Single-

Atoms, especially at high temperatures due to its high thermal stability. In fact, Hermans 

and co-workers reported that boron nitride itself is an excellent catalyst for alkane 

oxidative dehydrogenation with a high propene selectivity.7, 8 Moreover, Uosaki et al. 

found that the interface between Au(111) and boron nitride nanosheet can promote 

oxygen reduction reaction.9 Researchers also were able to resolve defect sites in  boron 

nitride.10 Dai and coworkers synthesized ultrathin h-BN sheets with plenty of vacancies 

sites and found that the h-BN supported Pt nanoparticles have higher activity for CO 

oxidation than silica-supported Pt.11, 12 

Although h-BN-supported Single-Atoms have not been reported experimentally, 

researchers have computationally examined them for catalytic reactions, such as CO 

oxidation.13-18 More interestingly, Zhao and Chen predicted that h-BN-supported Mo 

Single-Atom is a potential catalyst for electrocatalytic N2 reduction,19 while Deng et al. 

suggested that Co embedded in h-BN may be promising for oxygen reduction reaction.20 

One thing to note is that these studies focused on only the B vacancy, but N vacancy has 

been observed experimentally in h-BN as well.21  

Recently the h-BN nanosheets have also been explored as a support for Pt 

nanoparticles22 and  Pt/Cu nanoclusters23 for direct dehydrogenation of propane on a 

benchtop scale. Oxide-supported Pt nanoparticles are used commercially in direct 
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dehydrogenation of propane24 which has been subject to a plethora of experimental 

studies. It has been shown that Pt exists as nanoclusters of 15 – 25 atoms on the oxide 

support.25 Owing to its high surface area and good thermal stability, γ-Al2O3 is the most 

commonly used support for Pt nanoparticles, but its acid sites can contribute to coke 

formation.26 Therefore, alloying elements such as Sn have been used to form intermetallic 

nanoparticles with Pt to avoid coking.24 Moreover, Pt Single-Atoms have been observed 

together with larger clusters on oxide support,25 prompting the speculation that they 

might be able to catalyze propane dehydrogenation (PDH).24 Indeed, recent studies have 

demonstrated the excellent performance of Pt Single-Atoms for PDH, either as single-

atom alloys on oxides27 or isolated atoms anchored in dealuminated zeolite.28  

The experimental findings of Pt Single-Atoms for PDH have inspired many recent 

computational studies in exploring Pt Single-Atoms for PDH beyond the oxide supports. 

Density function theory calculations predicted that Single-Atom Pt on N-doped graphene 

enhances the Pt’s activity in direct dehydrogenation of propane.29 On the other hand, 

using Pt Single-Atoms can maximize atomic efficiency1 and boost turnover30. In addition 

to Pt,1, 31 Au,32, 33 and Ru34, 35 are also popular single-atom systems. When combined with 

a thermally stable support such as h-BN, these SACs may offer attractive advantages for 

dehydrogenation of propane, especially in anti-coking and in improving the turnover 

frequency per Pt atom, as coke formation36 is a known problem for the conventional 

Pt/alumina catalyst where Pt exists as nanoclusters of 15 – 25 atoms.25 Answering these 

questions computationally can help guide the experimental discovery of h-BN-supported 
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Single-Atoms for PDH. Hence, herein we investigate from first principles the stability of 

these Single-Atoms anchored on both N and B vacancies on h-BN and their activity for 

propane dehydrogenation. Below we first present the stability results of SACs on h-BN, 

show their PDH energetics, and detail our computational approach. We further explain 

the trend from the analyses of partial charges, d-band center, and density of states. 

3.3 Results and Discussion  

3.3.1 Static stability of Pt, Au, and Ru Single-Atoms on h-BN 

Since stability is a critical factor for assessing a catalyst, we first examine the 

stability of Pt, Au, and Ru Single-Atoms on B/N vacancy sites of the h-BN support. Their 

optimized structures are shown in Figure 3.1. One can see that the Single-Atom is slightly 

above the plane of h-BN. Judging from the distances of the Single-Atoms to their first 

coordination shell and their height above the h-BN plane (Table 3.1), one can conclude 

that on the B vacancy Ru has the closest interaction with h-BN and Au the least; on the N 

vacancy, Au still has the least interaction. The anchoring energies of the Single-Atoms 

indeed confirm this interaction trend (Figure 3.2): Ru has the strongest binding at the B 

vacancy and Pt the strongest at the N vacancy, while Au has the weakest binding at both 

vacancies. In addition, Ru’s binding at the N vacancy is also very strong and only slightly 

weaker than that of Pt. 
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Figure 3.1 DFT-optimized structures of Pt, Au and Ru Single-Atoms anchored on B vacancy 
(top) and N vacancy (bottom) on h-BN. 

 

Table 3.1 The average M-N (rM-N) distance at the B vacancy and M-B (rM-B) distance at the 
N vacancy and the height (h) of the Single-Atom M above the h-BN plane in the DFT 
optimized structures  

M 

 

Bv Nv 

rM-N (Å) h (Å) rM-B (Å) h (Å) 

Pt 1.97 1.89 2.02 1.81 

Au 2.06 2.08 2.27 2.00 

Ru 1.92 1.77 2.01 1.91 
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Figure 3.2 Anchoring energy of Pt, Au and Ru Single-Atoms at the B and N vacancies on h-
BN. 

3.3.2 Dynamic stability of Pt, Au, and Ru Single-Atoms on h-BN 

To further examine the dynamic stability of the anchored Single-Atoms, FPMD 

simulations were carried out at 1000 K to monitor the interaction between the Single-

Atoms and h-BN vacancies. As shown in Figure 3.3, both Ru and Pt Single-Atoms are more 

stable at both types of vacancy sites on h-BN than their Au counterparts: the M-B or M-N 

distances vary within the range of 1.9 to 2.1 Å for Ru and Pt. Au is more stable on the B 

vacancy than on the N vacancy where the Au-B bond length varies a great deal, from 2.2 

to 2.8 Å. The Au-N bond-length at the B vacancy varies from 2.0 to 2.3 Å. In addition, we 

find that adsorption of C3H8 negligibly impacts the stability of the Single-Atoms on the 

vacancy sites (Figure 3.10). 
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Figure 3.3 Changes in average bond lengths of the Single-Atom (Pt/Au/Ru) to its three 
nearest N or B atoms on h-BN with time: (a) Single-Atom at the B vacancy; (b) Single-Atom 
at the N vacancy.  

3.3.3 Chemical bonding of Pt, Au, and Ru Single-Atoms on h-BN 

To gain a deeper insight into the nature of the chemical bond between the 

Pt/Au/Ru Single-Atom and the local environment on h-BN, we analyzed the crystal orbital 

Hamilton population (COHP) for one M-N bond at the B vacancy and one M-B bond at the 

N vacancy, which partitions the orbital overlapping between two atoms into bonding and 

antibonding states. The negative -COHP value refers to antibonding states while positive 

value refers to bonding states. As can be seen in Figure 3.4, both Au-B and Au-N bonds 

have the most antibonding population below the Fermi level, consistent with the weakest 

binding of Au with h-BN among the three metals. The integrated crystal orbital Hamilton 

population (ICOHP) up to the Fermi level provides a quantitative measure of the bonding 

vs antibonding population: the more negative the ICOHP value, the stronger the bonding. 

Indeed, one can see the overall correlation between the ICOHP values and the anchoring 

energy of the Single-Atoms on h-BN (Figure 3.5). If we compare just Au at BV and Au at NV, 
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then the correlation is not good. We think that this is mainly due to the very weak 

interaction between Au and the defected BN. In other words, because the interaction of 

Au with h-BN is very weak at both BV and NV, variation in ICOHP is not significant enough 

to differentiate the two sites.  

Figure 3.4 Crystal orbital Hamilton population (COHP) analysis of the Single-Atom metal 
and adjacent N/B atom (Ef denoting the energy of the Fermi level): (a) at the B vacancy; 
(b) at the N vacancy. 

 

Figure 3.5 Correlation of the Pt/Au/Ru single-atom (M) anchoring energy on the B vacancy 
(BV) and N vacancy (NV) of h-BN with the corresponding integrated crystal orbital Hamilton 
population (ICOHP) of the M-N and M-B bonds. 
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 We further examined the partial atomic charges of the Pt/Au/Ru Single-Atoms by 

Bader analysis37 and found that they are positively charged at the B vacancy but negatively 

charged at the N vacancy. This is consistent with the electronegativity trend: at the B 

vacancy, the metal atom is coordinated by the more electronegative N atoms, so loses 

some of its electrons; at the N vacancy, the metal atom is coordinated by the less 

electronegative B atoms and gains some electrons. Moreover, Pt is most negative at the 

N vacancy site, while Ru is most positive at the B vacancy site.  

 

Figure 3.6 Bader charges of the Pt, Au and Ru Single-Atoms anchored at the B vacancy (BV) 
and N vacancy (NV) sites of h-BN. 

3.3.4 Propane dehydrogenation activity of the Single-Atom on h-BN 

To explore the potential of the M1-h-BN for catalysis, we chose propane 

dehydrogenation as a test reaction. Figure 3.7 shows the energetic profiles and the 
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corresponding key structures during the reaction pathways. The reaction can be divided 

into three key steps: i. C-H activation at the center carbon; ii. Second dehydrogenation at 

a terminal carbon; iii. Desorption of H2 and C3H6. For M1 anchored at the B vacancy (Figure 

3.7a), Pt is the most active; for M1 anchored at the N vacancy (Figure 3.7c), Ru is the most 

active, for both dehydrogenation steps. We note that the first dehydrogenation step of 

propane has a barrier of 0.51 eV at Pt1-BV-h-BN; for comparison, the barrier is 0.70 eV on 

Pt(111) 38 and 0.81 eV on Ru1-NV-h-BN. In addition, the intermediate states and transition 

states are similar on Pt1-BV-h-BN (Figure 3.7b) and Ru1-NV-h-BN (Figure 3.7d): C3H8 

adsorbs on M1; then C-H cleaves at TS1, leading to CH3CHCH3 and H co-adsorbed on M1; 

next, second C-H cleaves at TS2, leading to CH2CHCH3 (propene) and 2H co-adsorbed on 

M1; then, 2H desorbs as H2, followed by propene desorption. Because propane 

dehydrogenation usually takes place at high temperatures about 900 K,24 desorption steps 

should not be a main concern here. But Au Single-Atom is unlikely to survive such high 

temperature, considering its anchoring energy and stability (Figures 3.2 and 3.3).  
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Figure 3.7 Propane dehydrogenation energy profile and the corresponding structures 
along the pathway: (a) energy profiles for M1-BV-h-BN; (b) structures for Pt1-BV-h-BN; (c) 
energy profiles for M1-NV-h-BN; (d) structures for Ru1-NV-h-BN. 

As shown in Figure 3.7, the first C-H cleavage and the corresponding activation 

energy at TS1 are key to propane dehydrogenation. Overall, Ea at TS1 follows the Bell–

Evans–Polanyi (BEP) principle: the more favorable the reaction energy (ΔE) is, the lower 

the activation energy. The only exception is Au1-NV-h-BN where Ea is the greatest (~1.6 eV) 

despite a slightly positive ΔE (~0.25 eV). To understand this exception of Au1-NV-h-BN, we 

have compared its d-band center with others (Figure 3.8). One can see that there is a large 

down shift in the d-band center of Au1 in Au1-NV-h-BN at TS1 (Figure 3. 8b), meaning that 

Au1 becomes much less reactive during the C-H cleavage process, which we think is the 

reason for its greatest Ea. 
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Figure 3.8 The center of the d-band of the metal Single-Atom in the C3H8-adsorbed state 
(C3H8*) and at the transition of the first C-H cleavage (TS1): (a) Pt1-BV-h-BN; (b) M1-NV-h-
BN. 

3.3.5 Further considerations for experimental relevance 

Although Pt1 at the B vacancy and Ru1 at the N vacancy of h-BN show great promise 

for PDH, factors such as sintering, coke formation, and desorption of propylene may 

negatively impact their experimental realization. Computationally, the sintering question 

can be addressed by examining the relative stability of metal clusters vs a Single-Atom on 

defected h-BN, while the susceptibility to coke formation can be addressed by 

investigating the kinetics of further dehydrogenation tendencies and subsequent 

formation of aromatic compounds. The importance of propylene desorption is best 

addressed by microkinetic analysis of the whole PDH pathways. Further studies are 

warranted. 

3.4 Conclusions 

We have investigated the stability and propane dehydrogenation reactivity of Pt, 

Au and Ru singles atoms anchored at vacancy sites of h-BN from first principles DFT 
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calculations. We found that the stability of Au Single-Atom is much lower than that of Pt 

or Ru. The stability has been correlated to the integrated crystal orbital Hamilton 

population value, while Bader analysis showed opposite charges on the Single-Atom for B 

vacancy vs N vacancy as the anchoring site. From the minimum-energy paths of propane 

dehydrogenation on these single-atom catalysts, we found that Pt1 at the B vacancy in h-

BN and Ru1 at the N vacancy in h-BN have the lowest barriers for both dehydrogenation 

steps. Hence, we predict that Pt and Ru Single-Atoms anchored at vacancy sites in h-BN 

are promising catalysts for propane dehydrogenation. 

 

Figure 3.9 Changes in the total energy of the Single-Atom (Pt/Au/Ru) M-BN catalyst in the 
first principles molecular dynamics simulations: (a) Single-Atom at the B vacancy; (b) 
Single-Atom at the N vacancy. 
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Figure 3.10 Average bond length between the Single-Atom M and B/N atom before (clean) 
and after the adsorption of C3H8: (a) M1-BV-h-BN; (b) M1-NV-h-BN. 

 

3.5 Computational Methods 

First principles density function theory (DFT) calculations were carried out via 

Vienna Ab initio Simulation Package (VASP).39 Spin-polarized calculations were performed 

with the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional.40 The 

electron-ion interaction was described by projector augmented wave potentials.41 The 

cutoff energy of the plane wave basis set was 400 eV. The Brillouin zone sampling was 

carried out by using a 3×3×1 k-point mesh for a single layer h-BN with a 4×4 lateral unit 

cell. A vacuum layer ~20 Å along the c-direction was used in our slab models. For density 

of states calculation, a 5×5×1 k-point mesh was utilized. Convergence criterion was 0.05 

eV/Å for both geometry optimization and transition state search. All atoms were relaxed 

during geometry optimization.  
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Single-Atom anchoring energy was calculated following ESAC =

 Etotal-ESA-Ev,  where Etotal  denotes the total energy of h-BN-supported Single-Atom, 

ESA the energy of a gas-phase Single-Atom, and  Ev the energy of h-BN surface with a 

B or N vacancy. The climbing-image nudged elastic band (CI-NEB) method42 was used to 

search for the transition states.  

First principles molecular dynamic (FPMD) simulations were performed in 10 ps 

timescale at constant 1000 K with the NVT ensemble and a time step of 1 fs. The energy 

drifts of the systems are shown in Figure 3.9. Analysis of crystal orbital Hamiltonian 

populations was carried out using the Local orbital Basis Suite towards Electronic-

Structure Reconstruction (LOBSTER) program (version 3.2.0),43, 44 which uses as input the 

charge density and wavefunction files from VASP calculations.  
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Chapter 4.  First-Principles investigation of the Stability and CH4 

activation capability of defective h-BN 

4.1 Abstract 

The hexagonal boron nitride (h-BN) material has been widely applied to the 

catalysis. Nevertheless, most of the research works purely focus on utilizing the h-BN as a 

substrate to anchor the active transition metals without probing the intrinsic activity of 

the h-BN defects. This work investigated the stability and activity on 8 different defects. 

We found that the B terminated vacancies are easier to exposed in the static condition. 

The Nv, BN2 vacancy and BN3 vacancy have intermediate C-H bond activation reaction 

energy. The B-N pair over BN2 vacancy model though has lowest barrier to activate CH4, 

the negative reaction energy could lead to high potential of surface poisoning. 

Interestingly, the unsaturated B-B pair over Nv is optimum site for C-H bond activation. 

Further COHP analysis imply the high C-H bond homolytic cleavage activity of B-B pair due 

to its weak interaction which can promote the H insertion. 
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4.2 Introduction: 

Since the first successful synthesis by Balmain in 18421, the boron nitride material 

has been gradually broad to the attention of the public. The boron nitride materials 

contain three crystalline forms: the hexagonal form, cubic form and wurtzite form2. 

Among which, the hexagonal boron nitride (h-BN) is the most popular owing to its stability. 

In addition, the  flourishing of the 2 dimensional material3,4 also make h-BN been studied 

extensively in the last decades5. Like graphene, the h-BN is layered structure and has 

hybridized sp3 B-N covalent bond which makes h-BN possess high thermal conductivity 

along the layer. Moreover, the h-BN has significant high thermal stability and can survive 

under 1000°C6. The high stability makes the h-BN a promising material for catalysis. 

The pristine BN is inert for chemical reaction owing to its high stability. The 

common way to functionalize h-BN is by creating the defect sites over the BN surface7, 8. 

Prof. Jin’s group fabricated the defective h-BN by energetic electron irradiation and by 

combining the High-resolution transmission electron microscopy (HRTEM) with the exit-

wave (EW) reconstruction, and they successfully resolved the N edge defect sites9. In 

contrast to Prof. Jin’s finding, Ovidiu Cretu’s group observed the B terminated defect over 

h-BN at high temperature by the high-resolution electron energy loss spectroscopy (EELS) 

mapping10. As for the catalytic application for the h-BN, researchers using the defects site 

as the anchoring point for the active center for the CO oxidation reaction11, 12. The defect 

over the h-BN can selectively allow the small reactants go through13. In addition, a bunch 

of computational work were carried out to probe the reaction over Single-Atom doped 
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BN14-18. All these studies focus on the auxiliary role of BN defect for chemical reactions 

while seldom discuss the catalytic effect of defect itself.  

Herein, this paper focuses on both N terminated vacancy and B terminated 

vacancy over h-BN. A bunch of h-BN defects with different size were created expressed as 

the mono N vacancy (Nv), mono B vacancy (Bv), BN Vc, BN2 Vc, BN3 Vc, NB2 Vc, NB3 Vc and 

B3N3 Vc, which were shown in the Figure 4.1. The shape of the BN, BN2, BN3, and B3N3 

vacancies are learned from our previous work19, but they are reconstructed using the 7×7 

h-BN unit cell instead of 6×6 unit cell employed in our prior work. The stability of these 

vacancies was first analyzed, then we utilized CH4 activation as the probe reaction to 

investigate the activity of different defeats. The homolytic activation and heterotic 

activation were both studied on different terminations followed by the deeper insight of 

the electronical effect. 

4.3 Computational Methods 

Spin polarized calculation were carried out using the Vienna Ab initio Simulation 

Package (VASP)20. For the exchange-correlation function, Perdew, Burke, and Ernzerhof 

(PBE)21 were utilized with the projector augmented wave potentials22. For the Vander 

Waals correction, D323 method was used. A 1×1×1 k-point mesh sampling was chosen for 

the 7×7 h-BN lateral unit cell with a vacuum layer of ~20Å. For the single point calculation, 

a 5×5×1 k-point grid was adapted. The transitional states were located by the climbing-

image nudged elastic band method (CI-NEB)24. Convergence limitation was set as 0.05 

eV/Å for structural optimization and transition state search. 
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Normalized vacancy formation energy was calculated as the following equation: 

Ef
* =

EBN defect-nB defectμB-nN defectμN

n
        (4.1) 

Epristine BN = nB pristineμB + nN pristineμN               (4.2) 

Where the EBN defect is the energy of the h-BN defect models, nB and nN are 

the atom number of B and N, respectively. n is the total number of atoms missing in the 

defect sites. Epristine BN  is the energy of pristine h-BN surface. μB  and μN  are the 

chemical potential of B and N, respectively. In the B rich scenario, the bulk phase B energy 

were used as the reference state (μB =  Ebulk B). In the N rich scenario, the gas phase N2 

energy were used as the reference state (μN =  
1

2
EN2

). As is shown in equation (4.2), the 

energy pristine h-BN surface was adapted as the energy reserva. 

Crystal orbital Hamiltonian populations analysis was performed by the Local 

orbital Basis Suite towards Electronic-Structure Reconstruction (LOBSTER 3.2.0) program25, 

26. 

4.4 Results and discussion  

4.4.1 Formation energy of different h-BN defects 

The stability of the active site is of vital importance to the catalyst. Therefore, we 

first investigate the normalized formation energy based on the number of atoms removed 

from the surface. The formation energy was calculated based on the B rich condition, in 

which we took the bulk phase boron as reference and the N rich condition which we took 
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the gas phase N2 as the reference state. As we can see in Figure 4.2, the mono B/N vacancy 

normalized formation energies are larger than the bigger vacancy. At B rich condition, the 

mono N vacancy is easier to form while at N rich condition, the mono B vacancy is easier 

to form. Interestingly, we also observe a general trend that with the increase of the defect 

size (number of atoms removed), the normalized formation energy drop. Also, the 

formation energy of BN2 vacancy is lower than that of NB2 vacancy in both B rich condition 

and N rich condition, although they possess the same defect size. The same is true of the 

comparison between BN3 and NB3 vacancy. For both B rich and N rich scenario, the BN3 

vacancy formation energies are always lower than NB3 vacancy. This phenomenon 

suggests that for medium sized vacancy, the B edge is thermodynamically favorable as 

both BN2 and BN3 has more B termination than N termination (Figure 4.1). As for the 

mono vacancy, the Bv formation energy is only slightly lower than Nv at N rich condition. 

This finding also imply that the B terminated vacancy has the tendency to expose. 

 

Figure 4.1 Structures of NV, BV, BN, BN2, BN3, NB2, NB3 and B3N3 vacancy. 
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Figure 4.2 Normalized formation energy of different boron nitride defect. 

4.4.2 Activity of h-BN defects 

In recent years, a bunch of researchers using H binding strength as quick descriptor 

for fast screening the activity of catalysis surface in various chemical reaction like CH4 

activation27, HER28 and OER29 reaction. Therefore, we applied the H2 adsorption energy 

(Eadsorption = Esurface+H - Esurface - 
1

2
EH2

) as the descriptor for screening the activity of 

the B/N termination in the defective h-BN. As we can see in Figure 4.3, the pristine boron 

nitride is inert for H2 adsorption. As for each defective site, the unsaturated N is always 

more reactive than unsaturated B. Especially for the BN2 vacancy, the H2 dissociation 

energy on the unsaturated N over BN2 vacancy has already reached to -3.03eV, suggesting 

that the unsaturated N site over BN2 vacancy is highly active. 
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Figure 4.3 H2 dissociation energy over defective boron nitride and pristine BN. 

We further exam the CH4 activation reaction over our BN defect models in that the 

CH4 activation30, 31 is an epidemic reaction and activating the light alkane is a critical issue 

in the last decades32. The thermodynamic screening of the first C-H bond activation were 

conducted first followed by the NEB searching. The intermediate level of reaction energy 

(∆E) was preferred in that the positive ∆E will make the reaction unfavorable to happen 

while the excessively negative ∆E will make the final states too stable to proceed the 

following reaction. The different final states were investigated for each of our BN defect 

models. As is shown in Figure 4.4, for Nv and Bv, the final states are both CH3 and H 

attached to B termination and N termination, respectively. As for BN and B3N3 vacancy, 

they both have 4 scenarios: both CH3 and H attached to B termination; both CH3 and H 

attached to B termination; CH3 on N while H on B; CH3 on B while H on N. As for BN2 

vacancy, it has 4 unsaturated B and 1 unsaturated N site, we hereby consider 4 scenarios: 
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CH3 and H on adjacent B-B pair; CH3 on N while H on B; CH3 on B while H on N; CH3 and H 

on B atoms which are not adjacent. For the BN3 vacancy, owing to its pure B termination, 

2 scenarios were investigated: CH3 and H on adjacent B-B pair; CH3 and H on B atoms 

which are not adjacent. For the NB2 vacancy, three scenarios were investigated: both CH3 

and H on N; CH3 on N while H on B; CH3 on B while H on N. For the NB3 vacancy, we 

consider both CH3 and H on N-N pair. As for NB3 vacancy, because of the sole N termination, 

1 scenario was considered: CH3 and H on adjacent N-N pair.  

As is shown in Figure 4.5, we found that the unsaturated N is very active for binding 

CH3 and H. It will lead to the very negative reaction energy (lower than -2eV). In contrast, 

the B sites are less active, the reaction energies are more positive if both CH3 and H on B 

sites. In addition, CH3 radical is more favorable on B site while H radical is more favorable 

on N site. By the screening of all the defects models we found the Nv and BN2 Vc have the 

medium level of C-H bond activation reaction energy (between 0 eV and -2 eV). We also 

observe that the over BN3 defect, although the farther B-B pair cannot stabilize the final 

state (CH3 and H on surface), the adjacent B-B pair still can make the final state stable. 

Therefore, we also include the BN3 defect into follow-up barrier calculation. 
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Figure 4.4 Structure of the CH4 activation final states over different BN defects. 

 

 

Figure 4.5 CH4 cleavage reaction energy on NV, BV, BN, BN2, BN3, NB2, NB3 and B3N3 
vacancy.  
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Figure 4.6 CH4 homolytic and heterolytic cleavage structures over Nv, BN2 Vc and BN3 Vc. 

 

 

Figure 4.7 Energy profile of CH4 cleavage over Nv, BN2 Vc and BN3 Vc.  

 

As for the Nv and BN3 Vc defect, owing their pure B termination, they can activate 

CH4 by the homolytic cleavage on the adjacent B-B pair. For the BN2 Vc, it can activate CH4 

by homolysis on its unsaturated B-B pair or activate CH4 heterolysis on its unsaturated B-

N pair. Owing to the very negative reaction energy of CH4 heterolysis activation over BN2 

Vc, the barrier is as low as 0.5 eV, which is much lower than the homolysis over the 
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adjacent B-B pair of the Nv, BN2 Vc and BN3 Vc. The high activity of the B-N pair over the 

BN2 defect can be attributed to the frustrated Lewis Acid base pair which are commonly 

active for C-H bond activation reaction33, 34. However, the reaction energy is still as 

negative as -1.92eV, which has the tendency to poison the surface. 

Interestingly, we found that the adjacent unsaturated B-B pair over Nv, BN2 Vc and 

BN3 Vc can activate C-H bond by homolytic cleavage. Moreover, the reaction energy of 

homolytic cleavage is between -0.5eV and -1.25eV which is an optimal value for C-H 

activation, especially the B-B pair over Nv, the C-H activation barrier is only 1.07eV, which 

make it the best active site for C-H bond cleavage. 

4.4.3 Intrinsic nature of the unsaturated B-B pair 

To gain a deeper insight about the unsaturated B-B pair, we investigated the 

structure of the transitional states of CH4 homolytic cleavage on these vacancies. As we 

can see in Figure 4.8, the bond length of B-B pair in the transition states over Nv is larger 

than that of BN2 and BN3 vacancy. Similarly, the in the original surface, the B-B pair bond 

length is 2.27 Å, which is also larger than that of BN2 and BN3 vacancies. The farther 

unsaturated B-B pair make it easier for H to be inserted which account for the lower 

barrier on Nv. 
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Figure 4.8 Transitional state structures of the CH4 homolytic cleavage (up) and clean defect 
surface (down) over the N, BN2 and BN3 vacancy.  
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Figure 4.9 –COHP plot of the B-B pair interaction over the N, BN2 and BN3 vacancy. 
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In order to probe the electronical interaction between the B-B pair, the crystal 

orbital Hamilton population (COHP) analysis were carried out which can give the bonding 

contributions that promote the bonding interaction between atom pairs and antibonding 

contributions that decrease the bonding interaction. As we can see the -COHP curve in 

Figure 4.9, the for the BN2 and BN3 defect, there are high bonding state peak below the 

fermi level, below which there are electrons that can fill these bonding states which can 

promote the B-B interaction making it harder for H insertion. The integration of -COHP 

curve (ICOHP) also quantify B-B interaction over the Nv, BN2 Vc and BN3 Vc. The more 

negative ICOHP value corresponds to more stable bonding between B-B pairs. As is listed 

in Table 4.1, the ICOHP of Nv is less negative than that of BN2 Vc and BN3 Vc which imply 

that B-B pair over Nv has less electronical interaction than that of BN2 Vc and BN3 Vc. 

Table 4.1 ICOHP value over Nv, BN2 Vc and BN3 Vc. 

Defect ICOHP 

Nv -1.03 

BN2 Vc -2.30 

BN3 Vc -2.47 
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4.5 Conclusion 

The stability and activity of different defects on h-BN were investigated 

systematically. we found that the B terminated BN2 Vc and BN3 Vc are more stable than 

other equal-atom vacancies in both N rich condition and B rich condition (NB2 Vc and NB3 

Vc). As for the monomeric vacancy, in B rich condition the Nv is more stable and in N rich 

condition Bv is slightly more stable than Nv. These findings imply that the B terminated 

defects is more stable in the static thermodynamic equilibrium condition. By investigating 

the CH4 activation, we found the B-N pair though is highly active for the C-H activation, 

the excessively negative reaction energy will make defect surface poisoned which can 

impair the subsequent reaction. The unsaturated B-B pair over the Nv has the optimal 

reaction energy and the barrier is still low. The weak interaction between B-B pair over 

the Nv contribute to the H insertion which promote the homolytic cleavage of CH4 

happening over the surface. 
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Chapter 5.  First-Principles study of the methane selective 

oxidation to acetic acid over Single-Atom Rh pMOF catalyst 

5.1 Abstract 

Rh SACs have been reported as promising catalysts for direct CH4 oxidation to 

CH3COOH, which is a substitutive process for CH4 indirect transfer via syngas. This CH4 

direct oxidation significantly reduces pollution and simplifies the pathway of chemical 

transfer. However, the mechanism of the CH4 direct oxidation over Rh SACs is unknown. 

We utilized the gaussian calculations to illuminate the working mechanism of Rh Single-

Atom dispersed on porphyrin-based MOF catalyst and unveil the effect of light on the 

selectivity of the catalyst that the dark condition favors the CH3OH production while the 

light condition facilitates the CH3COOH production. By investigating the two different 

models with different Rh coordination environments: (1) Single-Atom Rh anchored in the 

porphyrin plane; (2) Single-Atom Rh out-of-plane geometry, we found that the out-of-

plane model has lower barrier facilitating the CH3COOH formation while the in-plane 

model has lower barrier facilitating the CH3OH formation.  

5.2 Introduction 

Owing to the shale gas revolution, driven by the technological breakthrough of the 

hydraulic fracturing1 and  horizontal drilling2 in recent years , the production of shale gas 

skyrocketed, making the United States one of the world’s largest natural gas producers. 

The effective transfer and utilization of the overproduced nature gas remains a hot topic 
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and a significant challenge in the energy industry. Methane, as one of the major 

components of natural gas, has been widely used as a raw material for the production of 

value-added chemicals such as methanol3 and acetic acid4. However, due to the high C-H 

bond energy in methane, effectively activating C-H bond in methane is a world-wide 

challenge5. To efficiently activate methane, initially, researchers utilized the noble metal 

catalysts, such as Rh, Ru, Pt and Pd, to transfer the methane in the oxidation condition to 

the synthesis gas6. Later scientists began to explore the possibility of non-noble materials 

for the methane activation. Ni based catalyst has been proven to be highly active for 

methane activation7. However, the large bulk Ni nanoparticles would lead to the coking 

and deactivation of the catalysts. To tackle this issue, Dr. Sheng Dai collaborated with Dr. 

Huiyuan Zhu leveraged the spatial confinement strategy to control the size of the Ni 

nanoparticles below 5nm, they found that their prepared catalyst has long-term stability 

in 700 °C reaction atmosphere8. Upon the characterization, they concluded that their 

catalyst possesses excellent sintering and coking resistance8. 

In terms of the acetic acid formation by methane transformation, the current 

industrial method utilized the indirect strategy to produce CH3COOH9: (1) steam reforming 

of methane to produce syngas (CO and H2 gas mixtures); (2) carbonylation reaction from 

syngas to acetic acid. The conventional process is highly energy-intensive and inefficient 

with its long chemical process pathway. Thus, it’s of vital importance to develop the 

substitutive method for the current syngas route. Previous literatures10-12 found that the 

Single-Atom dispersed Ru catalysts could well catalyze the selective oxidation of CH4 
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towards CH3COOH. Nevertheless, due to the concerns that the aggregation would happen 

in the reaction atmosphere, which reduces the catalytic capability of Rh, the loading of 

the Rh is low and this limitation confines the overall conversion rates and yield of the 

catalysts. The current milestone performance of CH4 selective oxidation to CH3COOH by 

Single-Atom Rh catalysts was achieved by Dr. Maria Flytzani-Stephanopoulos’s group with 

13000 μmol gcat
−1 and around 60% CH3COOH selectivity10. However, the interactions 

between the zeolites and the Rh is still weak and researchers cannot further increase the 

loading of the Rh on zeolites. Recently, the porphyrin materials has been widely used to 

anchor Single-Atom catalysts13. Dr. Hai-Long Jiang’s group utilized the N doped porphyrinic  

MOF to disperse Single-Atom Fe14. Their Fe loading can reach to 1.76 wt%, and the 

excellent ORR performance was achieved thanks to the highly concentrated Single-Atom 

Fe active sites. 

To tackle this issue, our collaborators Dr. Haoyi Li and Dr. Dunwei Wang successfully 

synthesized the high Rh loading catalysts with the metal organic framework (MOF) 

support by making use of highly concentrated porphyrin groups over the linkers. By 

leveraging the Gaussian simulations, we built up the cluster model of Single-Atom Rh 

dispersed on the porphyrin skeleton. Also, we illuminated the reaction mechanism of the 

CH3COOH formation and the phenomenon of CH3COOH selectivity switch owing to the 

light excitations. 



93 

 

5.3 Computational Methods 

The ground state calculation based on DFT was conducted by GAUSSIAN16 

package 15. The default Berny algorithm by GEDIIS was used for local optimizations and 

transition states search 16. The hybrid PBE0 function 17 was employed with 6-31G(d) 18 

basis set for the elements of C, H, N, O, and LANL2DZ basis set and effective potentials for 

the Rh atom 19, 20. The frequency scaling factor was chosen as 0.95 according to the 

previous work 21. The simulated DRIFTS spectrum was achieved by Multiwfn program 22. 

To simplify the calculation process, the model of Rh-tetraphenylporphyrin (Rh1/TPP) 

complex was deployed to stand for Rh1/pMOF. The temperature used for the calculations 

of the catalytic cycles was 0 K. No solvation effect by H2O was considered, either. 

5.4 Experimental Findings 

Experimentally, our collaborators utilized the wet impregnation method to load Rh 

onto the porphyrin-based MOF (pMOF)23. Also, by using the extended X-ray absorption 

fine structure (EXAFS) characterization, they found that isolated Rh atoms are well-

dispersed on the pMOF23. Also, from the catalytic performance results, we found that the 

catalyst is sensitive to light. In the reaction condition without light, the catalyst will favor 

the formation of CH3OH while in the light condition, the CH3COOH formation will be 

favored. 
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5.5 Results & Discussion 

While the high performance of Rh1/pMOF in the CH3COOH synthesis by direct CH4 

oxidation may be expected owing to the high density of atomically dispersed Rh sites, the 

switch of product selectivity between CH3COOH and CH3OH with and without light, 

respectively, is new and intriguing. To gain insights into the possible origin of this switch, 

we turned to density functional theory (DFT) calculations. In doing so, we examined two 

reported coordination environments of Rh in a porphyrin binding site (Figure 

5.1)24,namely, the in-plane geometry and the out-of-plane one. Our calculations suggest 

that the in-plane Rh1 site favors CH3OH formation, whereas CH3COOH production is 

favored by the out-of-plane Rh1 site. As shown in Figures 5.3 and 5.5, the difficulty of 

CH3COOH formation at the in-plane Rh1 site lies in the high activation energy of CO 

coadsorption next to CH3 on Rh1 in preparation for the insertion step (TS10 in Figure 5.2a). 

For the out-of-plane Rh1 site, the key differentiating step between CH3OH formation and 

that of CH3COOH is methyl migration, as shown in Figure 5.2b (see also Figures 5.4 and 

5.6), where CH3COOH production is favored. It is further noted that the DFT calculations 

were conducted with simplifications, and the activation barriers reported here should be 

treated qualitatively for the purpose of comparing different product selectivities (see the 

Supporting Discussion). While additional research will be required to fully understand the 

process, we hypothesize that light-induced ligand-to-metal charge transfer (LMCT) is the 

key factor that leads to the changes of the Rh coordination environment under reaction 

conditions.25-27 LMCT was indeed observed by transient ultraviolet–visible (UV–vis) 

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03113/suppl_file/ja3c03113_si_001.pdf
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absorption spectroscopy23. Moreover, the selectivity is dependent on light intensity in a 

monotonic fashion, suggesting that the portion of active sites that adopts the out-of-plane 

coordination environment is proportional to light intensities. 

5.5.1 Supporting Discussion 

The best way to understand the energy diagram as shown in Figure 5.4 is to focus 

on the bifurcating points. For this purpose, we replot the energy diagram in two separate 

graphs as separated by the release of the first and the second target molecules. From c0 

to c6, the steps describe the activation of the first CH4 molecule. These steps are shared 

by both reaction pathways. Indeed, the activation of C-H in CH4 is a difficult step; this is 

manifested by the high activation barrier that leads to the formation of TS14 (1.62 eV); it 

is also corroborated by the experimental observation that the apparent reaction order 

relative to CH4 partial pressure is 2. From c6, the reaction could proceed to release either 

CH3OH (through TS20, 0.89 eV) or CH3COOH (through TS15 (0.58 eV) & TS16 (0.08 eV)), 

which are the energy barrier of the CH3-O and CH3-CO coupling, respectively. It can be 

readily concluded that the formation of CH3OH is more difficult than that of CH3COOH on 

the out-of-plane Rh1 sites.  

Next, we arrive at the next bifurcating point, which is c14. The pathway that leads 

to the release of CH3OH involves another transition state (TS21) featuring a high energy 

(0.84 eV), whereas the pathway that produces CH3COOH (TS18, 0.73 eV) is favored. Taken 

as a whole, while the overall reaction appears to be limited by methane activation, the 
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selectivity of the products is controlled by the key steps at the bifurcating points, where 

the mechanisms favor CH3COOH formation for the out-of-plane coordination.  

Lastly, we note that simplifications have been taken in the computational 

calculations. For instance, the calculations of energy barriers in the two catalytic cycles 

(Figures 5.3 and 5.4) were performed at 0 K (-273.15 oC), whereas the experiments were 

conducted between 130 C and 160 C. Moreover, we employed a molecular model of Rh-

tetraphenylporphyrin (Rh1/TPP) complex but not the solid-state MOF structure 

(Rh1/pMOF) for the calculations. Moreover, our calculations did not consider solvent 

effects, whereas the experiments were conducted in aqueous solution. These 

simplifications were made to make the problem more tractable; they serve the purpose 

to qualitatively understand how the change of coordination configuration could alter the 

relative energetics for different reaction pathways. These results set the stage for more 

refined calculations by future research. Nevertheless, these values should not be directly 

compared with the experimentally obtained activation barriers23. 

5.6 Conclusion 

In conclusion, we adapted two Rh Single-Atoms doped pMOF models with 

different Rh coordinates to explain the selectivity switch phenomenon due to the 

existence of the lights. We found that the Rh in-plane model is more favorable for the 

production of the CH3OH while the Rh out-plane model is more favorable for the CH3COOH 

production. 
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Figure 5.1 The structures of (A) in-plane and (B) out-of-plane Rh1 sites enter the catalytic 
cycles based on the Rh1/TPP model for DFT calculations. 

 

 

 

Figure 5.2 (a) Pre-insertion step of CO for the formation of CH3COOH (upper) and O2 
dissociation step for the formation of CH3OH (bottom) at the in-plane Rh1 site. (b) Methyl 
migration to CO for the formation of CH3COOH (upper) and methyl migration to O for the 
formation of CH3OH (bottom) at the out-of-plane Rh1 site. The steps in a and b are referred 
to those in the overall catalytic cycles as shown in Figure 5.5 and Figure 5.6, respectively. 
Inset structures in a and b show the corresponding transition states. 
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Figure 5.3 Energy plots of intermediates and transition states for the catalytic cycles over 
in-plane Rh1 sites based on DFT calculations. Transition states are denoted as “TS”. 

 
 
 
 

 
 

Figure 5.4 Energy plots of intermediates and transition states for the catalytic cycles over 
out-of-plane Rh1 sites based on DFT calculations. Transition states are denoted as “TS”. 
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Figure 5.5 Catalytic cycles of selective CH4 oxidation toward CH3COOH and CH3OH in dark with in-plane Rh1 sites. Schematic 
reaction pathways for the formation of CH3COOH (outer circle) and CH3OH (inner circle) from CH4, CO, and O2 on the Rh1/TPP 
model. The overall reactions to form CH3COOH and CH3OH are illustrated as 2CH4+2CO+O2→2CH3COOH and 2CH4+O2→2CH3OH, 
respectively. 
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Figure 5.6 Catalytic cycles of selective CH4 oxidation toward CH3COOH and CH3OH in light with out-of-plane Rh1 sites. Schematic 
reaction pathways for the formation of CH3COOH (outer circle) and CH3OH (inner circle) from CH4, CO, and O2 on the Rh1/TPP 
model. The overall reactions to form CH3COOH and CH3OH are illustrated as 2CH4+2CO+O2→2CH3COOH and 2CH4+O2→2CH3OH, 
respectively. 
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Chapter 6.  Conclusions and Future Outlook 

6.1 Conclusions 

In this Ph.D. thesis, we combined the density functional theory with ab initio 

molecular dynamic (AIMD) simulations to investigate the activity, stability, and 

selectivity of the Single-Atom catalysts. We aim at building up the structural-

performance relationships of the Single-Atom catalysts (SACs) to assist the readers to 

better understand the intrinsic nature of the SACs. The focuses of this thesis are such 

two aspects: (1) Investigating the geometric and electronic properties of the catalysts 

and further probing the reaction mechanism based on this information; (2) Conducting 

the screenings of the catalysts and design for better SACs with excellent catalytic 

capability. 

In chapter 3, we investigate the activity, stability and selectivity of the Single-

Atom Ru, Au, Pt over 2-dimensional hexagonal boron nitride material (h-BN). From the 

anchoring energy calculations and the AIMD simulations, we found that the SAC Au is 

not stable on the defect sites of h-BN. From the energy calculations of propane 

dehydrogenation reaction, we concluded that the Single-Atom Pt at B vacancy in h-BN 

and Single-Atom Ru at N vacancy in h-BN are promising catalysts.  

In chapter 4, we mainly focused on the defect site of the 2-dimensional h-BN, 

we screened a set of defects sites with different sizes. We found that the normalized 

formation energy of the defect site decreases with the increase of the defect size. In 
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terms of the catalytic activity, the BN2 vacancy, BN3 vacancy, and the N vacancy possess 

reasonable CH4 activation reaction energy. The BN2 vacancy could activate the CH4 

with unsaturated B-N pair while the N and BN3 vacancies could activate the CH4 with 

unsaturated B-B pair. Upon COHP analysis, we found that the interaction between the 

B-B pair in the N vacancy is weak, which makes it easier for CH4 to insert. 

In chapter 5, we leveraged the Gaussian calculations to investigate the 

methane selective oxidation over Single-Atom Rh on porphyrin-bases MOF (pMOF) 

catalyst. Experimentally, our collaborators found that light is the pivot factor for the 

selectivity switch phenomenon. In light conditions, the Single-Atom Rh pMOF catalyst 

favors the formation of CH3COOH while in dark conditions, the catalyst favors the 

formation of CH3OH. By using the DFT calculations, we examined two models with 

different Rh coordinates (i.e., Rh in-plane model and Rh out-of-plane model), We 

found that the Rh in-plane model favors the formation of CH3OH while the Rh out-

plane model favors the formation of CH3COOH owing to the lower activation barrier. 

6.2 Future Outlook 

The trend of the computational catalysis should follow the direction of 

modeling larger catalytic system. At current stage, the DFT calculations with GGA 

method can barely handle the system with more than 500 atoms. Which limits the 

computational model to simulate large and complex catalysts surfaces and clusters. 

Also, the AIMD method is inefficient compared to the classical molecular dynamic’s 
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methods. In the future, the machine learning techniques would assist the DFT and 

AIMD calculations by boosting the calculations speed by using machine learning 

predictions value rather than the first principle calculated values. However, when 

utilizing the machine learning models to predict the behaviors of chemical reactions 

or intrinsic properties of the catalyst materials, some researcher simply leveraged the 

fine-tuned models to do the predictions without understanding the physical meanings 

of these models. Such as the physical meanings of the weight parameters in the deep 

neural network (DNN). To unveil the ‘black box’ effect of the machine learning models, 

chemist and machine learning researchers are supposed to collaborated with each 

other to understand the physical meanings behind the parameters.  
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