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This thesis demonstrates the critical role of atomistic modeling in accessing 

catalytic length and timescales that are challenging to probe experimentally, and 

bridging the gap between experimental observations and fundamental mechanistic 

understanding.  

Light olefins such as ethylene and propylene are essential building blocks in 

the chemical industry and are traditionally produced through energy-intensive 

processes like steam and fluid catalytic cracking of petroleum-based feedstocks. The 

emergence of shale gas extraction offers a lower-cost, alternative feedstock rich in 

ethane and methane. Ethane can be upgraded to ethylene via catalytic ethane 

dehydrogenation (EDH), while methane, which accounts for roughly 25% of global 

warming, poses an environmental challenge. Its effective utilization is critical to 

realizing the full potential of shale gas. Dry reforming of methane (DRM) offers a 

pathway to convert both CH4 and CO2 into syngas. While EDH and DRM present 

economically and environmentally attractive reactions, they are challenged by high 

operating temperatures, undesirable side reactions, catalyst deactivation, and in some 

cases, the use of toxic materials like Cr-based catalysts. Thus, there is a growing 

interest in developing selective, non-toxic, and stable catalysts for these reactions. 

Supported single-atom catalysts (SACs) and subnanometer metal clusters offer 

a promising solution by combining the high selectivity of homogeneous catalysts with 

the thermal stability of heterogeneous systems. These atomically dispersed catalysts 

exhibit unique electronic properties due to strong metal-support interactions, which 
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can be fine-tuned via support composition or defects. However, their structural 

heterogeneity and dynamic behavior under reaction conditions make experimental 

characterization difficult. This thesis addresses these challenges by developing 

multiscale computational frameworks that systematically explore the active site 

landscape and link atomic-scale structure to experimental catalytic performance.  

In Chapter 2, we investigate the EDH mechanism on Co/SiO2 catalysts using 

electronic structure calculations and microkinetic modeling. The catalyst comprises 

paramagnetic Co2+ sites anchored on an amorphous silica support. Both monomeric 

(Co2+) and dimeric (-Co2+-O-Co2+-) sites are considered to assess the influence of site 

nuclearity on catalytic activity. The dominant reaction mechanism is shown to involve 

spin-crossing, and a methodology is developed to incorporate the probability of spin-

crossing events into the microkinetic model. 

Chapters 3 and 4 expand this framework to examine how cobaltôs coordination 

environment and  

crystallinity of the support influence reactivity. In Chapter 3, an ensemble of 

Co2+ sites is generated from an amorphous SiO2 surface, and a workflow is developed 

to compute site-averaged apparent activation energies for comparison with 

experimental kinetics. This analysis also reveals key geometric descriptors of the 

catalytic sites that govern activity. Chapter 4 extends the mechanistic study to Co/BEA 

catalysts, in collaboration with experimentalists, to explore the role of support defects 

and crystallinity in modulating EDH activity. 

Chapter 5 focuses on active site heterogeneity in Pt-CHA catalysts for EDH. 

Ab initio molecular dynamics simulations are employed to identify stable monomeric 

and dimeric Pt motifs associated with framework Sn4+ and silanol defects. The 
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coordination environments that disperse Pt atoms are identified, and the interaction of 

Pt with the zeolite framework is analyzed using electronic structure calculations. A 

kinetic ranking of the active sites is constructed to assess their relative catalytic 

relevance. 

Chapter 6 investigates metal-support interactions in atomically dispersed Ni on 

ceriaïzirconia mixed oxides (CZO), a catalyst known for high activity and coke 

resistance in the DRM reaction. Using electronic structure methods and statistical 

thermodynamics, the influence of reaction conditions on support reducibility and Ni 

stability is elucidated.  
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INTRODUCTION  

1.1 Background ï Catalysts for the shale gas boom 

Light olefins such as ethylene and propylene are among the most important 

compounds in the chemical industry, due to their extensive use as building blocks for 

other commodity chemicals, such as polyethylene, polyvinyl chloride, and ethylene 

glycol, to name a few1. For the better part of the last century, energy-intensive and 

unselective processes like steam cracking and fluid catalytic cracking of petroleum-

based feedstock, such as naphtha, have dominated the industrial production of olefins1, 

2. However, the cost-effective extraction of shale gas ï made possible by recent 

advancements in hydraulic fracturing technologies, coupled with the US energy 

independence policy make light-olefin production from shale gas an important route3, 

4.  

Shale gas consists primarily of methane and ethane. Ethylene can be produced 

via catalytic ethane dehydrogenation (EDH), a strongly endothermic reaction. 

 ὅὌ ᴾὅὌ Ὄ  (1.1) 

Typical catalysts used in industry are Pt supported on alumina or chromia-alumina 

based5, 6. The major challenges are their inability to suppress side reactions6, and 

chromia-alumina in particular, can release the toxic Cr6+ species into the 

environment2. The development of new selective and non-toxic catalysts and 
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processes for ethane dehydrogenation to ethylene is a burgeoning area of study, 

propelled by a combination of experiment and simulations. 

Methane, the primary component of the extracted shale gas, has a global 

warming potential much greater than CO2, and accounts for 25% of the worldôs global 

warming (12, 16-18). Therefore, CH4 must be effectively utilized along with ethane 

from shale gas. The dry reforming of methane (DRM) is a promising route that 

converts two greenhouse gases, CH4 and CO2, to syngas. 

 ὅὌ ὅὕᴾςὌ ςὅὕ (1.2) 

The low H2/CO ratio (1:1) syngas produced can be enriched to a 2:1 ratio for the 

Fischer-Tropsch synthesis of long-chain hydrocarbons and production of other 

oxygenates like methanol7. Additionally, producing hydrogen sustainably is essential 

in the transition to a renewable energy economy. Despite having several 

environmental benefits and inexpensive feedstock, DRM is not yet an industrially 

viable process due to its high endothermicity coupled with rapid carbon formation and 

catalyst deactivation8. Therefore, active and stable catalysts, resistant to sintering and 

coking, along with reactor and process design, must be developed for this reaction. 

Common catalysts for this reaction are Ni supported on different oxides9, 10. 

Promising catalysts should exhibit high activity, selectivity, and stability while 

remaining non-toxic and sustainable. In the following section, we introduce an 

emerging class of highly selective catalysts: oxide-supported single-atom catalysts. 

These catalysts hold significant potential for EDH and DRM chemistries. 

1.2 Supported single-site catalysts and subnanometer clusters 

Broadly speaking, catalysts are classified into homogeneous and 

heterogeneous. Homogeneous catalysts are typically organometallic complexes with 
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transition metal centers and exist in the same phase as the reactants, usually in 

solution. These catalysts can be highly selective toward desired products and possess 

well-defined molecular structures. Their properties can also be easily tuned through 

ligand exchange. However, homogeneous catalysts are often limited to low-

temperature operation and pose challenges in product separation and catalyst 

recovery11. Conversely, heterogeneous catalysts consist of metal surfaces, metal oxide 

surfaces, or nanoparticles of metal or metal oxides anchored on large surface area 

supports like silica, alumina, and zeolites. They exist in a different phase from the 

reactants and products, typically in the gas or liquid phase. They can be stable even at 

high temperatures and facilitate easier product separation. However, they often exhibit 

lower selectivity than homogeneous catalysts and lack tunability offered by ligand 

modifications in homogeneous catalysts12, 13. 

Supported single-site catalysts and subnanometer metal clusters bridge the gap 

between homogeneous and heterogeneous catalysis. These catalysts combine the high 

selectivity of homogeneous catalysts with the thermal stability and easy product 

separation of heterogeneous catalysts. Notably, supported single-atom catalysts 

(SACs) and subnanometer clustersðwhere late transition metals are dispersed on a 

supportðhave demonstrated remarkably high catalytic activity and selectivity in a 

variety of reactions, including hydrogenation and hydroformylation14-16. Their superior 

performance is attributed to the electronic properties of the typically cationic metal 

centers, arising from strong metal-support interactions17. In these systems, the support 

functions as a ligand, but unlike molecular ligands in homogeneous catalysis, it offers 

a quasi-continuous spectrum of electronic states that influence the catalytic metal sites. 

At an electronic level, the band structure of atomically dispersed catalysts effectively 
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reduces to the molecular orbitals of a single metal atom interacting with the quasi-

continuous electronic states of the support18 (Figure 1.1). By modifying the local 

environment of the dispersed atoms (e.g., through support composition or defect 

engineering), the electronic structure and reactivity can be fine-tuned. Recent 

advancements in synthesis methods have enabled the fabrication of these highly 

dispersed single-atom motifs, while characterization tools like high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) have allowed 

for direct imaging of active sites19, 20.  

To design efficient single-site and subnanometer cluster catalysts, it is crucial 

to understand how structure influences catalytic activity and stability. However, 

obtaining this information experimentally presents several challenges. First, there 

exists a distribution of possible active site geometries with varying coordination 

environments, which is almost impossible to control experimentally. This is invariably 

due to the heterogeneity in anchoring sites where the metal grafts onto during 

synthesis and pretreatment of the catalyst post-synthesis21. Experimental 

characterization methods typically identify only the dominant active site 

configurations, but it has been seen in several cases that a small fraction of active sites 

is responsible for much of the catalytic activity22, 23. Therefore, it is necessary to 

systematically identify all possible active site structures and assess their relative 

contributions to catalytic performance. State-of-the-art experimental characterization 

techniques cannot easily access information at these length and time scales, presenting 

the need for computational methods. Second, unlike bulk heterogeneous catalysts, 

subnanometer metal clusters exhibit disorder due to their small size and high surface 

energy. These clusters can change nuclearity ( number of metal atoms in a cluster), 
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shape, and restructure under reaction conditions24. While SACs generally have 

stronger metal-support interactions than subnanometer clusters, they are still prone to 

nucleation under reducing conditions, such as those found in EDH and DRM25. 

This variability in nuclearity and structure makes it difficult to map the 

relationship between cluster size and catalytic activity using purely experimental 

techniques. This thesis develops computational methodologies that can propagate 

atomic-scale information about catalyst structure to lab-scale catalyst activity 

predictions, thus complementing experimental investigations. The methodologies are 

validated by comparing model predicted activation energies and reaction orders 

against experimental kinetic observables for EDH and DRM chemistries. The next 

section delves into the computational methods used in this thesis, and some caveats to 

bear in mind. 
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Figure 1.1: Changes in band structure across supported metal clusters of varying 

nuclearity18 

1.3 Catalyst structure-property relationships through computational lens 

Density Functional Theory (DFT) has become the workhorse for electronic 

structure calculations in catalysis research, mainly due to the rapid advancement of 

computational power. DFT is used to approximately solve the time-independent 

Schrödinger equation, to describe the distribution of electrons in atoms and molecules. 

It is based on the pioneering ideas of P. Hohenberg, W. Kohn, and L.J. Sham, who 

demonstrated that the electron density uniquely determines all ground-state properties 

of a system, thereby reducing the complexity of describing an N-electron system from 

3N spatial coordinates to just 3 spatial coordinates26, 27. DFT balances accuracy and 

computational cost, making it indispensable for studying electronic properties and 

energetics of catalytic systems across a broad range of reactions. The primary source 
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of error in DFT calculations comes from the choice of exchange-correlation 

functional. Numerous functionals have been developed and are categorized within a 

hierarchical framework known as Jacobôs Ladder, which organizes them in increasing 

complexity, moving from local to non-local descriptions of exchange and correlation 

effects28. For atomically dispersed open-shell transition metal catalysts, which bear 

resemblance to organometallic complexes, it is not universally known whether 

increasing complexity increases accuracy29, 30.  Therefore, validating the ground spin-

state using multiple functionals is essential31. 

In this thesis, finite cluster models of active site geometries are carved out 

from periodic slabs to systematically validate SAC energetics and electronic properties 

across exchange-correlation functionals. These models are constructed based on 

insights from experimental characterization techniques, such as high-angle annular 

dark-field scanning transmission electron microscopy (HAADF - STEM), X-ray 

absorption spectroscopy (XAS), and infrared (IR) spectroscopy, which provide 

information about the dominant active site structures. Reaction mechanisms are 

hypothesized using chemical intuition and literature precedents, and DFT is used to 

compute the energies of intermediates for each elementary step along the proposed 

reaction pathways. To determine activation barriers, transition statesðfirst-order 

saddle points on the potential energy surface connecting reactants and productsðare 

identified using the Nudged Elastic Band (NEB)32 or Dimer Method33. The most 

favorable reaction mechanism is identified as the pathway with the lowest energy 

barriers. 

DFT calculations are typically performed at 0 K and under ultra-high vacuum 

(UHV) conditions, which do not accurately reflect realistic experimental 
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environments. To bridge this temperature-gap, harmonic vibrational frequencies are 

calculated to estimate the Zero-Point Energy (ZPE) and vibrational contributions to 

finite temperature corrections34. These corrections are then used to compute Gibbs free 

energies for intermediates and transition states, and subsequently, equilibrium and rate 

constants35.  

Taking advantage of the very large number of catalytic sites in a reactor, we 

can model their collective behavior with continuous differential equations, using the 

proposed reaction network and computed rate constants. This continuum 

approximation allows us to solve the differential equations describing the reaction 

mechanism at experimentally relevant timescales. Reactor model parameters, 

including type, volume, flow rates, and initial conditions, are sourced from 

experimental data. The model predicts experimentally measurable observables such as 

turnover frequencies (TOFs), reaction orders, and apparent activation energies, which 

can be validated against experimental data to evaluate the feasibility of the proposed 

reaction mechanism36, 37. An iterative refinement process is followed until the 

simulated kinetics and experimental data agree. This approach represents a multiscale 

modeling framework that integrates methods across different time and length scales, 

enabling the connection of molecular-level events to macroscopic phenomena38. 

Figure 1.2 illustrates the multiscale modeling workflow employed in this thesis to 

elucidate the relationship between catalyst structure and activity. 

Once an experimentally validated microkinetic model is established, several 

key insights can be obtained. Sensitivity analysis of the elementary steps in the 

reaction mechanism quantifies the influence of individual rate constants on overall 

reaction rates, allowing for the identification of rate-limiting steps. Analysis of surface 
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coverages under experimentally relevant partial pressures provides detailed 

information on the surface population of reactive intermediates, revealing potential 

catalyst poisons that inhibit active sites or alter reaction pathways. These insights can 

inform strategies for performance enhancement, such as doping or alloying to fine-

tune binding energies. Electronic analysis of transition states and intermediates of the 

rate-limiting steps can reveal important information about which material property 

drives the reaction and provide descriptors, which can facilitate high-throughput 

screening of catalysts. Model reduction using machine learning techniques can 

produce analytical rate expressions that depend on a select set of key intermediates 

and transition state energies. This approach enables rapid screening of catalytic 

performance across an ensemble of active site structures and facilitates the calculation 

of site-averaged rates and apparent activation energies. 

While this workflow effectively connects catalyst structure with catalytic 

activity, ensuring the stability of SACs under reaction conditions remains challenging. 

The timescales of atom migration and sintering are largely unknown, and it is 

important to understand these dynamics and compare their timescales against reaction 

timescales. Ab initio molecular dynamics free energy simulation methods such as 

Thermodynamic Integration and Metadynamics have been employed to investigate the 

timescales and dynamics of the formation of dimers from isolated atoms39. However, 

ab initio methods are prohibitively expensive to adequately sample and simulate the 

timescales of nucleation for larger clusters. Machine-learned interatomic potentials 

(MLIP) have been garnering attention for these problems as they allow us to simulate 

much longer timescales at tractable computational costs (precision), while maintaining 

DFT-level accuracy in the energies and forces. However, these MLIPs are often not 
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transferable even across different metal cluster sizes. Consequently, exploring the 

dynamics and stability of SACs remains an active area of ongoing research. 

 

Figure 1.2: Workflow of the DFT-parametrized microkinetic modeling framework 

used in this thesis. 

This thesis employs a comprehensive multiscale modeling framework to 

investigate the electronic structure, catalytic mechanisms, and stability of SACs, 

providing fundamental insights into structure-activity-stability relationships. By 

integrating first-principles DFT calculations, microkinetic modeling, and free energy 

simulations, this work seeks to bridge the gap between atomic-scale properties and 

macroscopic catalytic performance, ultimately guiding the rational design of more 

active and stable single-atom catalysts. The next section discusses the scope of this 

thesis in detail. 
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1.4 Thesis organization and overview 

The overarching goal of this thesis is to develop structure-activity relationships 

using multiscale modeling for supported atomically dispersed transition metal 

catalysts. Stable active sites are identified using a combination of theory, simulation, 

and experiment. Across the catalysts investigated, the common themes explored are 

the effect of the metalôs coordination environment on activity and electronic 

interactions between the metal and support.  

Chapter 2 begins the investigation of the ethane dehydrogenation mechanism 

on paramagnetic Co2+, anchored on the amorphous SiO2 support. Monomeric (-Co2+-) 

and dimeric (-Co2+-O-Co2+-) sites are considered, to explore the effect of nuclearity on 

activity. The electronic gains due to spin-crossing in the dominant reaction mechanism 

on both sites is discussed and a framework to include this phenomenon into the 

microkinetic model is developed.  

Chapters 3 and 4 build on the multiscale modeling framework established in 

Chapter 2. In Chapter 3, the effect of cobaltôs coordination environment on activity in 

the Co/SiO2 catalyst is explored. To validate the multiscale model with experiment, a 

framework to compute the site-averaged apparent activation energy on the ensemble 

of sites generated from a representative am-SiO2 slab model is presented. In Chapter 4, 

the mechanistic investigation is extended to the Co2+/BEA catalyst, both on 

monomeric and dimeric sites to understand the effect of the crystallinity of the support 

on activity. The model is validated with experimental apparent activation energies and 

comparisons to am-SiO2 are made throughout the discussion. 

Chapter 5 explores the idea of active site heterogeneity for the chabazite 

(CHA) encapsulated Pt catalyst, with framework Sn4+ and silanol defects, for ethane 

dehydrogenation. A novel workflow employing ab-initio molecular dynamics is 
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introduced to identify stable monomeric and dimer Pt sites. The electronic interactions 

of Pt with the support atoms are investigated and the stable Pt sites are ranked in 

kinetic importance using microkinetic models. 

Chapter 6 begins investigation of metal-support interactions on the atomically 

dispersed Ni on Ceria-Zirconia mixed oxide support catalyst, known for its high 

activity and coking resistance in the methane dry reforming reaction. The effect of the 

reaction environment on support oxygen vacancy stability is explored, and 

implications for nickel stability and catalysis are discussed.  

Chapter 7 concludes the work and recommends future work.  
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SPIN CROSSING IN HETEROGENEOUS ETHANE DEHYDROGENATION 

BY ATOMICALLY DISPERSED Co/SiO 2 

2.1 Abstract 

Isolated, high-spin tetrahedral Co(II) atoms in the weak-field of amorphous 

SiO2 are active and selective for light alkane dehydrogenation. To improve metal 

utilization and exploit the theoretical efficiencies of paramagnetic metal centers, it is 

critical to acquire molecular level understanding of the structures and mechanisms at 

the surface of the support. We employ electronic structure calculations and 

microkinetic simulations. We find that the C-H activation is protolytic but not rate-

controlling. The ɓ-H elimination involves two spin-crossing events, one preceding the 

elimination over a low-spin planar transition state and another following it. By 

calculating the spin-orbit coupling elements, we estimate crossing coefficients close to 

unity and infer that the ɓ-H elimination proceeds adiabatically and is rate-limiting. We 

further show that these findings extend to dimeric Co(II) sites and that, remarkably, 

the spin-crossing mechanism is energetically more efficient than a cooperative 

mechanism involving the two neighboring Co sites even at high temperatures.  

2.2 Contributions 

This chapter includes previously published work40 contributing to the overall 

completion of this thesis. Sanjana Srinivas performed all the electronic structure 

calculations, microkinetic simulations and analysis. Stavros Caratzoulas oversaw 

Chapter 2 
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theoretical calculations and analysis. Dionisios G. Vlachos conceived and directed the 

project.  

2.3 Introduction  

Supported individual metal sites and sub-nanometer metallic clusters afford 

efficient metal utilization while being highly active and selective for several 

reactions,18, 41-47 including the selective, non-oxidative dehydrogenation of small 

alkanes to alkenes,48 which is receiving renewed attention owing to the shale gas 

boom.49 In parallel, there has been burgeoning interest in replacing supported Pt group 

(PGM) catalysts with earth abundant metals as they are less toxic and inexpensive.50 

Advancements in experimental methods have enabled the  synthesis of highly 

dispersed, supported metal catalysts with controlled and precise coordination 

environments.15, 51, 52 Supported Co catalysts, in particular, have demonstrated high 

activity and selectivity for small alkane dehydrogenation.53, 54 Zhang et al.55 showed 

that reducing the Co loading on BaCO3 support greatly enhances the selectivity of the 

catalyst, hypothesizing that the single-site heterogeneous catalyst limit could be 

optimal. Koirala et al.56 concluded that the SiO2 support exhibited higher selectivity 

than TiO2, Al2O3, ZrO2, TiO2-ZrO2, SiO2-TiO2, SiO2-ZrO2 and SiO2-Al 2O3 for ethane 

oxidative dehydrogenation at similar conversion levels. They attributed the superior 

performance to the low density of acid sites on SiO2 and the absence of CoOx surface 

species, indicating that cobalt silicate is the active species. Hu et al.57 and Estes et al.53 

have extensively studied low-loading Co/SiO2, under different synthesis conditions 

and in the presence of dopants, and shown that the Co/SiO2 selectivity for ethane and 

propane dehydrogenation is greater than 95%. 
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Bellows et al.58 have provided insights into the role of Co and related 3d 

organo-metallics (Fe, Ni) in homogeneous small alkane dehydrogenation and shown 

that the ɓ-hydride elimination in high-spin Fe(II) alkyl and Co(II) alkyl complexes 

requires crossing to a lower spin state with an empty d-orbital. However, there is 

limited understanding of single-site heterogeneous catalysts, with numerous 

mechanistic uncertainties regarding the actual reaction pathways and how they might 

be optimized. Cluster model calculations of the Co/SiO2 active site by Hu et al.57 

elucidated the heterolytic character of the C-H activation transition state in propane 

over a Co-O pair; it was also speculated that the ensuing ɓ-elimination might involve 

spin-crossover (SCO). It has been hypothesised that the first C-H activation on the 

single-site Co(II)/SiO2 catalyst is rate limiting because the ɓ-elimination should be 

facilitated by the partially filled d7, in contrast with Zn or Ga on a SiO2 support. 53, 59  

In this paper, we present a comprehensive investigation of the mechanism and 

kinetics of ethane dehydrogenation on Co(II)/SiO2 using electronic structure 

calculations and microkinetic simulations. We confirm that the C-H activation 

proceeds protolytically at a Co-O pair and that, in an interesting departure from the 

homogeneous reaction, the ɓ-elimination involves two spin-crossing events. We show 

that, owing to strong spin-orbit coupling, the ɓ-elimination takes place adiabatically60-

62 and that it rather than the C-H activation is rate limiting. Finally, we explore the 

effect of a neighboring Co(II) atom, namely ethane dehydrogenation on the dinuclear 

[ïO-Co-O-Co-Oï] active site, and show that spin-crossing ɓ-elimination is not only 

operative but also kinetically dominant over a competing pathway that cooperatively 

engages both of the neighboring Co sites.  
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2.4 Methods 

2.4.1 Density Functional Theory (DFT) calculations 

The mononuclear Co/SiO2 catalyst model was constructed by deprotonating a 

SiO2 cluster model63 to create a tetrahedrally coordinated Co(II) species, and the di-

nuclear model was constructed by extending the SiO2 cluster to create 2 tetrahedrally 

coordinated Co(II) species with a bridging O atom (Ob). Dangling bonds were capped 

with H atoms which were fixed during all calculations. All electronic structure 

calculations were performed in Gaussian 09, version d0164 and GAMESS 2020 R265. 

The Si, O, H atoms were modelled at the B3LYP66, 67/def2SVP theory level and the Co 

atom was modelled at the B3LYP/def2TZVP theory level. An empirical dispersion 

correction by Grimme68 was added to the DFT energies. The chosen theory level has 

been benchmarked against experimental ɓ-hydride elimination transition state energies 

for alkyl complexes of Fe(II) species supported by ɓ-diketiminate ligands.58  

Transition states were confirmed by vibrational frequency analysis (single imaginary 

frequency) and by intrinsic reaction coordinate (IRC) calculations. Software default 

convergence criteria were used unless stated otherwise. Due to the sensitivity of spin 

state ordering to the percentage of Hartree Fock (HF) exchange in the exchange-

correlation functional,69, 70 intermediates and transitions states were optimized with 

different DFT functionals to confirm the spin of the ground state (Table A.1). Thermal 

corrections to the electronic energies were obtained within the harmonic oscillator 

approximation at 900 K using the PMuTT71 utility(version 1.2.12); frequencies below 

100 cm-1 were set to 100 cm-1 for all intermediates72. For elementary steps involving 

spin crossover, the Minimum Energy Crossing Points (MECP) were computed using 

the algorithm of Harvey et al.73 The convergence criteria for the forces and 
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displacement at the MECP are: maximum Force, 0.001 Ha/bohr; RMS Force, 0.001 

Ha/bohr; maximum displacement, 0.008 bohr; RMS displacement, 0.005 bohr; and 

energy difference between the 2 MECPs at different spin states, 0.0001Ha. Gradients 

at the MECP, the reduced mass at the MECP along the crossing seam and the 

frequencies of the modes at the crossing seam were computed in GLOWfreqs.74  Spin-

orbit coupling (SOC) matrix elements were estimated using the formalism of Bellows 

et al.,58 whereby the difference between self-consistent field (SCF) energies at the 

MECP geometry from two relativistic methods, Douglas-Kroll (third order) and 

infinite order two-component (IOTC), was taken. The energies were computed at the 

ROHF/CCT-DK theory level for high-spin state geometries (ROHF: Restricted Open-

Shell Hartree Fock, CCT-DK: Dunning-type correlation consistent basis sets (cc-

pVTZ), optimized for Douglas-Kroll relativistic transformations to account for scalar 

relativistic effects). The Bellows et al.58 methodology is fully implemented in 

GAMESS65, which was used for all SOC calculations. Fukui indices were computed in 

ADF 2019.75, 76 

Spin-polarized periodic DFT calculations were performed using the Atomic 

Simulation Environment (ASE)77 with the Vienna Ab initio Simulation Package 

(VASP). The energies of the 2nd C-H activation step intermediates and transition state 

with different spin multiplicities were computed on an am-SiO2 periodic model to 

eliminate the possibility of spin-crossing being a finite cluster size effect. The core 

region of each atom was represented by the Projector-Augmented Wave function 

(PAW)78, 79 method, while the valence region was represented by the Perdew-Burke-

Ernzerhof (PBE)80 exchange-correlation functional. The Brillouin zone was sampled 

on a (3 x 3 x 1) k-point grid using the Monkhorst-Pack scheme. A plane-wave basis 
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set with an energy cut-off of 400 eV was used. A maximum force convergence 

criterion of 0.05 eV/Å was used, and each self-consistency loop was iterated over until 

a convergence level of 10-6 eV was achieved.  Transition State (TS) search was 

performed using nudged elastic band32 (NEB) and DIMER33 calculations. The NEB 

method was used to find an initial guess for the minimal energy path, which was then 

used as a starting point for the dimer calculations. Normal mode analysis was 

performed using a partial Hessian vibrational analysis,81 considering the adsorbate 

species, surface Co and its four neighbouring O atoms (labelled O1, O2, O3 and O4 in 

Figure A.10) to be free for the numerical Hessian calculation. All transition states had 

only one imaginary frequency, describing the corresponding TS mode. The isolated 

Co atom was anchored on a representative and computationally efficient amorphous 

silica model, which was constructed based on the protocol by Sanduputla et al.82 

2.4.2 Microkinetic simulations 

Microkinetic analysis for a plug flow reactor was performed in CHEMKIN83. 

Reaction conditions chosen for the model are summarized in Table 2.1. CHEMKIN 

uses the DASPK solver; the absolute and relative tolerance were set to ρπ  άέὰȾίὩὧ 

for the species production rates. The simulation time was set to 1000 seconds. The 

experimental conditions for which MKM was performed are listed in Table 2.1. 

The microkinetic simulations considered the reaction pathway  

 Ὑ ᴼὓὉὅὖᴼὙ ᴼὝὛᴼὖ ᴼὓὉὅὖᴼὖ (2.1) 

which is shorthand for a sequence of elementary steps consisting of: (i) Ὑ ᴼ

ὓὉὅὖᴼὙ , double-passage crossing at the first MECP, which, in the diabatic 

representation, takes the system from the quartet to the doublet PES and whose rate is 

computed using Eq. 2.2 below; (ii) Ὑ ᴼὝὛᴼὖ, passage over the doublet 
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transition computed using standard transition state theory on the doublet PES; and (iii) 

ὖ ᴼὓὉὅὖᴼὖ, double-passage crossing at the second MECP which, in the 

diabatic representation, takes the system from the doublet PES to the quartet one.  

The spin-crossing rate was computed by Eq. 2.2 

 Ὧ  ːὝ   Ὡ   

 where,  

 ῲὝ ρ ρȢυЍὑÅØÐςὑ  and ὑ  
  Ў Ⱦ

  (2.2) 

In the above expressions, H12 is the spin-orbit coupling matrix element, µ is the 

reduced mass at the crossing seam, and æF is the norm of the gradient difference at the 

MECP. The prefactor ῲὝ is the crossing coefficient and was derived using the 

Landau-Zener model for non-adiabatic transitions (see Section A.2 for details).84-86 

Microkinetic simulations were run at 900 K under C2H6 partial pressure of 0.04 atm 

and He partial pressure of 0.96 atm, in line with experimental conditions (Table 2.1). 

All reported kinetic analyses were done at conversions ρπϷ; all thermodynamic 

and kinetic parameters are summarised in Tables A.6 and A.7. 

Table 2.1: Microkinetic model parameters. The parameters were chosen to 

simulate conversion of less than 10%. 

Active site Parameter Units Values 

Mononuclear Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Feed flow rate cm3/s 100 

Reactor volume cm3 0.58 

Catalyst area/volume cm-1 6E+06 

Catalyst site density mol.cm-2 1.36E-10 
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Dinuclear Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Feed flow rate cm3/s 90 

Reactor volume cm3 0.58 

Catalyst area/volume cm-1 6E+04 

Catalyst site density mol.cm-2 1.36E-10 

 

2.5 Results and Discussion 

2.5.1 Dehydrogenation on mononuclear Co(II)/SiO2 sites 

Following Delley et al.,63 we use a siloxane cluster model to represent the 

mononuclear Co(II)/SiO2 site (Figure 2.1a). (We do not consider Brønsted acid 

catalysis as it has been precluded by Estes et al. 53 and Estes et al.87) The ground 

electronic state is the d7 high-spin quartet, consistent with experimental observations;53 

the d7 low-spin doublet state is higher in energy by υσȢψ kJ/mol. The relative stability 

of the two spin states was confirmed by different functionals (see Table A.1). In the 

ground electronic state, the Co(II) atom is coordinated to two SiOï groups and two Si-

O-Si bridging O atoms of the support in a slightly distorted tetrahedral geometry (see 

Table A.2 and A.3 for bond lengths and angles).  
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Figure 2.1: Mononuclear (a) and dinuclear (b) active site models. (H, white; O, red; 

Si, gray; Co, blue.) 

Formally, ethane dehydrogenation entails two consecutive H deletions and H2 

recombination. The homolytic dissociation mechanism, whereby the reaction proceeds 

via a metal-ethyl radical complex and Co(II) is reduced to Co(I), has been rejected by 

Hu et al.57, who have shown that in the case of propane, the homolytic dissociation 

faces the same unfavorable barrier (ῳὉɗ τρψȢτ Ë*ȾÍÏÌ ) as in the gas phase. An 

alternative mechanism would proceed via an alkyl-metal hydride (M-H) intermediate 

and H2 recombination via direct ɓ-proton elimination by the hydride. Our own 

calculations show that it is an unlikely mechanism as the first C-H activation requires 

ῳὉɗ   ςωυȢσχ Ë*ȾÍÏÌ.  

The dominant mechanism is heterolytic and engages the ïCo(II)ᴺɀOï Lewis 

acid-base pair of the mononuclear active site (1, Figure 2.2). The first C-H scission 

proceeds protolytically whereby the carbanion supplants an -SiOï ligand and 

coordinates to the Co atom while the H+ is being abstracted by the basic O atom, 

resulting in a metal-ethyl intermediate (2, Figure 2.2). The system remains in the 

quartet state during this transformation, overcoming a potential energy barrier of 
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ῳὉɗ   ρτπȢφ Ë*ȾÍÏÌ (ῳὋɗ    ρτχȢχ Ë*ȾÍÏÌ); the quartet state of the resulting 

intermediate 2 is συȢω Ë*ȾÍÏÌ more stable than the doublet.  

 

Figure 2.2: Ethane dehydrogenation with protolytic first C-H activation on 

mononuclear Co/SiO2. 

The 2nd C-H activation step proceeds via a ɓ-H elimination, wherein the ɓ H- 

of the intermediate 2 is abstracted by Co(II), resulting in a metal-hydride intermediate 

and adsorbed C2H4. (3, Figure 2.2) The ensuing ɓ-H elimination in the quartet spin 

state faces an intrinsic barrier of ῳὉ
ɗ
ρττȢς Ë*ȾÍÏÌ (ῳὋ

ɗ
ρςωȢψ Ë*ȾÍÏÌ) 

with respect to quartet intermediate 2 (Figure 2.2)  and involves a destabilizing three-

electron-two-orbital interaction. This interaction can be relieved into an attractive two-
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electron-two-orbital one if the system undergoes spin crossing to the doublet (Figure 

2.3). This has been demonstrated for ɓ-H elimination in homogeneous tetra-coordinate 

d7 metal-alkyl complexes in weak-ligand field environments where spin-crossing due 

to spin-orbit coupling transforms the high-spin (pseudo-)tetrahedral complex to a low-

spin (pseudo-)planar metal-hydride complex.58 However, it has not been investigated 

for heterogeneous systems.  

 

Figure 2.3: Molecular orbital diagrams for high- and low-spin ɓ-H elimination. 

Adapted from Bellows et al. 58 (SCO: spin-crossover.) 

Indeed, we have found a doublet transition state for the ɓ-H elimination on 

Co(II)/SiO2 which is electronically ςψȢφ Ë*ȾÍÏÌ more stable than the quartet transition 

state when measured with respect to the most stable preceding intermediate 2 (Figure 

2.2) (namely, in the quartet state; cf. Figure 2.4). Thus, the potential energy barrier for 

ɓ-H elimination drops to ῳὉ
ɗ
ρρυȢφ Ë*ȾÍÏÌ (ῳὋ

ɗ
 ρςωȢψ Ë*ȾÍÏÌ). The 

spin-crossing ɓ-H elimination was also confirmed by periodic-DFT calculations of 
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single-site Co(II) on a periodic slab model of amorphous SiO2 (see section A.3 for 

details). 

 

Figure 2.4: Energies and geometries of the ɓ-elimination step in mononuclear 

Co/SiO2. Left. Geometries of intermediates and transition states for ɓ-H elimination in 

the quartet (marked ñaò) and doublet (marked ñbò) spin states. MECP geometries 

before and after the ɓ-H elimination also shown. Right. Energy profiles depicting the 

spin-crossing; for ready comparison, energies are referenced to the quartet 

intermediate preceding the ɓ-elimination. The superscripts in the names of the 

intermediates indicate the spin multiplicity. (H, white; O, red; Co, blue; C, black.) 

There are significant geometric differences between the quartet and doublet 

transition states (Figure 2.5). Owing to the stabilizing two-electron-two-orbital 

interaction, the doublet TS has shorter Co-C and Co-H bonds, ςȢπψ B and ρȢτω B, 

respectively, versus ςȢςτ B and ρȢφψ B in the quartet. The geometry index †,88 which 

is a descriptor of the ligand field geometry, takes values of πȢς and πȢυ in the doublet 

and quartet transition states, respectively, indicating that the former is pseudo planar 
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while the latter has more of a tetrahedral character, both typical of low-spin and high-

spin d7 geometries in organometallics.  

 

Figure 2.5: Detail of (a) quartet and (b) doublet transition state. (H, white; O, red; 

Si, green; Co, blue; C, black.) 

Interestingly, unlike the homogeneous reaction, the metal-hydride complex, 

intermediate 4 (Figure 2.2) resulting from the ɓ-elimination on the silica support is 

more stable in the quartet rather than the doublet spin state, by τȢς Ë*ȾÍÏÌ (see Table 

A.4 for comparison of the relative stability of the two spin states at different theory 

levels). This means that in the heterogeneous system, the ɓ-H elimination entails two 

spin-crossing events, one preceding the ɓ-elimination transition state in the doublet 

spin state and one following it (Figure 2.4); MECP geometries are depicted in Figure 

A.2. 
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Following the same procedure as in Bellows et al.,58 we have obtained the 

geometries at the two minimum energy crossing points (MECP) and the values of 

τυσ ÃÍ
-ρ
 and τψπ ÃÍ

-ρ
 for the spin-orbit coupling (SOC) Hamiltonian matrix element 

at the first and second minimum MECP, respectively. These values are comparable 

with the υυφ ÃÍ
-ρ value calculated for the homogeneous reaction. They are also 

sufficiently high to ensure minimal non-adiabatic phenomena as, according to Smith et 

al.89 and Bellows et al.,58 SOC values as low as ςυπ ÃÍ
-ρ
 are high enough to assume 

adiabatic dynamics. We have used the Landau-Zener theory to estimate the crossing 

coefficients, ɜὝ, and rates of crossing between the quartet and doublet states at the 

two MECPs. They are summarized in Table 2.2 together with all the parameters that 

enter the calculation. We see that at both MECPs, ɜὝ is close to unity at T=898.15 

K, confirming that the ɓ-H elimination takes place almost adiabatically. The complete 

potential energy and free energy profiles corresponding to the adiabatic 

dehydrogenation of ethane on Co(II)/SiO2 are depicted in Figure 2.6.  

 

Figure 2.6: (a) Electronic and (b) Gibbs (bottom, 898.15 K) energy profiles on the 

adiabatic reaction pathway on the mononuclear Co(II)/SiO2 model. Upper left 

superscripts indicate spin multiplicities. 
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Table 2.2: Spin-orbit coupling parameters. H12, Hamiltonian matrix element; µ, 

reduced mass at the crossing seam; æF, norm of the difference gradient; ɻ (T) 

tunnelling factor at the MECP; kMECP, rate of crossing at MECP. 

 

 

 

 

 

 

It has been hypothesised that the first C-H activation on the Co(II)/SiO2 single 

site catalyst is rate limiting because the ɓ-elimination should be facilitated by the 

partially filled d7 atom, in contrast with Zn or Ga on SiO2.
59 However, the free energy 

profile of Figure 2.6 strongly suggests otherwise, namely,  that the dehydrogenation 

rate is controlled by the ɓ-elimination. Putting our electronic structure calculations 

together in a microkinetic model and performing sensitivity analysis (Figure A.4a), we 

found sensitivity coefficient values of πȢπσ and πȢχ for the first C-H activation and ɓ-

H elimination, respectively, confirming that the adiabatic ɓ-H elimination is indeed 

rate-limiting. The model predicts an apparent activation energy of Ὁ ρρυȢσ Ë*ȾÍÏÌ 

(Arrhenius plot in Figure A.5a) and reaction order of πȢω with respect to C2H6 (Figure 

A.6a) due to the low active site coverage (over 99% of the sites are empty; coverage 

data in Table A.8). Figure A.7a and Figure A.8a show that the other gas phase species, 

namely H2 and C2H4 (the products), do not have a significant impact on the net 

reaction rate as they show a reaction order of -0.02 and -0.17 respectively.  

To unambiguously demonstrate the minor effect of the non-adiabatic pathway 

(viz. ɓ-H elimination proceeding through the quartet transition state), we have 

Parameters MECP 1 MECP 2 

H12 / cm-1 453 480 

µ / amu 40.09 14.95 

ҟF / Ha bohr-1 0.045 0.046 

˥ ό¢ύ 0.98 0.95 

kMECP / s-1 1.21E+09 1.67E+13 
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included it in the microkinetic model, only properly weighted by a factor of (ρ

ῲὝ). As expected, 98% of the reactive flux is associated with the adiabatic pathway 

(spin-crossing) and only 2% with the non-adiabatic one.  The effect on the apparent 

activation energy is an increase by 1.0 kJ/mol relative to the model which considered 

only adiabatic dynamics.  

2.5.2 Dehydrogenation on dinuclear [CoO]2/SiO2 sites 

Because of the remarkable similarities between the homogeneous catalyst and 

the heterogeneous single-site model in relation to the spin-crossing ɓ-H elimination, 

we wondered how the heterogeneous system would respond to the presence of a 

neighboring Co atom at a dinuclear -Co-O-Co- site, and whether such a site would 

open new reaction channels. The presence of such dinuclear or even sub-nanometer 

cluster sites in the synthesized catalysts cannot be entirely precluded. The dinuclear 

site model used in the following calculations is shown in Figure 2.1b.  

In the ground electronic state, the two d7 atoms of the dimeric site form a 

septet (spt); the energies of other possible states on the spin ladder are provided in 

Table A.5 (SQUID data87 for the dinuclear -Co-O-Co- site of a molecular analogue  

have excluded antiferromagnetic coupling.)   

At the dinuclear active site, the protolytic activation of the first C-H bond, 

resulting in a metal-ethyl intermediate (2, Figure 2.7), is more facile than on the 

mononuclear site. Here, the H+ is abstracted by the O atom of the -Co-O-Co- bridge 

and the intrinsic potential energy barrier is ῳὉɗ  ρςςȢω Ë*ȾÍÏÌ (ῳὋɗ

 ρσρȢω Ὧ*ȾÍÏÌ), where the prime denotes the dinuclear site; recall, ῳὉɗ  

 ρτπȢφ Ë*ȾÍÏÌ on the mononuclear site.  The lower ῳὉɗ value can be attributed to 

the increased basicity of the bridging O atom as revealed by Fukui analysis: the 
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normalized condensed nucleophilicity index90, Ὢ , of the bridging O is about 

ρȢσσ times that of the basic O atom of the mononuclear site that abstracts the proton. 

We have identified two competing mechanisms for the ensuing ɓ-H 

elimination, one that is similar to the single-site mechanism and involves spin-crossing 

(Figure 2.7b), and a cooperative one that engages the neighboring Co(II) atom (Figure 

2.7a). In the cooperative dual site mechanism, the Co(II) atom neighboring the Co-

alkyl complex (2, Figure 2.7a) abstracts the ɓ-H of the alkyl while it is losing one of 

its SiOH ligands. This mechanism takes place in the high-spin, septet state and 

requires ῳὉ
ɗ
 ρψρȢω Ë*ȾÍÏÌ; the corresponding free energy barrier is  

ῳὋ
ɗ
ρφπȢυ Ë*ȾÍÏÌ.  

 

Figure 2.7: Ethane dehydrogenation on dinuclear Co/SiO2 active site. (a) 

Cooperative mechanism involving both Co(II) atoms. (b) Spin-crossing mechanism 

involving a single Co(II) atom.  
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Remarkably, the spin-crossing mechanism not only remains operative at the 

dinuclear site, but is a more energy efficient pathway. Without the participation of the 

neighbouring Co atom, the system crosses once from the septet to the quintet (qui) 

spin state, on which the ɓ-H elimination energy barrier is ῳὉ
ɗ
ρσφȢψ Ë*ȾÍÏÌ

ῳὉ
ɗ
 (ῳὋ

ɗ
 ρτςȢρ Ë*ȾÍÏÌῳὋ

ɗ
) with respect to the septet 

intermediate 2 (Figure 2.7b), and then crosses over back to the septet state, resulting in 

the septet intermediate 3b (Figure 2.7b) once ethylene has formed (Figure 2.8). During 

this transformation, only the spin polarization of the participating Co(II) atom is 

changing.  
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Figure 2.8: Energies and geometries of the ɓ-elimination step in dinuclear 

[CoO]2/SiO2. Left. Geometries of intermediates and transition states for ɓ-H 

elimination with spin-crossing (marked ñaò) and cooperative participation of two 

Co(II) sites (marked ñbò). MECP geometries before and after the ɓ-H elimination 

also shown. Right. Energy profiles depicting the spin-crossing (SCO); for ready 

comparison, energies are referenced to the septet intermediate preceding the ɓ-

elimination. The superscripts in the labels of the intermediates indicate the spin 

multiplicity. (H, white; O, red; Co, blue; C, black.)  

We have obtained the geometries at the two associated MECPs and the 

corresponding SOC matrix elements, which take the values τυσ ÃÍ
-ρ
 and τψπ ÃÍ

-ρ
 

(see Table 2.3). At both MECPs, ɜὝ is close to unity, namely, the ɓ-H elimination 

proceeds almost adiabatically at the dinuclear active site as well.  

Table 2.3: Spin-orbit coupling parameters. H12, Hamiltonian matrix element; µ, 

reduced mass at the crossing seam; æF, norm of the difference gradient; ɻ (T) 

tunnelling factor at the MECP; kMECP, rate of crossing at MECP. 

Parameters MECP 1  MECP 2  
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The complete potential energy and free energy profiles for the two mechanisms 

are depicted in Figure 2.9; the profiles include the H2 recombination step, which is an 

activated process but does not demand significant energy. The picture emerging from 

the overall free energy profiles is that the spin-crossing mechanism is dominant, and 

the reaction rate is controlled by the ɓ-elimination (viz. the second C-H bond 

activation). These conclusions were confirmed by microkinetic simulations, according 

to which the reactive flux on the spin-crossing pathway is 10 times as large as on the 

cooperative (Figure A.9), and the normalized sensitivity coefficient to the ɓ-H 

elimination takes the value of πȢφ (Figure A.4b). We should also point out that 

  ῳὋ
ɗ
ῳὋ

ɗ
 ῳὉ

ɗ
ῳὉ

ɗ
 (2.2) 

namely, the cooperative ɓ-elimination transition state is more stabilized than the spin-

crossing one by entropic effects, and thus we expect that, as entropy will take over at 

even higher temperature, the cooperative mechanism will become exceedingly more 

important with temperature. That notwithstanding, it is remarkable that at 

temperatures as high as 900 K, spin-crossing, a quintessentially quantum mechanical 

phenomenon, determines the dehydrogenation mechanism and rate on these atomically 

dispersed catalysts with partially filled d-orbitals. The microkinetic model predicts 

Ὁ ρπσȢω Ë*ȾÍÏÌ (Arrhenius plot in Figure A.5b) and reaction order of 0.9 with 

respect to C2H6 (Figure A.6b) due to low active site coverage. (over 99% of the sites 

H12 / cm-1 453 480 

µ / amu 29.65 22.385 

ȹF / hartree bohr-1 0.03715 0.04476 

ɻ (T) 0.98 0.97 

kMECP / s
-1 7.39E+07 7.1E+12 
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are empty; coverage data in Table A.9) Figure A.7b and Figure A.8b show that the 

other gas phase species, namely H2 and C2H4 (the products), do not have a significant 

impact on the net reaction rate as they show a reaction order of -0.02 and -0.03 

respectively. 

 

Figure 2.9: (a) Electronic and (b) Gibbs energy profiles (at 898.15 K) of the 

cooperative (red) and  spin-crossover (SCO, blue) pathways on the di-nuclear model. 

Upper left superscripts indicate spin multiplicities. 

The low Ὁ compared to the mononuclear site must be attributed to the 

stronger binding of the ethyl anion (cf. energy profiles in Figures 2.6 and 2.9). As a 

result, the microkinetic simulations predict that the TOF on the dinuclear site 

(χȢπ ρπ) is an order of magnitude greater than on the mononuclear (χȢπ ρπ).  

2.6 Conclusion 

We investigated the catalytic dehydrogenation of ethane on isolated high-spin 

tetrahedral Co(II) atoms supported on an amorphous SiO2 cluster model and 

elucidated two mechanistic aspects of the reaction. The reaction rate is not controlled 
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by the protolytic C-H activation, as previously speculated, but rather by the 

subsequent ɓ-H elimination. In a notable departure from homogeneous Co(II) alkyl 

complexes, the ɓ-H elimination involves two spin crossing events, one prior to the 

low-spin transition state and one following it. Overall, the ɓ-elimination takes place 

adiabatically owing to the large spin-orbit coupling and crossing coefficients close to 

unity at the corresponding minimum energy crossing points.  Remarkably, these 

findings extend to dimeric Co sites, where the spin-crossing mechanism is 

energetically more efficient even at temperatures as high as 900 K despite the presence 

of a competing cooperative mechanism involving two neighboring Co sites.  

In amorphous SiO2, there is a distribution of Co(II) sites on account of the 

surface heterogeneity21. Thus, important work remains to be done on a couple of 

fronts: (a) Develop reactivity-relevant geometric descriptors of active sites and 

simulate the relative abundance of different types of site on am-SiO2 as described by 

Khan et al.91; and (b) investigate the effect of site heterogeneity on the calculated rates 

and evaluate the modelling efforts against experiment. Strained, planar Co(II) sites are 

expected to have a stronger Lewis acidic character87 than tetrahedral ones and thus to 

accelerate the heterolytic dissociation of the first C-H bond of ethane. On the other 

hand, we do not expect such strained geometries to dramatically influence the ɓ-H 

elimination stepðand the spin-crossing mechanismðas the strain of the active site 

should be significantly relieved upon formation of the metal-alkyl intermediate which 

entails dissociation of two surface-oxygen ligands. Spectroscopic active site geometry 

information is an ensemble average and thereby reliable and representative models to 

study the effect of site heterogeneity will require benchmarked pre-optimization 

protocols for the different am-SiO2 slab models in the literature92 and advancements in 
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computational spectroscopy methods to deconvolute the possible sites from 

experimental spectra93. This information, along with structure-activity relationships, 

can inform us about the possibility of a small number of sites being responsible for the 

catalytic activity. Future work should aim to predict such structure-activity 

relationships and understand the distribution of sites in am-SiO2 slabs. 
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EFFECTS OF Co/SiO2 SINGLE SITE HETEROGENEITY ON SMALL 

ALKANE DEHYDROGENATION KINETICS  

3.1 Abstract 

Atomically dispersed, high-spin Co(II) atoms in distorted tetrahedral 

coordination to an amorphous silica (am-SiO2) support, and more recently in zeolite 

frameworks, are active and selective for light alkane dehydrogenation. This paper 

investigates how variations in the geometry of the active sites affect the ethane 

dehydrogenation activity of atomically dispersed Co(II) on an am-SiO2 support. We 

generate a distribution of sites and determine the geometric parameters that exhibit the 

strongest correlation with the coordination geometry and activity of the metal atom by 

means of linear dimensionality reduction techniques. We perform electronic structure 

calculations and microkinetic modeling and deduce the mechanism and kinetics for a 

representative sample of sites.  Irrespective of the active site geometry, the rate of 

ethane dehydrogenation is governed by the ɓ-hydride elimination, which involves 

quartet-doublet spin-crossing and proceeds adiabatically due to strong spin-orbit 

coupling. Informed by the complete microkinetic analysis of the sites, we derive the 

reduced rate expression as a function of three site-dependent quantities. We show that 

these site-dependent quantities correlate with the energy of formation of the ethyl 

intermediate that forms via C-H bond activation. This correlation allows us to derive 

the site-averaged rate for the entire distribution of sites. Among various sites, the tri-

coordinate and planar tetra-coordinate Co sites exhibit higher Lewis acidity than the 

Chapter 3 
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tetrahedral sites, and consequently, higher initial rates. We discuss the implications for 

more active catalysts. 

3.2 Contributions 

This chapter includes previously published work94 contributing to the overall 

completion of this thesis. Sanjana Srinivas performed electronic structure calculations, 

and all the microkinetic simulations and analysis. Kaveri Srivastava assisted with 

some of the electronic structure calculations. Kewei Yu synthesized the catalyst and 

performed experimental kinetic measurements. Stavros Caratzoulas oversaw the 

theoretical calculations and analysis. Dionisios G. Vlachos oversaw the theoretical 

analysis and directed the project.  

3.3 Introduction  

Recent experimental reports have shown that atomically dispersed, high-spin 

Co(II) on amorphous silica (am-SiO2) is active and highly selective (> 95%) for small 

alkenes in the non-oxidative dehydrogenation of alkanes.53, 57. Cobalt is relatively 

abundant and environmentally benign and therefore a good alternative to the 

expensive platinum group metal catalysts and the toxic, Cr-based catalysts50. 

Calculations of the ethane dehydrogenation mechanism on a mononuclear Co/SiO2 

site and a dinuclear Co-O-Co/SiO2 active site40 showed that the Co(II)-O Lewis acid-

base pair is so effective in activating the C-H bond of ethane as to render the ensuing 

ɓ-hydride elimination rate-limiting. The ɓ-hydride elimination proceeds via quartet-

doublet spin-crossing on Co/SiO2 and septet-quintet spin-crossing on Co-O-Co/SiO2 

but non-adiabatic transitions are negligible owing to strong spin-orbit coupling in d7 

Co40. The Co(II) atom in the mononuclear and dinuclear active site models was placed 
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in a distorted tetrahedral ligand field, which was informed by characterization of the 

atomically dispersed Co/SiO2 catalyst.53, 57 

However, on silica, an amorphous material that lacks long-range order, there is 

a distribution of active site geometries on the surface. Estes et al.87 showed that there 

is a range of binding energies of carbon monoxide, tetrahydrofuran or ethylene on the 

catalyst surface, suggesting a distribution of coordination environments and 

geometries. This implies the presence of Co-sites of varying Lewis acidity, which 

should have a direct impact on the kinetics. Indeed, Pucino et al.95 observed two 

kinetic regimes in the alkene metathesis reaction on tungsten dispersed on SiO2, which 

was ascribed to two types of sites. The polymer weight distribution from ethylene 

polymerization on the Philipôs catalyst (Cr/SiO2) has also been attributed to the 

heterogeneity of active sites96, 97. Spectroscopic measurements often reflect the 

coordination environment of the most stable, dominant sites, which may not be 

catalytically active, 22, 23 as evidenced by titration experiments which show that a small 

fraction of sites on a support are catalytically active. This underscores the need for a 

computational approach to understand the structure-activity relationship of dispersed 

metal species on am-SiO2. 

Prior computational studies have taken various approaches to describing the 

geometric heterogeneity of sites. Praveen et al.98 investigated the propane 

dehydrogenation mechanism on different Ga(III) sites that had been grafted on a large, 

representative am-SiO2 periodic slab model. These sites were characterized by the Ga-

O bond lengths and O-Ga-O bond angles as having varying degrees of strain. 

Vandervelden et al.99 developed a framework to compute site-averaged kinetics on 

quenched disorder lattice models and used distances between the silanolate and 
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siloxane ligands as well the angle between the groups to describe the local 

environment. Patel et al.100 investigated the olefin hydrogenation mechanism on an 

am-SiO2-supported organovanadium catalyst by creating cluster models of the active 

sites and used the V-O bond length as a descriptor of the heterogeneity. The a priori 

identification of the important geometric features that describe reactivity in terms of 

site heterogeneity remains a challenge; and to ensure tractable first-principles 

mechanism computations, we must limit ourselves to one or two features. 

In this paper, we explore the effect of active site geometry heterogeneity on the 

catalytic activity and kinetics of atomically dispersed Co(II) on am-SiO2 support for 

ethane dehydrogenation to ethylene. We do not consider the dehydrogenation of 

ethylene as prior experimental work has shown that the Co/am-SiO2 catalyst has over 

95% selectivity for ethylene53, 101, nor do we consider pathways entailing changes in 

the oxidation state of Co as it has not been seen experimentally under reaction 

conditions57. First, we obtain a distribution of sites and identify possible geometric 

parameters that best correlate the metal atomôs coordination geometry with activity. 

Next, the ethane dehydrogenation mechanism and kinetics are calculated by DFT and 

microkinetic modelling for a representative sample of sites from the distribution. 

Regardless of the geometry of the active site, the rate of ethane dehydrogenation is 

controlled by the ɓ-hydride elimination, which involves quartet-doublet spin crossing 

and proceeds adiabatically due to strong spin-orbit coupling.  

 We derive a reduced rate expression as a function of three site-dependent 

quantities and establish that they correlate with the energy of formation of the metal 

ethyl intermediate which forms upon the C-H bond activation. We exploit this 

correlation to obtain the site-averaged rate over the entire distribution of sites. Among 
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the different sites, the tri-coordinate and planar tetra-coordinate Co sites have higher 

Lewis acidity than the tetrahedral sites and are more active.  

3.4 Methods 

3.4.1 Electronic structure calculations  

All electronic structure calculations on the finite cluster models were 

performed using Gaussian 09, version d0164. The Si, O, H atoms were modelled at the 

B3LYP66, 67/def2SVP theory level and the Co atom was modelled at the 

B3LYP/def2TZVP theory level. An empirical dispersion correction by Grimme68 was 

added to the DFT energies. Transition states were confirmed by vibrational frequency 

analysis (single imaginary frequency) and by intrinsic reaction coordinate (IRC) 

calculations. Thermal corrections to the electronic energies were obtained within the 

harmonic oscillator approximation at 900 K using the pMuTT71 utility (version 

1.2.12); frequencies below 100 cm-1 were set to 100 cm-1 for all intermediates72. To 

mimic the rigidity of the periodic silica model, the bottom half of the clusters (6 Si, 11 

O, 4 H) were kept frozen during optimization and frequency calculations. For 

elementary steps involving spin crossover, the formalism and values parametrizing the 

rate constant were taken from our previous paper40. Fukui indices of the cluster 

models optimized using the Gaussian 09 software were computed using the ADF 

software75, 76.   

All electronic structure calculations on the periodic am-SiO2 model were 

performed using the Vienna Ab initio Simulation Package (VASP), version 5.4.1. The 

isolated Co atom was anchored on a silanol nest of a representative am-SiO2 periodic 

model, which was constructed based on the protocol by Comas-Vives102. The chosen 
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slab has a silanol density of 1.1 OH/nm2, which is close to the experimental density of 

hydroxyls on am-SiO2 at 900 K. Spin-polarized periodic DFT calculations were 

performed using the Atomic Simulation Environment (ASE)77 with VASP. The core 

region of each atom was represented by the Projector-Augmented Wave function 

(PAW)78, 79 method, while the valence region was represented by the Perdew-Burke-

Ernzerhof (PBE)80 exchange-correlation functional. The Brillouin zone was sampled 

on a (1x 1 x 1) k-point grid using the Monkhorst-Pack scheme. A plane-wave basis set 

with an energy cut-off of 450 eV was used. A maximum force convergence criterion 

of 0.05 eV/Å was used, and each self-consistency loop was iterated over until a 

convergence level of 10-6 eV was achieved. 

3.4.2 Microkinetic analysis 

Microkinetic analysis for a fixed bed reactor (FBR) was performed in 

CHEMKIN83. Kinetic analysis across the active models was performed at a conversion 

of 3% at reaction temperature (898.15 K) and the turnover frequency (TOF) was 

evaluated as 

 ὝὕὊ 
ᶻ
ὼ (3.1) 

where Ὂ  is the reactant molar flow rate, ὠ is the reactor volume, ὼ is the ethane 

conversion and z  is the catalyst site density. Reaction conditions chosen for the 

models are summarized in Table B.5. The values for the reaction temperature, 

pressure, feed composition and reactor volume were informed by the kinetic 

experiments (Table 3.1). The feed flow rate was adjusted across the models to fix 

conversion at 3% at the reaction temperature. CHEMKIN uses the DASPK solver; the 

absolute and relative tolerances of the differential equations were set toρπ  and 
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ρπ, respectively. Specifically, the tolerance values correspond to the gas mole 

fractions and intermediate coverages (quantities bounded between 0 and 1). The 

expression for the rate constant of steps involving spin-crossing has been derived and 

discussed at length in our previous paper40; we present the equations in Section B.2. 

All thermodynamic and kinetic parameters are summarised in Tables B.6. 

3.4.3 Experimental conditions.  

Details about the synthesis and characterization of the pre-treated Co/am-SiO2 

catalyst can be found in a previous publication101. The flow rates of C2H6, C2H4, H2, 

and He were regulated by calibrated thermal mass flow controllers (MKS 

Instruments). Typical conditions are: 4% C2H4 in He, 60 SCCM total flow rate. The 

effluent gas compositions were measured by a MicroGC (990 MicroGC, Agilent) with 

4 min intervals. The conversion of C2H6 was kept below 14% in kinetics experiments 

by adjusting the space velocity to ensure differential conditions (Table 3.1)).  

Conversion and selectivity were calculated based on the differences of inlet 

and outlet gas compositions. Helium was used as the internal standard to eliminate the 

total gas volume change after reaction. As is shown in Eq. 3.2 and Eq. 3.3, [C2H6]0 

represents the inlet ethane concentration and (Å is the inlet helium concentration, 

while terms without the subscript represents outlet concentrations. 

 ὢ ρππϷ (3.2) 

 Ὓ ρππϷ (3.3) 

To eliminate the effect of catalyst deactivation, fresh catalysts are used for each data 

point. The initial conversions were collected 4 min after starting the reactant flow. 
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Table 3.1: Experimental kinetic parameters. The parameters were chosen to have 

conversion < 15%. 

Active site Parameter Units Values 

     

 

 

    

Mononuclear 

Temperature K 898.15 

Pressure atm 1 

Feed composition molar 

ratio 

He:C2H6 = 

24:1 

Feed flow rate cm3/s 1 

Reactor volume cm3 0.58 

3.5 Results and Discussion 

3.5.1 Models of the heterogeneous active sites 

For catalysts with a distribution Ὢ● of sites, where ●   is the feature vector 

describing the geometry of the site, we can define a site-averaged rate, at temperature 

Ὕ, as  

 ἂὶὝἃ  
᷿ ●ȟ ● ●

᷿ ● ●
 (3.4) 

where, ὶ●ȟὝ is the rate constant at site ● and temperature T. 

 

Figure 3.1: Features describing the active site geometry for (a) tetra-coordinate 

sites and (b) tri-coordinate sites. 
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Experimentally, the Co/SiO2 catalyst is synthesized by cation exchange of 

cobalt on silica using cobalt nitrate in an ammonia-water solution, at ὴὌ ρρ. The 

mechanism by Iler demonstrates that at high pH (dissolution begins at pH=8) removal 

of surface Si atoms creates new silanol clusters which enhances the exchange capacity 

of the silica slab. To sample Ὢ●, we created silanol nests on the surface of an am-

SiO2 periodic slab model102 by non-selectively removing surface Si atoms and healing 

the defects with H atoms. This resulted in a four-membered ring of silanol groups. The 

Co(II) atom was then grafted onto the slab by removing as many H atoms as the 

valency of the cation. There are six ways to replace two protons with a Co(II) moiety, 

which result in different active site geometries. This way, 41 periodic tetra-coordinate 

Co(II) models and 34 periodic tri-coordinate Co(II) models were generated and 

optimized. The non-selective removal of Si atoms to create defect nests is clearly an 

approximation and the preferential dissolution of strained surface Si atoms is a 

possibility whose investigation warrants a separate study of its own. 

The feature vectors corresponding to the tetra- and tri-coordinate sites were 

defined by the geometric parameters shown in Figure 3.1 and Table 3.2; in the case of 

the tetra-coordinate sites, ● includes the geometric parameter ʐ   , 

where Ŭ and ɓ are the largest and second largest angles subtended by the ligands at 

the metal center. This definition of ●  contains critical information about the ligand 

field of Co(II). Although it does not account for differences in the dative -O ligands 

(silanol or siloxane groups) or for the rigidity of the sites, we believe it is a reasonable 

choice for the limited dataset.  



 45 

Table 3.2: Geometric features of the active site for (a) tetra-coordinate sites and 

(b) tri-coordinate sites (see also Figure 3.1) 

Feature description tetra-coordinate Symbol (Fig 3.9 

a) 

Average Co-O (ionic O-) bond length bionic 

Co-O (Ligand -OH) bond length 1 b3 

Co-O (Ligand -OH) bond length 2 b4 

Bite angle (᷁ OCoO) Ū1 

Proper dihedral angle (comprising O 

atoms) 

Ū2 

Distortion from tetrahedral geometry Űŭ103 

Feature description tri-coordinate Symbol (Fig 3.9 

b) 

Co-O (ionic O-) bond length 1 bionic 1 

Co-O (ionic O-) bond length 2 bionic 2 

Co-O (Ligand -OH) bond length 2 b4 

Bite angle (᷁ OCoO) Ū1 

Proper dihedral angle (comprising O 

atoms) 

Ū2 

In order to keep the computational cost tractable, we select a geometric feature 

most relevant to reactivity using Partial Least Squares (PLS) regression, a linear, 

supervised dimensionality reduction technique104. For the response (Y) in the 

regression model, we used the ethyl intermediate binding energy (C2H5*), which is a 

good indicator of activity in ethane dehydrogenation105, 106. In this method, we project 

the feature matrix X (the active site geometric features) onto the vector space spanned 

by its Principal Components (PCs), and linearly regress the different number of PCs 

with the response variable Y. We then plot the Mean Square Error (MSE) of the fitted 

linear models against the number of PCs used and select the model with the lower 

MSE. The features with the highest contribution to the important PCs are then selected 

as reactivity-relevant descriptors.  To calculate the ethyl binding energy, finite cluster 

models were carved out of the optimized periodic Co/SiO2 structures as spheres of 

radius 6.5 Å centred on the Co atom. The Si dangling bonds in the clusters were 
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saturated with H atoms in the direction of the Si-O- bonds present in the periodic 

Co/SiO2 structure.  

The data analysis presented in Figure B.15 and Figure B.18 for the tetra-

coordinate and tri-coordinate sites shows that the first PC alone suffices to obtain the 

lowest MSE. For the tetra-coordinate sites, the loading plot in Figure B.14 shows that 

† and ὦ are important features to predict reactivity. Based on the PLS regression, 

planar sites and longer bond lengths should generate higher activity in tetra-coordinate 

sites. The PLS analysis deems b3 as an unimportant feature as it does not show much 

variability in the dataset considered, and hence, it is not an informative feature. For the 

tri-coordinate sites, one of the ionic bonds, bionic 1, and the angle Ū1 are the important 

features to predict reactivity (Figure B.17).  In Figure 3.2a, we show the distribution 

Ὢ†ȟὦ  of tetra-coordinate sites as a heat map.107 The distribution  Ὢɡȟὦ    of 

the tri-coordinate sites is plotted in Figure 3.2b. The distribution Ὢ†ȟὦ  is mainly 

concentrated in the † range (0.5, 0.7) and in the range of 0.8. ʐ values between 0 and 

0.4 correspond to square planar and distorted square planar structures; between 0.4 

and 0.65 to a see-saw geometry; and greater than 0.65 to distorted tetrahedral and 

tetrahedral geometries. This agrees with the experimental characterization data for the 

Co/SiO2 catalyst, where the Co(II) ligand field is described as distorted tetrahedral 53. 

The corresponding change in the bond ὦ is over a narrow range of ca. πȢς Å. The 

Ὢɡȟὦ   distribution for the tri-coordinate sites is concentrated in the rather 

narrow ὦ   range (1.75 Å ,1.85 Å) and around a ὦ   value of 1.9 Å. 
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Figure 3.2: Distribution of active site geometries in terms of geometric parameters 

obtained from partial linear regression (see text for details). (a) Tetra-coordinate sites 

in terms of † and ὦ. (b) Tri-coordinate sites in terms of ɡ. See Figure 3.1 and Table 

3.2 for definition of the geometric parameters. 

With the distributions of Ὢ● at hand, the calculation of ἂὶὝἃ can be done 

by straightforward sampling of Ὢ● using rejection or importance sampling 

techniques and calculation of the rate ὶ●ȟὝ at site ●. This, however, could entail a 

very large number of electronic calculations for the evaluation of ὶ●ȟὝ with only a 

small fraction of them contributing to ἂὶὝἃ, because Ὢ†ȟὦ  is not supported on 

the entire domain (viz., it is sparse). Taking advantage of the observation that, here, 

Ὢ†ȟὦ  is mainly concentrated in a region where ὦ varies only by ca. 0.2 Å, and 

that this variability can be accounted for while varying † because † and ὦ are 

correlated (bond lengths tend to be longer/shorter in planar/tetrahedral sites), a more 

efficient approach is to consider active site geometry changes in † alone, carry out 

mechanistic studies on a small number of cluster models reflecting the site 

heterogeneity in †, and fit the site-dependent terms in the ὶ●ȟὝ expression to the 

constants obtained from microkinetic simulations. Similarly, for the tri-coordinate 
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sites, we carry out mechanistic studies on a small number of cluster models with 

varying ɡ as Ὢɡȟὦ   is concentrated in a region where ὦ   varies only by 

ca. 0.15 Å. The approach shares similarities with Patel et al.100 in that we select one 

geometric feature to describe the heterogeneity of sites. It is important to mention here 

that the need for mechanistic calculations on a large number of sites to converge the 

site-averaged rate, and the dominance of a few highly active sites in the average rate 

have been discussed in many prior works.21 {Shayesteh Zadeh, 2023 #103 

For the tetra-coordinate sites, we constructed 6 cluster models with ʐ ranging 

from πȢςσ to πȢω (values below 0.23 resulted in unphysical structures); the cluster 

models are shown in Figure 3.3. For the tricoordinate sites, we constructed 5 cluster 

models with Ū1 ranging from 97° to 177°; the models are shown in Figure 3.4. The 

cluster models were constructed using the protocol of Delley et al.63 (Section B.1.1) 

The immediate coordination shell of the Co(II) species in both the tetracoordinate and 

tricoordinate sites consists of only oxygen atoms based on operando- XANES and 

EXAFS characterization by Hu et al57.  

We computed the Fukui index of Co(II) (f+) using the ADF software, which is 

a measure of Lewis acidity, across the models (Figure 3.5).108 Specifically, the Fukui 

index is computed by measuring the change in the electron density present on the Co 

species (using any electron density partitioning scheme like Bader, Voronoi or 

Hirshfeld) upon adding 1 electron to the active site model.  

We see that planar sites have higher Lewis acidity than the tetrahedral sites, 

which can be attributed to Co(II)ôs preference for tetrahedral complexes; the am-SiO2 

slab acts as a bulky ligand that confines Co(II) to planar sites, thus making it a highly 

strained site. Therefore, ʐ allows for physical interpretability. 
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Figure 3.3: Tetra-coordinate active site models and atom labeling convention (H, 

white; O, red; Si, green; Co, blue) of varying ʐ. (a) ʐ = 0.23, (b) ʐ = 0.29, (c) ʐ = 

0.43, (d) ʐ = 0.5, (e) ʐ = 0.77 and (f) ʐ = 0.9. 
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Figure 3.4: Tri-coordinate active site models and atom labeling convention (H, 

white; O, red; Si, green; Co, blue) of varying bite angle ɡ: (a) ɡ = 97°, (b) ɡ = 

107°, (c) ɡ = 127°, (d) ɡ = 147° and (e ɡ = 177°. 
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Figure 3.5: Fukui electrophilicity index (f+) of Co(II) in the tetra-coordinate model 

sites (black points) and tri-coordinate model sites (red points). The respective local 

geometries are described by the scaled angle ʐ and the bite angle ɡ. 
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3.5.2 Mechanistic insights from cluster models 

 

Figure 3.6: Ethane dehydrogenation with protolytic first C-H activation on 

mononuclear Co/SiO2. 

Informed by our previous work40, we investigated the ethane dehydrogenation 

mechanism (Figure 3.6) on the 11 active site models. The ground electronic state in all 

11 site models is a spin multiplicity 4 (quartet). Briefly reviewing the mechanism, the 

first C-H scission proceeds protolytically on a Co(II)-O site pair whereby the 

carbanion supplants an -SiOï ligand and coordinates to the Co atom while the H+ is 

abstracted by the basic O atom. In the ensuing ɓ-hydride elimination, the hydrogen is 

abstracted by the Co(II) center. Due to strong spin-orbit coupling, in the course of the 

ɓ-H elimination the system crosses over from the quartet to the doublet spin state (spin 

flip), the Co(II) atom assumes planar geometry, and the elimination is completed over 
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the doublet transition state, which lies lower than the quartet. The doublet transition 

state is lower in energy as it involves an attractive two-electron-two-orbital interaction 

than the quartet transition state, which has a destabilizing three-electron-two-orbital 

interaction. This has been demonstrated for ɓ-H elimination in homogeneous tetra-

coordinate d7 metal-alkyl complexes in weak-ligand field environments where spin-

crossing due to spin-orbit coupling transforms the high-spin (pseudo-)tetrahedral 

complex to a low-spin (pseudo-)planar metal-hydride complex.58 Due to the large spin 

orbit coupling constant (computed in our previous paper40), the reaction proceeds 

adiabatically. In the final state of the reaction, the system is more stable in the quartet 

state (intermediate 43, Figure 3.6), which necessarily entails a second, doublet-to-

quartet spin-crossing event. Hydrogen recombination on the quartet Co(II) metal 

center completes the catalytic cycle. 

We do not consider the dehydrogenation of ethylene as prior experimental 

work has shown that the Co/am-SiO2 catalyst has over 95% selectivity for ethylene,53, 

101 nor do we consider pathways entailing changes in the oxidation state of Co as it has 

not been seen experimentally under reaction conditions.57 
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Figure 3.7: Site-dependent variation of the intrinsic first C-H activation barriers 

(electronic; kJ/mol). (a) Tetra-coordinate sites; (b) Tri-coordinate sites. 

Figure 3.7 a shows the rather large variation in the C-H intrinsic activation 

barrier ῳὉɗ  as we go from planar to tetrahedral sites; the site with ʐ πȢςσ  has 

ῳὉɗ ρτυȢς Ë*ȾÍÏÌ (ῳὋɗ  ρσωȢχ Ὧ*ȾÍÏÌ), while for the site with ʐ πȢω , 

Ὁɗ ςςυ  Ë*ȾÍÏÌ  (ῳὋɗ  ςσσȢυ Ὧ*ȾÍÏÌ). This should be attributed to the 

higher Lewis acidity of the planar sites compared to the tetrahedral sites, which favors 

the heterolytic C-H bond scission (Figure 3.3a). On the other hand, the tri-coordinate 

sites do not show much variability in ῳὉɗ , which ranges from 137.3 kJ/mol to 148.8 

kJ/mol, namely, similar in magnitude to the planar sites. We believe that responsible 

for this trend is the uniformly high Lewis acidity of the tri-coordinate sites (Figure 3.5; 

red points). 

The intrinsic ɓ-hydride elimination barrier (with respect to the stable quartet 

metal-ethyl intermediate) shows no trends with the tetra-coordinate active site 

geometry and its Lewis acidity. The heterogeneity in the Lewis acidity of Co(II)sô  is 

diminished upon formation of the metal-ethyl intermediate as the Co(II) atom takes on 

the more favorable tetrahedral geometry. This is made possible by the fact that the 
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formation of the intermediate is accompanied by the dissociation of one of the Co-O- 

ligands of the active site. However, we see a monotonically increasing trend in the ɓ-

hydride elimination barrier when it is referenced to the reactants (Figure 3.8a). This is 

because the strain on the planar Co(II) sites is relieved when ligands rearrange into 

more tetrahedral geometries upon the first C-H activation, which results in greater 

stabilization of all the intermediates and transition states, essentially lowering the 

energy of the entire profile. The magnitude of stabilization is different across sites; 

highly strained planar sites show greater stabilization than the tetrahedral sites. This is 

reflected in both the electronic and free energy reaction profiles (Figure 3.9). As with 

the first C-H activation, the tri-coordinate sites show a lower variability in activation 

energies (Figure 3.8b) compared to the tetra-coordinate sites, and have barriers close 

to the planar sites (Figure 3.10). We should caution that the free energy profiles 

correspond to standard state conditions, i.e., gas-phase species at 1 atm. Under 

experimental kinetic conditions (Table 3.1), the partial pressure of ethane is 0.04 atm, 

and the partial pressure of ethylene is below 0.004 atm (as conversion must be less 

than 15% to evaluate kinetics). Thus, the free energy profiles in Figures 3.9 and 3.10 

are not directly informative as to the rate-limiting step or apparent activation energy, 

which must be determined by microkinetic analysis, discussed below.  
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Figure 3.8: Site-dependent variation of the ɓ-hydride elimination potential energy 

barrier when referenced to isolated reactants for (a) tetra-coordinate sites and (b) tri-

coordinate sites. 

Taken together, the Co(II)ôs preference for tetrahedral coordination (consistent 

with homogeneous catalysis) significantly lowers the reaction barriers on the strained 

planar sites and on the undercoordinated tri-coordinate sites.  

 

Figure 3.9:  (a) Electronic energy and (b) Gibbs free energy profiles (898 K) at 

standard-state conditions corresponding to the ethane dehydrogenation on the tetra-

coordinate active site models with varying ʐ shown in the legend. 
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An important consideration for the Co/SiO2 catalyst is the possible poisoning 

of its sites by ethylene. Ethylene binding is also a descriptor of catalyst coking109; 

stronger binding implies greater ability to coke. For the tetra-coordinate sites, we see 

that the planar structures show greater tendency to coke than the tetrahedral structures 

(Figure B.2). The tri-coordinate sites readily bind ethylene on account of being 

coordinatively unsaturated, potentially having a higher tendency to coke than the tetra-

coordinate sites (Figure B.2). Thus, while high Lewis acidity enhances catalytic 

activity, it also enhances coke formation and subsequent catalyst deactivation, 

implying an activity-stability trade-off in the catalyst. We speculate that the higher 

initial activity observed experimentally101 can be attributed to the planar and tri-

coordinate sites, which, however, coke quickly resulting in stable, lower activity over 

the tetrahedral sites. 

 

Figure 3.10: (a) Electronic energy and (b) Gibbs free energy profiles (898 K) at 

standard-state conditions corresponding to the ethane dehydrogenation on the tri-

coordinate active site models with varying ɡ shown in the legend. 
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Next, we built microkinetic models for the 6 tetra-coordinate and 5 tri-

coordinate cluster models based on the full reaction mechanism. All kinetic analysis 

was performed at differential conditions as described in the Methods section. Except 

for ʐ πȢςω, the tetra-coordinate models computed reaction orders between 0.9 and 

1 (Figure B.3, Table 3.3a), consistent with a low intermediate coverage obtained from 

the model.; coverage data are shown in Table B.7. On account of entropy, ethylene 

prefers to remain in the gas phase at 900 K and thereby does not block the active sites 

by binding to them. For ʐ πȢςω , however, we see higher ethylene coverage at 3% 

conversion on account of its higher Lewis acidity. 

Apparent activation energy values on the tetra-coordinate sites, extracted from 

the Arrhenius plots (Figure B.4), show a monotonically increasing trend with Űɿ 

(Figure 3.11), consistent with the free energy profiles (Figure 3.9). It is interesting to 

note that the apparent activation energy on the different sites varies over a range of 

~140 kJ/mol, underscoring the importance of studying activity on an ensemble of 

sites. The tri-coordinate sites show interesting differences from the tetra-coordinate 

ones. Table 3.2b summarizes the reaction orders on the tri-coordinate sites; the 

strained sites, which bind ethylene more strongly, show orders ~0.6 at conversions of 

3% (Table 3.3b). Steady state coverage data (Table B.7) shows that the produced C2H4 

binds to the active sites and blocks them. The apparent activation energy values on the 

tri-coordinate sites, on the other hand, vary within a narrower range of ~18 kJ/mol 

(Figure 3.11). This can be attributed to two factors: (a) the smaller range in the Lewis 

acidity, and (b) the competing effects of activity and kinetic stability. The high Lewis 

acidity lowers the reaction barriers but quickly blocks the sites, resulting in higher 

apparent activation energies. The effect of site-blocking by ethylene and the 
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subsequent lowering of activity, as seen in experiments is not reflected in kinetic 

analysis at the FBR entrance. The rate-determining step (RDS) is the ɓ-hydride 

elimination across all the sites, tetra-coordinate and tri-coordinate, with normalized 

sensitivity coefficients in the range between 0.6 and 0.7 (Table B.8).  

Table 3.3: Reaction orders with respect to C2H6 on (a) tetra-coordinate sites and 

(b) tri-coordinate sites 

a 

ʐ Reaction order 

0.23 0.99 

0.29 0.84 

0.43 1 

0.5 1 

0.77 1 

0.9 1 

 

b 

ɡ Reaction order 

97 0.62 

107 0.79 

127 0.95 

147 0.99 

177 0.98 
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Figure 3.11: Site dependent apparent activation energy (kJ/mol) for tetra-coordinate 

sites (black line and axis) and tri-coordinate sites (red line and axis) at conversion of 

3%. 

 

Figure 3.12: Turnover frequency (plotted on logscale) vs. the ethyl binding energy 

across the 11 cluster models. 
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3.5.3 Site-averaged apparent activation energies (ἂ╔═ἃ) 

In order to compute the site-averaged apparent activation energy, we first 

evaluate the integral for the site-averaged rate as a mean of the rates over the sites 

sampled from a representative am-SiO2 slab: 

 ἂὶὝἃ  
В ȟ

 (3.5) 

The site-averaged apparent activation energy ἂὉἃ is then computed by 

evaluating ἂὶὝἃ at different temperatures and constructing the Arrhenius plot.  

Due to the high computational cost of constructing the full microkinetic model 

across the ~75 sites we derive a reduced rate expression from our analysis of the RDS 

and coverages across the 11 microkinetic models at conversions of 3%. (Section 

B.1.2). 

The site-dependent rate ὶ●ȟὝ (Section B.1.2) can be expressed as 

 ὶ●ȟὝ  Ὡ
ɗ●

Ὡ
●

ρ ά● ᶻ ὖ  (3.6) 

where ῳὛɗ● (entropy of activation of the ɓ-hydride transition state)  Ὁ ●(apparent 

activation energy) and ά● (fraction of active sites blocked by ὅὌ )z are the site-

dependent parameters. 

We turn to surrogate models to compute these parameters of the rate 

expression across the ~75 sampled sites. Specifically, we define the C2H5* 

intermediate energy (product of the first C-H activation) as a measure of activity, as 

this descriptor has been shown to have good predictive performance in 

dehydrogenation chemistry. We have seen that upon formation of the C2H5* 

intermediate, the effect of the active site geometry and Lewis acidity on the 

subsequent intrinsic barriers diminishes as the intermediate relaxes to a tetrahedral 

geometry across all sites. The C2H5* intermediate energy also reflects the variability in 
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the first C-H activation energy across the sites, making it a suitable descriptor to 

define site-specific activity (Figure 3.12). We describe Ὁ ● and ῳὛɗ● as separate 

linear functions of the site-specific C2H5* intermediate energy; the function 

parameters are computed using the 11 cluster models (Figure B.5 and Figure B.6). 

This is in the spirit of the approach presented in Zadeh et al.110, where separate ML 

models were trained on site geometry features to predict enthalpies and entropies. We 

fit a one parameter exponential function between ά● and C2H5* intermediate 

energy (Figure B.7); for negative C2H5* energies, the coverage value is capped at 1. 

The ἂὶὝ ψωψȢρυ ὑἃ (with normalized reactant concentration) at conversions of 

3%is computed to be 0.026 s-1, the bootstrapped distribution of the site-averaged rates 

is shown in Figure B.8. Describing Ὁ ●  ῳὛɗ● and ά●as separate functions of 

the C2H5* intermediate energy ignores the correlations between these variables, and 

hence, the computed rates are approximate. The energy of the C2H5* intermediate as a 

predictor of the rate introduces another source of error in addition to the DFT error. 

Recently developed importance-learning frameworks99 could help improve the 

accuracy by sampling highly active sites and using ab-initio methods to compute rates. 

However, even these methodologies are computationally expensive for complex 

mechanisms as they require over 100 ab-initio rate calculations to achieve 

convergence.  An alternative way of calculating the average rate is to use the rates of 

the 11 models, bin the C2H5* intermediate energy of each of the 75 models on the 

coarser distribution of the 11 models and carry out a simple summation of the rates; 

the approximation here is that a finer distribution is mapped into a coarser distribution.  

The site-averaged apparent activation energy at a conversion of 3% is 

computed to be ~ 100 kJ/mol (Figure B.9) which is in reasonable agreement with the 
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experimental value of 112 kJ/mol (Figure B.10). Figure B.11 shows the effect of 

conversion on the site-averaged apparent activation energy. At TOF0, i.e. at the 

entrance of the reactor the site-averaged apparent activation energy is ~ 50 kJ/mol and 

increases to ~100 kJ/mol at higher conversions. The coverage data as a function of 

conversion (Table B.9) shows us that the highly Lewis acidic planar and tri-coordinate 

sites get blocked quickly by ethylene. We expect these planar and tri-coordinate sites 

to be responsible for the high initial rates observed in the catalyst experimentally. The 

effect of conversion and site coverage on the site-averaged apparent activation energy 

is especially pronounced in this system due to a clear activity-stability trade-off; the 

highly active planar and tri-coordinate sites get blocked and deactivated as the reaction 

progresses (Figure B.12). Although these sites are a small fraction of the total number 

of sites (low Ὢ●), they do have a large contribution to the rate constant (large Ὡ
●

 

), significantly impacting the average apparent activation energy. Catalyst supports 

which result in a stable distribution of sites that are dominated by planar sites with a 

large ὦ and tri-coordinate sites would result in greater activity for the 

dehydrogenation of small alkanes. 

3.6 Conclusion 

We investigated the effect of heterogeneity in the active sites of the Co(II)/am-

SiO2 catalyst on ethane dehydrogenation kinetics. We find that tri-coordinate and 

strained planar tetra-coordinate sites are more active than tetrahedral sites but can 

potentially coke faster. We report an approximate site-averaged apparent activation 

energy of ~100 kJ/mol. The RDS is the ɓ-hydride elimination step across the sites 

investigated, and the Lewis acidity impacts the activity by lowering the energies of all 

the intermediates and transition states. We propose that impregnating the surface with 
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metals/ionic species that enhance the Lewis acidity of tetrahedral Co(II) species could 

be a way forward to improve the catalyst. The accuracy of the computed site-averaged 

apparent activation energy depends on the ability of the am-SiO2 slab model to capture 

the heterogeneity of experimental structure as well as the computational Co(II) 

grafting procedure employed. Future work is needed to create larger am-SiO2 slabs 

representative of experiments to get improved statistics; a deeper understanding of the 

Co(II) grafting mechanism is required to generate an accurate distribution of sites. 

Furthermore, the geometric features investigated in this work do not include 

categorical features, such as ligand types (differences between silanol groups and 

siloxane bridges).  

This work highlights the importance of investigating reactivity on an ensemble 

of sites for atomically dispersed species on amorphous supports. Industrial deployment 

of earth-abundant metal catalysts for small alkane dehydrogenation is hindered by 

their activity; selecting supports that result in larger fractions of highly active sites 

could be a way forward to improve the catalyst. 
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ACTIVE SITES IN DEALUMINATED BETA -ZEOLITE SUPPORTED 

COBALT CLUSTERS FOR NON-OXIDATIVE ETHANE 

DEHYDROGENATION  

4.1 Abstract 

Dispersed metal species in siliceous zeolites have been actively studied for 

non-oxidative dehydrogenation of ethane (NDE). Fundamental insights into the 

dynamics of metal species in zeolites under reaction conditions have been rarely 

explored. Herein, we report an atomic level understanding of the dynamics and 

activity of cobalt (Co) sites in dealuminated Beta zeolite (DeAl-BEA) for NDE during 

induction and reaction conditions with extensive characterization techniques such as 

diffuse reflectance UV-Vis, solid state nuclear magnetic resonance and X-ray 

photoelectron, X-ray diffraction along with in-situ Fourier transform infrared and X-

ray absorption spectroscopy. For a catalyst with 0.5 mass% Co loading, tetrahedral 

Co2+ mononuclear sites, di-coordinated to the zeolite framework and with two silanol 

groups in vicinity (i.e., (ſSiO)2Co(HOïSiſ)2), form upon exposure to hydrogen during 

induction and persisted through the NDE reaction. Increasing the Co loading to 3.0 

mass% yielded Co sites with similar electronic and coordination structures but slightly 

elongated Co-O bonds. Upon cooling to room temperature, the Co sites persisted in 

the same coordination environment, though the disappearance of a feature in the Co 

K-edge near-edge region revealed changes in the active siteôs electronic structure 

coinciding with modest shifts in bond lengths. The electronic structure and activity of 

Chapter 4 
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(ſSiO)2Co(HOïSiſ)2
  sites were studied comparatively to a few other hypothetical 

Co2+ coordination structures, using electronic structure calculations and microkinetic 

simulations. The simulations showed that NDE is controlled by ɓ-hydride elimination 

following C-H bond activation and that Co-sites possessing flexibility on account of 

neighboring silanol defects are more active. Interestingly, dinuclear Co-O-Co sites 

(i.e., (ſSiO)Co(HOïSiſ)2-O-(HOïSiſ)2Co(ſSiO)) were more active than the 

mononuclear (ſSiO)2Co(HOïSiſ)2 sites because of favorable hydrogen bonding with 

the vicinal silanol groups. The present study bridges the gap between the knowledge 

acquired by ex-situ characterizations and the active sites under reaction conditions in 

alkane dehydrogenation chemistry. 

4.2 Contributions 

This chapter contains unpublished work in collaboration with multiple people, 

contributing to the overall completion of this thesis. Sanjana Srinivas performed 

electronic structure calculations, and microkinetic simulations and analysis. The 

experimental catalyst synthesis, characterization and kinetic investigation was carried 

out by Antara Bhowmick, Junyan Zhang, Jorge Moncada, Charles Titus, Bruce Ravel, 

Cherno Jaye, Daniel Fischer, Genevieve Yarema, Song Luo, Yuying Shu, Kewei Yu, 

Akash Warty, Sooyeon Hwang and Evan Jahrman. Stavros Caratzoulas and Dionisios 

G. Vlachos oversaw the theoretical calculations and analysis. Dongxia Liu conceived 

and managed the project 

4.3 Introduction  

Ethylene (C2H4) is a crucial chemical feedstock, with global annual production 

exceeding 180 million metric tons111. Steam cracking is the leading technology for 
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ethylene production, in which pyrolysis of ethane (C2H6) or naphtha occurs in a 

cracking furnace with process heat supplied by fossil fuel in burners. The process 

entails 10% to 35% ethylene selectivity, needs regular decoking (e.g., every 14 days to 

100 days for ethane and every 15 days to 40 days for naphtha) and the most energy in 

the chemical industry (e.g., globally uses å8% of the sectorôs total primary energy 

demand), and produces copious carbon dioxide (CO2) emissions (i.e., >300 million 

tons per year)112. As the heart of the process, the fired tubular reactor (i.e., pyrolysis 

section of the steam cracker) alone consumes å65% of the total process energy and 

å75% of the total exergy loss.113 Despite the high energy and carbon intensities, the 

operation of steam cracking is widely believed to be near optimal after >80 years of 

research and development114. Therefore, reducing energy use and carbon emissions for 

ethylene production requires technology revolutions. 

The non-oxidative dehydrogenation of ethane (NDE, C2H6 = C2H4 + H2, 

ЎὌЈ =+137 kJ mol-1) is a promising technology for decarbonized ethylene 

production115. It converts ethane into ethylene and hydrogen without oxygen, 

promoting high carbon utilization by avoiding fully or partially oxidized carbon 

products (COx). However, the reaction endothermicity necessitates elevated 

temperatures. The ethylene product is more reactive than ethane due to its weaker C-H 

bonds. As a result, catalyst deactivation occurs due to the thermal sintering of active 

sites at high temperatures and coking from the deep dehydrogenation of the olefinic 

products.116 Supported platinum (Pt)117 and chromium oxide (CrOx)
118 are state-of-the-

art industrial catalysts for non-oxidative dehydrogenation of light alkanes. Their fast 

deactivation, the high cost associated with Pt, and the toxicity of CrOx limit  wide 

applications. 
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Recently, there has been increasing research interest in supported cobalt (Co) 

catalysts for NDE and non-oxidative dehydrogenation of propane (NDP), owing to the 

earth abundance and low toxicity of CoOx species119. Various catalyst formulations, 

such as Co supported on alumina (Co/Al2O3
120), silica (Co/SiO2

101), and molecular 

sieves (e.g., Co/ZSM-5119, Co/Silicalite-1121,  Co on dealuminated modernite 

(Co/DeAl-MOR)122, Co/Silicalite-1123, and Co/MCM-41124) have been studied for 

NDE. Mechanistic studies suggest that Co nanoparticles, formed through the reduction 

of CoOx nanoparticles/clusters, are responsible for alkane cracking and coke 

formation, whereas tetrahedrally coordinated Co2+ species are durable active sites123. 

Notably, silanol groups play a crucial role in dispersing and isolating Co2+ sites, with 

the silanol nests providing enhanced dispersion and activity. Recent studies have 

focused on siliceous zeolite supports because the Brønsted acidity associated with 

framework Al in zeolites may lead to undesirable side reactions such as olefinic 

product oligomerization to coking121. 

The siliceous Co/zeolite catalysts has been synthesized by direct hydrothermal 

crystallization of silicalite-1 in the presence of a Co source123; mechanical milling and 

high-temperature treatment of silicalite-1 and Co precursor mixture121; and loading of 

Co into dealuminated beta (DeAl-BEA)125 or mordenite (MOR) zeolite122. Studies 

have suggested that Co2+ sites form SiOxīOīCo
2+ linkages121 and distorted tetrahedral 

(ſSiO)2Co(HOïSiſ)2 structure123 in the first two methods. In dealuminated zeolites 

(DeAl-zeolite), the active sites have been attributed to Co2+ cations anchored in the 

zeolite micropores through interaction with silanols126. The coordination environment 

of Co2+ species in DeAl-BEA has been extensively studied by Dzwigaj et al.127, who 

revealed the existence of mononuclear pseudotetrahedral Co2+ species in the zeolite 
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framework in as-calcined samples. Following hydrogen reduction between 832 and 

887°C, these species were shown to transform into Co metal particles, highlighting 

their catalytic potential for a variety of reactions. For example, studies on Co/DeAl-

zeolite catalysts have explored on applications in selective catalytic reduction (SCR) 

of nitrogen oxide128, 129. It has revealed various Co sites such as isolated lattice and 

extra-lattice Co species, Co oligomers, and Co oxides exist, although the specific role 

of these species in the SCR reaction remains controversial. The application of 

Co/DeAl-zeolites in non-oxidative conversion of light alkanes is a new research area. 

Identification of active sites and exploration into the underlying mechanisms of 

working catalysts represent significant advances for alkane dehydrogenation research.  

Here, we investigate the active site, dynamic behavior, and activity of 

dealuminated BEA (Co@DeAl-BEA) catalysts for the NDE. The Co loadings across 

these catalysts ranged from 0.1 mass% to 3.0 mass%. The state of the Co sites and 

their interactions with the zeolite support were studied using ex-situ characterization 

techniques and catalyst evaluation. The catalyst exhibited high activity and selectivity, 

achieving equilibrium conversion under optimized conditions and a notable 

regeneration. The active sites were identified to be tetrahedral Co2+ mononuclear sites, 

di-coordinated to the zeolite framework and with two silanol groups in vicinity (i.e., 

(ſSiO)2Co(HOïSiſ)2), with the Co-O bond length changing with the Co loading. The 

dynamic behavior of the active sites during pretreatment and under the NDE reaction 

conditions was investigated by in situ X-ray absorption spectroscopy (XAS) 

measurements. In addition, we present electronic structure calculations and 

microkinetic simulations of EDH on Co@DeAl-BEA models representative of the 0.5 

mass% Co loading sample. The effects of active site geometry, Co coordination, and 
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neighboring silanol defects on the reaction mechanism and kinetics are elucidated. 

This study represents a significant advancement of our understanding of Co@DeAl-

zeolite catalysts for the NDE, bridging the gap between the ex-situ characterization of 

catalyst and the real nature of the active sites in the NDE and, more broadly, in non-

oxidative alkane dehydrogenation chemistry. 

4.4 Methods 

4.4.1 Materials  

Zeolite beta (BEA) (Si/Al ratio = 19, Alfa Aesar), nitric acid (70 vol%, Fisher 

Scientific), and cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O) (99%, Acros 

Organics) were used for the catalyst synthesis130. All chemicals were used as received. 

Deionized (DI) water was used in the experiment. 

4.4.2 Catalyst preparation 

DeAl-BEA was prepared following the procedure reported by Liu et al.131 6.00 

g of commercial BEA (NH4-form) zeolite was heated in a tube furnace to 550 °C (1 °C 

min-1) for 6 h under flowing air (Keen gas, breathable grade, 500 cm3 min-1) to prepare 

H-BEA. Then 1.00 g H-BEA zeolite sample was mixed with 25 mL nitric acid (å70 

vol%) in a perfluoroalkoxy jar (Savillex) and heated to 80 °C in an oil bath under 

47.12 rad/s stirring for 16 h. The solid was collected by centrifugation and washed 

with DI water until a pH of 7 was obtained prior to drying overnight at 70 °C. The 

incipient wetness impregnation method was used to prepare the Co@DeAl-BEA 

catalysts. In the synthesis of 0.1 mass% Co@DeAl-BEA catalyst, 0.005 g of cobalt 

(II) nitrate hexahydrate was first dissolved in 0.50 g of DI water. Next, the solution 

was added dropwise to 1.00 g of DeAl-BEA sample and mixed with a polypropylene 
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spatula to a uniform coloration on a rectangular alumina crucible. After drying in a 

fume hood for 16 h at ambient conditions, the sample was heated in a tube furnace to 

100 °C (1 °C min-1) for 3 h, followed by ramping to 550 °C (1 °C min-1) for 6 h under 

flowing air (Keen gas, breathable grade (19.5 % to 23.5 % O2 by volume), 500 cm3 

min-1). Finally, the catalyst sample was pressed into a pellet, crushed, and sieved to 

maintain a 180 µm to 425 µm particle size range for property characterization and 

catalysis studies. The preparation of 0.5 mass%, 1.0 mass%, and 3.0 mass% 

Co@DeAl-BEA samples followed the same procedure as that of 0.1 mass% 

Co@DeAl-BEA except that 0.025 g, 0.049 g, and 0.148 g of cobalt (II) nitrate 

hexahydrate was used, respectively. After the calcination step at 550 °C under flowing 

air, all the samples were denoted as ñCalcinedò catalyst throughout the manuscript. 

The details of each sample at different stages of preparation and reaction with their 

treatment condition is reported in Table C.1.  

4.4.3 Catalyst characterization 

The elemental composition of the catalysts was determined using inductively 

coupled plasma-optical emission spectroscopy (ICP-OES). XRD patterns of the 

catalysts were recorded using a Bruker D8 Advance Lynx Powder Diffractometer 

(LynxEye PSD detector, sealed tube, Cu KŬ radiation with Ni ɓ-filter). X-ray 

photoelectron spectroscopy (XPS) spectra were collected using a Thermo Fisher K-

Alpha+ system. The morphologies of catalysts were examined using XEIA3 TESCAN 

scanning electron microscope (SEM). High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images were acquired with 

Hitachi HD2700C with a probe aberration corrector at an accelerating voltage of 200 

kV. Before measurements, the catalyst samples were diluted in isopropanol (IPA) and 
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deposited on a lacey carbon film on copper grids provided by the Electron Microscopy 

Sciences.  

In-situ Fourier transform infrared spectroscopy (FTIR) spectra collection was 

conducted in a custom-made vacuum cell in the Thermo Fisher Scientific Nicolet 8700 

FTIR spectrometer. For measurements, the catalyst was first pressed into a thin pellet 

and degassed in the infrared (IR) cell under vacuum at 500 °C for 2 h. After degassing, 

the cell was ramped down to 150 °C. Pyridine was introduced into the sample and then 

vacuum was applied to remove the excess dose. The FTIR spectra were then collected 

in transmission mode. Ultraviolet/visible (UV-vis) spectra of the samples were 

collected using a UV-vis spectrometer (Jasco V-550) with a diffuse reflectance 

attachment.  

Solid state nuclear magnetic resonance (NMR) spectra were acquired on a 

Bruker Avance III 600 MHz NMR spectrometer with a 3.2mm HX probe at a spinning 

speed of 16 kHz and frequencies of 600.393 MHz, 156.448 MHz, and 119.269 MHz 

for 1H, 27Al, and 29Si, respectively.  29Si spectra utilized a 3.3 µs 90° pulse, 30s recycle 

delay, and 256 scans were averaged.  27Al spectra utilized a 1 µs 45° pulse, 1s recycle 

delay, and 1024 scans were averaged. 75 kHz 1H decoupling was applied during 

acquisition of both 27Al and 29Si spectra. 1H spectra utilized a 2.64 µs 90° pulse, 3s 

recycle delay, and 32 scans were averaged. For 29Si and 27Al, the chemical shifts (ŭ) 

were reported relative to Tetramethylsilane (TMS) and aqueous Al(NO3)3 1M 

solution, respectively. 

4.4.4 Temperature programmed reduction 

Hydrogen temperature programmed reduction (H2-TPR) experiments were 

carried out using a 10% H2/Ar mixture gas flow. Prior to the H2-TPR profile 
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recording, the sample was ramped to 300 °C at a rate of 10 °C minī1 in Ar gas flow 

(Keen gas, ultrapure, 50 mL minï1) and soaked at 300 °C for 1 h. Then, the sample 

was cooled down to 40 °C before switching to a 10% H2/Ar gas flow (Keen gas, 

ultrapure, 50 mL minï1). During the H2-TPR measurement, the temperature was 

ramped up from 40 °C to 1050 °C at 10 °C minī1, and the amount of H2 consumed was 

recorded by a thermal conductivity detector equipped in Micromeritics AutoChem II. 

4.4.5 X-ray absorption spectroscopy measurements 

Both soft and hard X-ray measurement capabilities at the National Synchrotron 

Light Source II (NSLS-II) were used in the experiment. Co L-edge near-edge X-ray 

absorption fine structure (NEXAFS) measurements were performed on the 

microcalorimeter endstation of the SST-1 beamline, 7-ID-1, operated by NIST.  

Samples were mounted on an aluminum bar using conductive tape before being 

measured under ultra-high vacuum (UHV) conditions. An elliptically polarized 

undulator source provided horizontally polarized X-rays which were 

monochromatized with a 1200 l/mm plane grating monochromator and a 25 µm exit 

slit. This configuration provided a 0.1 eV (FWHM) resolution and a 1.5 mm x 1.5 mm 

spot size. Spectra from bulk empirical standards were recorded in total electron yield 

(TEY) via drain current.  Due to the dilute nature of the metals and the insulating 

sample matrix, zeolite samples were measured in partial fluorescence yield mode via a 

transition-edge sensor array (1 eV FWHM resolution) operated as detailed by Lee et 

al.132 The region of interest for fluorescence measurements of cobalt was set to 

between 720 eV and 800 eV.  The spectra were saturation corrected using the inverse 

partial fluorescence yield from the oxygen K background consistent with the methods 

proposed by Ma et al133. 
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Co K-edge X-ray absorption near-edge structure (XANES) measurements were 

performed on the BMM beamline, 6-BM, operated by NIST. Note that the term 

XANES is applied to the K-edge and NEXAFS to the L-edges throughout this 

manuscript. At BMM, a 3-pole wiggler provided an unfocused beam tuned by a Si 

(111) double crystal monochromator.  Empirical oxide standards were measured in 

transmission mode, whereas the zeolite catalyst samples were measured in 

fluorescence mode for the study's ex-situ and in-situ portions.  In all cases, a metallic 

Co foil was simultaneously measured via two downstream ionization chambers to 

verify the consistency of the energy scale.  For ex-situ studies, catalysts were prepared 

by spreading the powder on layers of polyimide tape. For in-situ studies, a Clausen 

cell134 was utilized by loading the catalyst into quartz capillary tubes of 1.5 mm outer 

diameter and 0.01 mm wall thickness. The catalyst was packed into a bed between 

quartz wool plugs, and a Type K thermocouple was inserted into the reactor in contact 

with the catalyst bed.  The sample was heated by running a current through externally 

coiled nichrome wires.  Gases were passed through gas traps for oxygen/moisture and 

included Ar (Research Purity, Matheson) as the carrier gas, and H2 (Ultra-high Purity, 

Matheson) and C2H6 (Research Purity, Matheson) as the reactive gases.  These gases 

were delivered by a suite of mass flow controllers and a gas mixing manifold (Flow-

SMS, Bronkhorst) with a total nominal flow rate of 15 sccm of the gas mixture (1 

sccm = 1 cm3 min-1 at standard temperature and pressure (STP), defined as 0 °C and 

101.33 kPa).  The catalyst was 1) measured under Ar at room temperature, 2) exposed 

to 5 % H2 in Ar and heated to 500 °C using a ramp rate of 5 °C/min, 3) held under 

H2/Ar at 500 °C for one hour, 4) exposed to Ar during a 15 min purge, 5) exposed to 

nominally 25% C2H6 in Ar for three hours, 6) returned to room temperature, at which 
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point the gas stream was switched to 5 sccm of Ar.  Downstream gases were 

monitored by mass spectrometry (HPR-20 R&D, Hiden Analytical).  Due to the 

limited availability of synchrotron beamtime, in-situ measurements were only 

performed on the 0.5 mass% and 3.0 mass% Co@DeAl-BEA catalysts. 

Co K-edge X-ray Absorption Fine Structure (XAFS) data analysis was 

performed according to conventional methods135.  First, spectra were normalized and 

corrected for self-absorption using procedures in the Athena software package136.  To 

provide EXAFS information regarding the first nearest neighbor, a model structure 

consisting of Co and O atoms substituted into the rock salt structure was used as the 

input to a FEFF calculation using FEFF version 8.5137.  This calculation simulated the 

relevant scattering path following methods described elsewhere138.  The path for the 

first shell was fit in real-space using functions from the Larch library139 to vary five 

variables, the radial distance (R), the coordination number (CN), the Debye-Waller 

factor (ů2), the third cumulant in the expansion of the atomic pair distribution (c3), and 

an energy shift aligning the calculations and experiment (ȹE0).  Fits were performed 

independently for each concentration, but simultaneously for the following reaction 

conditions: under H2/Ar at 500 °C, under C2H6/Ar at 500 °C, and post-reaction under 

C2H6/Ar and then Ar.  Fits were constrained to facilitate comparison between the 

reaction conditions by fixing ȹE0 across each condition.  Furthermore, the Einstein 

model was used to calculate ů2 for each condition with a single Einstein temperature 

fit to the data from all three reaction conditions140.  The third-order cumulant (c3) was 

necessary for the high-temperature spectra, where anharmonic contributions are more 

significant.  This agrees with previous work, which found c3 necessary to fit spectra 

collected at similar temperatures to avoid an unphysical shift in R of å0.05 ¡141.  
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Here, c3 was insignificant for room temperature measurements and excluded from 

those paths.  Fits used multiple k-weightings of k, k2, and k3 to heighten the contrast 

between ů2 and CN142.  Note that S0
2, the passive amplitude reduction factor, was 

fixed to an average obtained by fitting empirical standards and asserting chemical 

transferability. Specifically, the average used for S0
2 was 0.68 and the empirical 

standards were CoO and Co3O4.  As Co3O4 possesses multiple crystallographic sites 

for Co with similar bond distances in the first coordination shell, a more complicated 

model was implemented for the latter standard by fitting 8 single scattering and 9 

multiple scattering paths constrained as described by Jahrman et al138. The results are 

present in Figure C.1A and Table C.2.  However, as CoO possesses a relatively 

simpler structure, its spectra was fit using the rocksalt approach described above with 

the results presented in Figure C.1B and Table C.3. 

4.4.6 Catalysis tests 

The NDE reaction was performed in a U-shape quartz tubular fixed-bed reactor 

with 10 mm inner diameter at atmospheric pressure. The reactor was placed inside a 

temperature-controlled furnace (National Electric Furnace FA120 type) where the 

temperature was controlled using a Watlow Controller (96 series). Catalyst 

temperatures were measured using a K-type thermocouple touching the bottom of a 

well on the external surface of the quartz reactor. The catalyst sample (0.100 g) was 

supported on a coarse quartz disk inside the reactor. Prior to the reaction tests, the 

catalyst was pretreated in a H2/N2 (20 mL min-1, H2/N2 =1:5, ultrapure, Airgas) 

mixture gas at 500 °C (1.97 °C min-1) for 3 h, denoted as ñpre-reduced catalystò. The 

H2/N2 gas flow was switched to Ar (ultra-high purity, Keen gas) while ramping the 

temperature to the target reaction temperature to remove the residual H2 gas. When the 
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temperature reached the target reaction temperature, the Ar flow was switched to 

ethane (Research purity, Matheson) mixed with the Ar internal standard (ultra-high 

purity, Keen gas) to start the dehydrogenation reaction.  

The ethane conversion (… , ethylene selectivity (Ὓ , turn over 

frequency (TOF) and rate of deactivation (rD) were calculated from the following 

equations,  

 … Ϸ ρππϷ (4.1)                                                                              

 Ὓ Ϸ ρππϷ (4.2)                                                                               

  ὝὕὊ ί  Ȣ 
 (4.3)                                                                             

 rD = 

 
 (4.4)                                                                                                                                                         

where Ὂ , Ὂ , and Ὂ  are the ethane flow rates at the inlet and outlet of the 

reactor, and ethylene flow rate at the reactor outlet, respectively. nin(C2H6) and nCo are 

the molar flow rate of ethane in the feed and moles of Co in the catalyst, respectively. 

IC, FC, and TOS are the initial conversion, final conversion, and time on stream, 

respectively. The dehydrogenation reaction in the fixed bed reactor without a catalyst 

was tested at the same conditions. The reaction due to gas phase chemistry was 

negligible at the studied reaction conditions. 

4.4.7 Electronic structure calculations 

Spin-polarized periodic-DFT calculations involving the periodic BEA zeolitic 

model were performed in the Vienna Ab initio Simulation Package (VASP), version 

5.4.1. The BEA model was a 64 T-site unit cell from the International Zeolite 
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Association (IZA) website. The exchange-correlation energy was calculated using the 

Perdew-Burke-Ernzerhof (PBE)80 functional.  The core electrons of each atom were 

described by the Projector-Augmented Wave function (PAW)78, 79 method, and the 

VASP-recommended pseudopotentials (v54) were used for all elements. For each 

element, the following valence electron configurations were selected: Co: 3d84s1, H: 

1s1, Si: 3s23p2 and O: 2s22p4. The one-electron wave functions were developed on a 

plane-wave basis set with an energy cutoff of 450 eV. The DFT-D3 correction of 

Grimme with zero damping function143 was applied to the energies. The Brillouin zone 

was sampled at the gamma point. Forces were converged to 0.05 eV/Å, and each self-

consistency loop was converged to 10-6 eV. The reaction mechanisms were 

investigated on finite cluster models carved out of the periodic models using 

overlapping spheres144. Spheres of radius 4 Å were centered on Co, its four nearest-

neighbor oxygen atoms, and the associated protons.  

All electronic structure calculations involving active site cluster models were 

performed in Gaussian 09, version d0164 at the Density Functional Theory (DFT) 

level. Details pertaining to the construction of these cluster models are provided in 

Section S4. The cluster was modeled using the B3LYP66, 67 exchange-correlation 

potential. The Si, O, and H atoms were modeled using the def2SVP basis set; the Co 

atom was modeled using the def2TZVP basis setΦ The D3 version of  Grimmeôs 

dispersion68 was added as a correction to the DFT energies. Transition state searches 

were carried out by performing constrained optimizations along a one-dimensional 

reaction coordinate. The geometry corresponding to the highest energy point along the 

scan, where the energy gradient approaches zero, was selected as the initial guess for 

the transition state optimization. This structure was then refined using the Berny 
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optimization algorithm to locate first-order saddle points on the potential energy 

surface. The resulting transition states were confirmed by vibrational frequency 

analysis, verifying the presence of a single imaginary frequency corresponding to the 

reaction coordinate, and through intrinsic reaction coordinate (IRC) calculations. 

Convergence criteria for the SCF, geometric, and transition state optimizations are 

tabulated in Table C.10. The functional and basis set were benchmarked previously for 

NDE on the Co/SiO2 catalyst40 and show quantitative agreement with experimental ɓ-

hydride activation barriers on cobalt and iron complexes58. Thermal corrections to the 

electronic energies were obtained within the quasi-harmonic oscillator approximation 

at 626.85 ºC using the pMuTT71 utility (version 1.2.12); frequencies below 100 cm-1 

were set to 100 cm-1 for all intermediates72. To mimic the rigidity of the periodic BEA 

zeolitic framework, the peripheral H atoms in the clusters of 70-80 atoms were kept 

frozen during optimization and frequency calculations; the rest of the atoms, namely 

Si, O, Co, and H atoms in silanol groups were relaxed. For elementary steps involving 

spin crossover, the formalism, and values parametrizing the rate of the spin crossing 

were taken from previous work40. Natural bond orbital analysis was performed in the 

NBO6 program145. 

4.4.8 Microkinetic analysis 

Microkinetic simulation of a fixed bed reactor (FBR) was performed in 

CHEMKIN83. Kinetic analysis was performed at a conversion of 1% at 625 ºC . The 

reaction conditions for differential kinetics are summarized in Table C.4. The feed 

flow rate was adjusted across the models to fix the conversion at 1%. CHEMKIN uses 

the DASPK solver; the absolute and relative tolerances of the differential equations 

were set to 10-10 and 10-8, respectively. Specifically, the tolerance values correspond to 



 80 

the gas mole fractions and intermediate coverages (quantities bounded between 0 and 

1). The expression for the rate constant of steps involving spin-crossing has been 

derived and discussed at length in previous work of ours40. 

4.5 Results and Discussion 

4.5.1 Physicochemical properties of as-synthesized Co@DeAl-BEA catalyst 

To understand the physicochemical properties of as-synthesized catalysts, we 

characterized the 0.1mass%, 0.5mass%, 1.0mass% and 3.0mass% Co@DeAl-BEA 

samples alongside the H-BEA and DeAl-BEA for comparison. All the samples 

contained nearly spherical particles of diameter ranging from 0.2 µm to 1.0 µm 

(Figure C.2a-Figure C.2c). Dealumination and Co loading did not change the particle 

size and morphology significantly.146  

Table C.1: Compositional characteristics of the catalysts 

Sample Si/Al ratio Co (mass%) Co/Al ratio1 

0.1 mass% Co@DeAl-

BEA 

1597 0.096 0.020 

0.5 mass% Co@DeAl-

BEA 

4775 0.493 0.100 

1.0 mass% Co@DeAl-

BEA 

6275 0.937 0.190 

3.0 mass% Co@DeAl-

BEA 

3224 2.895 0.589 

Molar ratio of cobalt in DeAl-BEA to aluminum in the parent H-BEA zeolite. 

The measured Co loadings were very close to the nominal contents (Table 4.1). 

The silicon-to-aluminum (Si/Al) ratios in these samples were very high (e.g., >1500), 

suggesting the nearly complete removal of Al species from the parent BEA zeolite. 

The ratios of Co in Co@DeAl-BEA to Al in parent BEA zeolite were 0.02-0.58 (Table 
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4.1). If we assume the removal of each Al creates one defect site and Co species reside 

in defect sites of the zeolite framework, the DeAl-BEA zeolite provides sufficiently 

high concentration of residence sites for Co species even for 3.0mass% Co loading, 

which should promote the formation of isolated mononuclear Co sites.  

 

Figure 4.1: Characterizations of H-BEA, DeAl-BEA, and calcined Co@DeAl-

BEA: XRD (a), pyridine FTIR ring vibration (b) (the peaks are defined as the 

difference between before and after pyridine adsorption) and OH vibration (c) (before 

pyridine adsorption)  
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XRD (Figure 4.1a) data of all these samples showed characteristic diffraction 

peaks at å7.6Á and å22.6Á, corresponding to (101) and (302) planes of BEA 

topology147. A close examination of peak position of (302) plane shows contraction 

and expansion of zeolite lattice in the dealumination and Co loading steps in the 

Co/DeAl-BEA catalyst synthesis, respectively. For example, H-BEA showed the (302) 

diffraction peak  at å22.52° which was shifted to å22.88° after dealumination due to 

lattice shrinkage during acid washing. Introduction of cobalt in DeAl-BEA resulted in 

a decrease in this peak position from  å22.88° (DeAl-BEA) to å22.82° (0.1 mass% 

Co@DeAl-BEA) to å22.60° (3.0 mass% Co@DeAl-BEA). The change in position of 

the diffraction peak suggested introduction of Co species into framework of DeAl-

BEA, consistent with previous reports127. Additionally, the XRD patterns of the 

Co@DeAl-BEA samples did not show evidence of additional lattice crystalline 

compounds, long-range amorphization of the zeolite structure, bulk Co3O4 or extra-

lattice CoO, not even in the 3 mass% Co@DeAl-BEA sample127. 

The N2 adsorption-desorption isotherms (Figure C.3) showed a great amount of 

N2 adsorbed at very low relative pressures and intermediate pressures by multilayer 

filling  in H-BEA zeolite. The appearance of a hysteresis loop at relative pressures up 

to 0.45  indicated mesopores and micropores in H-BEA consistent with prior 

literature148-150. After dealumination, N2 uptake in the intermediate pressure increased, 

resulting in a slight decrease in the micropore volume and an increase in total pore 

volume (Table C.5). This could be attributed to larger micropores or mesopores in 

DeAl-BEA151. The mesopores cause a decrease of the specific surface area from 555 

m2 gī1  (for H-BEA) to 490m2 gī1 (for DeAl-BEA), in agreement with prior literature 

report152. The pore volume and specific surface area of Co-containing zeolite (0.5 
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mass% Co@DeAl-BEA) were lower than that of DeAl-BEA, likely due to partial 

blocking of BEA zeolite pore system by Co ions152.  

The acidity of the Co@DeAl-BEA catalyst was studied using FTIR of 

adsorbed pyridine (Figure 4.1b). For comparison, the FTIR spectra of H-BEA and 

DeAl-BEA were also measured under the same conditions. The H-BEA sample 

exhibited both Lewis and Brønsted acid centers, indicated by bands at å1620 cmï1 and 

å1450 cmï1 for Lewis acidity, and at å1544 cmï1 and å1635 cmï1 for Brønsted acidity, 

respectively.126 The band at å1490 cmī1 corresponds to pyridine interacting with both 

Brønsted and Lewis acid sites153. There was significantly lower chemisorbed pyridine 

on DeAl-BEA, confirming the elimination of acidity. Co@DeAl-BEA catalysts had 

neither Brønsted nor Al-type Lewis acid sites154,  although introducing Co in DeAl-

BEA created a new type of Lewis acid sites of moderate strength as indicated by the 

bands at 1608 cmī1, 1490 cmī1, and 1448 cmī1. This acidity could arise from the 

partial positive charge on Co atoms covalently bonded to adjacent framework O atoms 

or from the interaction of pyridine with pseudo-tetrahedral Co2+ ions in the zeolite155. 

The shoulder peak at around 1596 cm-1 could be attributed to H-bonded pyridine, as 

previously reported156. Interestingly, the intensity of the relevant bands (1608 cmī1, 

1490 cmī1 and 1448 cmī1) increased with increasing Co content, suggesting an 

increase in the number of pseudo-tetrahedral Co2+. Additionally, the intensity of the 

shoulder peak at 1596 cm-1 attributed to the H-bonded pyridine156 was diminished with 

increasing Co loading, indicating the consumption of H-bonded silanols in vacant 

tetrahedral (Td) sites. 

The FTIR spectra in the OH vibration region were depicted in Figure 4.1c. 

The H-BEA sample showed characteristic bands attributed to Al-OH groups (3781 
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cmī1 and 3664 cmī1), to acidic Si-O(H)-Al hydroxyls (3604 cmī1), and to isolated Si-

OH groups (3740 cmī1) located at the external surface and within the zeolite 

micropores,  where they were not confined to either the shallow cavities on the 

external surface or the micropores, in agreement with earlier reports155, 157, 158. After 

dealumination, the bands characterizing all Al-related īOH groups disappeared in 

DeAl-BEA sample, confirming the removal of Al species from the zeolite framework. 

The intense band at å3740 cmī1 and the broad band at 3515 cmī1 were attributed to 

internal, isolated silanol groups and silanol groups with strong and mutual H-bonding 

located at vacant T-atom sites forming hydroxyl nests in DeAl-BEA158, 159. These band 

changes indicated that dealumination created internal silanol groups and silanol nests 

within the crystalline BEA framework. The incorporation of Co in the DeAl-BEA (i.e., 

Co@DeAl-BEA) sample reduced the intensity of the band at 3515 cm-1 and the peak 

was diminished with increasing cobalt content, suggesting that silanol groups, 

particularly H-bonded ones in the framework tetrahedral (Td) sites, were consumed by 

the precursor cobalt species160. 

The location of cobalt species in dealuminated BEA has been identified by 

solid state NMR study. 29Si spectra of H-BEA showed a distinct peak at ī112 ppm due 

to the framework Si atom in a Si(OSi)4 (Q
4) environment (Figure 4.2a). The peak at ï

102 ppm was corresponded to the Si(OSi)3(OH) environment. The intense peak at this 

location for DeAl-BEA is due to creation of H bonded silanol or vacant T sites. The 

incorporation of cobalt in DeAl-BEA lowers the intensity of the signal corresponding 

to Si present in the Si(OSi)3 (OH) environment (ī102 ppm), which suggested that the 

Co species interact with the silanols of the zeolite155.  
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Figure 4.2: MAS NMR of parent H-BEA, DeAl-BEA and calcined 0.5mass% 

Co@DeAl-BEA: 29Si (a) and 27Al (b) 

In 27Al MAS NMR experiment (Figure 4.2b), H-BEA exhibited two signals at 

ī0.35 and 51.3 ppm corresponding to extra-framework aluminum atoms in octahedral 

coordination (AlOh), and aluminum atoms in tetrahedral coordination (AlTd) of zeolite 

framework respectively155.  The dealuminated samples presents very low-intensity 

signal 51.3 ppm positions which comes from the traces of Al atoms remained in the 

zeolite framework. The presence of cobalt in the DeAl-BEA matrix causes this signal 

to be broadened which is related to the paramagnetic properties of Co2+ species. 

4.5.2 Identification of cobalt coordination in Co@DeAl-BEA catalyst 

The coordination environment of the Co species in Co@DeAl-BEA catalysts 

was characterized using diffuse reflectance ultraviolet-visible light (DR UV-vis ) 

spectra (Figure 4.3a). H-BEA and DeAl-BEA had minimal absorption beyond å350 

nm, with a discernible peak within the 220 nm - 300 nm range attributed to ligand-

charge transfer transitions in BEA zeolite161. Upon adding Co (i.e., Co@DeAl-BEA 
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sample), absorption in this wavelength range increased significantly. This is indicative 

of oxygen-to-metal charge transfer (O2ï Ÿ Co2+) attributed to mononuclear Co2+ 

within the framework, consistent with prior observations on framework Co2+ in Co-

MFI zeolite162. In addition, bands centered 590 nm, and 660 nm (see inset figure in 

Figure 4.3a) in the DR UV-vis spectra of Co@DeAl-BEA catalysts were, respectively, 

attributed to the 4A2 Ÿ 
4T1 (4F), and 4A2 Ÿ 

4T2 d-d transitions, characteristic of 

isolated pseudo-tetrahedral Co2+ species.163, 164 The peak at  å515 nm which is related 

to Co2+ species of octahedral coordination, were absent in the 0.1mass%, 0.5mass% 

and 1.0mass% Co@DeAl-BEA samples in agreement with the earlier work127. In 

3.0mass% Co@DeAl-BEA sample, a very weak absorption at å515 nm appeared. 

Overall, DR UV-vis data of the Co@DeAl-BEA catalyst samples suggested isolated, 

tetrahedrally coordinated Co2+ species exist in the zeolite support.  There was neither 

evidence of Co2+ sites of octahedral symmetry (except for 3.0mss% Co@DeAl-BEA 

sample), in contrast to prior reports on Co-MFI165, nor of  CoOx oligomers or 

crystalline Co3O4. 

High-resolution XPS spectra of Co 2p were also utilized to ascertain the 

chemical state of the 0.5 and 3.0 mass% Co@DeAl-BEA catalyst (Figure 4.3b). The 

0.5mass% Co@DeAl-BEA catalysts showed Co 2p3/2 and Co2p1/2 signals at 780.26 

and 796.76 eV, respectively which could be assigned to isolated mononuclear Co2+ 

present in zeolite framework. The satellite peaks for Co2+ at 785.67 and 801.97 eV 

were also evident. 3.0 mass% Co@DeAl-BEA, on the other hand, contained a 

shoulder peak at around 781.86 eV in addition to the peaks of 780.26 and 796.76 eV 

related to isolated framework Co2+. This additional peak could be related to Co3+ or 

octahedral Co2+ at extra-framework position in agreement with previous reports128. 
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The very small Co3+ or octahedral Co2+ peak for 3.0 mass% catalysts could arise from 

the exposure of the samples to oxygen and/or moisture in ambient air conditions as 

proven in Section 3.4 below.  There was no evidence of bulk CoO (780.0 eV) or 

Co3O4 (779.9 eV) in the catalyst, consistent with the XRD and H2-TPR analyses155.  

Figure 4.3c shows the Cobalt L2,3-edge NEXAFS spectra of all as-synthesized 

catalysts, measured under ultra-high vacuum (UHV) conditions.  The catalysts exhibit 

a uniform spectral pattern, and all catalysts display a comparable absorption edge 

energy, close to that of CoO, corresponding to the Co2+ oxidation state. Importantly, 

none of the catalystsô spectra exhibited the sharp resonance at lower energies that 

would be indicative of Co in an octahedral site166.  Note that there are still some 

differences in intensity among samples which may be due to imperfect saturation 

correction.  The tetrahedral feature of Co2+ in all the catalysts regardless of the Co 

loading has been confirmed by in-situ XAS analysis as well which has been discussed 

in detail in Section 3.4. Overall, XRD, pyridine FTIR, DR-UV-vis, XPS and NEXAFS 

analyses combined made evident that all samples contained tetrahedral Co2+ sites 

confined in the zeolite framework or the silanol nests. 
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Figure 4.3: Characterizations of calcined Co@DeAl-BEA samples with different 

Co loading: DR UV-vis (a), Co 2p XPS (b), Cobalt L2,3 edge NEXAFS spectra (c) and 

(d) H2 TPR. 
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460 °C) associated with bulk Co3O4 particles129 confirmed the exclusive distribution 

of Co2+ cations160 within the Co@DeAl-BEA catalyst. 

4.5.3 Catalytic performance of Co@DeAl-BEA catalysts 

We conducted NDE reactions over the Co@DeAl-BEA catalysts with different 

Co loadings under differential conditions. The normalized reaction rate was plotted 

against Co loading, as shown in Figure 4.4a. The data revealed a significant increase 

in the normalized reaction rate from 0.1 mass% to 1.0 mass%, followed by a decline at 

3.0 mass% Co@DeAl-BEA. As Co content increases in the DeAl-BEA support, the 

fraction of isolated Co single sites decreases, while the likelihood of two Co atoms 

residing in close proximity within the zeolite framework forming dinuclear Co-O-Co 

species rises. Our computational investigation suggested that dinuclear Co-O-Co sites 

were more active than the mononuclear Co sites because of favorable hydrogen 

bonding with the vicinal silanol groups. However, at excessively high cobalt loadings, 

multiple cobalt atoms may reside closer forming cobalt oligomers or clusters, reducing 

the normalized reaction rate.  

Further, 0.5 mass% Co@DeAl-BEA catalyst was systematically tested under 

varying reaction temperatures, space velocities, and conditions of stability and 

regeneration. Ethane conversion increased with rising temperature, peaking at 33.5% 

at 650 °C and 9.11 hï1 space velocity, with ethylene selectivity of 97.7% (Figure 

4.4b). No discernible catalyst deactivation was observed at 500 and 550 °C, but 

deactivation occurred at 600 °C and 650 °C during continuous testing up to 6 h. The 

high temperatures induced gas-phase reactions, resulting in ethane conversions of 

about 1.5% and 7.7% at 600 °C and 650 °C, respectively. Catalyst deactivation was 
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attributed to coke formation, as thermogravimetric analysis showed 3.93% weight loss 

in the spent catalyst due to coke after TOS of 6 h at 650 °C.  

 

Figure 4.4: Catalytic performance of Co@DeAl-BEA in kinetic region (a) (T= 500 
0C, 25% ethane, balanced with Ar, 101 kPa pressure, WHSV = 9.1-36.4 h-1) and 0.5 

mass% Co@DeAl-BEA: effect of temperature (a), effect of weight hourly space 

velocity (b), long-term stability (WHSV: 4.6 h-1) (c). Reference reaction condition has 

been used for (b)-(d) unless specified. T= 550 0C, WHSV: 9.1 h-1 (25% ethane, 

balanced with Ar).  
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Higher single-pass conversion could be achieved over the 0.5 mass% 

Co@DeAl-BEA catalyst by reducing the space velocity (Figure 4.4c).  The 

C2H6 conversion at 550 oC increased from 8.5 to 17.1%, close to the equilibrium 

conversion, by decreasing the space velocity from 9.1 hï1 to 3.7 hï1 (Table C.6). 

Further decrease in the space velocity did not increase the ethane conversion. Ethylene 

was the dominant product with 97.4% selectivity, even at the slower space velocity, 

with a slight methane formation as a byproduct. At a similar temperature, the 0.5 

mass% Co@DeAl-BEA catalyst showed the highest turnover frequency among all 

reported cobalt-based catalysts (Table C.7-C.8). By extending the testing period (i.e., 

120 h), a slight decline in catalyst performance was observed (Figure 4.4d). The 

deactivation rate (TOS = 120 h) was compared to other cobalt-based catalysts in the 

literature (Table C.8). The 0.5 mass% Co@DeAl-BEA catalyst had one of the lowest 

rates of deactivation. The catalyst was sintering resistant with no discernible large 

cobalt clusters in HAADF-STEM images after TOS of 120 h (Figure C.4). The 

catalyst could be successfully regenerated by calcination in air at 550 °C (see Section 

S2 in the Supporting Information file for details of the regeneration method). Figure 

C.5 showed that the catalyst could achieve its initial conversion after each 

regeneration cycle. Extensive mechanistic studies for this catalyst are presented in 

Section 4.5.6. 

4.5.4 Dynamics of active centers at induction and reaction environments 

To understand the dynamics of Co sites in the catalysts, we carried out in-situ 

XAS experiments to monitor the coordination structure and behavior of the Co species 

in 0.5 mass% (Figure 4.5a) and 3.0 mass% (Figure 4.5b) Co@DeAl-BEA catalysts at 

pretreatment and reaction conditions. The details of the samples and their treatment 
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condition has been reported in Table C.1. Note that the 0.5 mass% and 3.0 mass% 

Co@DeAl-BEA catalysts are also directly compared at each reaction condition in 

Figure C.6.  Prior to exposing the catalyst in H2 or ethane (ñCalcined (RT)ò), the 

catalyst exhibited edge positions between those of the Co and Co3O4 empirical 

standards, suggesting a mixture of Co2+ and very little Co3+ oxidation states. This is 

consistent with the pre-edge features at å7711 eV shown in Figure C.7, which are 

relatively wide and likely composed of multiple features. Moreover, the pre-edge 

features are somewhat elevated in integral intensity, suggesting the samples lack 

inversion symmetry. This is reinforced by the white line features at å7725 eV, which 

are substantially reduced in intensity relative to the empirical standards. This 

observation may be attributed to a decrease in coordination number, and subsequently 

scattering paths, resulting in diminished intensity of the white line167.  At 500 °C and 

under H2 (ñReduced (500 °C)ò), catalysts exhibited a chemical shift of their edge 

position to lower energies roughly aligned with the CoO reference, suggesting that the 

catalysts were entirely reduced to Co2+.  Nearly identical and sharp pre-edge features 

were observed at å7710 eV with elevated intensities that indicated the Co is in a site 

lacking inversion symmetry. Shoulder features can be found at å7717 eV.  Like the 

earlier DR UV-Vis results, this shoulder feature is often attributed to a ligand-metal 

charge transfer (LMCT). However, the LMCT transition here occurs during the 

electronic relaxation after the excitation of a Co 1s electron to an unoccupied 4p 

state168. While this feature is roughly identical for the two Co concentrations, there is 

some difference in the white line intensity at å7725 eV.  This may suggest a very 

slight propensity of the higher metal loading to form isolated some CoOx clusters. 

However, it cannot be ruled out that this is representative of a difference in electronic 
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structure between the two catalysts.  Interestingly, the XANES spectra appeared 

relatively unaffected by exposure to ethane (ñReacted (500 °C)ò). As the measured 

results probe the time-average populationôs structure, this suggests either that the site 

is insignificantly perturbed by the reaction, or that a minority of the Co sites are 

perturbed at any point in time and changes to the Co site are highly reversible.  The 

latter is consistent with the catalytic performance results above. After cooling down to 

room temperature (ñPost reaction (RT)ò), the catalysts remained in the Co2+ state, and 

the pre-edge features remained nearly unchanged, suggesting no significant physical 

transformation of the Co site.  This supports our earlier choice of the Einstein model 

for fits at the reaction conditions.  Interestingly, the shoulder features observed under 

high temperatures and reaction conditions are no longer present. As this feature is 

typically attributed to LMCT accompanied transitions, this may indicate closer 

proximity of the ligand and metal orbitals in the activated state168. 
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Figure 4.5: In-situ Co K edge XANES spectra at different preparation and reaction 

conditions for 0.5 mass% (a) and 3.0 mass% (b) Co@DeAl-BEA. . Empirical 

standards (Co, CoO, and Co3O4) are also shown and vertically offset by -0.75 for 

clarity. (Note: Pre-calcined (RT) and Calcined (RT) data were collected under ambient 

conditions in an inert atmosphere.)  
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Figure 4.6: In-situ Fourier transform magnitude of Co K-edge EXAFS spectra with 

fitted data for Co@DeAl-BEA catalysts at the different conditions: 0.5 mass% 

Co@DeAl-BEA at 500 ЈC under H2 environment (a), 0.5 mass% Co@DeAl-BEA at 

500 ЈC under C2H6 environment (b), 0.5 mass% Co@DeAl-BEA after cooling down at 

room temperature (c), 3.0 mass% Co@DeAl-BEA at 500 ЈC under H2 environment 

(d), 3.0 mass% Co@DeAl-BEA at 500 ЈC under C2H6 environment (e), 3.0 mass% 

Co@DeAl-BEA after cooling down at room temperature (f). 
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It is worth noting that the sample had a pink coloration prior to calcination, as 

reported previously155, which suggests the presence of octahedral [Co(H2O)6]
2+ 

species. For completeness, the pre-calcined 0.5 mass% Co@DeAl-BEA catalyst was 

measured in air and compared to the in-situ results in Figure 4.5a. The 

centrosymmetric geometry was evident in the negligible intensity of the pre-edge 

feature at å7710 eV and the elevated white line intensity at å7725 eV was likely due 

to the presence of a significant number of single- and multiple-scattering paths, as 

might be expected for a highly coordinated site168-170. The observed spectral shape was 

in good agreement with reported measurements of octahedral, hydrated Co2+ ions168. 

Dehydration during calcination allowed the Co2+ cations to adopt tetrahedral 

coordination, interacting strongly with the zeolite framework, resulting in a light green 

coloration.  This is consistent with the earlier Co L2,3-edge NEXAFS (Figure 4.3c), 

which found no evidence of octahedral species in the calcined sample. 

The EXAFS results can elucidate the active site of the Co in greater detail.  

Beginning with the fits to |ɢ(R)| in Figure 4.6, the proposed model provided good fits 

to the experimental data.  While R was chosen as the fit-space, the model is also 

compared to the experimental k2ɢ(k). The windowing function is shown in Figure C.8. 

The corresponding fit parameters are presented in Table C.9. Each sample is roughly 

four-fold coordinated, in agreement with the earlier Co K-edge XANES pre-edge 

features.  While slight undercoordination may occur during the reaction of the 0.5 

mass% sample, the difference falls short of statistical significance relative to room 

temperature results or the 3.0 mass% sample. Nonetheless, based strictly on these fits, 

it is difficult to definitively rule out undercoordinated Co2+ ions.  In the next section, 

we consider the possibility and potential effects of tri-coordinated species. The bond-
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distances predicted by the EXAFS results reveal several findings.  First, there is a 

slight compression of the bond in the active state, as well as some anharmonicity, as 

revealed by the positive c3 values.  Second, there is a slight elongation of the Co-O 

bond for the 3.0 mass% catalyst relative to the 0.5 mass% post reaction.  Third, this 

elongation is also observed between the 3.0 mass% and 0.5 mass% catalysts under 

reaction conditions.  These changes in Co-O bond lengths are also readily apparent in 

the EXAFS results shown in Figure C.9, particularly concerning the differing 

frequencies in k-space (Figure C.10).  Beyond bond lengths, a slightly greater Einstein 

temperature was found for the 3.0 mass% relative to the 0.5 mass% catalyst.  This may 

be due to differences in intrinsic properties between the two sites. However, it may 

also indicate a slightly more significant structural disorder in the more heavily loaded 

catalyst, consistent with the earlier suggestion that some slight CoOx clusters may be 

present in that material.  

Note that the above analysis did not explore structural details beyond the first 

coordination shell of the Co atoms.  In principle, information could be obtained by 

using the periodic slab models presented in this work to simulate scattering paths at 

longer distances. Unfortunately, the lack of symmetry in the active sites makes these 

particularly difficult  to fit via EXAFS.  These models typically contain dozens of non-

negligible scattering paths with half-path lengths less than å 4 ¡.  In such cases, it can 

be particularly challenging to identify a sufficient number of physically meaningful 

constraints to satisfy the Nyquist criterion and also to address potential correlations in 

the fit parameters.  Progress has been made to address such complex structures via fits 

guided by machine learning171 and ab initio molecular dynamics simulations172.  This 
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remains a valuable direction for future research considering the structure of this and 

related systems. 

After the reduction treatment and after NDE reaction, the state of Co active site 

in the 0.5mass% and 3.0 mass% Co@DeAl-BEA catalysts was investigated using ex-

situ DR UV-vis spectroscopy. As shown in Figure C.11, both the reduced and the 

post-reaction Co@DeAl-BEA catalysts exhibited tetrahedral Co2+ peaks at 590 nm 

and 660 nm. Along with that, a small peak at 515 nm was observed, which could be 

attributed to Co3+ or octahedral Co2+ species. However, this is likely due to the 

exposure of the samples to oxygen and/or moisture in ambient air conditions.  

Our NEXAFS measurements on calcined Co@DeAl-BEA samples did not 

show a such signature, whereas ex-situ XANES data revealed this feature in the pre-

calcined (RT) and calcined (RT) samples (Figures 4.5a and 4.5b). Notably, NEXAFS 

data were collected under ultra-high vacuum conditions, while ex-situ XANES 

measurements were performed in ambient conditions. These findings suggest that the 

bonding environment of a small fraction of Co2+ species is reversible, transitioning 

between a tetrahedral state in the reductive environment and an octahedral or 

Co3+ state in ambient condition. This highlights the importance of in-situ 

characterization, as catalysts may exhibit different structural features and catalytic 

behaviors under reaction conditions compared to ex-situ measurements. 

4.5.5 Morphologies of Co species before and after reaction tests 

The higher resolution HAADF-STEM image (Figure 4.7a) of 0.5 mass% 

Co@DeAl-BEA showed predominately single Co sites along with some sites in closer 

proximity appearing as cluster (e.g., circled region) inhabited on the DeAl-BEA 

support. These cluster-like features appear as bright white spot but remain difficult to 
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resolve further due to two measurement challenges (1) the low contrast between Co 

and Si due to the relatively low atomic weight of cobalt and (2) the instability of 

zeolite framework upon exposure to electron beam. Additionally, images with EDS 

counts from the sample (Figure C.12a) along with EDX mapping of  O K-edge, Co K-

edge, and Si K-edge (Figure C.12b-C.12d) showed O, Co, and Si (single atom and 

clusters) homogeneously dispersed throughout the zeolite support without discernible 

agglomerates. 

 

Figure 4.7: HAADF-STEM images of: Calcined 0.5mass% of Co@DeAl-BEA (a), 

post reaction 0.5mass% of Co@DeAl-BEA (b), Calcined 3.0 mass% of Co@DeAl-

BEA (c), post reaction 3.0 mass% of Co@DeAl-BEA (d). Yellow circles highlight the 

cobalt species. Reaction condition: T= 550 ºC,  WHSV: 9.1 h-1 (25% ethane, balanced 

with Ar), reaction time: 2h 
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After ethane dehydrogenation reaction (Figure 4.7b), the morphology of Co 

sites in the catalyst remained nearly identical proving the immobility of Co sites under 

reaction. This could be due to strong interaction of Co species with silanol groups in 

zeolite framework as evidenced by H2 TPR data in Figure 4.3d. When the Co content 

in the catalyst was increased to 3.0 mass%, a higher density of Co species was 

observed (Figure 4.7c). However, the individual Co sites were difficult to resolve due 

to closer proximity of these species. Like 0.5 mass% Co@DeAl-BEA, the morphology 

of Co sites in 3.0 mass% catalyst remained unchanged before and after the reaction 

(Figure 4.7d), emphasizing the strong interaction between Co sites and zeolite 

framework preventing the formation of bulk CoOx clusters.  

4.5.6 Computational investigation of the ethane dehydrogenation mechanism 

and kinetics 

We investigate the NDE mechanism over the tetrahedral Co2+ mononuclear 

site, which is di-coordinated to the zeolite framework and with two silanol groups in 

vicinity (i.e., (ſSiO)2Co(HOïSiſ)2, Figure 4.8a), as this is the coordination structure 

we found through the catalyst activation and reaction. For comparison, we also 

considered three other Co2+ coordination structures as they could exist when catalyst 

surroundings are changed or Co loadings are increased, as reported in literature126, 173.  

These three coordination models include: (a) Co2+ di-coordinated to zeolite 

framework with one SiOH group in vicinity and the other SiOH group further away 

(i.e., (ſSiO)2Co(HO)-Siſ)(HOïSiſ), Figure 4.8b; (b) a model same as the one in 

Figure 4.8a except that there is no silanol nest around (see Figure 4.8c); and (c) a 

Co2+-O-Co2+ pair structure, in which each Co2+ has one coordination bond to the 

zeolite framework, one bond to the other Co2+ in the pair, and two SiOH groups in 
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vicinity (i.e., (ſSiO)Co(HOïSiſ)2-O-(HOïSiſ)2Co(ſSiO), Figure 4.8d. The last 

model involves dinuclear sites. It should be noted that such sites have shown high 

activity on amorphous silica (am-SiO2) supports40. 

 

Figure 4.8: Local environment of Co2+ in the finite cluster models of (a) di-

Co@DeAl-BEA, (b) di-Couc@DeAl-BEA, and (c) di-Co@Si-BEA and (d) dinuclear 

[Co-O-Co]@DeAl-BEA. (Color code: H, white; O, red; Si, green; Co, blue). 

It is worth to mention that a silanol nest has been created by removing an Si 

atom from the framework followed by formation of four silanol groups in the defect 

site. These silanol groups, prior to Co anchoring, engage in weak hydrogen bonds. 
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Each -OH is directed towards an oxygen in the nest; the oxygen atoms themselves are 

arranged as an approximate tetrahedron. After Co is anchored into the nest, the 

hydrogen bonds break. Co-OH bond lengths are 2.0 Å and 2.1 Å and Co-O- bond 

lengths are 1.8 Å and 1.9 Å. For the ñfurther awayò silanol group in (ſSiO)2Co(HO)-

Siſ)(HOïSiſ), the Co-OH bond length is 2.0 Å. For simplicity, hereafter, we 

abbreviated these four models as di-Co@DeAl-BEA, di-Couc@DeAl-BEA (uc denotes 

undercoordination), di-Co@Si-BEA, and dinuclear [Co-O-Co], in sequence.  

4.5.6.1 Dehydrogenation on Co2+ single site models 

The reaction mechanisms on the three single site models (i.e., di-Co@DeAl-

BEA, di-Couc@DeAl-BEA, di-Co@Si-BEA)  were investigated on finite cluster 

models (Figure C.14) carved out of the periodic monomeric and dimeric Co@BEA 

models (Figure C.13) using overlapping spheres144. Spheres of radius 4 Å were 

centered on Co, its four nearest-neighbor oxygen atoms, and the associated protons. 

The mechanism is investigated on finite cluster models as hybrid functionals are 

required to accurately predict spin-state ordering in 3d metals; such calculations are 

computationally prohibitive for large, periodic models70, 174, 175. Furthermore, our 

objective in this work is to include the evaluation of a complete microkinetic model 

(MKM) and its comparison with experimental results. Our previous investigation of 

NDE on Co@am-SiO2
40, 173 indicates possible spin-crossing kinetics on Co@BEA as 

well. To the best of our knowledge, no existing literature reports periodic models 

capable of computing the rate of spin crossing, parameterized by the Spin-Orbit 

Coupling and the energy of the Minimum Energy Crossing Point (MECP). For single-

atom catalysts, minimal site models invariably describe the essential physics of the 

system77. 
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Figure 4.9: Schematic representation of the reaction mechanism, highlighting only 

the oxygens directly participating in the reaction illustrating the oxygens covalently 

bonded to CoĮ . 

The ethane dehydrogenation mechanism on the single Co d7 sites is shown in 

Figure 4.9. For all three models, the ground electronic state of the active site has spin 

multiplicity of four (three unpaired electrons). The high-spin state is expected for a d7 

transition metal in the tetrahedral field of weak ligands. The coordination of the ethane 

does not change the spin state, which remains a quartet during the C-H scission that 

takes place on a CoïO-Siï Lewis acid-base pair. The H atom transfer to the basic 

silanolate (SiOï) ligand is purely protolytic (viz. H+ transfer) and does not entail 

reduction of the Co atom to d8, as indicated by the unchanging spin polarization at the 

d7 metal center (3 unpaired electrons; cf. Table 4.2). This rules out a proton-coupled 

electron transfer mechanism. The C2H5
ï carbanion coordinates to the Co atom, 
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supplanting the -SiOï ligand. The Co-ethyl intermediate undergoes ɓ-hydride 

elimination by the metal atom, and ethylene forms.  

Table 4.2: Spin polarization on the d7 Co atom during the C-H activation. 

Intermediate di-Co@DeAl-BEA 
di-Couc@DeAl-

BEA 
di-Co@Si-BEA 

C2H6*  2.74 2.69 2.75 

TS 1st C-H 2.69 2.75 2.69 

C2H5*  2.72 2.77 2.75 

 

 

Figure 4.10: Electronic (a) and semi-standard Gibbs (b) energy profiles at 625 ºC 

(5% ethane conversion) of the adiabatic dehydrogenation pathway on di-Co@DeAl-

BEA and di-Couc@DeAl-BEA.  

The corresponding electronic and free energy profiles are shown in Figure 

4.10a and Figure 4.10b, respectively. Inspecting the C-H activation transition state and 

product geometries (Figure 4.11)  along with the energetics, we deduce that the 

transition state is late, i.e., more product (C2H5*) like. Considering the energetics of 

the C-H activation, the activity of three Co d7 model sites was strongly influenced by 
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the neighboring silanol nest defects. On the Co site without defect nests in its vicinity 

(i.e., di-Co@Si-BEA), the C-H activation energy ï defined as the electronic energy 

difference between the transition state (Ὁɗ ) and the adsorbed ethane state (Ὁ )z ï 

is calculated to be ῳὉɗ σρσ kJ mol-1. Figure C.15 shows the electronic energy 

profile for the C-H activation step. This is about ρρπ  kJ mol-1 higher than on the other 

two site models, di-Co@DeAl-BEA (ῳὉɗ  213 kJ mol-1 ) and di-Couc@DeAl-

BEA (ῳὉɗ ρωσ  kJ mol-1 (see also Figure 4.10a). Additionally, the C2H5* 

intermediate on the di-Co@Si-BEA site (ῳὉ )z is  υ  kJ mol-1 and ςω  kJ mol-1 less 

stable than the di-Co@DeAl-BEA and di-Couc@DeAl-BEA sites, respectively.  To 

understand the reason for this difference in C-H activation energies between the di-

Co@DeAl-BEA and di-Co@Si-BEA sites, we computed the deformation energy upon 

C-H bond dissociation at the transition state (ῳὉ ), given by the electronic 

energy difference between the active site in the C-H transition state geometry and the 

pristine active site. ῳὉ   for the di-Co@DeAl-BEA site is ρςυ  kJ mol-1, 

whereas for the di-Co@Si-BEA  site it is ρρυ  kJ mol-1. While this modest difference 

suggests that the relatively rigid structure of the di-Co@Si-BEA site contributes to its 

reduced activity, other electronic factors are also likely to play a role in its inactivity. 

Figure C.16 shows that, in the transition state, Co is pentacoordinate in BEA 

(i.e., without silanol nest around) but tetrahedrally coordinated in DeAl-BEA on 

account of the latterôs flexibility. Comparing sites with defect nests in the vicinity of 

the metal center, ῳὉɗ  for the di-Couc@DeAl-BEA site is ςπ  kJ mol-1 lower than for 

di-Co@DeAl-BEA, and ῳὉ  zfor the di-Couc@DeAl-BEA site is ςτ  kJ mol-1 lower 

than for di-Co@DeAl-BEA (Figure 4.10a). This suggests that the Co atom in the 

former is more Lewis acidic because of undercoordination. This difference in Lewis 
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acidity was further corroborated by pyridine adsorption calculations, where 

Ὁ πȢω Ὡὠ (Ὠ ςȢσς B) on di-Co@DeAl-BEA and Ὁ

ρȢσ Ὡὠ (Ὠ ςȢρφ B) on di-Couc@DeAl-BEA. Furthermore, the pyridine normal 

modes (ring breathing and triangular modes) on di-Couc@DeAl-BEA are å10 cm-1 

higher than on di-Co@DeAl-BEA. This is because the highest occupied molecular 

orbital of pyridine is stabilized more on the di-Couc@DeAl-BEA site on account of the 

stronger overlap with the active siteôs lowest occupied molecular orbital, which is 

consistent with the di-Couc@DeAl-BEA siteôs higher Lewis acidity. The sites do not 

change their coordination number upon formation of the metal-alkyl intermediate, as 

the proton accepting SiOï ligand dissociates away from Co. The intrinsic C-H 

activation barrier on a representative Co2+ single-site on amorphous silica (Co2+@am-

SiO2) is ῳὉɗ ρτρ kJ mol-1, namely, around φπ kJ mol-1 lower than the barriers on 

Co2+@DeAl-BEA.173 The geometry of the four-coordinate active sites can be 

quantified using the ʐ descriptor103, which lies between 0 and 1, and provides a 

continuous scale between two idealized geometries ï square-planar (ʐ π) and 

tetrahedral (ʐ ρ). Higher planarity, ʐ πȢτσ in the Co2+ôs coordination 

environment and longer Co-O bond lengths (essentially more basic O atoms on 

account of less polarization) contribute to the Co2+ ôs enhanced Lewis acidity in 

Co2+@am-SiO2 and subsequent activity. Although both in DeAl-BEA and on am-SiO2 

the coordination environment of Co2+ can be quite heterogeneous, it is reasonable to 

expect more planar (i.e., highly active) sites on the surface of am-SiO2 than in the 

BEA zeolite.  

The ɓ-hydride elimination of the metal-alkyl intermediate on a high-spin d7 

metal center is typically slow because of the repulsive three-electron two orbital 
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interaction. However, because of a high spin-orbit coupling (SOC) Hamiltonian matrix 

element of å 450 cm-140, the system can cross over to the low-spin state (doublet). 

Prior reports show that a SOC constant of 250 cm-1 is sufficiently high to ensure 

minimal non-adiabatic phenomena58, 89. Therefore, upon spin-crossing, the system 

undergoes faster ɓ-hydride elimination as the generally attractive two-electron two-

orbital interaction can stabilize the transition state. The spin flip transforms the high-

spin tetrahedral-like complex to a low-spin planar-like metal-hydride complex.58  This 

underscores how critical the flexibility of the active site is to the reaction rate. In the 

di-Co@DeAl-BEA active site model, the doublet ɓ-H elimination transition state lies 

τυ  kJ mol-1 lower than the quartet transition state. In the di-Couc@DeAl-BEA model, 

this energy difference is  σς  kJ mol-1. This should be attributed to the stronger Lewis 

acidity of the undercoordinated Co2+ atom.  

Upon completion of the reaction, the system returns to the quartet state, which 

is more stable than the doublet. This entails a second spin-crossing after the ɓ-H 

elimination. On the di-Couc@DeAl-BEA site, this happens right after the elimination 

step because the ground state of the Co-hydride is a quartet. This behaviour resembles 

Co@am-SiO2
40, 173.  On the di-Co@DeAl-BEA active site, however, the Co-hydride 

ground state is a doublet, and the second spin-crossing is associated with the 

desorption of ethylene60, 73.  

Figure 4.10b shows the free energy profiles corresponding to the pathways 

described above. They suggest that the ɓ-elimination TS is the TOF-determining TS. 

This was confirmed by microkinetic analysis of the reaction network (details in 

Section S5 of the SI): the sensitivity coefficient associated with the ɓ-H elimination 

takes the value of 0.9 at the di-Co@DeAl-BEA site and unity at the di-Couc@DeAl-
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BEA site. The microkinetic models predict apparent activation energies of ρχρ kJ mol-

1 and ρχχ  kJ mol-1 on di-Co@DeAl-BEA and di-Couc@DeAl-BEA , respectively 

(Figure C.17), which agree well with the experimental apparent activation energy of 

164.9 kJ mol-1 (see methods section for experimental conditions; Figure C.18). On 

both active site models, the reaction is first order with respect to the ethane partial 

pressure, which agrees with the experimental value. This was anticipated given the 

free energy profiles in Figure 4.10b and the low stability of all reaction intermediates.  

In every respect, the kinetics of the reaction on both the framework Co d7 sites are 

similar to those on single Co d7 sites grafted on am-SiO2. In earlier work, Srinivas et 

al. 173 showed that the site-averaged apparent activation energy on Co@am-SiO2 is 

around 100 kJ mol-1, indicating higher activity than Co@DeAl-BEA. This can be 

attributed to the presence of planar active sites Co@am-SiO2, with longer Co-(OH-Si) 

bond lengths, known to impart higher Lewis acidity and thereby higher activity87, 173.  

The activity-stability trade-off of the catalyst is evident from the ethylene binding 

energy (Table C.11), a descriptor used to predict the catalystôs tendency to coke; 

stronger binding could suggest a higher propensity for coking and degradation. While 

the Co2+ site shows higher activity on am-SiO2, it also binds ethylene more strongly 

than DeAl-BEA does. So, Co incorporated in the zeolite framework is more resistant 

to coking.  

Considering the TOF-determining TS to be the ɓ-hydride elimination TS and 

the TOF-determining intermediate to be the pristine active site, the energetic span is 

Ὃɗ Ὃ . The reduced rate law takes the simple form  

 ὶ ὑὑὯ ᶻ ὖ  (4.5) 
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where ᶻ  is the total active site density, ὑ and ὑ are the equilibrium constants of 

steps 1 and 2, and Ὧ is the forward rate constant of step 3 (Figure 4.9).  Details of the 

derivation of the rate law are presented in C.5, along with the possible rate expression 

when both C-H activation steps are rate-limiting. 

4.5.6.2 Dehydrogenation on dinuclear [Co-O-Co] sites in DeAl-BEA zeolite 

Previous work on the dehydrogenation activity of Co d7 on amorphous silica 

has shown that dinuclear sites of the -Co-O-Co- type are more active than single-Co 

sites by ρψ kJ mol-1. The local environment of the dinuclear [Co-O-Co]@DeAl-BEA 

active site model is shown in Figure 4.8d (see also Figure C.13d and Figure C.14d). 

With each of the Co atoms being d7, the ground electronic state of the dinuclear [Co-

O-Co]/BEA model is the septet (spt). Our simulations did not consider 

antiferromagnetic coupling as SQUID data related to a Co-O-Co molecular analogue 

have not indicated its presence87.  

In the protolytic dissociation of the C-H bond, the H+ is abstracted by the O 

atom of Co-O-Co. The electronic energy barrier is ψχ kJ mol-1, ρπυ  kJ mol-1 lower 

than on the single sites (Figure 4.9a), while the C2H5* intermediate energy is ~ 110 kJ 

mol-1 lower than on the single sites. In the case of the silica-supported Co-O-Co sites, 

the more facile activation of the C-H bond was ascribed to the higher basicity of the O 

atom of Co-O-Co bridge. To compare the Lewis acidity of the active sites, we 

optimize the pyridine adsorption configuration and evaluate Co-N bond lengths. In 

DeAl-BEA, a slightly higher Lewis acid-base strength in dinuclear [Co-O-Co]@DeAl-

BEA compared to di-Couc@DeAl-BEA is evidenced from the formerôs πȢρ B shorter 

Co-N bond. In addition, the C-H activation transition state as well as the C2H5* 

intermediate is further stabilized by the strong hydrogen bonding (Ὠ ςȢυ Å) 
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between the basic Co-O-Co bridging O and a proximal defect silanol (Figure 4.11c 

and Figure C.19); such hydrogen bonding is absent from the reactant state as well as 

from the single-site models (Figure 4.11a and 4.11b). Tables C.12 and C.13 report the 

local coordination environment of the Co2+ motif involved in C-H bond activation at 

the transition state. 

 

Figure 4.11: Protolytic C-H activation transition state geometry (Co2+ local 

environment shown) for (a) di-Co@DeAl-BEA, (b) di-Couc@DeAl-BEA, and (c) 

dinuclear [Co-O-Co]@DeAl-BEA. 

The ɓ-hydride elimination can occur via two pathways. The first involves both 

Co atoms of the Co-O-Co bridge and will be referred to as the cooperative pathway 

(Figure 4.12a). In this case, the ɓ-hydrogen of the Co-ethyl complex is abstracted by 

the geminal Co of the Co-O-Co bridge, which, in the process, loses one of its -SiOH 

ligands. There is no spin crossing here, and the hydride transfer happens over a 

ῳὉɗ ρφυ kJ mol-1 barrier on the high-spin (septet) potential energy surface; the 

corresponding free energy barrier is ῳὋɗ ρυρ kJ mol-1. The second pathway 

(Figure 4.12b) follows in the footsteps of the single Co2+ site. The Co atom abstracts 
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the ɓ-hydrogen of its ethyl ligand after a spin flip that pairs two of its d-electrons and 

crosses over to the quintet potential energy surface, on which ῳὉɗ ρσυ kJ mol-1 

(ῳὋɗ  ρτς kJ mol-1l).  

 

Figure 4.12: Ethane dehydrogenation on dinuclear [Co-O-Co]/DeAlBEA active site. 

(a) Cooperative mechanism involving both Co(II) atoms. (b) Spin-crossing mechanism 

involving a single Co(II) atom. Atom labeling convention: H, white; O, red; Si, green; 

Co, blue; C, black. 

Once the ɓ-H elimination is completed, the system crosses back to the septet 

state. Energy wise, this mechanism is more efficient; see Figure 4.13 for complete 

energy profiles. The intrinsic ɓ-H elimination barrier between dinuclear [Co-O-

Co]@DeAl-BEA (ῳὉ
ɗ

ρστ kJ mol-1 quintet spin state) and the single-site 

model di-Couc@DeAl-BEA, (ῳὉɗ ρτχ kJ mol-1) shows a very small 

difference. This suggests that the higher activity on the dinuclear site can be attributed 

to the stabilization of the transition state corresponding to the C-H scission and the 
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Co-alkyl product intermediate via hydrogen bonding, which results in the lowering of 

the entire energy profile. 

 

Figure 4.13: Electronic (A) and semi-standard Gibbs (B) energy profiles at 625 ºC 

(5% ethane conversion) of the cooperative (red) and SCO (blue) pathways on the di-

nuclear model. 

The microkinetically simulated reactive flux through the spin-crossing 

pathway is twice as large as the flux via the cooperative pathway, confirming that the 

former is kinetically dominant.  In this respect, it is not surprising that the TOF-

determining TS is the ɓ-hydride elimination TS, according to sensitivity analysis of 

the reaction network (Table C.14).  The reaction is first order with respect to the 

ethane partial pressure on account of the low active site coverage by the intermediates. 

The apparent activation energy on the dinuclear [Co-O-Co]/DeAl-BEA active site 

model is  76 kJ mol-1; recall that for the di-Co@DeAl-BEA and di-Couc@DeAl-BEA 

models, these values are ρχρ kJ mol-1 and ρχχ kJ mol-1, respectively. The large 

difference between the experimental apparent activation energy (ρφτȢυ kJ mol-1) and 

the calculated value for the dinuclear site suggests that this site is generally absent or 
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not the dominant active site in the 0.5 wt% catalyst. From a qualitative point of view, 

Co-O-Co sites grafted on silanol defects in dealuminated BEA behave remarkably 

similar to those grafted on am-silica. Interestingly, the apparent activation energy on 

Co-O-Co/SiO2 site is around 25 kJ mol-1 higher than that in DeAl-BEA ï possibly 

because in DeAl-BEA, the C-H scission transition state is further stabilized by 

hydrogen bonding, as we noted earlier. These simulations suggest that to increase the 

likelihood of creating these highly active dinuclear motifs, it could be worth 

impregnating Co into dealuminated BEA frameworks with lower Si:Al ratios. 

4.6 Conclusion 

We studied the dynamics of active sites in Co@DeAl-BEA catalysts during 

NDE reaction. The coordination structure and its evolution at different stages of the 

reaction (i.e., as-synthesized, pre-reduction, during reaction, and post-reaction) were 

elucidated by a combination of ex-situ and in-situ characterization techniques. The as-

synthesized Co@DeAl-BEA contains highly dispersed Co2+ species, strongly 

interacting with silanol groups in defect sites in DeAl-BEA zeolite. At low Co loading 

(e.g., 0.5mass%), the dominant coordination structure comprised tetrahedral Co2+ 

mononuclear sites di-coordinated to the zeolite framework, with two neighboring 

silanol groups (i.e., (ſSiO)2Co(HOïSiſ)2). Exposure of the as-synthesized sample to 

ambient air resulted in the formation of octahedrally coordinated Co2+ clusters and/or 

Co3+ species. Under NDE reaction, in-situ XANES showed that H2 exposure entirely 

reduced the Co sites present to Co2+ and new electronic spectral features consistent 

with those accompanied by LMCT transitions emerged. The local electronic and 

atomic structure of these Co sites persisted throughout C2H6 exposure and the material 

was again four-fold coordinated in the post-reaction stage. Notably, higher metal 
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loading led to elongated Co-O bonds in both the post-reaction and activated states and, 

regardless of loading, the Co-O bond was compressed and anharmonic under reaction 

conditions.   

The Co/DeAl-BEA catalyst demonstrated active, selective, stable, and fully 

regenerable performance for NDE. A reaction mechanistic investigation on the 

mononuclear isolated (ſSiO)2Co(HOïSiſ)2) sites revealed that only the silanol defects 

render the framework Co2+  site active. This is because the silanol clusters impart 

flexibility to the Co2+ site. Isolated Co2+ sites in BEA framework without silanol nest 

around are inactive for dehydrogenation. The dominant reaction pathway proceeds via 

spin-crossing, and the rate-limiting step is the ɓ-hydride elimination on both the 

isolated and dimeric active sites. The monomeric Co2+ sites in DeAl-BEA zeolite have 

comparable apparent activation energies, which is in excellent agreement with the 

experimental activation energy. The dinuclear [Co-O-Co]/DeAl-BEA site is 

remarkably active, in fact more so than similar dimeric sites on am-SiO2, due to the 

stabilization of intermediates and transition states by hydrogen bonds with the defect 

silanols. These findings suggest that engineering the proximity of Co sites within the 

DeAl-BEA zeolite could enable the development of even more active NDE catalysts 

in future research. 
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EFFECT OF DEFECTS AND FRAMEWORK Sn ON THE STABILITY AND 

ACTIVITY OF Pt CLUSTERS FOR ETHANE DEHYDROGENATION IN 

CHABAZITE ZEOLITE  

5.1 Abstract 

With increasing interest in new catalytic materials based on atomically 

dispersed transition metals on various supports (e.g., zeolites or oxides), it is necessary 

to have an atomic level understanding of the factors that determine their structural and 

electronic properties as well as catalytic activity. Encapsulated Pt atoms and sub-

nanometer Pt clusters in Sn-substituted zeolitic frameworks have demonstrated 

extended catalytic stability and remarkable selectivity for alkane dehydrogenation to 

alkenes. Despite efforts to characterize these materials, the bonding environment of 

the dispersed atoms in the presence of framework Sn or of defect silanols is uncertain. 

We have employed ab initio molecular dynamics simulations and electronic structure 

calculations to identify and characterize electronically stable Pt active site motifs in 

chabazite (CHA) and Sn-CHA at low Pt loadings. The activity of several active site 

motifs was assessed by microkinetic simulations. We demonstrate that framework Sn 

and silanol defects can promote the dispersion of Pt species. Unexpectedly, we find 

that in the presence of silanol nests, the dispersed Pt species statistically prefer to 

coordinate with the silanols and not with the framework Sn. We show that Pt and Sn 

are bonded via a 3-center-4-electron bond (O:ïSnï:Pt), affirm the absence of PtïOïSn 

bonding, and thus resolve the ambiguity related to the coordination of Pt to framework 

Chapter 5 
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Sn. We predict that the O:ïSnï:Pt and SnïOïPtïPtïSi bonding motifs in Sn-CHA are 

stable and active for ethane dehydrogenation. We relate our findings and conclusions 

to recent experimental characterization of Pt in Sn-BEA zeolite, point out the close 

alignment in several aspects and suggest that the effect of framework Sn on the 

dispersion of low nuclearity Pt species and on the formation of stable and efficient 

active sites should be largely independent of the framework itself. 

5.2 Contributions 

This chapter includes previously published work176 contributing to the overall 

completion of this thesis. Sanjana Srinivas performed all the ab initio molecular 

dynamics simulations, electronic structure calculations and microkinetic analysis. 

Stavros Caratzoulas oversaw the theoretical calculations and analysis. Dionisios G. 

Vlachos conceived and managed the project.  

5.3 Introduction  

Supported single platinum atoms (SAs) and sub-nanometer clusters have been 

garnering attention for the selective, high-temperature alkane dehydrogenation to 

alkenes.177 These catalysts show high atom efficiency, i.e., high activity per atom,178 

making them a cost-effective alternative to the conventional PtSn/Al2O3 catalyst. Such 

low-nuclearity Pt-based catalysts present fewer Pt-Pt bonds, which reduces the 

propensity for C-C cracking and coking, and thereby are more selective for alkenes.179 

What hinders the industrial deployment of these catalysts is their stability. The large 

cohesive energy of bulk platinum provides a strong thermodynamic driving force for 

sintering. Indeed, this has been reported in several experimental reports of Pt clusters 

on alumina support.180, 181 
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Encapsulating small Pt clusters in microporous zeolite frameworks has shown 

great promise for preventing sintering. It has been hypothesized that the zeolite can 

trap the small Pt clusters within its micropores, creating a physical barrier to sintering. 

Liu et al.20 and Kistler et al.182 have reported the synthesis of trapped single Pt atoms 

in the 6-membered cages of the zeolites Y and KLTL, confirmed by aberration-

corrected STEM studies. In this configuration, zeolite Y showed a five-fold increase in 

turnover frequency for n-hexane isomerization relative to nanoparticles and selectivity 

of around 98%. In KLTL, the single Pt atoms remained isolated even after the CO 

oxidation reaction. Therefore, the encapsulated Pt sub-nanometer clusters satisfy the 

four tenets of a promising catalyst: high activity, high selectivity, extended stability, 

and improved sustainability due to high noble-atom efficiency. 

Incorporating heteroatoms and engineering silanol defects in the zeolite 

framework has been shown to enhance the stability of single metal atoms and sub-

nanometer metal clusters under reaction conditions. Lezcano-Gonsalez et al.183 

reported extended catalytic stability and reduced sintering of small Pt clusters in a 

highly defective, isomorphously substituted Sn-MFI framework. Extensive 

characterization suggested that the silanol defects and the framework Sn provided 

anchoring sites to the small clusters.  Xu et al.25 reported extended stability of small Pt 

clusters in Sn-BEA under dehydrogenation conditions. They, too, reasoned that the 

framework Sn and geometric constraints can stabilize small Pt clusters. Recently, 

Lefton et al.184 extensively characterized low-nuclearity Pt clusters synthesized by 

wetness impregnation of dealuminated BEA and of Sn-BEA, at 0.03 wt% Pt loading. 

They concluded that framework Sn or silanol nests could promote the thermodynamic 

dispersion of the embedded Pt atoms. There is less certainty regarding the bonding 
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environment of the dispersed Pt species. Lefton et al.184 concluded that only PtïSn 

bonding was likely because attempts to fit PtïOïSn paths to their XAS spectra had 

resulted in nonsensical coordination numbers, whereas Ma et al.185  had previously 

reported only PtïOïSn bonding. Both moieties are plausible active site motifs and 

lack of consensus may be due to differences in the synthesis method or sample pre-

treatment,184, 185 but they have distinctly different electronic structures and, likely, 

activity. The reported  coordination of Pt by ïSiOH groups184 is related to the 

dispersive effect of silanol nests but this bonding structure, too, is ambiguous. 

Microscopy-based methods like HAADF-STEM often cannot detect ultrasmall Pt 

clusters or single atoms, and adsorption or scattering spectra (e.g., EXAFS) are 

ensemble averages. This makes it difficult to unequivocally determine the 

coordination environment of low-nuclearity Pt clusters using only experimental 

characterization methods. 

In this contribution, we wish to address and resolve these uncertainties and add 

electronic level clarity to the bonding structures of the active site motifs that result 

from the dispersion of the Pt atoms. We restricted ourselves to low Pt loadings as only 

low-nuclearity Pt clusters seem to have been active when catalyst samples were tested 

for propane dehydrogenation.184 Taking advantage of the low-nuclearity of the active 

Pt species, and for computational efficiency, we chose to work with the CHA 

framework, with only 36 base atoms in its primitive unit cell. CHA is sufficiently 

flexible to accommodate a Sn atom in its lattice and there is only one distinct 

crystallographic position where the substitution can take place. Using the PtïPt and 

PtïSn atomic separations as order parameters, to distinguish between associated and 

dissociated states, we performed ab initio molecular dynamics (AIMD) free energy 
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simulations to compute the corresponding free energy profiles and sample 

configurations that belong to the attractive basins of the reduced free energy 

landscape. Structures from these ensembles were subsequently quenched to identify 

attractors of the potential energy surface. The optimized structures were used for 

analysis of their electronic configurations and of their catalytic activity for ethane 

dehydrogenation. Microkinetic simulations were performed to obtain kinetic 

parameters.  Last, we discuss insights into activity trends across the different local 

environments and strategies for achieving Pt dispersion.  

5.4 Methods 

5.4.1 Periodic electronic structure calculations  

The CHA unit cell, consisting of 36 T-sites, was taken from the International 

Zeolite Association (IZA) website. The framework contains three types of rings, 4-, 6- 

and 8-membered. There is only one crystallographic site that substitutional atoms can 

occupy. To build the Sn-substituted model, a Si atom in the unit was replaced by Sn 

and the model was reoptimized. Periodic density-functional theory (DFT) 

calculations186, 187 were performed at the Perdew-Burke-Ernzerhof (PBE)188 theory 

level with D3 dispersion189 in CP2K190. The DZVP-MOLOPT-GTH basis set was used 

with a plane-wave cutoff of 400 Ry. The core electrons were treated with the 

Goedecker-Teter-Hutter (GTH) pseudopotentials, and the valence electrons were 

treated with the Gaussian and plane waves (GPW) approach implemented in CP2K. 

The self-consistent field (SCF) calculations were converged to 1×10-6 Ha, and the 

geometric optimizations were performed using the conjugate gradients (CG) 

optimizer. The forces were converged to 4.5×10-4 Ha/Bohr. Silanol defects were 
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created by removing an -Si-O-Si- moiety and adding hydrogens to the unsaturated -Siï

Oï bonds. This created a 6-membered defect ring which is typically more stable than 

the 4-membered one (created by removing a single Si atom) in which the 4 closely 

packed ïSiïOH groups experience repulsive forces. There are three ways to remove 

an Si-O-Si moiety from the CHA framework: across the 4- and 6- membered rings; 

across the 6- and 8-membered rings; and across the 4- and 8-membered rings. The 

lowest energy structure results from SiïOïSi deletion from the 6- and 8-membered 

ring. This is the structure used in this study.  

5.4.2 Finite cluster electronic structure calculations 

Cluster models were carved out of the optimized ὖὸÓÕÐÐÏÒÔϳ  periodic 

structures as spheres of radius 6.5 Å centred on the Pt atoms. The Si dangling bonds 

were saturated with H atoms in the direction of the Si-O- bonds present in the periodic 

ὖὸίόὴὴέὶὸ ϳ structure. All electronic structure calculations with the cluster models 

were performed using Gaussian 09, version d01.64 The C, Si, O, H atoms were 

modelled at the B3LYP66, 67/TZVP theory level and the Pt, Sn atoms were modelled at 

the B3LYP/LANL2DZ theory level191. An empirical dispersion correction by 

Grimme68 was added to the DFT energies. Transition states were confirmed by 

vibrational frequency analysis (single imaginary frequency) and by intrinsic reaction 

coordinate (IRC) calculations. Thermal corrections to the electronic energies were 

obtained within the harmonic oscillator approximation at 900 K using the pMuTT71 

utility (version 1.2.12); frequencies below 100 cm-1 were set to 100 cm-1 for all 

intermediates72. To mimic the rigidity of the zeolitic framework, the peripheral 

hydrogens were kept frozen during optimization and frequency calculations. Natural 

bond orbital analysis was performed in the NBO6 program145.  
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5.4.3 Microkinetic simulations 

Microkinetic analysis for a fixed bed reactor (FBR) was performed in 

CHEMKIN.83 Kinetic analysis across the active site models was performed at a 

conversion of 3% at reaction temperature (898.15 K). Reaction conditions chosen for 

the models are summarized in Table D.3; they were chosen to ensure that the kinetic 

analyses are performed at differential conditions. The feed flow rate was adjusted 

across the models to fix conversion at 3% at the reaction temperature. CHEMKIN uses 

the DASPK solver; the absolute and relative tolerances of the differential equations 

were set toρπ  and ρπ, respectively. Specifically, the tolerance values correspond 

to the gas mole fractions and intermediate coverages (quantities bounded between 0 

and 1). 

5.4.4 Ab initio  molecular dynamics simulations 

The AIMD simulations were carried out in the canonical ensemble (NVT) at 

900 K, using a chain of three Nosé-Hoover thermostats192 with a relaxation time of 

500 fs. For systems containing hydrogen, we observed oscillations in the temperature 

associated with the Toda demon193 and in order to eliminate them the thermostat mass 

was set to 10-2 times the default value for each system. All calculations were 

performed at the Perdew-Burke-Ernzerhof (PBE)188 theory level with a D3 dispersion 

correction of Grimme et al.189 in CP2K. The equations of motion were integrated 

using the velocity Verlet algorithm194 with the time step of 2.5 fs for the frameworks 

without hydrogen atoms and 1 fs for the hydrated frameworks. The SCF cycles were 

converged to 1×10-6 eV and the energy cutoff was set to 400 Ry. 

Thermodynamic integration (TI) free energy calculations195 were performed 

using either the Pt-Pt or the Pt-Sn interatomic distance (Ὠ , Ὠ ) as the 
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collective variable. The free energy difference between the two configurations 

corresponding to the reaction coordinate values of l0 and l1 was calculated using Eq. 

5.1 

 ῳὊὰȟὰ  ᷿  Ὠὰ (5.1) 

where is the generalized force associated with the constraint on the reaction 

coordinate in the MD simulations. A ‏ὰ of 2.5 nm was used to define each window 

and the constraint on either the Pt-Pt bond or the Pt-Sn bond was enforced using the 

RATTLE algorithm196. Each window consisted of trajectories of 9 ps long (3 ps 

equilibration and 6 ps production).  

5.5 Results and Discussion 

5.5.1 Stable active site motifs 

Using the PtïPt and PtïSn atomic separations as order parameters to 

distinguish between associated and dissociated states, we performed TI free energy 

simulations to compute the corresponding free energy profiles and sample 

configurations of active site motifs for one or two Pt atoms per unit cell. The 

simulations were performed at 900 K (representative of dehydrogenation conditions) 

in pristine CHA (Figure D.1a); in CHA with silanol defects created as described in 

Methods (def-CHA; Figure D.1b); in Sn-CHA (Figure D.1c); and in Sn-CHA with 

silanol defects (def-Sn-CHA; Figure D.1d). 

Figure 5.1 shows the PtïPt potential of mean force (pmf) as a function of their 

separation Ὠ  in CHA, def-CHA and Sn-CHA. In pristine, stoichiometric CHA 

(Figure 5.1a), association of the two Pt atoms is thermodynamically favored over the 

dissociated state by 23 kcal/mol, and it is reasonable to deduce that Pt growth in the 
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pristine material will only be limited by the pore size.  In def-CHA (Figure 5.1b), the 

PtïPt pmf is essentially repulsive at short Ὠ ,  with only a very shallow local 

minimum at ςȢψ Å, and the Pt atoms seem to be dispersed by the defect silanols. This 

behavior is reminiscent of the dispersion of Pt atoms by surface hydroxyls on hydrated 

Al 2O3 (110).197 In pristine Sn-CHA with Sn:Pt ratio of 1:1, the PtïPt pmf is similarly 

repulsive at short Ὠ  (Figure 5.1c). Visual inspection of the MD trajectories in the 

free energy well at Ὠ χ Å revealed that each of the two Pt atoms prefers to 

coordinate with a framework Sn. We confirmed the facile PtïSn association in Sn-

CHA by computing the PtïSn potential of mean force, which is shown in Figure 5.2a. 

Evidently, PtïSn binding is thermodynamically favorable by ῳὊ  ρρ kcal/mol 

relative to the local free energy minimum at which the Pt and Sn atoms are τȢψ Å 

apart. These results are quite pleasing because not only do they agree with 

experimental reports about the stability of dispersed Pt in Sn-BEA and Sn-MFI under 

dehydrogenation conditions conditions,25,184, 198 but they strongly suggest that the 

thermodynamics of the dispersion of Pt particles in the presence of Sn is rather 

agnostic to the framework. We also investigated the thermodynamics of PtïSn binding 

in def-Sn-CHA and the results were quite surprising. The PtïSn pmf in def-Sn-CHA, 

shown in Figure 5.2b, is clearly repulsive. At the minimum at Ὠ υ Å, 

inspection of the MD trajectories revealed that Pt prefers coordination to the silanol 

defects to binding to the framework Sn.  
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Figure 5.1: Potential of mean force between two Pt atoms in (a) CHA, (b) def-

CHA, and (c) Sn-CHA. 
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Figure 5.2: Potential of mean force between Pt and Sn atoms on (a) Sn-CHA, and 

(b) def-Sn-CHA. 

Next, we analyzed the bonding structures of representative configurations 

belonging to the free energy minima identified above. To that end, these structures 

were quenched by DFT optimization.  

We began by analyzing quenched structures corresponding to the two minima 

in the PtïPt potential of mean force in pristine CHA. As we saw earlier, dispersion of 

the Pt atoms is thermodynamically less favorable than Pt-Pt bonding. the two Pt atoms 

prefer to be bonded. The quenched structure corresponds to the dispersed state in 

which each of the separated Pt atoms is wedged in an SiïPtïO bonding structure 

between a 6- and 4-membered ring, elongating the framework SiïO bond from 1.63 to 

2.84 Å (Figure D.3a); such a stable geometry in siliceous zeolites has been reported 

before.199 According to natural bond orbital (NBO) analysis of a representative cluster 

model (Figure 5.3a), the Pt atom in SiïPtïO is sd-hybridized and its two bonds are at 

87°, consistent with the spatially orthogonal topology of the sd-hybrids (Figure D.3a). 

In this SiïPtïO bonding structure, Pt acquires some positive charge (ή πȢςχ Ὡ). 
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Although this positive charge is not sufficient to ascertain oxidation of the Pt atom, it 

should nevertheless manifest itself in a blue shift in the IR spectrum of a probe CO 

molecule. Trapped Pt atoms in the frameworks of the Y20 and KLTL182 zeolites have 

been confirmed by aberration-corrected STEM. In the quenched configuration (Figure 

D.2a) associated with the thermodynamically more stable Pt2 state in pristine CHA, 

the two Pt atoms are in a PtïPt(Si)(O) bonding structure. In this, the two Pt atoms 

acquire distinctly different electronic characteristics. The ñcentralò Pt, which is 

bonded to Pt, Si and O (bond angles 85ºï95°), is wedged between the 4- and 6-

membered rings, interrupting their SiïO bond and, based on NBO analysis (model in 

Figure 5.4a), it is sd2-hybridized, which explains the mutually orthogonal bonds 

(Figure D.4a). It is also positively charged with ή πȢτ Ὡ, namely, it is more charge 

depleted than isolated Pt atoms in the OïPtïSi moieties described earlier (cf., ή

πȢςχ Ὡ) and one should expect stronger blue shift in the CO IR spectrum. The second 

Pt atom in PtïPt(Si)(O) is inside the cage formed by the 4- and 6-membered rings and 

negatively charged (ή πȢσ Ὡ. This Pt atoms is not hybridized and is bonded to 

the ñcentralò Pt with its 6s-orbital. We will see later that the mononuclear SiïPtïO 

active site is a lot less active than the dinuclear PtïPt(Si)(O) for CïH activation.  

We described earlier that silanol defects in unsubstituted CHA (def-CHA) 

dispersed the Pt atoms (Figure 5.1b) and that visual inspection of the trajectories 

showed coordination of the Pt atoms to ïSiOH nests. Quenching of configurations 

associated with the free energy well centered at Ὠ τȢυ Å yielded the SiïOïPtï

H bonding structures, namely, the dispersed Pt atoms inserted themselves in OïH 

bonds using their sd-hybrid orbitals (Figure D.1b). NBO analysis (model in Figure 

5.3b) showed that in this configuration Pt acquires again positive partial charge ή
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πȢσω Ὡ. We also quenched sampled configurations corresponding to the 

thermodynamically less stable (by only ca. 8 kcal/mol) dinuclear state Pt2. We found 

the bonding structure SiïOïPtïPtïH after 1,2-insertion of Pt2 in the OïH bond of a 

defect silanol (Figure 5.4b). Here, again, the Pt atoms are sd-hybridized but, 

interestingly, the Pt bonded to the O atom is electronically depleted, with ή πȢτ Ὡ, 

whereas the Pt bonded to the H atom is nearly neutral, with ή πȢπς  (Figure 

D.6c). Furthermore, the NBO analysis indicated the presence of a 3-center-4-electron 

bond (3c-4e), O: ïPtï:O(H), between the Pt and O atoms in boldface type in ïSiïOï

PtïPtïH and a proximal ïSiOH oxygen atom. In this 3c-4e resonance state, the 

participating O atoms take turnsðnot necessarily with equal probabilitiesðin bonding 

with the Pt atom, and when one of them is ů-bonded to Pt, the other donates an 

electron pair to the corresponding antibonding orbital.  

As we noted earlier, the MD simulations showed that, in def-Sn-CHA, Pt-Sn is 

not thermodynamically stable (Figure 5.2b) and that visual inspection of the 

trajectories indicated, quite unexpectedly, that the dispersed Pt atoms associated with 

the silanol nests and not with the framework Sn. Quenching of sampled configurations 

in the free energy attractor of the Pt-Sn potential of mean force shown in Figure 5.2b, 

yielded the SiïOïPtïH (Figure D.1d) bonding structure, similar to that in def-CHA. 

Unsurprisingly, the sd-hybrized Pt atom is positively charged, with ή πȢσω Ὡ 

(Orbitals shown in Figure D.5c).  

Only in the absence of silanol defects did we see dispersion of Pt by 

framework Sn in Sn-CHA. The quenched structure (Figure D.1c) corresponding to the 

free energy well at Ὠ χ Å shows the Pt atom being coordinated to a framework 

SnïO bond.  NBO analysis (model shown in Figure 5.3c) showed that the Pt atom 
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actually participates in a 3c-4e bond, O:ïSnï:Pt. In this hybrid state, the Pt atom is 

60% in a state in which the Pt donates a d-lone pair to the „ᶻ  orbital, and 40% in a 

state in which the O donates a 2p-lone pair to the „ᶻ  orbital (Figure D.5b). The Pt 

in this bonding structure is not as electronically depleted (ή πȢρχ Ὡ) as in the 

bonding structures we have described so far and in which the Pt atom was stabilized 

by inserting itself in the OïH bond of defect silanols.  

As we mentioned in the Introduction, Lefton et al.184 recently concluded by 

EXAFS analysis that only PtïSn bonding was present in Pt-Sn-deAlBEA samples at 

low Pt loading (0.03 wt%) because attempts to fit PtïOïSn paths to their XAS spectra 

had resulted in nonsensical coordination numbers. Direct Pt-Sn bonding has also been 

recently reported by Dou et al.198 in the Sn-MFI framework, although the authors in 

that work claimed that Sn was in the 2+ rather than 4+ oxidation state. Our simulations 

and analysis indicate direct PtïSn bonding and the absence of PtïOïSn bonding, more 

in agreement with the findings of Lefton et al.184  In contrast, Ma et al.185  have 

reported only PtïOïSn bonding in the XAS spectra of Pt-Sn-deAlBEA samples. 

Although further characterization studies might be needed to resolve this 

disagreement, it is conceivable that it is due to differences in the synthesis of Sn-BEA 

and the bonding structure of the Sn atom in the framework, namely, ñclosedò Sn(SiO)4 

versus ñopenò (SiO)3SnOH. Whereas Lefton et al.184 used the sequential 

dealumination and impregnation approach, Ma et al.185 used the hydrothermal 

structural reconstruction method. In the latter work, 119Sn NMR analysis indicated the 

formation of the octahedral ñopenò structures (Si-O)3(H2O)2Sn(IV)-OH. Ma et al.185 

further asserted that 119Sn MAS NMR, UV-Vis and in-situ XPS suggested that the Pt 
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atom anchors itself to the hydroxyl group on the ñopenò Sn site, which upon H2 

reduction results in the (Si-O)2Sn(II)-O-Ptn (n=1-15) bonding structure.  

For completeness, in the activity studies presented below, we also considered 

for Sn-CHA the SnïOïPtïPtïSi bonding motif, formed by 1,2-insertion of Pt2 in one 

of the four SiïO bonds next to Sn (Figure D.2c). For this bonding structure, the NBO 

analysis (Figure 5.4c) showed that the two Pt atoms acquired different electronic 

characteristics, much like the PtïPt(Si)(O) structure in pristine CHA. The ñcentralò Pt 

(bonded to O) in SnïOïPtïPtïSi is sd hybridized and positively charged with ή

πȢφ Ὡ, namely it is more depleted than the ñcentralò Pt in the PtïPt(Si)(O) structure in 

CHA. The second Pt atom (bonded to Si) is sd2 hybridized and nearly neutral (ή

πȢπφ Ὡ) (Orbitals shown in Figure D.6b). 

Before we turn our attention to the activity of the active site motifs described 

above, we should make an additional note related to the characterization of Pt-Sn-

deAl-BEA.184 In that work, pyridine-IR studies for moderatehigh Pt loading showed 

a significant reduction in the peak intensity corresponding to pyridine interaction with 

Sn, suggesting that at the higher Pt loadings some Pt clusters were anchored near Sn. 

In the same work, EXAFS analysis of Pt-Sn-deAlBEA samples at low Pt-loading 

(0.03 wt%) showed minimal PtïSn interactions and more PtïO than PtïPt 

interactions. This suggests that at low Pt loadings, a greater fraction of isolated Pt 

atoms was coordinated with the silanol nests, forming PtïOïH bonds, which agrees 

with our free energy calculations for Pt in def-Sn-CHA (Figure 5.2b). The authors also 

reported two CO stretch frequencies in the IR spectra of Pt-Sn-deAlBEA samples at 

low Pt loading.184 The lower of the two frequencies was ascribed to Pt interacting with 

Sn and the higher was ascribed to a positively charged Pt species since a blue shift is 
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related to diminished “ back-donation to CO. From our simulations and analysis of Pt 

in def-Sn-CHA, Pt atoms participating in SiïOïPtïH bonding with silanol nests are 

more depleted electronically than those coordinating to framework Sn via 3c-4e O:ï

Sn-:ïPt bonding. Therefore, the positively charged Pt atoms associated with the high 

CO stretch frequency reported by Lefton et al.184 must be those coordinating to the 

silanol nests, while the Pt atoms assigned to the low CO frequency should be those in 

the O:ïSn-:ïPt motif.  

Overall, the presence of silanol defects and framework Sn provides 

coordination environments that stabilize single Pt atoms, which afford excellent 

selectivity towards ethylene formation in non-oxidative dehydrogenation.179  
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Figure 5.3: DFT optimized cluster models of the Pt1 species in different local 

environments (a) CHA, (b) def-CHA, (c) Sn-CHA, and (d) def-Sn-CHA. (H, white; O, 

red; Si, green; Pt, blue; Sn, dark green) 
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Figure 5.4: DFT optimized cluster models of the Pt2 species in different local 

environments (a) CHA (b) def-CHA (c) Sn-CHA, and (d) def-Sn-CHA. (H, white; O, 

red; Si, green; Pt, blue; Sn, dark green.) 

Table 5.1: Average O-Pt-Si and O-Pt-H bond angles along the Pt-Pt nucleation 

trajectory in CHA and defected-CHA, respectively. 

Pristine CHA Defect CHA 

Ὠ  (B) O᷁PtSi Ὠ  (B) O᷁PtH 

2.5 B 97° 2.8 B 89° 

3.8 B 97° 3.3 B 88° 

4.8 B 88° 4.6 B 96° 
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5.5.2 Activity  

So far, we have identified the most likely Pt sites in various local 

environments. Summarizing, they are: SiïPtïO in pristine CHA (Figure 5.3a), SiïOï

PtïH  in def-CHA (Figure 5.3b), O:ïSnï:Pt  in Sn-CHA (Figure 5.3c), SiïOïPtïH in 

def-Sn-CHA (Figure 5.3d); and the dinuclear Pt sites: PtïPt(Si)(O) in pristine CHA 

(Figure 5.4a), SiïOïPtïPtïH in def-CHA (Figure 5.4b) and SnïOïPtïPtïSi  in Sn-

CHA (Figure 5.4c). In the following we present ethane dehydrogenation activity 

results from DFT calculations for all seven sites listed above. On all the sites, the 

reaction takes place on the singlet spin state. 

Formally, ethane dehydrogenation entails two consecutive H deletions and H2 

recombination (Figures D.7 and D.8 as well as Table D.5 show the Gibbs free energy 

and electronic energy diagrams respectively).  

The CïH bond is activated homolytically on a Pt atom across all the active site 

motifs listed above. In the case of sites with two Pt atoms, the catalytically active Pt is 

the one directly bonded to an O atom. The homolytic mechanism was inferred by 

NBO analysis of the respective transition states, which showed singly occupied lone 

orbitals on the Ŭ-C and the abstracted H. With the exception of the O:ïSnï:Pt site in 

Sn-CHA, the partial charge of the catalytically active Pt on the rest of the sites 

increased (Table 5.2), but not in any significant way to infer a change in the oxidation 

state of Pt. This is reminiscent of oxidative addition to Pt complexes which, according 

to Low et al.,200  can proceed without a change in the formal oxidation state of Pt, but 

rather with an increase in its maximum covalency. Here, upon CïH scission, the Pt 

atom loses a bond to one of the atoms in its coordination sphere (O or Pt) but forms 

two new bonds, with the ethyl radical and the H atom.  
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In Figure 5.5a, we plot the CïH activation barriers on the different sites. The 

site O:ïSnï:Pt in Sn-CHA, and the site ïSiïOïPtïH, found in both def-CHA and def-

Sn-CHA, are the most active for CïH activation, with potential energy barriers in the 

range of 5ï10 kcal/mol. The rest display moderate activity, except for ïSiïPtïOï in 

pristine CHA which is totally inactive. Thus, a rather general trend that emerges is that 

the dimeric Pt species are less active than the monomeric for CïH activation.  The 

reason for this seems to be the degree of polarization of the ïPtïOï and ïPtïPtï 

bonds. NBO analysis of the CïH scission transition states and of the intermediate 

preceding it showed substantial second-order mixing (see Table D.1) between the 

singly occupied 2p orbital of the Ŭ-C with the „ᶻ  in the ïSiïOïPtïH structure or 

the „ᶻ  in the dimeric active site motifs, weakening the respective bonds. 

Therefore, the CïH activation barriers should correlate with the strength of the ïPtïOï 

and ïPtïPtï bonds. The NBO analysis indicated that the former should be generally 

weaker because it is more polarized, which makes intuitive sense since the O atom is 

more electronegative (for more details see Table D.2 in the SI).    

Figure 5.5b shows the intrinsic activation barriers for the ɓ-H elimination. The 

first, salient observation is a change in the activity trend described above. The dimeric 

species, PtỄPt(Si)(O) in pristine CHA, SiïOïPtỄPtïH in def-CHA, and  SnïOï

PtỄPtïSi  in Sn-CHA, seem to be more effective than the isolated Pt sites for ɓ-H 

elimination. Here, we use the notation ïPtỄPtï to signify that after the CïH activation 

the dimeric sites are nominally so because the PtïPt bond is broken, as we noted 

above. Looking for possible explanations for the change in the activity trend, we first 

note that, from a mechanistic point of view, the ɓ-H elimination is not as 

straightforward because it does not proceed through the same mechanism across all 
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the active site motifs. On the mononuclear sites (SiïOỄPtïH in def-CHA, O:ïSnï:Pt 

in Sn-CHA, and SiïOỄPtïH in def-CHA and def-Sn-CHA), the ɓ-H of the Pt-ethyl 

complex is abstracted by the Pt center itself (the notation ñỄò is again to remind that 

the PtïO bond is broken after CïH activation). On the dimeric sites, SiïOïPtỄPtïH 

and SnïOïPtỄPtïSi, on the other hand, the ɓ-H of the Pt-ethyl complex is abstracted 

by the neighboring Pt atom. The PtỄPt(O)(Si) site in CHA is yet another exception as 

the ɓ-H is abstracted by the Pt of the Pt-ethyl complex because, as noted earlier, the 

neighboring Pt atom is trapped in a cage and inaccessible. So what is the explanation 

for the change in trend? On the SiïOïPtỄPtïH and SnïOïPtỄPtïSi sites, the Pt atom 

that used to be bonded to the Pt of the metal-ethyl complex is undercoordinated, as it 

is only bonded either to an H or to a Si atom and can readily abstract the ɓ-H of the 

metal-ethyl complex. On the mononuclear sites (SiïOỄPtïH, O:ïSnï:Pt, and Siï

OỄPtïH), however, we were not able to locate transition states in which the ɓ-H 

transferred to the O atom of the dissociated siloxide ligand. This is not surprising in 

light of the fact that the CïH activation takes place homolytically and that the Pt atom 

retains the s1d9 configuration. Therefore, subsequent transfer of the ɓ-H atom to a 

neighboring O atom would entail a proton-coupled-electron-transfer mechanism and 

reduction of the Pt atom. 

It is therefore difficult to deduce the most active motifs by simply inspecting or 

analyzing the free energy profiles along the reaction pathway. To that end, we 

performed microkinetic simulations (conditions in Table D.3) and the ethane 

dehydrogenation turnover frequencies (TOF) on the different sites are plotted in 

Figure 5.6a; the corresponding apparent activation energies are plotted in Figure 5.6b. 

Table 5.3 lists the reaction orders and most abundant intermediate across the sites. 
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Four active site motifs, three of which involving dimeric Pt2 species, showed similar 

high activity, although the first in the list below was more active than the rest by about 

an order of magnitude: PtïPt(O)(Si) in CHA; SnïOïPtïPtïSi in Sn-CHA; SiïOïPtï

PtïH in def-CHA and def-Sn-CHA; and  O:ïSnï:Pt in Sn-CHA.  

In Table D.4, we show results from sensitivity analysis to identify the rate-

limiting elementary steps on the various active sites. On PtïPt(O)(Si) in CHA, the rate 

is controlled by both the CïH activation and the ɓ-H elimination. On SnïOïPtïPtïSi 

and O:ïSnï:Pt in Sn-CHA, the rate is only sensitive to the ɓ-H elimination, whereas 

on  SiïOïPtïPtïH in def-CHA the rate is determined by the CïH activation alone.  

Even though the isolated Pt atoms activate the CïH bond rather readily, they 

do not always show the expected high activity. The reason is that the isolated Pt sites 

over-stabilize the Pt-alkyl intermediate and that makes the ɓ-H very slow. It is also 

worth noting that while the geometrically constrained PtïPt(O)(Si) motif in CHA 

shows the highest activity, its propensity for sintering could shorten its catalytic 

lifetime. Thus, the O:ïSnï:Pt and SnïOïPtïPtïSi motifs in Sn-CHA, and the SiïOï

PtïPtïH bonding structure in def-CHA should be the most active and stable catalysts 

among the sites investigated.  

Interestingly, the Pt-Pt(O)(Si) motif in CHA as well as the O:-Sn-:Pt and Sn-

O-Pt-Pt-Si motifs in Sn-CHA  show lower apparent activation energies ( by less than 

10 kcal/mol) than the sites with corresponding nuclearities (Pt2, Pt2Sn, PtSn) on the 

conventional alumina support201 highlighting the crucial role of the support and of the 

oxidation state of the Sn atom (Sn(IV) in CHA, Sn(0) on alumina) on activity. The 

sites on alumina show facile activation of the C-H bond on account of being 
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undercoordinated. However, their overall activity is reduced by intermediate 

coverages and the high barrier of the ɓ-H elimination. 

 

Figure 5.5: (a) Electronic energy barrier (intrinsic) for the C-H activation. (b) 

Electronic energy barrier (intrinsic) for the ɓ-H elimination. 

 

Figure 5.6: (a) TOF at 3% ethane conversion (plotted on logscale) and (b) apparent 

activation energy across the different Pt active site motifs. 
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Table 5.2: Partial charge on the central Pt atom across the active sites. 

Active site ▲╟◄ in C2H6*  ▲╟◄ in TSC-H 

O:-Sn-:Pt/Sn-CHA πȢπς Ὡ πȢπς Ὡ 

Si-O-Pt-H/def-CHA πȢτ Ὡ πȢυυ Ὡ 

Si-O-Pt-H/def-Sn-CHA πȢτ Ὡ πȢυυ Ὡ 

PtïPt(Si)(O)/CHA πȢτ Ὡ πȢχ Ὡ 

Sn-O-Pt-Pt-Si/Sn-CHA πȢφ Ὡ πȢχυ Ὡ 

Si-O-Pt-Pt-H/def-CHA πȢτ Ὡ πȢψ Ὡ 

 

Table 5.3: Reaction orders and most abundant reaction intermediate (MARI) 

across the active sites. 

Active site 
Rxn order in 

ethane 
MARI  

O:-Sn-:Pt/Sn-CHA 0.5 C2H4*  

Si-O-Pt-H/def-CHA 1 active site 

Si-O-Pt-H/def-Sn-CHA 1 active site 

PtïPt(Si)(O)/CHA 1 active site 

Sn-O-Pt-Pt-Si /Sn-CHA 1 active site 

Si-O-Pt-Pt-H /def-CHA 1 active site 

5.5.3 CONCLUSIONS 

We have performed ab initio molecular dynamics simulations and electronic 

structure calculations to identify and characterize stable Pt active site motifs in CHA 

and Sn-CHA, with and without silanol defects, at low Pt loadings. The activity of 

several active site motifs was evaluated by microkinetic modeling.  

In contrast to pristine CHA, which promotes PtïPt association, silanol defects 

and framework Sn promote Pt dispersion. In the presence of silanol defects in Sn-

CHA, the dispersed Pt species statistically prefer to coordinate with the silanols and 

not with the framework Sn, which agrees with a recent characterization of Pt species 
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in Sn-BEA by Lefton et al.184 We further resolved the ambiguity related to the 

coordination of Pt in the presence of framework Sn by showing that the Pt atom is 

directly bonded to the Sn atom via a 3-center-4-electron O:-Sn-:Pt bond and by 

affirming the absence of PtïOïSn bonding, in agreement with the recent suggestion by 

Lefton et al.184 

We identified four active site motifs, three of which involving dimeric Pt2 

species, that exhibited high activity for ethane dehydrogenation: the PtïPt(O)(Si) site 

motif in CHA; the SnïOïPtïPtïSi in Sn-CHA; the SiïOïPtïPtïH in def-CHA and 

def-Sn-CHA; and the O:ïSnï:Pt in Sn-CHA. The first on the list, PtïPt(O)(Si), is 

more active than the rest by about an order of magnitude. However, we argue that it 

should likely have high propensity for sintering, which could shorten its catalytic 

lifetime. Therefore, the O:ïSnï:Pt and SnïOïPtïPtïSi motifs in Sn-CHA, are 

predicted to be catalytically active and stable.  

Our results and conclusions are related to the CHA framework. However, they 

are closely aligned with those made by Lefton et al.  and by Dou et al. regarding Pt 

species at low loadings in Sn-BEA and Sn-MFI, respectively. We believe that this 

agreement strongly suggests that the effect of framework Sn on the dispersion of Pt 

species and on the formation of stable and efficient active sites, with bonding 

structures similar to those presented above, is largely independent of the framework 

itself.  
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VACANCY FORMATION, STABILITY, AND ELECTRONIC PROPERTIES 

OF NICKEL ON EQUIMOLAR CERIA -ZIRCONIA  MIXED OXIDE  (111) 

CATALYST  

6.1 Abstract 

Nickel (Ni) single atoms and small clusters dispersed on Ce0.5Zr0.5O2 (CZO) 

are promising for the dry reforming of methane (DRM). However, understanding of 

defects and electronic interactions between Ni motifs and (non) stoichiometric CZO 

surfaces is limited. Here, we use Density Functional Theory (DFT) and ab initio 

thermodynamics to investigate vacancy formation and electronic properties of Ni1 and 

Ni4 on CZO(111). Surface and subsurface oxygen vacancies near Zr4+ ions dominate 

due to distortion-induced stabilization across DRM-relevant chemical potentials; 

vacancies prefer to be subsurface. Interestingly, Ni single atoms coordinate with two 

OZr surface atoms on CZO(111) (ὔὭ ), unlike three-fold coordinated Ni atoms on 

hollow sites of CeO2(111). Ni1 does not directly bind to oxygen vacancies due to its 

oxophilicity and steric hindrance caused by multiple surface Ce3+ ions.  Clusters, on 

the other hand, can bind favorably at a surface oxygen vacancy. Ni adatoms are more 

stable than Ni4 at trimer defects comprising one Ce and two oxygen vacancies 

(ὅὩὕ ), at the pristine surface, and at the ὔὭ  site with a next-nearest neighbor 

oxygen vacancy due to coordination with more oxygen atoms. The extent of electron 

transfer from the metal to the surface and, thus, the degree of cationic character of a 

Chapter 6 
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nickel adatom varies with its location and defect type and correlate positively with its 

resistance to sintering. We discuss the expected heterogeneity of actual catalysts. 

6.2 Contributions 

This chapter includes previously published work202 contributing to the overall 

completion of this thesis. Sanjana Srinivas performed all the electronic structure 

calculations and analysis. George Yan provided suggestions and insights on data 

analysis. Stavros Caratzoulas assisted with result analysis. Dionisios G. Vlachos 

conceived and directed the project.  

6.3 Introduction  

The recent shale gas boom in the US203, the growing need to reduce carbon 

emissions, and the importance of hydrogen in transitioning to a renewable energy 

economy204, 205 make the dry reforming of methane (DRM) (ὅὌ ὅὕᴾςὌ

ςὅὕ) an attractive route to produce hydrogen. Reducible metal oxides are potential 

catalyst supports as they allow facile oxygen vacancy formation and replenishment in 

the Mars-van-Krevelen-type mechanism. CeO2 and mixed CeO2 ï ZrO2 oxides 

(CexZr1-xO2) have been shown to be excellent supports for this reaction,206 owing to 

their high oxygen storage capacity (OSC). Liu et al.207  have shown that CexZr1-xO2 is 

easier to reduce because Zr is smaller than Ce, which introduces lattice distortions and 

weakens the Ce-O bonds.208, 209  Homogeneously dispersed Zr4+ in the CeO2 lattice at 

a Ce:Zr ratio of ρȡρ (hereafter referred to as CZO) shows the highest reducibility and 

OSC.209, 210  

Highly dispersed nickel on CZO is an attractive catalyst for DRM because of 

nickelôs abundance, high activity, and resistance to coking.211-213 The complex 
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electronic structure of this catalyst remains largely unexplored. Different defects (e.g., 

oxygen and/or cerium vacancies) can be stabilized during DRM's reduction and 

oxidation half cycles, but the dominant defect configurations and their distribution are 

unknown. The nuclearity of Ni clusters could influence the relative stability of defects 

with potential ramifications for catalysis, but a practical catalyst will often contain a 

broad distribution of Ni cluster nuclearities. These complexities ultimately hinder a 

detailed mechanistic understanding, as the interpretation of spectroscopic data for 

detecting defect-Ni interactions hinges on the structural homogeneity of the catalyst. 

Furthermore, state-of-the-art experimental techniques have yielded limited 

information about the active site and its local coordination.214, 215 First-principles 

simulations could provide insights into the physicochemical interactions at the atomic 

scale. 

To shed light on the structure of Ni/CZO catalysts, we use Density Functional 

Theory (DFT) to electronically characterize vacancy formation as well as nickel 

adsorption on pristine and defected CZO surfaces. By evaluating the vacancy 

formation and nickel adsorption energies, we gain insights into the relative stability of 

the nickel single atom and clusters on different surfaces. This paper is organized as 

follows: first, we identify the location and configuration of stable oxygen vacancies on 

the CZO(111) surface, then we investigate the possibility of cerium vacancies and 

discuss the electronic and geometric properties of defected surfaces. To predict surface 

structure under experimentally relevant environments, we investigate the stability of 

different defects at finite temperatures and varying oxygen partial pressure. Next, we 

assess the stability of a Ni adatom and Ni4 cluster on stoichiometric and non-

stoichiometric CZO(111) and vacancy formation in the presence of nickel and provide 
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insights into nickel-support electronic interactions. Last, we discuss the interplay 

between Ni binding and vacancy formation under different oxygen conditions.  

6.4 Methods 

6.4.1 Periodic electronic structure calculations  

All electronic structure calculations were performed within the spin-polarized 

DFT framework, using the Vienna Ab initio Simulation Package (VASP)216, 217, 

version 5.4.1. The exchange-correlation energy was calculated using the Perdew-

Burke-Ernzerhof (PBE)80 functional within the generalized gradient approximation 

(GGA). The core electrons of each atom were described by the Projector-Augmented 

Wave function (PAW)78, 79 method, and the VASP-recommended pseudopotentials 

(v54) were used for all elements. The one-electron wave functions were developed on 

a plane-wave basis set with an energy cutoff of 500 eV. The Ce 4f, 5s, 5p, 5d, and 6s 

electrons; the O 2s and 2p electrons; the Ni 3d and 4s electrons; and the Zr 4s, 4p, 4d, 

and 5s electrons were treated as valence electrons. The Brillouin zone was sampled at 

the gamma point. A maximum force convergence criterion of 0.05 eV/Å was used, 

and each self-consistency loop was iterated until reaching a convergence level of 10-6 

eV.It is well known that the GGA method incorrectly reproduces the band gaps of 

CeO2 and ZrO2 and fails to accurately describe the localization of Ce 4f states upon 

oxygen vacancy formation in CeO2, on account of the electrons being strongly 

correlated in the Ce 4f state. To remedy this, we adopt the DFT+U formalism218, 219, 

which has been extensively benchmarked and shown great success in describing 

vacancy formation, dopant behavior, and catalytic activity on CeO2. Informed by the 

vast literature on CeO2 and less so on ZrO2, we select U = 5 eV for the Ce 4f states220 
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and U = 4 eV for the Zr 4d states221. Similar to the approach presented by Livraghi et 

al.222, our work also employs the DFT+U formalism for Zr in CZO, as GGA 

functionals incorrectly reproduce the bandgap for early transition metal oxides like 

ZrO2. For comparison, we compute the surface and subsurface vacancy formation 

energy on a p(4x4) CeO2(111) surface and the bulk vacancy formation energy in a 

(2x2x2) supercell of bulk CeO2 to ensure similar oxygen vacancy concentrations, 

using the same settings. Since multiple local minima with different Ce3+ 

configurations can exist upon reduction or nickel adsorption, we explored the 

thermodynamically preferred arrangements of Ceį  sites, focusing on those nearest and 

next-nearest to the adsorbed nickel species. To generate these configurations, we 

employed a two-step structural optimization: we first biased the reduction by 

substituting the target Ce atoms with La, followed by restoring Ce and performing a 

final relaxation to obtain the desired Ce3+ configuration223. 

6.4.2 Bulk and Surface Models of CZO 

Two types of bulk phases are often considered in modeling CZO: the ə-

Ce2Zr2O8 phase, which has segregated blocks of CeO2 and ZrO2 units as viewed along 

[001], and the t-Ce2Zr2O8 phase, which has uniformly distributed Ce4+ and Zr4+ ions, 

as viewed along [001]. The high OSC of the ə-Ce2Zr2O8 phase with its electronic and 

geometric origins has been widely studied by DFT224, 225. While segregation has been 

suggested at high temperatures under oxidizing/reducing environments by EXAFS 

studies210, 226, its extent, dependence on the environment and temperature, and the 

synthesis procedure remain elusive. Computational studies of bulk CZO have shown 

low energy gains from phase segregation compared to the random cation arrangement, 

which can exhibit multiple local minima227. Therefore, in this work, we assume 
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uniform ordering of Ce4+ and Zr4+ cations in bulk and investigate surfaces cut from the 

less studied t-phase. To model the CZO unit cell, we substitute Zr atoms for two Ce 

atoms in the unit cell of cubic-fluorite CeO2. The bulk structure, which is a (2x2x2) 

supercell of the cubic unit cell is shown in Figure E.1. Bulk oxygen vacancy formation 

energies are computed using this structure. The structure is only slightly distorted from 

the cubic fluorite to a tetragonal geometry (c/a =1.005)227, resulting in uniform surface 

cuts.  

From the aforementioned bulk structure, we carved out the perfect crystal's 

most stable (111) and (110) surfaces. We constructed a 9-layer slab (3 O-Ce-O tri-

layers) with the 3rd tri-layer frozen during optimization for the (111) surface and a 6-

layer slab with the bottom two layers fixed during optimization for the (110) surface. 

For both surfaces, we used a p(2x2) slab and a 20 Å thick vacuum layer. The (111) 

surface is ρπȢς J/m2 more stable than the (110), like in stoichiometric CeO2
228. The 

lower energy of the (111) termination can be attributed to the Ce and Zr atoms each 

having one less bond with lattice O (7-coordinate surface atoms) whereas, on the (110) 

surface, each metal atom has two less bonds with O (6-coordinate surface atoms) 

(Figure E.2). All subsequent analysis on vacancy formation and Ni adsorption was 

done on the (111) surface. The top-view of the CZO(111) surface is shown in Figure 

6.1a. 

6.5 Results and Discussion 

6.5.1 Formation, Structure, and Stability of O and Ce Vacancies Without Ni 

The (111) surface of CZO has two types of surface O atoms: O coordinated to 

two Ce and one Zr atom (hereafter ὕ ), and O coordinated to two Zr and one Ce atom 
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(hereafter ὕ ). The subsurface O atoms are coordinated to two Ce and two Zr atoms; 

three atoms lie in the same tri-layer as the oxygen, and one in the layer below it. 

Therefore, subsurface oxygens are of two types as well: one, where the same tri-layer 

atoms comprise two Ce and one Zr atom (hereafter ὕ ) and the other with two Zr 

and one Ce atom in the same layer (hereafter ὕ ). The bulk oxygen atoms are 

uniform. Figure 6.1b shows the types of oxygen atoms. Visual inspection  shows that 

the ὕ  and ὕ  atoms are displaced downward along the surface-normal compared 

to the ὕ  and ὕ  atoms (Table E.1), resulting in elongated Ce  OZr bonds (by 

~πȢπφ B).  

Assuming a neutral oxygen vacancy (ὕ ᴼ ὕ  ὠ , in Kröger-Vink 

notation), its formation energy is independent of the Fermi level and given by Eq. 6.1  

 ῳὉ  Ὁ Ὁ  Ὁ  (6.1) 

where Ὁ  is the total energy of the stoichiometric CZO slab (ί ὅὤὕ referring to 

the stoichiometric CZO surface),  Ὁ  is the total energy of the CZO slab with an 

oxygen vacancy (vacancy coverage Ὸ  ρȾρφ ), and Ὁ  is the energy of a gas-phase 

O2 molecule. Table 6.1 shows ῳὉ   for the five defect sites at ὕ , ὕ , ὕ , ὕ ȟ 

and ὕ ὕ  in CZO(111), and the three defect sites at ὕ , ὕ  and ὕ  in 

CeO2(111), for comparison. 

Table 6.1: Oxygen vacancy formation energy for CZO(111) and CeO2(111) 

◕╔╞○ (eV) ╞╒▄ ╒╩╞ ╞╩► ╒╩╞ ╞ ╒▄╞  

Bulk 2.69 2.69 2.79 

Subsurface 1.81 1.22 1.98 

Surface 2.06 1.42 2.02 
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Energetically speaking, ὕ  vacancies are easier to form than ὕ  vacancies on 

both the surface and subsurface (Table 6.1). Among the ὕ  vacancies, the subsurface 

O vacancies are more stable than those on the surface, and the bulk vacancies are the 

least stable, similar to what has been observed for CeO2(111)229. Comparing the 

oxygen vacancy formation energies in Table 6.1, Zr doping clearly facilitates their 

formation in CZO(111) compared to CeO2(111). The preference of  an oxygen 

vacancy in the subsurface near a Zr cation has been reported previously on Zr-doped 

CeO2(111) surfaces230. The relative stability trends between ὕ  and ὕ  vacancies 

remain the same across different U values for the Ce f-orbitals (Table E.2). 

 

Figure 6.1: (a) Top-view of the p(2x2) CZO(111) surface, and (b) CZO(111) 

surface showing the four types of oxygen atoms involved in vacancy formation. (O, 

red; Ce, yellow; Zr, green). 

Next, we consider the energetics for cerium vacancy formation on CZO(111) 

and compare with previous studies of cerium vacancies on CeO2(111), particularly 

their interactions with Au and Ir single atoms220, 231, as well as with the Ni-substituted 

surface examined in this work. Assuming a neutral defect (ὅὩ ὕ ᴼὅὩὕ ί

ὠ ), its formation energy is given by Eq. 6.2 

 

b a 
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 ῳὉ  Ὁ Ὡ Ὁ Ὁ  (6.2) 

where Ὁ  and Ὁ were defined earlier, Ὁ  is the total energy of the slab 

with a Ce vacancy, and Ὡ  is the total energy of bulk ceria per chemical formula. 

With ῳὉ τȢρ eV, ὠ  formation in CZO(111) is  more facile than in undoped 

CeO2(111) by πȢφ Ὡὠ but still unlikely compared to oxygen vacancy formation.  

The data raises the question: how does Zr facilitate oxygen vacancy formation 

in CZO(111)? Upon forming an O vacancy, the surface distorts, and two electrons are 

left localized in two Ce f orbitals, forming polarons229, 232. Here, a polaron is 

characterized by electron localization at a Ce site and a radially outward relaxation of 

O surrounding the site. Therefore, following the formalism of Wang et al.233, we 

decompose the oxygen vacancy formation energy (ῳὉ ) into the energy required to 

remove oxygen from the fixed CZO(111) structure (ῳὉ ) and the energy gained 

from relaxing the atoms upon oxygen removal (ῳὉ ). The energies are given by 

Eq. 6.3 and Eq. 6.4:  

 ῳὉ  Ὁ Ὁ  Ὁ   (6.3) 

 ῳὉ  Ὁ  Ὁ   (6.4) 

From Table 6.2, we see that removing ὕ  atoms from the surface and subsurface 

results in a higher relaxation-induced stabilization compared to ὕ  atoms. We 

evaluate this result with more analysis in the following section. Given the differing 

coordination environments at the surface and subsurface, we compare surface oxygens 

only with other surface oxygens and subsurface oxygens only with other subsurface 

oxygen atoms. 
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Table 6.2:  ῳὉ  and ῳὉ  values for the single oxygen vacancies 

Oxygen atom removed ῳὉ  Ὡὠ  ῳὉ  Ὡὠ 

ὕ  4.07 -2.85 

ὕ  5.08 -3.66 

ὕ  4.34 -2.53 

ὕ  4.29 -2.22 

We now turn to electronic and geometric analyses to further understand the 

role of Zr in stabilizing oxygen vacancy formation. Figure 6.2 shows non-

stoichiometric CZO(111) surface structures with the single oxygen vacancy and the 

corresponding projected density of states (pDOS) on the Ce f orbitals. The cerium 

atoms stabilizing polarons are highlighted. The stability of multiple possible 

configurations of Ce3+ ions around the vacancy is evaluated, following the procedure 

in Otero et al.230. The peaks just below the Fermi level in the pDOS arise from the 

reduction of Ce4+ to Ce3+. Figure 6.2a shows that for the vacancy at ὕ , the 

electrons are localized on dissimilar Ce atoms: one is a 6-coordinated surface atom 

adjacent to the vacancy and the other is a 7-coordinated surface atom away from the 

vacancy (although one of the Ce-O bonds is elongated to 2.8 Å, so it is not entirely 7-

coordinated). The higher-energy f-orbital belongs to the 7-coordinate Ce3+. This is 

because the reduction of Ce4+ with a higher number of oxygen neighbors weakens the 

Ce-O ionic bond more. Similarly, for the vacancy at ὕ , the electrons localize on Ce 

atoms with a seemingly less pronounced dissimilarity due to both electrons having the 

same spin; the Ce atom away from the vacancy also has one of its Ce-O bonds 

elongated to 2.8 Å, making it closer to a 6-fold coordination (Figure 6.2b). The 

vacancies at ὕ  and ὕ  are accompanied by electron localization on 

indistinguishable surface Ce atoms, and the f-states are nearly degenerate (Figure 6.2c 

and Figure 6.2d). The Ce f orbitals all have similar energies, making it challenging to 
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determine the role of Zr in oxygen vacancy formation. Hence, we turn to geometric 

analysis to probe the ῳὉ  noted above.  
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Figure 6.2: Defective CZO(111) surface showing the vacancy and reduced cerium 

atoms and Ce pDOS on its f states for (a) ὕ  vacancy, (b) ὕ  vacancy, (c) ὕ  

vacancy, and (d) ὕ  vacancy. (O, red; Ce, yellow; Zr, green). Left structures; right 

pDOS. The vertical gray dashed line indicates the Fermi level referenced to the 

vacuum level.  

Visual inspection reveals significant distortions around the ὕ  vacancy. The 

highlighted surface oxygen (Figure 6.2a) shifts downward along the surface normal by 

πȢσσ B. Distortion-based stabilization of oxygen vacancies around Zr ions has been 

discussed for Zr-doped CeO2(111) surfaces; however, it has only been quantified in 

bulk CZO.234 Here, we compute the root-mean-square  of displacements (RMSD) 

between oxygen atoms in the relaxed and unrelaxed geometry to quantify the extent of 

surface distortion accompanying vacancy formation Eq. 6.5:233  

 ὙὓὛὈ В ὶ ὶ  (6.5) 

where n is the number of oxygen atoms, ὶ and ὶ are the positions of the oxygen 

atoms in the relaxed and unrelaxed geometries, respectively. We did not include Ce 

and Zr in our analysis as they undergo significantly less relaxation than the oxygen 

atoms. We computed the RMSD of the oxygen atoms in the first coordination shell of 

the vacancy (Figure E.3), as these atoms show the most pronounced relaxation. To 

consider the possibility of relaxation of oxygen atoms further away from the vacancy 

on the surface, we also computed the RMSD of all the oxygen atoms in the surface 

and subsurface layers (indicated as óextendedô in Table 6.3).  

ὕ  vacancies at the surface and subsurface distort the structure more than ὕ  

vacancy. This agrees with the view of distortion-induced stabilization of oxygen 

vacancies around Zr atoms previously noted in bulk CZO224. Greater structural 
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relaxation upon vacancy formation helps accommodate the larger Ce3+ ions in the 

lattice. Similar  ῳὉ  trends between ὕ  and ὕ vacancies were noted in Table 

6.2, showing that the RMSDs upon vacancy formation correlate with the  ῳὉ  

like in bulk CZO.  

Table 6.3: RMSD between relaxed and unrelaxed structures with the oxygen 

vacancy. Computations are done for two cases: oxygen atoms in the first coordination 

shell of the vacancy (first shell) and oxygen atoms in the first coordination shell and 

on the surface (extended). 

RMSD (B) ╞╒▄ ╞╩► 

Surface (first shell) 0.28 0.4 

Surface (extended) 0.08 0.09 

Subsurface (first shell) 0.22 0.25 

Subsurface (extended) 0.1 0.1 

All the ῳὉ values reported so far have been computed at Ὕ π ὑ and 

А Ὕ π ὑȟὴ π and are not representative of vacancy formation under reaction 

conditions. Therefore, we examine the stability of the defected-CZO(111) surfaces at 

finite temperatures and different O2 partial pressures. It is useful to understand 

vacancy stability under oxidant-rich and oxidant-poor conditions, especially for Mars-

van-Krevelen reaction mechanisms, which invoke oxidation and reduction half-cycles 

involving lattice O.  Assuming the surface vibrational contribution to the free energy 

does not affect trends, we write the free energy of vacancy formation as in Eq. 6.6 

 ῳὋ Ὁ Ὁ ὔ ‘ ὔ Ὡ ς‘  when Ὡ  Ὡ   

 Or  

 ῳὋ Ὁ Ὁ ὔ ‘  Ὡ σ‘  when Ὡ  Ὡ

 (6.6) 
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where Ὁ  is the total energy of the defected CZO slab, ὔ  and ὔ  are the 

numbers of O and Ce vacancies, respectively, and ‘ Ὕȟὴ is the chemical potential of 

atomic oxygen in the reservoir. Here, it is convenient to introduce ῳ‘  as ‘  

referenced to half the total energy of oxygen in an isolated molecule at 0 K (ῳА

А Ὕȟὴ Ὁ ). Based on the DFT+U formation energies of the bulk oxides, 

 Ὡ σ‘  Ὡ ς‘   at ῳА ςȢρς ὩὠȢὥὸέά. 

Under DRM conditions where lattice O abstraction by CO and O vacancy 

replenishment by CO2 are quasi-equilibrated, the effective O chemical potential is 

defined as: А А А . Here, rather than the partial pressure of O2, А  under 

reaction conditions depends on the ratio of CO2 and CO partial pressures. We follow 

Zhang et al.'s methodology to compute the reaction-relevant range220, and find that for 

ὝȾὑᶰψππ ȟρρππ, ῳА ὝȟὴȾὩὠȢὥὸέάɴ σȢχψ ȟσȢπσ. Since ῳА

σȢρυ ὩὠȢὥὸέά  when ὴ ὴϳ  is 0.5, ῳА  values between -3.15 and -3.78 

eV.atom-1  correspond to increasingly reducing conditions and between -3.15 and -3.03 

eV.atom-1 to increasingly oxidizing conditions.  

The upper bound of А Ὕȟὴ can be extended to the energy of an isolated O2 

molecule at 0 K, namely 

 ÍÁØА Ὕȟὴ Ὁ  (6.7) 

Therefore, for ‘ Ὕȟὴ referenced to the energy of an isolated O2 molecule at 0 K, the 

bounds are 

 τ  А Ὕȟὴ Ὁ π (6.8) 

Figure 6.3 shows the relative stability of different types of defects on 

CZO(111). In addition to oxygen and cerium vacancies, we have investigated a cerium 

vacancy with one oxygen vacancy (ὅὩȟὕ) and with two oxygen vacancies 
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(ὅὩȟὕ ). Under reducing conditions, oxygen vacancy is favored, with a more 

negative ɝ' than on CeO2(111)220 consistent with the reported higher reducibility of 

CZO209. Increasing А Ὕȟὴ favors cerium vacancy creation, but even under strongly 

oxidizing conditions, an oxygen vacancy is favorable over a cerium vacancy. Overall, 

under DRM conditions, oxygen vacancies are most likely in the CZO surface. The 

defect stability trends on the CZO(111) surface resemble CeO2(111). In the next 

section, we discuss how Ni single atoms and clusters alter the stability of the 

vacancies.  

 

Figure 6.3: Vacancy formation energy (ῳὋ) as a function of oxygen chemical 

potential (ῳА ) with the most stable cerium oxide phase as a reference (bulk ὅὩὕ and 

bulk ὅὩὕ to the right and left, respectively, of the vertical dotted line at ῳА
ςȢρς ὩὠȾὥὸέά). The left end of the graphs corresponds to reducing conditions, and 

the right end to oxidizing conditions. The region between the vertical dashed lines 

(ῳА Ὕȟὴᶰ σȢχψ ȟσȢπσ) represents typical DRM reaction conditions. 
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6.5.2 Structure, Electronic Properties, and Stability of Ni Anchored on CZO 

surfaces 

While Ni/CZO is an attractive catalyst for DRM, nickelôs interactions with the 

CZO support under reaction conditions remain largely unexplored. In this section, we 

investigate the stability and electronic properties of Ni and Ni4 structures on 

stoichiometric and non-stoichiometric CZO(111) surfaces and how nickel affects 

support reducibility.   

First, we investigate nickel adsorption on the stoichiometric CZO(111) surface. 

Nickel binding energy on the surface per metal atom (ῳὉ ) is computed using Eq. 

6.9 

 ῳὉ Ὁ Ὁ ὲὩ Ⱦὲ (6.9) 

where Ὁ  is the total energy of the stoichiometric CZO slab with a Nin cluster on 

it, n is the nuclearity of the Ni cluster, and Ὡ  is the total energy of bulk nickel per 

atom.  ῳὉ  measures the stability of a Nin cluster relative to the bulk: large, 

positive values indicate a strong preference for Ni to stay in the bulk phase. 

We considered six locations to anchor Ni adatoms: atop a Ce atom (ὔὭ), atop 

a Zr atom (ὔὭ), atop ὕ  (ὔὭ ), atop ὕ  (ὔὭ ), the hollow site formed by a Ce 

and two Zr atoms (ὔὭ ) and the hollow site formed by a Zr and two Ce atoms 

(ὔὭ ) (Figure E.4). The adsorption energies are shown in Table 6.4. Ni is most 

stable at the hollow site formed by a Zr and two Ce atoms (ὔὭ ). With a ῳὉ  

of 0.04 eV, the nickel adatom is as stable as it would be in the bulk. Interestingly, Ni 

adsorption on CeO2(111) has a ῳὉ  of 0.45 eV, which is closer in energy to the 

ὔὭ  site. Analysis of the geometries reveals distinct coordination environments. In 

the ὔὭ  site, nickel coordinates to two ὕ  atoms adjacent to the hollow site in a 

bridge geometry. The ὕ  atoms are significantly displaced by πͯȢψ B out of the plane 
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Figure 6.4a). In contrast, at the less stable ὔὭ  site, nickel adopts a three-fold 

coordination with the adjacent oxygen atoms (Figure 6.4b). Similarly, on CeO2(111), 

nickel binds at the hollow site with a three-fold coordination to the surface oxygen 

atoms, resulting in a binding energy comparable to that of the ὔὭ  site (Figure 

6.4c). The notably stronger binding on CZO(111) can be attributed to the substantial 

structural distortion of the ὕ  atoms, which facilitates nickelôs bridging mode. 

Interestingly, Mao et al.235 found that Ni binds to the <110>-type step edge of 

CeO2(111) in a similar O-Ni-O bridging geometry and is more stable in this 

configuration than as bulk Ni. This similarity shows the importance of lattice 

flexibility in creating stable binding sites for single atoms. In summary, the CZO(111) 

terrace facilitates the dispersion of Ni single atoms much more effectively than the 

CeO2(111) terrace.  
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Figure 6.4: Nickel binding sites (a) ὔὭ Ⱦὅὤὕρρρ, (b) ὔὭ Ⱦὅὤὕρρρ 

and (c) ὔὭȾὅὩὕρρρ. (O, red; Ce, yellow; Zr, green; Ni, blue). 

Table 6.4: Nickel binding energy on stoichiometric CZO(111) and CeO2(111). 

Binding site  ῳὉ ȾῳὉ  ύὶὸ Ὡ ȟὩὠ  

ὔὭ 1.51 

ὔὭ 1.16 

ὔὭ  2.39 

ὔὭ  1.99 

ὔὭ  0.04 

ὔὭ  0.31 

ὔὭȾὅὩὕ 0.45 

A similar exploration was carried out to identify the most stable binding 

geometry of a Ni4 cluster (Figure E.5); the top view of the stable structure is shown in 

Figure E.6. Mao et al.235showed that Ni4 prefers the pyramidal geometry over planar 
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on CeO2(111). On the CZO surface too, the most stable Ni4 cluster assumes pyramidal 

geometry atop a Zr atom. With a ῳὉ of  πȢφψ Ὡὠ, the nickel cluster is less stable 

at the surface than the adatom. Upon closely inspecting the geometries, we see that the 

three Ni atoms at the base of the pyramid interact with the surface oxygen atoms and 

displace them, but by a smaller amount than the single atom. The average ὔὭὕ  

bond length for the adatom is ρȢχρ B, while for the cluster it is ρȢχω B. This indicates 

that the ὔὭὕ bonding is weaker in the cluster due to competing ὔὭὔὭ bonds, and 

results in weaker interactions with the support.  

Next, we investigate how anchored nickel affects surface reducibility. Unlike 

Au and Pd, Ni is unstable when anchored to oxygen vacancies, as evidenced by nickel 

heat of adsorption experiments on CeO2-x(111) surfaces.235 This instability arises from 

nickel's pronounced oxophilicity, which favors coordination with oxygen atoms rather 

than binding to or nucleating at defects. To investigate how nickel affects surface 

reducibility compared to bare CZO(111), we compute the energetics for oxygen 

vacancy formation on Ni/CZO(111) and Ni4/CZO(111) using Eq. 6.10 

 ῳὉ Ὁ Ὁ Ὁ  (6.10) 

where Ὁ is the energy of the CZO(111) slab with an oxygen vacancy and a Nin 

cluster on it. We consider surface oxygen vacancies in the same OZr row (denoted 

OZr_NN), as the oxygens coordinated to nickel, and in the adjacent OZr row (denoted 

OZr_NNN). While surface oxygen vacancies are kinetically relevant for the DRM 

reaction, there is a thermodynamic driving force to create the more stable subsurface 

oxygen vacancies. At DRM-relevant temperatures of 1000 K, oxygen mobility should 

allow vacancy diffusion to the subsurface. Therefore, we also evaluated an adjacent 
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subsurface oxygen vacancy formation. Table 6.5 shows the vacancy formation 

energies as per Eq. 6.10; Figure E.7 and Figure E.8 show the structures.  

Table 6.5: Oxygen vacancy formation energies on Nin/CZO 

Vacancy formation energy (eV) Surface Subsurface 

ῳὉ ὕ ὔͅὔ 1.86 1.85 

ῳὉ ὕ ὔͅὔὔ 1.4 1.2 

ῳὉ ὕ ὔͅὔ - 1.35 

ῳὉ ὕ ὔͅὔὔ 1.7 1.2 

ῳὉ  in Table 1 and ῳὉ  in Table 5 indicate that nickel on the CZO(111) 

surface generally destabilizes ὕ  vacancies, especially surface vacancies with larger 

Ni clusters.  

For Ni/CZO, the ὕ  vacancy formation energy reduces to that on the pristine 

surface further away from the Ni single atom. Interestingly, upon optimization, a 

surface ὕ vacancy near the nickel cluster on Ni4/CZO converges to the 

thermodynamically favored subsurface ὕ vacancy, reflecting nickelôs high 

oxophilicity. In addition to the structures in Table 6.5, we also computed oxygen 

vacancy formation energy at the foot of the Ni single atom and cluster (denoted 

OZr_Ni), as these vacancies may be more kinetically favored. ῳὉ ὕ ὔͅὭ and 

ῳὉ ὕ ὔͅὭ are 3.57 eV and 2.7 eV, respectively, further evidencing nickelôs high 

oxophilicity. The destabilization of oxygen vacancies near nickel contrasts with less 

oxophilic metals, such as Au, which can undergo partial reduction upon interacting 

with supports like CeO2 and TiO2
236. We next explored the mechanism of OZr vacancy 

destabilization. Comparing  ῳὉ  values in Table 6.2 and Table E.3, we see that 

OZr vacancy formation away from the Ni single atom has similar strain effects as the 
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pristine surface. In contrast, the nearest neighbor OZr vacancy benefits less from 

structural relaxation effects (Table E.3). These findings indicate that the enhanced 

performance of the Ni/CZO catalyst for DRM cannot be attributed to the 

thermodynamics of vacancy formation, as Niôs oxophilicity and the reduced lattice 

flexibility due to Ni-O bonding destabilizes surrounding O vacancies. Instead, the 

improvement arises from improved kinetics of breaking H-H or C-H bonds over Ni 

sites and the subsequent vacancy formation at the Ni/CZO interface. 

Under the highly reducing conditions of DRM reaction or the oscillating 

reducing/oxidizing conditions during CH4/CO2 half-cycles of chemical looping DRM, 

we expect the redox-active CZO surface to be defect-rich. It is then worth checking 

whether Ni might preferentially bind to surface defects rather than fully oxidized 

CZO(111) under reaction conditions. Beginning with oxidizing conditions, Jenkins 

and coworkers231 have suggested surface Ce vacancies for the Au/CeO2(111) catalyst 

in such environments. However, for the Ni/CZO(111) catalyst, Ni cannot assume a 

Ni4+ configuration upon Ce vacancy formation due to unstable dangling bonds on 

surface oxygen. We, therefore, introduced two oxygen vacancies adjacent to a Ce 

vacancy (ὅὩὕ ), to prevent dangling oxygen bonds. It is worth noting that nickel 

adsorption at the cerium vacancy is equivalent to Ni2+ doping the CZO(111) surface, 

which favors the creation of two oxygen vacancies for charge compensation.  We 

define the binding energy of nickel to the pristine and ὅὩὕ ὅὤὕ surfaces by 

Eq. 6.11:  

 ῳὉ Ὁ Ὁ ὲὩ Ⱦὲ (6.11) 
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where Ὁ  is the energy of the slab with a ὅὩὕ  defect and a Nin cluster. 

In this definition of binding energy, the energy change depends only on Ni adsorption, 

as defects are expected to be naturally present.231  

Table 6.6: Nickel binding energy per atom on CZO(111) surfaces 

ὉὲὩὶὫώ ὩὠȾὨὩὪὩὧὸ ί ὅὤὕ ὅὩὕ ὅὤὕ 

ῳὉ  0.04 -2.4 

ῳὉ  0.69 0.12 

From Table 6.6, we see that the Ni adatom is very stable at the ὅὩὕ  

defect, more so than on the pristine surface. Examination of the geometry (Figure S9c) 

reveals that the Ni adatom forms a stable square-planar complex with two surface and 

two subsurface oxygens. In contrast, Ni coordinates with two surface oxygen atoms on 

the pristine surface. This enhanced stability of the Ni adatom on the ὅὩὕ ὅὤὕ 

surface can be attributed to its ability to coordinate with more oxygen atoms than on 

the pristine surface. 

While nickel atoms are highly oxophilic and stabilized by coordinating with 

oxygens, they can also be stabilized through interactions with other nickel atoms 

during sintering. We expect this to be the primary mode of Ni stabilization once all Ce 

vacancies are filled or under reducing reaction conditions. By computing the 
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nucleation energy per Ni atom (ῳὉ ) from Eq. 6.12, we find that on the pristine 

surface, the surface with an oxygen vacancy at the ὕ ὔͅὔὔ site, and the ὅὩὕ  

defect site, nickel remains dispersed as single atoms. In contrast, Ni single atoms are 

highly unstable at the oxygen vacancy site. The thermodynamic driving force for 

nucleation strongly correlates with the number of coordinating oxygen atoms around 

the nickel adatom: the lowest driving force is observed at the ὅὩὕ  defect site, 

where Ni coordinates with four oxygens, while the highest is at the oxygen vacancy 

site, where Ni coordinates with no oxygen atom (Table 6.7).  

 ῳὉ Ὁ σὉ τὉ Ⱦτ (6.12) 

Table 6.7: Nucleation energy (per Ni atom) across CZO surfaces 

Surface Nucleation energy (ῳὉ ) 

in eV 

ί ὅὤὕ 0.65 

ὕ ὔͅὭὅὤὕ -1.18 

ὕ ὔͅὔὔ ὅὤὕ 0.75 

ὅὩὕ ὅὤὕ 2.56 

To understand the electronic origins of the differences in nickel stability across 

surfaces, we analyze nickelôs Bader charges and the number of reduced Ce3+ species 

on the surface. The number of reduced Ce3+ species can be related to the extent of 

surface reduction (as discussed in the previous section of the paper) and consequently, 

nickelôs oxidation state. Due to Niôs oxophilicity, we expect the most strongly 

adsorbed Ni species to be largely cationic. Table 6.8 shows the Bader charges on the 

nickel adatoms and clusters. Nickel remains either cationic or metallic across surfaces. 

From Table E.4, we note that Ni single atoms have an oxidation state of +2 on the 

pristine surface and when adsorbed at a CeO2 vacancy, and remains metallic at an OZr 
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vacancy. For Ni4, due to its pyramidal geometry when binding to surface O, the three 

basal Ni atoms in contact with the surface oxygens exhibit cationic character. In 

contrast, the apex Ni atom is metallic. When Ni4 binds to ὅὩὕ  or ὕ defects, the 

basal Ni atoms lose their symmetry, exhibiting varying levels of interaction with the 

surrounding oxygens. Specifically, on the ὅὩὕ  defect site, one of the Ni atoms 

adopts a square planar coordination with surface and subsurface oxygens, while the 

other Ni atoms interact weakly with the oxygens (Figure E.10). The extent of electron 

transfer from the nickel adatom to the surface correlates with its resistance to 

sintering: the highest charge transfer is noted on ὅὩὕ ὅὤὕ, which stabilizes 

the adatom the most, followed by the pristine surface and the surfaces with the oxygen 

vacancy at the ὕ ὔͅὔ and ὕ ὔͅὔὔ positions. Nickel remains metallic on ὕ ὔͅὭ

ὅὤὕ, which explains why sintering or diffusion to sites with oxygen atoms could be 

favorable at DRM temperatures. 

Table 6.8: Electron transfer from nickel (per atom) to the support 

╢◊►█╪╬▄ ▲╝░ ▲╝░ 

ί ὅὤὕ πȢχ πȢσȟπȢσȟπȢσȟπ 
ὕ ὔͅὭὅὤὕ  πȢπς πȢρυȟπȢρυȟπȢσυȟπ 
ὕ ὔͅὔ ὅὤὕ πȢχ πȢσȟπȢσȟπȢσȟπ 
ὕ ὔͅὔὔ ὅὤὕ πȢχ πȢσȟπȢσȟπȢσȟπ 
ὅὩὕ ὅὤὕ       πȢω πȢσȟπȢυȟπȢχȟπ 

Oxygen vacancies adjacent to nickel, while kinetically relevant, are 

energetically unfavorable due to nickelôs pronounced oxophilicity. Nevertheless, 

understanding the stability of such surface defects adjacent to nickel under realistic 

oxygen partial pressures is crucial for elucidating the catalytic behavior of Ni/CZO 

systems. Therefore, we plot ῳὋ  (defined below) as a function of ‘  (Figure 6.5), 
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in the spirit of the analysis presented in Figure 6.3. This definition of ῳὋ  

computes the Ni binding energy to the non-stoichiometric surface but also includes a 

correction for the formation of the defect, as given in Eq. 6.13. 

 ῳὋ Ὁ Ὁ ὔ ‘ ὔ Ὡ ς‘ ὲὉ Ⱦὲ when 

Ὡ  Ὡ   

 Or  

 ῳὋ Ὁ Ὁ ὔ ‘ Ὡ σ‘ ὲὉ Ⱦὲ when 

Ὡ  Ὡ  (6.13) 

Figure 6.5 shows that across the ῳА Ὕȟὴ range, oxygen vacancies further away from 

nickel are most favorable due to nickel adatoms and clusters coordinating with oxygen 

atoms. Such sites may not occur under reducing conditions with a high concentration 

of oxygen vacancies. Therefore, we consider other defects that stabilize nickel. In the 

DRM-relevant range of ῳА ὝȟὴȾὩὠȢὥὸέάɴ σȢχψ ȟσȢπσ, Ni single atoms 

stabilize ὅὩὕ  defect sites, which are unfavorable on the pristine CZO surface. 

The Ni4 cluster, on the other hand, can bind favorably at the surface oxygen vacancy 

and the ὅὩὕ  defect site under DRM-relevant conditions. Overall, comparison 

with Figure 6.3 shows that the nickel stabilizes ὅὩ, the pair of ὕ and ὅὩ, and 

ὅὩὕ  formation.  
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Figure 6.5: Nickel (a) single atom and (b) cluster (ὔὭ) adsorption energy on the 

defected and pristine-CZO surfaces as a function of oxygen chemical potential (А ). 

The most stable cerium oxide phase is used as reference (bulk ὅὩὕ and bulk CὩὕ  

to the left and right, respectively, of the vertical dotted line at ῳА ςȢρς Ὡὠ). The 

left end of the graphs corresponds to reducing conditions, and the right end to 

oxidizing conditions. The region between the two vertical dashed lines (ῳА Ὕȟὴᶰ
σȢχψ ȟσȢπσ) represents the typical DRM reaction conditions. 

6.6 Conclusion 

We employed DFT and ab initio thermodynamics to investigate the energetics, 

stability, and electronic properties of vacancy formation and nickel adsorption on 

CZO(111). Subsurface and surface oxygen vacancies are favored near Zr4+ ions due to 

distortion-induced stabilization, and the latter are more favorable across DRM-

relevant conditions. Ni single atoms coordinate with two OZr surface atoms as Ni2+ 

motifs, unlike three-fold coordinated Ni atoms on hollow sites of CeO2(111). 

Interestingly, Ni dislikes direct binding to oxygen vacancies compared to a pristine 

surface due to its oxophilicity as well as electrostatic repulsion from multiple surface 

Ce3+ ions. The enhanced performance of the Ni/CZO DRM catalyst stems probably 

from the kinetics of H-H or C-H bond activation, vacancy formation, or oxygen 
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diffusion rather than thermodynamics. Further work is needed to delineate the 

mechanisms.  

Ni adatoms are more stable than Ni4 at trimer defects comprising one Ce and 

two oxygen vacancies (ὅὩὕ ), at the pristine surface, and at the ὔὭ  site with a 

next-nearest neighbor oxygen vacancy due to coordinating with more oxygen atoms. 

Thus, defects exposing oxygen atoms, e.g.,  (ὅὩὕ ), will stabilize Ni single atoms, 

but single oxygen surface vacancies would not directly bind Ni1. Clusters, on the other 

hand, can bind favorably at a surface oxygen vacancy due to Ni-Ni interactions 

compensating for the missing surface oxygen. We expect that high Ni loadings will 

lead to Ni1 adatoms anchoring next to oxygen vacancies, divacancies, and pristine 

areas and Ni clusters stabilized by oxygen vacancies at their perimetry or underneath. 

The extent of electron transfer from the metal to the surface and, thus, the degree of 

cationic character of a nickel adatom will vary with its location and defect type and 

correlate positively with its resistance to sintering: the highest charge transfer is on 

ὅὩὕ , followed by the pristine surface and surfaces with a single oxygen vacancy 

in the next nearest neighbor position. In an actual catalyst, we thus expect Ni atoms 

with varying metallic character and nuclearity to participate in the chemistry. 

These findings provide valuable insights into the Ni/CZO DRM catalysts, 

emphasizing the importance of nickelôs electronic interactions with defect sites of the 

CZO surface. 
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CONCLUSIONS AND OUTLOOK  

7.1 Dissertation overview 

To enable the rational design of highly selective and metal-efficient single-site 

catalysts for important reactions such as small alkane dehydrogenation and methane 

dry reforming, it is essential to understand their structure-activity relationships and 

stability under reaction conditions. This thesis integrates theory, simulation, and 

experiments from collaborators to identify the distribution of stable active sites and 

establish structure-activity relationships for three classes of catalysts: (1) Co2+ species 

dispersed on amorphous silica and in the BEA framework, (2) encapsulated single 

atoms and dimeric Pt species in the CHA framework, and (3) metallic Ni dispersed on 

equimolar ceria-zirconia (CZO) mixed oxide. The first two catalyst classes show 

promise for alkane dehydrogenation, while the third is highly effective for methane 

dry reforming. 

For the Co/SiO2 catalyst, we highlighted the crucial role of spin-crossing in 

accelerating the ɓ-hydride elimination step, particularly at dinuclear active site motifs. 

We derived the rate constant for the spin-crossing step under high spin-orbit coupling, 

and the resulting microkinetic model revealed the superior activity of dinuclear motifs 

compared to single-atom Co. Given the amorphous nature of the silica support, we 

computed site-averaged apparent activation energies, which showed excellent 

agreement with experiments. Our calculations revealed that tricoordinate and planar 

Co(II) sites exhibit higher activity due to their greater Lewis acidity; however, they 

Chapter 7 
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constitute only a small fraction of the total site population. Extending our modeling 

framework to Co(II) anchored in the BEA framework, we explored the impact of 

support crystallinity on the reaction mechanism. Our simulations demonstrated lower 

activity for single-site Co/BEA than amorphous silica, attributed to the narrower 

distribution of predominantly tetrahedral sites. However, silanol nests in the vicinity of 

Co(II) enhance activity by increasing active site flexibility. Notably, the model 

predictions of apparent activation energies showed remarkable agreement with 

experimental values. 

For the Pt/CHA catalyst, ab initio free energy simulations revealed that 

framework Sn(IV) and silanol defects improve Pt atom dispersion, whereas Pt atoms 

preferentially nucleate in the pristine CHA framework. Among the possible stable 

active site motifs, dimeric Pt species exhibited higher activity than single-atom sites. 

The Pt  motif anchored near an Sn(IV) site emerged as the most active while 

maintaining stability. 

For the Ni/CZO catalyst, we demonstrated that oxygen vacancies on the 

CZO(111) surface preferentially form near Zr ions due to vacancy stabilization via 

larger lattice distortions. Electronic structure calculations indicated that Ni single 

atoms are significantly more stabilized on the CZO(111) surface than on CeO2(111) 

due to the increased reactivity of surface oxygen atoms. Additionally, we showed that 

the superior catalytic performance of Ni/CZO in methane dry reforming stems from 

enhanced methane bond activation over Ni sites rather than increased oxygen vacancy 

formation, as Niôs high oxophilicity plays a dominant role in its catalytic behavior. 

Across this thesis, a recurring theme emerges: single atoms tend to exhibit high 

selectivity but lower activity, whereas dimeric metal motifs strike a balance between 
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activity and selectivity. The findings underscore the necessity of evaluating catalytic 

activity across a distribution of active site motifs, given their inherent heterogeneity. 

Furthermore, the remarkable agreement between computed and experimental apparent 

activation energies highlights the importance of correctly identifying active sites and 

demonstrates the crucial role of error cancellation when propagating DFT-derived 

energetics through a multiscale modeling framework. 

7.2 Outlook 

This section proposes future research directions built upon the material 

presented in this thesis.  

7.2.1 Catalyst dynamics 

This thesis explores the activity and stability of supported single-site catalysts 

while accounting for static disorder. In addition to spatial disorder, supported 

subnanometer metal clusters exhibit dynamic disorder, undergoing changes in shape 

and nuclearity under reaction conditions. These structural fluctuations expose catalytic 

sites with varying coordination environments and are strongly influenced by the 

support and adsorbates, particularly for clusters smaller than 1 nm. Understanding the 

timescale of these dynamics and their impact on catalysis is crucial and must be 

systematically addressed. Below are two potential avenues for further exploration: 

7.2.2 Effect of supported subnanometer metal cluster anharmonicity on 

catalytic activity 

This thesis, along with several other studies in the field, evaluates activation 

free energies under the harmonic approximation. However, supported subnanometer 

clusters, particularly at high temperatures (such as those relevant to alkane 
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dehydrogenation), can exhibit collective anharmonic motions237, 238. These dynamic 

fluctuations may transiently expose reactive metal motifs, potentially enhancing 

catalytic activity. A promising avenue for exploration is to compute activation 

energies for simple gas molecules such as H2, O2, and CH4 on supported subnanometer 

clusters using ab initio molecular dynamics simulations, rather than relying on static 

DFT calculations with a posteriori free energy correction. By employing the reaction 

coordinate as the collective variable for these simple molecules, enhanced sampling 

techniquesðsuch as thermodynamic integration (TI), a method discussed in this 

thesisðcan be used to investigate the impact of anharmonic motions on activation 

energies. This approach would represent a significant step toward incorporating 

catalyst dynamics into our understanding of bond activation at high temperatures. 

7.2.3 Metal nucleation timescales 

In this thesis, we performed ab-initio free energy simulations to investigate the 

timescale for Pt single atoms to nucleate, using the Pt-Pt distance as the collective 

variable. However, as the Pt cluster size increases, the Pt-Pt distance alone becomes 

insufficient to accurately capture nucleation, and ab-initio molecular dynamics 

simulations become prohibitively expensive. A viable approach to overcoming these 

challenges is the development of machine-learned interatomic potentials, which enable 

efficient phase space sampling at a computational cost that remains tractable while 

retaining DFT-level accuracy. Since our primary objective is to understand nucleation 

rates and compare these timescales with reaction kinetics, an alternative strategy to 

circumvent the challenge of selecting appropriate order parameters is to employ order-

parameter-free sampling methods such as transition path sampling239. This approach 
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requires only initial and final state configurations, making it a powerful tool for 

studying nucleation timescales in complex catalytic systems. 

7.2.4 Charge-state of surface oxygen vacancies 

In this thesis, as well as in the broader catalysis literature, oxygen vacancies on 

surfaces are typically assumed to be neutral (ὠ ), with their formation reducing two 

Ce4+ ions to Ce3+. However, in bulk oxides, oxygen vacancies have been stabilized in 

charged states, such as ὠ  or ὠ  , where their formation reduces only one Ce4+ ion 

to Ce3+ or leaves all cerium atoms unchanged, respectively. The actual charge state of 

an oxygen vacancy in bulk systems depends on the Fermi level. The assumption of 

neutral oxygen vacancies on surfaces has not been rigorously tested and may be 

particularly challenged in the presence of adsorbed metal single atoms and clusters. 

The charge state of oxygen vacancies can significantly influence the electronic 

properties of adsorbed metal clusters, thereby affecting their catalytic behavior. To 

systematically study the charge states of oxygen vacancies on surfaces, a promising 

approach is to employ the recently developed Self-Consistent Potential Correction 

(SCPC) method240, which enables accurate prediction of DFT energies for charged 

surfaces. This method allows for the construction of charge-state energy diagrams, 

providing insights into how adsorbates influence and stabilize specific vacancy charge 

states, ultimately shaping catalytic performance. 
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SPIN-CROSSING IN HETEROGENEOUS ETHANE DEHYDROGENATION 

BY ATOMICALLY DISPERSED Co/SiO 2 

Table A.1: Electronic energy difference (ȹE in eV) between quartet and doublet 

spin states of the mononuclear active site model shown in Figure 2.1a for different 

functionals. These energies refer to the active site prior to substrate binding. 

Functional Basis Set ȹE (eV) 

wB97XD Lanl2dz -0.83 eV 

M06L Lanl2dz -0.56 eV 

B3LYP-D3 Lanl2dz -0.79 eV 

 

Table A.2: Co-O bond lengths at the active site for the mononuclear and dinuclear 

active stie models. (Atom labelling as in Figure 2.1) 

Bond length (nm) Mononuclear  Dinuclear 

Co-O1 0.189 0.195 

Co-O2 0.188 0.182 

Co-O3 0.225 0.216 

Co-O4 0.216 0.220 

 

Appendix A 

A.1 DFT settings and results for mononuclear and dinuclear Co/SiO2 active site 

models. 
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Table A.3:  O-Co-O bond angles at the active site for the mononuclear and 

dinuclear active site models. (Atom labelling as in Figure 2.1) 

Bond angle  Mononuclear  Dinuclear 

ŽO1CoO2 121.8 114.8 

ŽO1CoO3 91.5 94.5 

ŽO1CoO4 95.8 105.0 

ŽO2CoO3 91.8 143.6 

ŽO2CoO4 101.2 99.3 

ŽO3CoO4 158.6 92.7 

 

Table A.4:  Electronic energy difference (ȹE in eV) between the intermediates 1IIb 

and 3IIa in Figure 2.4, for two mononuclear active site models for different functionals 

and terminating atoms. The small cluster used for the expensive CBS-QB3, CCSD(T) 

and MP2 calculations is shown in Figure A.1 below. The data clearly show that at all 

theory levels considered the doublet 1IIb is less stable than the quartet 3IIa, which 

implies two spin-crossing events related to the ɓ-H elimination. 

Functional/Method Basis 

Set 

Cluster 

termination 

ȹE (eV) 

B3LYP-D3 Lanl2dz hydride 0.35 

wB97XD Lanl2dz hydride 0.26 

M06L Lanl2dz hydride 0.12 

PBE0 Lanl2dz hydride 0.28 

CBS-QB3 (small cluster)  hydroxide 0.52 

CCSD(T) (Single point on small 

cluster) 

Lanl2dz hydroxide 0.59 

MP2 (small cluster) Lanl2dz hydroxide 0.59 
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Figure A.1:  Small siloxane ring-based mononuclear site model used for the high-

theory level calculations shown in Table A.4. This cluster has been used in the past to 

model the Phillips catalyst active site.1 

(a)              (b)  

Figure A.2: Minimum Energy Crossing Point (MECP) geometries: (a) prior to the 

ɓ-H elimination doublet transition state; (b) following the ɓ-H elimination doublet 

transition state.  

Table A.5:  Electronic energies of possible spin states of the dinuclear active site 

model referenced to the septet at  the B3LYP/def2SVP level for the Si, O, H atoms 

and B3LYP/def2TZVP for the Co atom. 

Spin state  Energy (eV) 

Septet 0 eV 

Quintet 1.37 eV 

Triplet 1.45 eV 

Singlet 3.8 eV 
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For the calculation of Ὧ , rate of crossing at the MECP, we have followed 

Liu et al.2  

 Ὧ Ὕ  ᷿ Ὃ ὉὩ  ὨὉ (A.1) 

where ὗ Ὕ is the partition function of the reactants, Ὤ is Planckôs constant, kB  is the 

Boltzmann constant, and Ὃ Ὁ is the crossing-probability-weighted density of 

states at the MECP at energy E relative to the zero-point of the reactants:   

 Ὃ Ὁ  ᷿ ὖὉ ὔ Ὁ Ὁ ὨὉ (A.2) 

In the last equation, Ὁ is the energy in the direction of hopping, and ὔ Ὁ Ὁ  

is the density of states at the MECP. ὖὉ  denotes the double-passage crossing 

probability and is given by  

 ὖὉ ρ ὴ ὴ ρ ὴ ρ ὴ  (A.3) 

where ὴ  is the Landau-Zener non-adiabatic transition probability 

 ὴ Ὁ Ὡὼὴ
Ў

 (A.4) 

and thus 

 ὖὉ ρ Ὡὼὴ
Ў

 (A.5) 

where, Ὄ  is the spin-orbit coupling matrix element, ‘ is the reduced mass in the 

direction of crossing, and ЎὊ is the norm of the gradient difference at the MECP, and 

Ὁ is the energy at the crossing.  

A.2 Microkinetic model derivation, parameters and results for mononuclear 

and dinuclear Co/SiO2 active site models. 
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The integral for Ὃ Ὁ is a convolution and one typically performs a 

Laplace transform by setting ί  to obtain for the rate: 

 Ὧ Ὕ   (A.6) 

where ὗ Ὕ is the partition function at the MECP and ὖὝ is the Laplace 

transform of ὖὉ : 

 ὖὝ ᷿ ρ ÅØÐ
 

Ὡὼὴ  ὨὉ (A.7) 

For weak coupling Ὄ , and to obtain an analytical expression for the last 

integral, one typically performs a first-order Taylor expansion of the exponential 

function and assumes that the double-passage crossing probability is approximately  

 ὖὉ  ςρ  ὴ  (A.8) 

However, this approximation does not hold in our case, where Ὄ  is in the range of 

450 cmï1. Thus, we dispensed with the Taylor expansion of the Landau-Zener 

probability and in order to obtain an analytical expression for ὖὝ, we employed the 

steepest descent approximation.  

Specifically, because ὖὉ πȟὪέὶ Ὁ Ὁ, we can change the integration 

limits and write 

 ὖὝ ὯὝὩὼὴ ᷿ Ὡὼὴ
Ў

 Ὡὼὴ  ὨὉ (A.9) 

By letting Ὁ Ὁ Ὁ, we obtain  

 ὖὝ ὯὝὩὼὴ ρ ὑ᷿ ÅØÐὑὉ
Ѝ
ὨὉ  

 where  
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 ὑ    

 ὑ  
Ў

 (A.10) 

The last integral can be estimated using the steepest descent approximation . Let  

 ὪὉ ὑὉ
Ѝ

 (A.11) 

The minimum of ὪὉ (i.e., the maximum of the integrand) is at  

 Ὁ  (A.12) 

and by expanding ὪὉ to second order about Ὁ Ὁ, we obtain  

 ᷿ ÅØÐὪὉ Ὢ Ὁ Ὁ Ὁ ὨὉ (A.13) 

For strong spin-orbit coupling, as in our case, ὼ moves farther to larger values 

and we can extend the range of integration to negative infinity (see a plot of the 

integrand in Figure A.3. for the parameter values shown in Table 2.2 for MECP 1). 

Thus, the integral becomes 

 ᷿ ÅØÐὪὉ Ὢ Ὁ Ὁ Ὁ ὨὉ  ÅØÐὪὉ  (A.14) 

 

Thus, 

 ὖὝ ὯὝὩὼὴ  ρ
Ⱦ

Ѝ“ὑÅØÐ
 
Ⱦ  (A.15) 

where ὑ ὑὑ Ⱦ, and the crossing coefficient ɜὝ is given by 

 ῲὝ ρ
Ⱦ

Ѝ“ὑÅØÐ
 
Ⱦ  (A.16) 
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Figure A.3: Plot of the integrand as a function of energy, parametrized by values in 

Table 2.1, MECP 1. 

Table A.6:  Elementary steps and corresponding kinetic parameters for the 

dehydrogenation microkinetic models on the mononuclear model. Labelling 

convention borrowed from Figure 2.2; the upper left superscripts correspond to the 

spin multiplicity: 2 is doublet and 4 is the quartet. 

Elementary Step ȹGÿ/RT (kJ/mol) Keq 

C2H6+41 -> 4C2H6*    0.00E+00 1.59E+02 
4C2H6* -> 42 1.98E+01 2.02E-04 
42 -> 22 9.62E+00 9.73E-04 
22 -> 23 1.05E+01 2.19E-04 
23 -> 43 6.24E-02 1.49E+02 

C2H4+44-> 43 0.00E+00 1.58E+02 
44-> 45 9.04E+00 5.65E+01 

H2+41 -> 45 3.99E+00 5.21E-01 

C2H4+41 -> 4C2H4*  0.00E+00 3.54E+05 

 



 206 

Table A.7: . Elementary steps and corresponding kinetic parameters for the 

dehydrogenation microkinetic models on the dinuclear model. Labelling convention 

borrowed from Figure 2.7; the upper left superscripts correspond to the spin 

multiplicity: 5 is quintet and 7 is septet. The prime (as in Figure 2.7) identifies the two 

Co atoms. 

Elementary Step ȹGÿ/RT (kJ/mol) Keq 

C2H6+71 -> 7C2H6*    0.00E+00 5.39E+01 

C2H6+71 -> 7C2H6*ô 0.00E+00 3.09E+02 
7C2H6* -> 72 1.49E+01 7.57E-02 
7C2H6*ô-> 72ô 1.77E+01 3.86E-02 
74 -> 75 9.41E+00 2.89E+00 
74ô -> 75ô 1.25E+01 1.78E-01 

H2+71 -> 75 8.42E+00 2.26E-01 

H2+71 -> 75ô 8.42E+00 2.23E-01 

C2H4+71-> 7C2H4*  0.00E+00 1.67E+03 

C2H4+71 -> 7C2H4*ô 0.00E+00 1.02E+04 

C2H4+74 -> 73a 0.00E+00 1.43E+03 

C2H4+74ô -> 73aô 0.00E+00 2.74E+02 

C2H4+75 -> H2*C2H4*ô 0.00E+00 1.89E+03 

C2H4+75ô -> H2*ôC2H4*  0.00E+00 1.88E+03 
52 -> 53b 9.91E+00 2.69E-04 
52ô -> 53bô 6.59E+00 1.25E-02 
72 -> 52 1.34E+01 7.68E-05 
72ô -> 52ô 1.24E+01 3.96E-06 
53b -> 73b 4.72E-01 1.91E+03 
53bô -> 73bô 9.41E-01 2.69E+02 

C2H4+74 -> 73b 0.00E+00 2.91E+03 

C2H4+74ô -> 73bô 0.00E+00 1.79E+02 
72 -> 73aô 2.05E+01 5.96E-05 
72ô -> 73a 2.15E+01 6.63E-06 

 

Table A.8: Coverage of surface species under the kinetic region (low conversion) 

at steady state on mononuclear Co/SiO2. Labelling convention borrowed from Figure 

2.2; the upper left superscripts correspond to the spin multiplicity: 2 is doublet and 4 is 

quartet. 

      Intermediate          Coverage 
41 9.88E-01 
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4C2H6*  7.90E-05 
42   1.60E-08 
22 1.56E-11 
23 5.15E-16 
43 1.62E-14 
44 3.18E-10 
45 1.78E-08 
4C2H4*  1.21E-02 

 

Table A.9: Coverage of surface species under the kinetic region (low conversion) 

at steady state on dinuclear Co/SiO2. Labelling convention borrowed from Figure 2.7; 

the upper left superscripts correspond to the spin multiplicity: 5 is quintet and 7 is 

septet. The prime (as in Figure 2.7) identifies the two Co atoms. 

      Intermediate          Coverage 
71 9.99E-01 
7C2H6*  2.71E-05 
7C2H6*ô 1.55E-04 
72 2.05E-06 
72ô 5.95E-06 
74 3.05E-09 
74ô 5.46E-08 
75 8.53E-09 
75ô 8.40E-09 
7C2H4*  6.30E-05 
7C2H4*ô 3.84E-04 
73a 1.11E-12 
73aô 7.38E-13 

H2*C2H4*ô 6.11E-13 

H2*ôC2H4*  5.94E-13 
52 1.57E-10 
52ô 2.36E-11 
53b 1.21E-14 
53bô 7.06E-14 
73b 4.36E-12 
73bô 1.48E-12 

 



 208 

 

Figure A.4: Degree of rate control (XRC) analysis of the ethane dehydrogenation 

reaction to ethylene under low conversion regime (< 10%) for the mononuclear (a) 

and the dinuclear model (b). The definitions of XRC are from Campbell.3  
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Figure A.5: Arrhenius plots for the mononuclear (a) and dinuclear (b) models. 

 

Figure A.6: Reaction orders with respect to C2H6 on the mononuclear model (a) and 

dinuclear model (b). The reaction order is defined as ὴ , where ὴ is partial 

pressure of species Ὥ and ὶ is the reaction rate. 
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Figure A.7: Reaction orders with respect to H2 on the mononuclear model (a) and 

dinuclear model (b). The reaction order is defined as ὴ , where ὴ is partial 

pressure of species Ὥ and ὶ is the reaction rate. 

 

 

Figure A.8: Reaction orders with respect to C2H4 on the mononuclear model (a) and 

dinuclear model (b). The reaction order is defined as ὴ , where ὴ is partial 

pressure of species Ὥ and ὶ is the reaction rate. 
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Figure A.9: . Reaction path analysis of the ethane dehydrogenation reaction on the 

dinuclear active site model. Only 14% of the flux goes through the cooperative 

pathway, highlighting the importance of the SCO (spin crossing) pathway. 

A.3 ɓ-Hydride elimination on a periodic slab model of Co(II)/am-SiO2 catalyst  
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Figure A.10: . Mononuclear active site model on the periodic am-SiO2 slab. (H, 

white; O, red; Si, green; Co, blue; Vanderwaalôs radii have been used in the 

representation) 

We investigated the ɓ-elimination on a single Co(II) site on a periodic slab 

model of amorphous silica (Figure A.10) which was constructed following Sanduputla 

et al.4 During the ɓ-hydride elimination, the magnetic moment value relaxes to 3 

(quartet) for the metal-ethyl intermediate and to 1 (doublet) for the metal hydride 

intermediate. The metal hydride intermediate energy in the quartet state is 0.2 eV 

higher in energy than the intermediate in the doublet state, confirming that the ɓ-H 

elimination involves spin crossing. In the course of the NEB calculations, the 

magnetic moment of the transition state for the ɓ-H elimination relaxed to 1, 

indicating a doublet state (one unpaired electron).  We should note that we attempted 

to run NEB calculations for the diabatic spin states, namely, by imposing constraints 

on the spin of the system, but they failed to converge. We should note that, unlike the 
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cluster calculations presented in the main, the periodic model calculations predict that 

the metal hydride intermediate doublet is more stable than the quartet because the PBE 

functional over-stabilizes low spin states (see also Table A.4).5  
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EFFECT OF Co/SiO2 SINGLE SITE HETEROGENEITY ON SMALL 

ALKANE DEHYDROGENATION KINETICS  

The tetra-coordinate cluster models used in the study are similar to the 

mononuclear Co/SiO2 model used in our previous mechanistic investigation1 and were 

constructed by fixing the Ŭ, ɓ angles to a desired ʐ and performing a constrained 

Density Functional Theory (DFT) optimization. The structures corresponding to 

Űŭ=0.77 and Űŭ=0.90 have been modified to be able to create such a highly tetrahedral 

site. Specifically, one of the silanol groups in the model was replaced by an Si-O-Si 

bridge site. Similarly, for the tri-coordinate sites, the cluster models adapted from 

Delley et al.2 we constructed by fixing the ɡ to the desired value by constrained DFT.  

Table B.1: Co-O bond lengths at the active site for the tetra-coordinate 

mononuclear models (Atom labelling as in Figure 3.1a). 

Bond 

length 

(nm) 

Űŭ=0.23 Űŭ=0.29 Űŭ=0.43 Űŭ =0.5 Űŭ=0.77 Űŭ=0.90 

Co-O1 0.226 0.227 0.216 0.211 0.209 0.208 

Co-O2 0.192 0.189 0.188 0.187 0.186 0.183 

Co-O3 0.225 0.221 0.224 0.233 0.209 0.208 

Co-O4 0.191 0.187 0.188 0.187 0.186 0.185 

Appendix B 

B.1 DFT settings and results for tetra-coordinate and tri-coordinate 

mononuclear Co/SiO2 active site models 

B.1.1 Active site construction 
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Table B.2: Co-O bond lengths at the active site for the tri-coordinate mononuclear 

models (Atom labelling as in Figure 3.1b). 

Bond 

length 

(nm) 

ɡ=97°   ɡ=107°   ɡ=127°   ɡ=147°   ɡ=177°   

Co-O1 0.184 0.184 0.182 0.181 0.190 

Co-O2 0.187 0.186 0.184 0.182 0.185 

Co-O3 0.204 0.206 0.207 0.214 0.221 

 

Table B.3: O-Co-O bond angles at the active site for the tetra-coordinate 

mononuclear models (Atom labelling as in Figure 3.1a). 

Bond angle  Űŭ=0.23 Űŭ=0.29 Űŭ=0.43 Űŭ =0.5 Űŭ=0.77 Űŭ=0.90 

ŽO1CoO2 81.95 81.24 95.79 100.98 103.74 109.86 

ŽO1CoO3 174.61 174.61 158.62 150.61 120.8 116.6 

ŽO1CoO4 96.43 95.26 101.20 104.64 102.16 101.97 

ŽO2CoO3 96.06 96.81 91.51 90.87 103.20 108.14 

ŽO2CoO4 145.78 129.78 121.78 121.78 124.8 116 

ŽO4CoO3 88.02 89.84 91.85 91.26 102.16 104.4 

 

Table B.4: O-Co-O bond angles at the active site for the tri-coordinate 

mononuclear models (Atom labelling as in Figure 3.1b). 

Bond angle  ɡ=97°   ɡ=107°   ɡ=127°   ɡ=147°   ɡ=177°   

ŽO1CoO2 97.69 107.69 127.69 147.69 177.69 

ŽO1CoO3 128.86 122.67 111 99.03 85.69 

ŽO2CoO3 106.84 105.56 105.88 99.097 94.64 
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Figure B.1: ɓ-hydride elimination transition state geometries in doublet state. (a) Űŭ 

= 0.23 (b) Űŭ = 0.29 (c) Űŭ = 0.43 (d) Űŭ = 0.5 (e) Űŭ = 0.77 (f) Űŭ = 0.90 (g) ɡ=97° (h) 

ɡ=107° (i) ɡ=127° (j) ɡ=147° (k) ɡ=177°.  
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Figure B.2: Electronic binding energy (kJ/mol) of ethylene for tetra-coordinate sites 

(black) and tri-coordinate sites (red). 

The elementary steps of the reaction are: 

 ὅὌ  z ή  P  ὅὌ ᶻή  (B.1) 

 ὅὌ ᶻήᴾ ὅὌ ᶻή (B.2) 

 ὅὌ ᶻήᴾ ὅὌ ᶻὨ (B.3) 

 ὅὌ ᶻὨ O  ὅὌ ᶻὨ  ὌᶻὨ (B.4) 

where Eq. B.4 is the rate-determining step and all the previous steps are equilibrated.  

Terms in parenthesis indicate the spin state; óqô is quartet and ódô is doublet. 

The reduced rate expression becomes: 

 ὶ ὑὑὑ Ὡ
ᶻ

 ὖz  (B.5) 

B.1.2 Derivation of the reduced rate expression 
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where ὑȟὑȟὑ are the equilibrium constants of Eq. B.1, B.2, B.3, ὖ is the partial 

pressure of ethane and z is the available active site density. 

From our analysis of the 11 microkinetic models, we learn that the site balance 

equation can be approximated as 

 ᶻ ὅὌ  z z  (B.6) 

where ᶻ  is the total active site density and ὅὌ  zis the density of active sites 

blocked by ethylene adsorption. The remaining intermediates have a total fractional 

coverage < 0.001. 

Dividing the above expression by the total site density 

 
ᶻ

ᶻ
  ρ

ᶻ

ᶻ
 (B.7) 

Let  
ᶻ

ᶻ
ά and  

   z
 
 ɗ

 

The rate expression can be written as  

 ὶ Ὡ
ɗ

ρ ά ᶻ ὖ  (B.8) 

This can be expanded as 

 ὶ Ὡ
ɗ

Ὡ ρ ά ᶻ ὖ  (B.9) 

The microkinetic simulations for the spin-crossing steps considered the 

reaction pathway  

  Ὑ ᴼὓὉὅὖᴼὙ ᴼὝὛᴼὖ ᴼὓὉὅὖᴼὖ  (B.10) 

where R refers to reactant, P to product, TS to the transition state and MECP to the 

Minimum Energy Crossing Point; the subscripts óqô and ódô refer to the quartet and 

doublet spin states respectively. 

B.2 Microkinetic model parameters and results for the Co/SiO2 models  
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The expression above is shorthand for a sequence of elementary steps consisting of: (i) 

Ὑ ᴼὓὉὅὖᴼὙ , double-passage crossing at the first MECP, which, in the diabatic 

representation, takes the system from the quartet to the doublet PES and whose rate is 

computed using Eq. 1 below; (ii) Ὑ ᴼὝὛᴼὖ, passage over the doublet transition 

computed using standard transition state theory on the doublet PES; and (iii) ὖ ᴼ

ὓὉὅὖᴼὖ, double-passage crossing at the second MECP which, in the diabatic 

representation, takes the system from the doublet PES to the quartet one.  

The spin-crossing rate was computed Eq. 1 

 Ὧ  ːὝ   Ὡ  (B.11) 

 ːὝ ρ πȢωρφυЍ“ὑὩὼὴρȢψωὑ   (B.12) 

where ὑ ὑὑ  , ὑ   , ὑ
Ў

  , H12 is the spin-orbit coupling matrix 

element, Õ is the reduced mass at the crossing seam, and æF is the norm of the 

gradient difference at the MECP. The prefactor ῲὝ is the crossing coefficient and is 

determined by the probability of crossing. Eq. B.12 was derived using the Landau-

Zener model for non-adiabatic transitions; the derivation was discussed at length in 

our previous paper3.  

Table B.5: Microkinetic model parameters used to compute apparent activation 

energies, reaction orders, coverages and normalized sensitivity coefficients. The 

parameters were chosen to simulate conversions of 3%. 

Active site Parameter Units Values 

 Űŭ=0.23 Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 
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Űŭ=0.29 

  

Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

Űŭ=0.43 Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

Űŭ=0.5 Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

Űŭ=0.77 

 

Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

Űŭ=0.9 Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

ɡ=97°    Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

ɡ=107°   Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

ɡ=127°   Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

ɡ=147°   Temperature K 898 
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Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

ɡ=177°   Temperature K 898 

Pressure atm 1 

Feed composition molar ratio He:C2H6 = 24:1 

Reactor volume cm3 0.58 

Catalyst site density mol.cm-2 1.36E-10 

 

Table B.6: Elementary steps and corresponding kinetic and thermodynamic 

parameters for the dehydrogenation microkinetic models (T=898.15 K). Labelling 

convention borrowed from Scheme 1; the upper left superscripts correspond to the spin 

multiplicity: 2 is doublet and 4 is the quartet. 

Active site Elementary Step ȹGÿ/RT  Keq 

Űŭ=0.23 C2H6+41 -> 4C2H6*    0.00E+00 3.52E+03 
4C2H6* -> 42 1.87E+01 3.418E-05 
42 -> 22 9.62E+00 2.29E-04 
22 -> 23 5.43E+00 1.50E-02 
23 -> 43 6.24E-02 5.68E+02 
43 -> C2H4+44 0.00E+00 4.32E-05 
44-> 45 1.12E+01 5.00E+01 

H2+41 -> 45 0.00E+00 7.22E-01 

C2H4+41 -> 4C2H4*  0.00E+00 8.37E+05 

Űŭ=0.29 C2H6+41 -> 4C2H6*    0.00E+00 1.33E+03 
4C2H6* -> 42 1.82E+01 1.65E-04 
42 -> 22 9.62E+00 1.64E-04 
22 -> 23 8.59E+00 5.48E-04 
23 -> 43 6.24E-02 6.55E+02 
43 -> C2H4+44 0.00E+00 6.80E-04 
44-> 45 1.44E+01 8.70E+01 

H2+41 -> 45 1.09E+00 1.08E+00 

C2H4+41 -> 4C2H4*  0.00E+00 2.01E+07 

Űŭ=0.43 C2H6+41 -> 4C2H6*    0.00E+00 1.17E+03 
4C2H6* -> 42 2.13E+01 2.30E-05 
42 -> 22 9.62E+00 1.87E-04 
22 -> 23 8.67E+00 4.40E-04 
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23 -> 43 6.24E-02 4.12E+02 
43 -> C2H4+44 0.00E+00 1.62E-03 
44-> 45 7.33E+00 5.96E+02 

H2+41 -> 45 1.92E+00 1.26E+00 

C2H4+41 -> 4C2H4*  0.00E+00 6.84E+05 

Űŭ=0.5 C2H6+41 -> 4C2H6*    0.00E+00 2.14E+03 
4C2H6* -> 42 2.32E+01 1.61E-07 
42 -> 22 9.62E+00 5.75E-03 
22 -> 23 8.49E+00 5.42E-04 
23 -> 43 6.24E-02 6.81E+02 
43 -> C2H4+44 0.00E+00 1.01E-03 
44-> 45 1.37E+01 1.00E+03 

H2+41 -> 45 1.92E+00 1.05E+00 

C2H4+41 -> 4C2H4*  0.00E+00 2.49E+05 

Űŭ=0.77 C2H6+41 -> 4C2H6*    0.00E+00 1.56E+03 
4C2H6* -> 42 3.01E+01 4.30E-07 
42 -> 22 9.62E+00 2.15E-06 
22 -> 23 3.96E+00 6.51E-02 
23 -> 43 6.24E-02 5.23E+01 
43 -> C2H4+44 0.00E+00 2.01E-05 
44-> 45 4.13E+00 1.17E+07 

H2+41 -> 45 3.33E+00 1.65E+00 

C2H4+41 -> 4C2H4*  0.00E+00 7.43E+04 

Űŭ=0.90 C2H6+41 -> 4C2H6*    0.00E+00 1.53E+03 
4C2H6* -> 42 3.13E+01 2.86E-07 
42 -> 22 9.62E+00 7.17E-07 
22 -> 23 7.93E+00 3.58E-04 
23 -> 43 6.24E-02 9.53E+04 
43 -> C2H4+44 0.00E+00 5.09E-03 
44-> 45 1.02E+01 3.73E+04 

H2+41 -> 45 3.29E+00 2.89E+00 

C2H4+41 -> 4C2H4*  0.00E+00 6.42E+04 

ɡ=97°   C2H6+41 -> 4C2H6*    0.00E+00 1.49E+04 
4C2H6* -> 42 1.94E+01 9.15E-05 
42 -> 22 9.62E+00 8.03E-07 
22 -> 23 3.11E+00 8.58E-01 
23 -> 43 6.24E-02 3.78E+01 
43 -> C2H4+44 0.00E+00 6.23E-03 
44-> 45 1.01E+01 5.52E+01 

H2+41 -> 45 0.00E+00 1.73E+01 

C2H4+41 -> 4C2H4*  0.00E+00 1.77E+08 



 225 

ɡ=107°   C2H6+41 -> 4C2H6*    0.00E+00 3.63E+03 
4C2H6* -> 42 2.00E+01 4.76E-05 
42 -> 22 9.62E+00 3.47E-06 
22 -> 23 4.97E+00 7.56E-02 
23 -> 43 6.24E_02 6.74E+01 
43 -> C2H4+44 0.00E+00 7.61E-03 
44-> 45 9.45E+00 1.14E+02 

H2+41 -> 45 9.95E-01 3.76E+00 

C2H4+41 -> 4C2H4*  0.00E+00 4.87E+07 

 ɡ=127°   C2H6+41 -> 4C2H6*    0.00E+00 9.39E+02 
4C2H6* -> 42 1.94E+01 9.36E-05 
42 -> 22 9.62E+00 4.24E-06 
22 -> 23 4.82E+00 1.91E-01 
23 -> 43 6.24E-02 5.86E+01 
43 -> C2H4+44 0.00E+00 1.55E-03 
44-> 45 8.79E+00 1.15E+02 

H2+41 -> 45 1.98E+00 1.05E+00 

C2H4+41 -> 4C2H4*  0.00E+00 1.35E+07 

ɡ=147°   C2H6+41 -> 4C2H6*    0.00E+00 6.92E+02 
4C2H6* -> 42 1.92E+01 3.37E-05 
42 -> 22 9.62E+00 2.05E-05 
22 -> 23 7.79E+00 5.70E-03 
23 -> 43 6.24E-02 6.46E+02 
43 -> C2H4+44 0.00E+00 1.045E-03 
44-> 45 8.12E+00 1.91E+02 

H2+41 -> 45 3.01E+00 4.96E-01 

C2H4+41 -> 4C2H4*  0.00E+00 4.08E+06 

ɡ=177°   C2H6+41 -> 4C2H6*    0.00E+00 1.09E+03 
4C2H6* -> 42 1.90E+01 7.64E-06 
42 -> 22 9.62E+00 1.13E-05 
22 -> 23 4.35E+00 9.09E-02 
23 -> 43 6.24E-02 4.86E+02 
43 -> C2H4+44 0.00E+00 8.00E-05 
44-> 45 6.01E+00 1.25E+03 

H2+41 -> 45 2.97E+00 5.85E-01 

C2H4+41 -> 4C2H4*  0.00E+00 4.01E+06 
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Table B.7:  Fractional coverages of the highest two surface species under the 

kinetic region (conversion = 3%) at steady state on Co/SiO2 models. Labelling 

convention borrowed from Scheme 1; the upper left superscripts correspond to the spin 

multiplicity: 2 is doublet and 4 is quartet. 

Active site Intermediate Coverage 

Űŭ=0.23 

 

41 9.61E-01 
4C2H4*  3.68E-02 

Űŭ=0.29 

 

41 7.17E-01 
4C2H4*  2.82E-01 

Űŭ=0.43 41 9.74E-01 
4C2H4*  2.52E-02 

Űŭ=0.5 

 

41 9.94E-01 
4C2H4*  4.51E-03 

Űŭ=0.77 

 

41 9.98E-01 
4C2H4*  1.06E-03 

Űŭ=0.9 41 9.99E-01 
4C2H6*  8.26E-04 

ɡ=97°   

 

41 2.42E-01 
4C2H4*  7.55E-01 

ɡ=107°   41 5.95E-01 
4C2H4*

 4.04E-01 

ɡ=127°   41 8.5E-01 
4C2H4*

 1.49E-01 

ɡ=147°   41 9.27E-01 
4C2H4*

 7.28E-02 

ɡ=177°   41 9.79E-01 
4C2H4*

 2.02E-02 
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Figure B.3: Reaction orders with respect to C2H6 on the single site models at 

conversion of 3% (a) Űŭ = 0.23  (b) Űŭ = 0.29  (c) Űŭ = 0.43  (d) Űŭ = 0.5  (e) Űŭ = 0.77  

(f) Űŭ = 0.90  (g) ɡ=97°  (h) ɡ=107°  (i) ɡ=127°  (j) ɡ=147°  (k) ɡ=177°. The 

reaction order is defined as ὴ , where ὴ is partial pressure of species Ὥ and ὶ is 

the reaction rate. 
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Figure B.4: Apparent activation energy on the single site models at conversion of 

3% (a) Űŭ = 0.23  (b) Űŭ = 0.29  (c) Űŭ = 0.43  (d) Űŭ = 0.5  (e) Űŭ = 0.77  (f) Űŭ = 0.90  (g) 

ɡ=97°  (h) ɡ=107°  (i) ɡ=127°  (j) ɡ=147°  (k) ɡ=177°.  

Table B.8:  Degree of rate control (XRC) analysis of the ethane dehydrogenation 

reaction to ethylene under low conversion regime (< 10%) for the cluster models. The 

definitions of XRC are from Campbell.4 Labelling convention borrowed from Scheme 

1; the upper left superscripts correspond to the spin multiplicity: 2 is doublet and 4 is 

quartet. 

    Active site Elementary step XRC 

    Űŭ=0.23 22 -> 23 0.68 

    Űŭ=0.29 22 -> 23 0.71 

    Űŭ=0.43 22 -> 23 0.67 
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    Űŭ=0.5 22 -> 23 0.68 

    Űŭ=0.77 22 -> 23 0.57 

    Űŭ=0.9 22 -> 23 0.5 

    ɡ=97° 22 -> 23 0.6 

    ɡ=107° 22 -> 23 0.76 

    ɡ=127° 22 -> 23 0.92 

    ɡ=147° 22 -> 23 0.93 

    ɡ=177° 22 -> 23 0.86 

 

Table B.9: Effect of ethane conversion on the ethylene coverage for highly Lewis 

acidic sites. 

Conversion 

% 

    Űŭ=0.29 

 
    ɡ=97°   

 

    ɡ=107°       ɡ=127°    ɡ=147° 

0 0 0 0 0 0 

3 0.28 0.75 0.4 0.15 0.07 

7 0.4 0.85 0.65 0.32 0.13 

10 0.5 0.92 0.72 0.43 0.18 
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Figure B.5: Linear function relating the site-specific apparent activation energy to 

its ethyl intermediate energy. Functional form: Ὁ ● ρȢσψψ ὅὌ ᶻ

● χσȢτπτ 

 

Figure B.6:  Linear function relating the site-specific apparent entropy of activation 

to its ethyl intermediate energy. Functional form: ῳὛɗ●
Ȣ

πȢπππσωψυ ὅὌ ᶻ

● πȢρφςςυ 
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Figure B.7:  Exponential function relating the site-specific fractional coverage of 

ὅὌ  zto its ethyl intermediate energy. Functional form: ά● Ὡ Ȣ  ᶻ●
 

 

Figure B.8:  Normalized non-parametric bootstrap distribution of the site-averaged 

rate. 
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Figure B.9: Arrhenius plot of the site-averaged rate on the am-SiO2 slab at a 

conversion of 3%. 
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Figure B.10: Arrhenius plot of the experimental rates under differential conditions. 
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Figure B.11: Effect of ethane conversion on the site-averaged apparent activation 

energy. 

 

Figure B.12:  Normalized distribution of the ethyl binding energies across the 

sampled sites from the am-SiO2 slab. 
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Figure B.13:  Plot showing the dependence of the Partial Least Squares (PLS) 

Regression model mean square error (MSE) computed using 4-fold cross-validation 

on the number of principal components.  

B.3 Feature selection using Partial Least Squares Regression  

B.3.1 Tetra-coordinate sites 
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Figure B.14:  Loading plot showing the contribution of each feature to the 1st and 2nd 

Principal Components (PC1 and PC2) of the tetra-coordinate sites. The feature 

descriptions are from Table 3.2. 

 

Figure B.15:  Scree plot showing the % of variance in the feature space captured by 

principal components for the tetra-coordinate sites. 

B.3.2 Tri -coordinate sites 
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Figure B.16:  Plot showing the dependence of the Partial Least Squares (PLS) 

Regression model mean square error (MSE) computed using 4-fold cross-validation 

on the number of principal components.  

 

Figure B.17:  Loading plot showing the contribution of each feature to the 1st and 2nd 

Principal Components (PC1 and PC2) of the tri-coordinate sites. The feature 

descriptions are from Table 3.2. 
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Figure B.18:  Scree plot showing the % of variance in the feature space captured by 

principal components for the tri-coordinate sites. 

  



 242 

 

1. Srinivas, S.;  Vlachos, D. G.; Caratzoulas, S., Spin-crossing in heterogeneous 

ethane dehydrogenation by atomically dispersed Co/SiO<sub>2</sub>. Chem 

Catalysis 2023, 3 (4). 

2. Delley, M. F.;  Nunez-Zarur, F.;  Conley, M. P.;  Comas-Vives, A.;  Siddiqi, 

G.;  Norsic, S.;  Monteil, V.;  Safonova, O. V.; Coperet, C., Proton transfers 

are key elementary steps in ethylene polymerization on isolated chromium(III) 

silicates. Proceedings of the National Academy of Sciences 2014, 111 (32), 

11624-11629. 

3. Srinivas, S.;  Srivastava, K.;  Yu, K.;  Vlachos, D. G.; Caratzoulas, S., Effect 

of Co/SiO2 Single-Site Heterogeneity on Small Alkane Dehydrogenation 

Kinetics. ACS Catalysis 2023, 15641-15651. 

4. Campbell, C. T., The Degree of Rate Control: A Powerful Tool for Catalysis 

Research. ACS Catalysis 2017, 7 (4), 2770-2779. 

 

B.4 References 



 243 

ACTIVE SITES IN DEALUMINATED BETA -ZEOLITE SUPPORTED 

COBALT CLUSTERS FOR NON-OXIDATIVE ETHANE 

DEHYDROGENATION  

 

Figure C.1: Fourier transform magnitude of Co K-edge EXAFS spectra for Co3O4 

(a) and CoO (b). Spectra are plotted alongside fit results from selected models and the 

windows over which fits were performed. 
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Appendix C 

C.1 Additional characterization data  
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Figure C.2: SEM images of H-BEA (a), DeAl-BEA (b), 0.5 mass% Co@DeAl-

BEA (c) samples. 
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Figure C.3: N2 adsorption/desorption isotherms of H-BEA, DeAl-BEA, and 0.5 

mass% Co@DeAl-BEA samples (for DeAl-BEA and 0.5 mass% Co@DeAl-BEA, 60 

and 100 has been added to the original data respectively). 
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Figure C.4: HAADF STEM images of 0.5 mass% Co@DeAl-BEA_post reaction 

(reaction time: 120 h). Reaction condition: T= 550 ºC,  WHSV: 9.1 h-1 (25% ethane, 

balanced with Ar). 

 

Figure C.5: Regenerability of 0.5 mass% Co@DeAl-BEA (Reaction condition: T= 

550 0C, WHSV: 4.6 h-1 (25% ethane, balanced with Ar).  

(C) (D) 
















































































































