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ABSTRACT

This thesislemonstratethe critical role ofatomisticmodeling in accessing
catalytic length and timescales that are challenging to probe experimesutally
bridging the gap between experimental observationguarthmental mechanistic
understanding.

Light olefins such as ethylene and propylene are essbatiding blocls in
the chemical industrgndaretraditionally produced through energgtensive
processes like steam and fluid catalytic cracking of petroleased feedstock$he
emergence of shale gas extractidfers a loweicost,aternative feedstock rich in
ethane and methane. Ethane can be upgraded to ethylene via catalytic ethane
dehydrogenation (EDH), while methane, which accountsoieghly 25% of global
warming posesan environmentathallenge. Its effective utilization is critical to
realizing the full potential of shale gas. Dry reforming of methane (DRM) offers a
pathway to convert botGHs andCO; into syngasWhile EDH and DRM present
economicallyand environmentallgttractive reactionghey are challenged by high
operating temperatures, undesirable side reactions, catalyst deactivation, and in some
cases, the use of toxic materials likelfassed catalysts. Thus, there is a growing
interest in developing selective, ntoxic, and stable catalysts for these reactions.

Supported singlkatom 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 rraipport interactions, which
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can be finguned 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
multiscalecomputational frameworks that systematically explore the active site
landscape and link atomsgcale structure texperimentatatalytic performance.

In Chapter 2, we investigate tB®H mechanisnon Co/SiQ catalysts using
electronic structure calculations and microkinetic modeling. The catalyst comprises
paramagnetic C6 sites anchored on an amorphous silica support. Both monomeric
(Cc?) and dimerig-Co?*-O-Cc?*-) sites are considered to assessitiaence of site
nuclearity on catalytic activity. The dominant reaction mechanism is shown to involve
spincrossing, and a methodology is developed to incorporate the probability -of spin
crossing events into the microkinetic model.

Chapters 3 and 4 expand this frameworKk
environment and

crystallinity of the support influence reactivity. In Chapter 3, an ensemble of
Co?* sites is generated from an amorph8if3; surface, and a workflow is developed
to compute sit@veraged apparent activation energies for comparison with
experimental kinetics. This analysis also reveals key geometric descoptbes
catalytic siteghat 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-i@HA catalysts for EDH.

Ab initio molecular dynamicsimulationsareemployed to identify stable monomeric

and dimeric Pmotifs associated witframework SA* and silanobefects. The
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coordination environments thdisperse Pt atonere identified and the interaction of
Pt with the zeolite framework is analyzesing electronic structure calculatiords
kinetic ranking of the active sites is constructed to assess their relative catalytic
relevance.

Chapter 6 investigates me&lpport interactions in atomically dispersed Ni on
cerid zirconiamixed oxideqCZO), a catalyst known for high activity and coke
resistance in thBRM reaction.Using electronic structure methods and statistical
thermodynamics, the influence of reaction conditions on support reducibility and Ni

stability iselucidated.
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Chapter 1

INTRODUCTION

1.1 Backgroundi 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 felv For the better part of the last century, enénggnsive and
unselective processes like steam cracking and fluid catalytic cracking of petroleum
based feedstock, such as naphtha, have dominated the industrial production df olefins
2. However, the costffective extraction of shalgasi made possible by recent
advancements in hydraulic fracturing technologies, coupled with the US energy
independence policy make lightefin production from shale gas an important réute
4.

Shale gas consists primarily of methane and ethane. Ethylene can be produced
via catalytic ethane dehydrogenation (EDH), a strongly endothermic reaction.

60P 60 O (1.1)

Typical catalysts used in industry are Pt supported on alumina or chatumana
based °. The major challenges are their inability to suppress side reg¢tmms
chromiaalumina in particular, can release the toxi€*Gpecies into the

environment. The development of new selective and-taxic catalysts and



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 greaterthan£O and accounts for 25% of
warming (12, 1618). Therefore, CHmust be effectively utilized along with ethane
from shale gas. The dry reforming of methane (DRM) is a promising route that
converts two greenhouse gasess@hd CQ, to syngas.

00 00P ¢O ¢o0 (1.2
The low H/CO ratio (1:1) syngas produced can be enriched to a 2:1 ratio for the
FischerTropsch synthesis of lorchain hydrocarbons and production of other
oxygenates like metharfolAdditionally, 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 deactivatich 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 8xiéles

Promising catalysts should exhibit high activity, selectivity, and stability while
remaining nortoxic and sustainable. In the following section, we introduce an
emerging class of highly selective catalysts: oddpported singlatom catalysts.

These catalysts hold significant potential for EDH and DRM chemistries.

1.2 Supported singlesite catalysts and subnanometer clusters
Broadly speaking, catalysts are classified into homogeneous and

heterogeneous. Homogeneous catalysts are typically organometallic complexes with



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
recoveryl. 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 catalysts

Supported singksite 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-atogiecatalysts
(SACs) and subnanometer cluséenrshere late transition metals are dispersed on a
suppord have demonstrated remarkably high catalytic activity and selectivity in a
variety of reactions, including hydrogenation and hydroformyl&titth Their superior
performance is attributed to the electronic properties of the typically cationic metal
centers, arising from strong mesalpport interactiort$. In these systems, the support
functions as a ligand, but unlike molecular ligands in homogeneous catalysis, it offers
a quasicontinuous spectrum of electronic states that influence the catalytic metal sites.

At an electronic level, the band structure of atomically dispersed catalysts effectively



reduces to the molecular orbitals of a single metal atom interacting with the quasi
continuous electronic states of the supi¢Rigure 11). By modifying the local
environment of the dispersed atoms (e.g., through support composition or defect
engineering), the electronic structure and reactivity can bedimed. Recent
advancements in synthesis methods have enabled the fabrication of these highly
dispersed singlatom motifs, while characterization tools like highgle annular
darkfield scanning transmission electron microscopy (HAABDHEM) have allowed
for direct imaging of active sitts2°

To design efficient singtsite 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-pgsthesié'. 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 acti%ty® Therefore, it is necessary to
systematically identify all possible active site structures and assess their relative
contributions to catalytic performance. Stafehe-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),



shape, and restructure under reaction condifoléhile SACs generally have
stronger metasupport interactions than subnanometer clusters, they are still prone to
nucleation under reducing conditions, such as those found in EDH and®DRM

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
atomicscale information about catalyst structure tedahble 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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Figurel.l: Changes in band structure across supported metal clusters of varying
nuclearity®

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 theitidependent
Schrédinger 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 gstatedoroperties
of a system, thereby reducing the complexity of describing-atettron system from
3N spatial coordinates to just 3 spatial coordirfdtés 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



of error in DFT calculations comes from the choice of exchaogelation
functional. Numerous functionals have been developed and are categorized within a
hi erarchical framework known as Jacobds
complexity, moving from local to nelocal descriptions of exchange and correlation
effect®. For atomically dispersed opshell transition metal catalysts, which bear
resemblance to organometallic complexes, it is not universally known whether
increasing complexity increases accufdcy. Therefore, validating the ground spin
state using multiple functionals is essential

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 exchangeorrelation functionals. These models are constructed based on
insights from experimental characterization techniques, such asuhgis annular
darkfield scanning transmission electron microscopy (HAACBTEM), 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 &tétssorder
saddle points on the potential energy surface connecting reactants and predects
identified using the Nudged Elastic Band (NEB)r Dimer Method®. 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-tliga vacuum

(UHV) conditions, which do not accurately reflect realistic experimental
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environments. To bridge this temperatgegp, harmonic vibrational frequencies are
calculated to estimate the ZdPoint Energy (ZPE) and vibrational contributions to

finite temperature correctioffs These corrections are then used to compute Gibbs free
energies for intermediates and transition states, and subsequently, equilibrium and rate
constant®.

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 mechanist 3. 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 molecularel events to macroscopic phenoniéna
Figurel.2illustrates 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 Fiteiting steps. Analysis of surface



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
ratelimiting steps can reveal important information about which material property
drives the reaction and provide descriptors, which can facilitatethighghput
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 siteaveraged 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 ¥tdtiosvever,
ab initio methods are prohibitively expensive to adequately sample and simulate the
timescales of nucleation for larger clusters. Mact&aened 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



transferable even across different metal cluster sizes. Consequently, exploring the

dynamics and stability of SACs remains an active area of ongoing research.
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Figurel.2:  Workflow of the DF Fparametrized 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 structwaetivity-stability relationships. By
integrating firstprinciples DFT calculations, microkinetic modeling, and free energy
simulations, this work seeks to bridge the gap between atxale properties and
macroscopic catalytic performance, ultimately guiding the rational design of more
active and stable singltom catalysts. The next section discusses the scope of this

thesis in detail.
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1.4 Thesisorganization and overview

The overarching goal of this thesis is to develop struaiatwity 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 metal s coordination
interactions between the metal and support.

Chapter 2 begins the investigation of the ethane dehydrogenation mechanism
on paramagnetic ¢§ anchored on the amorphous S&dpport. Monomeric-Co?*-)
and dimeric {Co**-O-Co?*-) sites are considered, to explore the effect of nuclearity on
activity. The electronic gains due to sirossing 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. I n Chapter 3, the effect of
the Co/SiQ catalyst is explored. To validate the multiscale model with experiment, a
framework to compute the sitaveraged apparent activation energy on the ensemble
of sites generated from a representativeSa@ slab model is presented. In Chapter 4,
the mechanistic investigation is extended to th&/B&A 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 af8iO, are made throughout the discussion.

Chapter 5 explores the idea of active site heterogeneity for the chabazite
(CHA) encapsulated Pt catalyst, with framework*3md silanol defects, for ethane

dehydrogenation. A novel workflow employing-aditio 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 mesalbpport interactions on the atomically
dispersed Ni on Cerdirconia 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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Chapter 2

SPIN CROSSING IN HETEROGENEOUS ETHANE DEHYDROGENATION
BY ATOMICALLY DISPERSED Co/SiO 2

2.1 Abstract

Isolated, higkspin tetrahedral Co(ll) atoms in the wefadd of amorphous
SiO; 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 thekCactivation is protolytic but not rate
controlling. Theb-H elimination involves two spharossing events, one preceding the
elimination over a lowspin planar transition state and another following it. By
calculating the sphorbit coupling elements, we estimate crossing coefficients close to
unity and infer that thé-H elimination proceeds adiabatically and is +atgting. We
further show that these findings extend to dimeric Co(ll) sites and that, remarkably,
the spincrossing 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 vi®dontributing to the overall
completion of this thesis. Sanjana Srinivas performed all the electronic structure

calculations, microkinetic simulations and analysis. Stavros Caratzgesaw
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theoreticakalculationsand analysisDionisios G. Vlachosonceived andirected the

project.

2.3 Introduction

Supported individual metal sites and swdnometer metallic clusters afford
efficient metal utilization while being highly active and selective for several
reactionst® “**7 including the selective, nenxidative dehydrogenation of small
alkanes to alkené§which is receiving renewed attention owing to the shale gas
boom?® 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.
Advancements in experimental methods have enabled the synthesis of highly
dispersed, supported metal catalysts with controlled and precise coordination
environments?® 51 %2Sypported Co catalysts, in particular, have demonstrated high
activity and selectivity for small alkane dehydrogenatibpfZhanget al>® showed
that reducing the Co loading on Bagsipport greatly enhances the selectivity of the
catalyst, hypothesizing that the singiée heterogeneous catalyst limit could be
optimal. Koiralaet al>® concluded that the Si&upport exhibited higher selectivity
than TiQ, Al203, ZrQp, TiO2-ZrOz, SIC-TiO2, SIC-ZrO2 and SiQ-Al20s for ethane
oxidative dehydrogenation at similar conversion levels. They attributed the superior
performance to the low density of acid sites on.%id the absence of Ce8urface
species, indicating that cobalt silicate is the active speciest &’ and Estest al>®
have extensively studied lelwading Co/SiQ@, under different synthesis conditions
and in the presence of dopants, and shown that the C@&8iativity for ethane and

propane dehydrogenation is greater than 95%.
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Bellows et aP® have provided insights into the role of Co and related 3d
organemetallics (Fe, Ni) in homogeneous small alkane dehydrogenation and shown
that theb-hydride elimination in higfspin Fe(ll) alkyl and Co(ll) alkyl complexes
requires crossing to a lower spin state with an emyatsbdal. However, there is
limited understanding of singigte heterogeneous catalysts, with numerous
mechanistic uncertainties regarding the actual reaction pathways and how they might
be optimized. Cluster model calculations of the CoSiQive site by Hu et &f.
elucidated the heterolytic character of thél@ctivation transition state in propane
over a CeO pair; it was also speculated that the ensbhegimination might involve
spincrossover (SCOJt has been hypothesised that the firdt @ctivation on the
singlesite Co(ll)/SiQ catalyst is rate limiting because thelimination should be
facilitated by the partially filled @ in contrast wittZn or Ga on a Sigsupport>3 >°

In this paper, we present a comprehensive investigation of the mechanism and
kinetics of ethane dehydrogenation on Co(ll)/8iSing electronic structure
calculations and microkinetic simulations. We confirm that the &ctivation
proceeds protolytically at a @0 pair and that, in an interesting departure from the
homogeneous reaction, theslimination involvegwo spin-crossing events. We show
that, owing to strong spiarbit coupling, theéb-elimination takes place adiabaticfy
62 and thait rather than the &l activation is rate limiting. Finally, we explore the
effect of a neighboring Co(ll) atom, namely ethane dehydrogenation on the dinuclear
[ O-Co-O-Co-Oi ] active site and show that sptorossingb-elimination is not only
operative but also kinetically dominant over a competing pathway that cooperatively

engages both of the neighboring Co sites.

15



2.4 Methods

2.4.1 Density Functional Theory (DFT) calcutlations

The mononuclear Co/Si@atalyst model was constructed by deprotonating a
SiO; cluster modéf to create a tetrahedrally coordinated Co(ll) species, and-the di
nuclear model was constructed by extending the 8i@ter to create 2 tetrahedrally
coordinatedCo(ll) species with a bridging O atom{ODangling bonds were capped
with H atoms which were fixed during all calculations. All electronic structure
calculations were performed in Gaussian 09, versiof*@g®ti GAMESS 2020 R2
The Si, O, H atoms were modelled at the B3P&®/def2SVP theory level and the Co
atom was modelled at the B3LYP/def2TZVP theory level. An empirical dispersion
correction by Grimm® was added to the DFT energi&e chosen theory level has
been benchmar ked -hgrde eliminatioe trapséion istateeendrgies b
for al kyl compl exes o fdikefinirate lighnds8 peci es supr
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 functiona?? "®intermediates and transitions states were optimized with
different DFT functionals to confirm the spin of the ground state (TAaldle Thermal
corrections to the electronic energies were obtained within the harmonic oscillator
approximationat 900 K using the PMuT T utility(version 1.2.12); frequencies below
100 cm! were set to 100 cthfor all intermediate. For elementary steps involving
spin crossover, the Minimum Energy Crossing Points (MECP) were computed using

the algorithm of Harvegt al.”® 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 GLOW 8-
orbit coupling (SOC) matrix elements were estimated using the formalism of Bellows
et al.® whereby the difference between setinsistent field (SCF) energies at the
MECP geometry from two relativistic methods, Dougfasl| (third order) and
infinite order twacomponent (IOTC), was taken. The energies were computed at the
ROHF/CCTDK theory level for higkspin state geometries (ROHF: Restricted Gpen
Shell Hartree Fock, CGDK: Dunningtype correlation consistent basis sets (cc
pVTZ), optimized for DouglaKroll relativistic transformations to account for scalar
relativistic effects). The Bellowst al>® methodology is fully implemented in
GAMESS®, which was used for all SOC calculations. Fukui indices were computed in
ADF 20197>7®

Spin-polarized periodic DFT calculations were performed using the Atomic
Simulation Environment (ASE)jwith the Vienna Ab initio Simulation Package
(VASP). The energies of thé®QC-H activation step intermediates and transition state
with different spin multiplicities were computed on an-8i®, periodic model to
eliminate the possibility of spiorossing being a finite cluster size effect. The core
region of each atom was represented by the Projdeatgmented Wave function
(PAW)’® ®method, while the valence region was represented by the R&naite
Ernzerhof (PBE¥ exchangecorrelation functionalThe Brillouin zone was sampled

on a (3 x 3 x 1) ¥point grid using the Monkhorftack scheme. A plangave basis
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set with an energy cudff of 400eV was used. A maximum force convergence

criterion of 0.05 eVA was used, and each setinsistency loop was iterated over until

a convergence level of P&V was achievedTransition State (TS) search was
performed using nudged elastic b¥@EB) and DIMERS 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 anaf/sisnsidering the adsorbate
species, surface Co and its four neighbouring O atoms (labelled O1, 02, O3 and O4 in
FigureA.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 Sandeipaifa

2.4.2 Microkinetic simulations

Microkinetic analysis for a plug flow reactor was performed in CHEMRIN
Reaction conditions chosen for the model are summariZedhie 2.1 CHEMKIN
uses the DASPK solver; the absolute and relative tolerance werepsat tat € B Q @
for the species production rates. The simulation time was set to 1000 seconds. The
experimental conditions for which MKM was performed are listed in T2lkle

The microkinetic simulations considered the reaction pathway

YO DODH OYO'YWYODO(HOH OO0 (2.1)

which is shorthand for a sequence of elementary steps consistingYofo(i)
0 O®d © 'Y, doublepassage 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.2below; (i)"Y © "YY © 0 , passage over the doublet
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transition computed using standard transition state theory on the doublet PES; and (iii)
0 © 000 © 0,doublepassage crossing at the second MECP which, in the
diabatic representation, takes the system from the doublet PES to the quartet one.

The spincrossing rate was computby Eq.2.2

Q

Q LY —

where,

®Y p pdMOADBDcO andy — (2.2)

In the above expressiorts;> is the spirorbit coupling matrix elemenfy is the

reduced mass at the crossing seamaahis the norm of the gradient difference at the
MECP. The prefactop “Y is the crossing coefficiemndwas derived using the
LandauZener model for noadiabatic transitions (s&ection A.2for details)®+8°
Microkinetic simulations were run at 900 K undeHg partial pressure of 0.04 atm
and He partial pressure of 0.96 atm, in line with experimental conditions (J.ahle

All reported kinetic analyses were done at conversiopsTt pall thermodynamic

and kinetic parameters are summarisetahles A.éandA.7.

Table2.1: 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:GHe = 24:1
Feed flow rate cm/s 100
Reactor volume cnr 0.58
Catalyst area/volume cm? 6E+06
Catalyst site density mol.cni? 1.36E10
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Dinuclear Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Feed flow rate cme/s 90
Reactor volume cm? 0.58
Catalyst area/volume cm? 6E+04
Catalyst site density mol.cnt? 1.36E10

2.5 Results and Discussion

2.5.1 Dehydrogenation on mononuclear Co(ll)/SiQ sites

Following Delley et al®3 we use a siloxane cluster model to represent the
mononuclear Co(ll)/Siesite Figure 2.1a (We do not consider Brgnsted acid
catalysis as it has been precluded by Estes ¥taaid Estes et &l) The ground
electronic state is the ligh-spin quartet, consistent with experimental observafidns;
the d low-spin doublet state is higher in energyloy kJ/mol. The relative stability
of the two spin states was confirmed by different functionalsTabke Al). In the
ground electronic state, the Co(ll) atontd®rdinated to two SiQgroups and two Si
O-Si bridging O atoms of the support in a slightly distorted tetrahedral geometry (see
Table A2 andA.3 for bond lengths and angles).
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Figure2.1: Mononuclear (a) andinuclear (b) active site models. (H, white; O, red;
Si, gray; Co, blue.)

.

Formally, ethanelehydrogenatioentails two consecutive H deletions ang H
recombination. Th@omolyticdissociation mechanism, whereby the reaction proceeds
via a metalethyl radical complex and Co(ll) is reduced to Co(l), has been rejected by
Hu et al®’, who have shown that in the case of propane, the homolytic dissociation
faces the same unfavorable barr'rrp‘@f T p&PE * T i) dsin the gas phase. An
alternative mechanismvould proceed via an alkyhetal hydride (MH) intermediate
and H recombination viairect b-proton elimination by the hydride. Our own
calculations show that it is an unlikely mechanism as the fitstaCtivationrequires
Res cwd* riii

The dominant mechanism is heterolytic and engagesbéI)N <Oi Lewis
acid-base pair of the mononuclear active slieHjgure 2.3. The first GH scission
proceeds protolytically whereby the carbansmipplants arSiO' ligand and
coordinates to the Co atom while th&islbeing abstracted by the basic O atom,
resulting in a meta¢thyl intermediateq, Figure 2.2. The system remains in the

quartet state during this transformation, overcoming a potential energy barrier of

21



o’ p T&E * T i(ofd p T&E * T ); thd quartet state of the resulting

intermediate? is 0 @E * ¥ imbré stable than the doublet.

CoHe 53H3
H,C
O—Co—0O O—Co—0O
H2 1 2
5
H2 H2C:CH2
3 H
O —Co—
4 H
hoR CoHy
O—Co—O

Figure2.2:  Ethane dehydrogenation with protolytic firstHCactivation on
mononuclear Co/Si©

The 29 C-H activation step proceeds vidd elimination, wherein thé H-
of the intermediat@ is abstracted by Co(ll), resulting in a meltgdride intermediate
and adsorbed £4. (3, Figure 2.2 The ensuindp-H elimination in the quartet spin
state faces an intrinsic barrier@® ¢ pTRE* Tiha ¢ pCRE* T T 1
with respect to quartet intermedi&¢Figure 2.2 and involves a destabilizing three

electrontwo-orbital interaction. This interaction can be relieved into an attractive two
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electrontwo-orbital one if the system undergoes spin crossing to the do&ideté
2.3). This has been demonstratedffieil elimination in homogeneous tettaordinate
d’ metatalkyl complexes in weakgand field environments where spinossing due

to spirorbit coupling transforms the higdpin (pseudgtetrahedral complex to a lew

spin (pseudgplanar metahydride complex® However, it has not been investigated
for heterogeneous systems.
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Molecular orbital diagrams for higland lowspinb-H elimination.
Adapted from Bellows et at® (SCO: spircrossover.)

Indeed, we have found a doublietnsitionstate for thé-H elimination on

Co(I1)/SiOz which is electronicall, &E * 7 imbré stable than the quartet transition
state when measured with respect to the most stable preceding interi2égigtee

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

d . oo d . s
b-H elimination drops t@O p pPHE* T (WA p C&E* ¥ ). The

spin-crossingb-H elimination was also confirmed by periodidéT calculations of
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singlesite Co(ll) on a periodic slab model of amorphous,$g@esection A.3for

details).
<4 o & JJ
J =] )i“) JJ O )
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Figure2.4: Energies and geometries of thelimination step in mononuclear

Co/SiQ. Left. Geometries of intermediates and transition statdsfbelimination in

the quartet (marked fAao) and doubl et (mark
before and after thie-H elimination also shown. Right. Energy profiles depicting the
spincrossing; for ready comparison, energies are referenced to the quartet

intermediate preceding theelimination. 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 statesHjgure 2.5. Owing to the stabilizing twelectrontwo-orbital
interaction, the doublet TS has shorter€and CeH bonds8t B andp& o3,
respectivelyversu;& 1 andp® (B in the quartet. The geometry ind&x® which
is a descriptor of the ligand field geometry, takes valuggodnd@® 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 efgowand high

spin d geometries in organometallics.

*i r)

2.24 A \
' 2.09A
‘)\

“1 49 A

@ ° ¢

Figure2.5:  Detail of (a) quartet andb) doublet transition state. (H, white; O, red;
Si, green; Co, blue; C, black.)

1.68 A

Interestingly unlike the homogeneous reaction, the meyalride complex,
intermediated (Figure 2.2 resulting from thé-elimination on the silica support is
morestable in the quartet rather than the doublet spin stateg iy * 7 i(skeTable
A.4 for comparison of the relative stability of the two spin states at different theory
levels). This means that in the heterogeneous systersHhaimination entails two
spin-crossing events, one preceding brelimination transition state in the doublet
spin state and one following igure 2.4; MECP geometries are depictedrigure

A.2.
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Following the samerocedureas in Bellows et aP® we have obtained the
geometries at the two minimum energy crossing points (MECP) and the values of
T v A "andt YA “ for the spirorbit coupling (SOC) Hamiltonian matrix element
at the first and second minimum MECP, respectively. These values are comparable
with theu v A *value calculated for the homogeneous reaction. They are also
sufficiently high to ensure minimal neadiabatic phenomena as, according to Smith et
al® and Bellows et af® SOC values as low asv & * are high enough to assume
adiabatic dynamics. We have used the Landaer theory to estimate the crossing
coefficients;3 “Y, and rates of crossing between the quartet and doublet states at the
two MECPs. They are summarized in Tab2 together with all the parameters that
enter the calculation. We see that at both MEGPY, is close to unity at T=898.15
K, confirming that thé-H elimination takes place almost adiabatically. The complete
potential energy and free energy profiles corresponding to the adiabatic

dehydrogenation of ethane @o(I)/SiO; are depicted ifrigure 2.6

iTs23

‘TS45 + CH,(g)

4TS45 + C;Hala)
iTs12
T523 200}

C,Hylg) 5 + CiHal@)
5 + C;H,lg)

4+ CHulg)

Electrorac sracgy (b}
Gibiea, enveigry (ubimad)

[rr—— R COnsthnans

Figure2.6: (a)Electronic andb) Gibbs (bottom, 898.15 K) energy profiles on the
adiabatic reaction pathway on the mononuclear Co(ll}y8iGdel. Upper left
superscripts indicate spin multiplicities.
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Table2.2: Spinrorbit coupling parameters.ikl Hamiltonian matrix element; p,
reduced mass at the crossing seam; e&F,
tunnelling factor at the MECPukcp, rate of crossing at MECP.

Parameters MECP 1 MECP 2
Hi2/ cm? 453 480

M/ amu 40.09 14.95

kF / Ha boht 0.045 0.046

1T 6¢0 0.98 0.95
kmecH st 1.21E+09 1.67E+13

It has been hypothesised that the firgt @ctivation on the Co(ll)/Sigsingle
site catalyst is rate limiting because filelimination should be facilitated by the
partially filled d’ atom, in contrast wit@n or Ga on Si@°° However, the free energy
profile of Figure 2.6strongly suggests otherwise, namely, that the dehydrogenation
rate is controlled by thie-elimination.Putting our electronic structure calculations
together in a microkinetic model and performing sensitivity anali#igi(e A4a), we
found sensitivity coefficient values o8t aandri for the first GH activation and-
H elimination, respectively, confirming that the adiabbtid eliminationis indeed
ratelimiting. The model predicts an apparent activation ener@ of p p&E* 71 T 1
(Arrhenius plot inFigure Aba) andreaction order oftdowith respect to eHe (Figure
A.63a) due to the low active site coverage (over 99% of the sites are empty; coverage
data inTable A.§. Figure A7aandFigure ABashow that the other gas phase species,
namely H and GHas (the products), do not have a significant impact on the net
reaction rate as they show a reaction orde0 @2 and0.17 respectively.

To unambiguously demonstrate the minor effect of theatabatic pathway

( v i-H elimibation proceeding through thy@artet transition stateje have
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included it in the microkinetic model, only properly weighted by a factop of (

@ "Y). As expected, 98% of the reactive flux is associated with the adiabatic pathway
(spincrossing) and only 2% with the naaliabatic 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 dinucleaffCo0]2/SiO:z sites

Because of the remarkable similarities between the homogeneous catalyst and
the heterogeneous singdde model in relation to the spanossingb-H elimination,
we wondered how the heterogeneous system would respond to the presence of a
neighboring Co atom at a dinucle@o-O-Co- site, and whether such a site would
open new reaction channels. The presence of such dinuclear or eveamsufeter
cluster sites in the synthesized catalysts cannot be entirely precluded. The dinuclear
site model used in the following calculations is showRigure 2.1b

In the ground electronic state, the twaatbms 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 daté’ for the dinuclearCo-O-Co- site of a molecular analogue
have excluded antiferromagnetic coupling.)

At the dinuclear activsite, the protolytic activation of the firstid bond,
resulting in a metagthyl intermediate?, Figure 2.7, is more facile than on the
mononuclear site. Here, th€ 4 abstracted by the O atom of #@o-O-Co- bridge
and the intrinsic potential energy barriec®?  p ¢&E * T (A
p o ¥ I)Iwhere the prime denotes the dinuclear site; re(oéﬂ

p T&E * ¥ lon the mononuclear sitdhe Iowerop'O‘:f value can be attributed to

theincreased basicity of the bridging O atom as revealed by Fukui analysis: the
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normalized condensed nucleophilicity in8&%Q , of the bridging O is about

p& dimes that of the basic O atom of the mononuclear site that abstracts the proton.
We have identified two competing mechanisms for the endulig

elimination, one that is similar to the singlge mechanism and involves sqarossing

(Figure 2.7, and a cooperative one that engages the neighboring Co(ll) Bigung

2.79. In the cooperative dual site mechanism, the Co(ll) atom neighboring the Co

alkyl complex @, Figure 2.7aabstracts thé-H of the alkyl while it is losing one of

its SIOH ligands. This mechanism takes place in the-bjyh, septet state and

d .. PRV
requireswO p YHPE * ¥ | thelcorresponding free energy barrier is
d .. PR
w0 poamE* ¥ 1 I 1

a b
CaHg
. CoHe
—_ H-CF. ) ;: i ChH;
@7Cem0—Ca o g o 0—Co—0—Co Mo
H, 1 “e - 0—Ce—0—Co
“ / 2 \ Hp f 1 7
5 "
Hz H:C=CHg I 5
O —Co— Q0 —Co 3a H H ﬁ H C= 'CH
O0—Co— 0 —Co —Ce—0Q —C
\ ‘/ O ) R D -
4 ‘/
H H CaHy \ CaHy
O0—Co—0 —Co O—Co— O—Co

Figure2.7:  Ethanedehydrogenation on dinuclear Co/Si&ttive site(a)
Cooperative mechanism involving both Co(ll) atont.pincrossing mechanism
involving a single Co(ll) atom.
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Remarkably, the spinrossing 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 tHeH elimination energy barrier igO ¢ po®E* T 1 11
O d(q)“O ¢ pTRE* 71 IO d) with respect to the septet
intermediate? (Figure 2.7, and then crosses over back to the septet state, resulting in
the septet intermedia8b (Figure 2.7h once ethylene has formeligure 2.§. During

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

changing.
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Figure2.8:  Energies and geometries of fxlimination step in dinuclear

[CoOL/SIOz. Left. Geometries of intermediates and transition stateb-fér
eliminationwithspic r ossi ng (marked fiao) and coopera
Co(ll') sites (marked fnAbo). DNHE@matioreometri es
also shown. Right. Energy profiles depicting the spossing (SCO); for ready

comparison, energies are referenced to the septet intermediate preceding the

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 attthe associated MECPs and the
corresponding SOC matrix elements, which take the values#¥ * andt Y&
(see Table.3). At both MECPs3 “Y is close to unity, namely, tHeH elimination

proceeds almost adiabatically at the dinuclear active site as well.

Table2.3: Spinorbit coupling parameters.ibl Hamiltonian matrix element; p,
reduced mass at the crossing seam; e&F, nor
tunnelling factor at the MECPkcr, rate of crossing at MECP.

| Parameters | MECP 1 |[MECP2 |
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Hiz/ cmit 453 480

i/ amu 29.65 22.385
®wF / hatt]|0.03715 0.04476
1 (T) 0.98 0.97
Kmecp/ st 7.39E+07 7.1E+12

The complete potential energy and free energy profiles for the two mechanisms
aredepicted inFigure 2.9 theprofilesinclude the Hrecombination step, which is an
activated process but does not demand significant energy. The picture emerging from
the overall free energy profiles is that the sgiassing mechanism is dominaand
the reaction rate is controlled by thelimination {iz. the second ¢ bond
activation). These conclusions were confirmed by microkinetic simulations, according
to whichthe reactive flux on the spitrossing pathway is 10 times as large as on the
cooperative Eigure A9), and the normalized sensitivity coefficient to frel

elimination takes the value of§ (Figure A4db). We should also point out that

d d d d
WO WO O o) (2.2)

namely, the cooperativieelimination 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, spiassing, a quintessentially quantum mechanical
phenomenon, determines the dehydrogenation mechanism and rate on these atomically
dispersed catalysts with partially filledadbitals. The microkinetic model predicts

O p n&E * T i(Arrhenius plot inFigure A5b) and reaction order of 0.9 with

respect to eHs (Figure A6b) due to low active site coverage. (over 99% of the sites
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are empty; coverage dataTiable A.9 Figure A7b andFigure A8b show that the
other gas phase species, namelyahtd GH4 (the products), do not have a significant
impact on the net reaction rate as they show a reaction ordefafand-0.03

respectively

} 250 -

CyH.(g) + 5*
200 =
C;Hslg)
+Hslg)

4+ CH4la)

Electranic sy fulimal)
Giistrs anergy (hi'mel)

Piatien Cotrdtuibe

Figure2.9: (a)Electronic andb) Gibbs energy profiles (at 898.15 K) of the
cooperative (red) and spanossover (SCO, blue) pathways on th@wdclear model.
Upper left superscripts indicate spin multiplicities.

The lowO compared to the mononuclear site must be attributed to the
stronger binding of the ethyl anion (cf. energy profileBigures 2.6and2.9). As a
result the microkinetic simulations predict that the TOF on the dinuclear site

(x8tp 1) is an order of magnitude greater than on the mononu8sp (11 ).

2.6 Conclusion
We investigated the catalytic dehydrogenation of ethane on isolatedpimgh
tetrahedral Co(ll) atoms supported on an amorphous @iGter model and

elucidated two mechanistic aspects of the reaction. The reaction rate is not controlled
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by the protolytic GH activation, as previously speculated, but rather by the
subsequerit-H elimination. In a notable departure from homogeneous Co(ll) alkyl
complexes, thé-H elimination involves two spin crossing events, one prior to the
low-spin transition state and one following it. Overall, brelimination takes place
adiabatically owing to the large spambit coupling and crossing coefficients close to
unity at the corresponding minimum energy crossing points. Remarkably, these
findings extend to dimeric Co sites, where the spossing 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 Sig) there is a distribution of Co(ll) sites on account of the
surface heterogeneffy Thus, important work remains to be done on a couple of
fronts: (a) Develop reactivityelevant geometric descriptors of active sites and
simulate the relative abundance of different types of site eBi@mnas described by
Khan et aP!; and (b) investigate the effect of site heterogeneity on the calculated rates
and evaluate the modelling efforts against experiment. Strained, planar Co(ll) sites are
expected to havestronger Lewis acidic charactéthan tetrahedral ones and thus to
accelerate the heterolytic dissociation of the firdt Gond of ethane. On the other
hand, we do not expect such strained geometries to dramatically influerekl the
elimination step and the spircrossing mechanisinas the strain of the active site
should be significantly relieved upon formation of the metiay! intermediate which
entails dissociation of two surfacygen 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 benchmarkedrmization

protocols for the different as8i0, slab models intheliteraturé? and advancements in
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computational spectroscopy methods to deconvolute the possible sites from
experimental spectta This information, along with structugetivity 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 struehcteity

relationships and understand the distribution of sites kS#Dp slabs.
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Chapter 3

EFFECTS OF Co/Si&: SINGLE SITE HETEROGENEITY ON SMALL
ALKANE DEHYDROGENATION KINETICS

3.1 Abstract

Atomically dispersed, higpin Co(ll) atoms in distorted tetrahedral
coordination to an amorphous silica @&1i0,) 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(ll) on arS#th 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
et hane dehydr og e n athydade elimisatiog,ovkich mvoleed by t he
guartetdoublet spircrossing and proceeds adiabatically due to strongapin
coupling.Informed by the complete microkinetic analysis of the sites, we derive the
reduced rate expression as a function of threadsipendent quantities. We show that
these sitadlependent quantities correlate with the energy of formation of the ethyl
intermediate that forms via-B bond activation. This correlation allows us to derive
the siteaveraged rate for the entire distribution of sites. Among various sites,-the tri

coordinate and planar tetcaordinate Co sites exhibit higher Lewis acidity than the
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tetrahedral sites, and consequently, higher initial ra#esdiscuss the implications for

more active catalysts.

3.2 Contributions

This chapter includegreviously published wof contributing to the overall
completion of this thesis. Sanjana Srinivas performed electronic structure calculations,
andall the microkinetic simulations and analysis. Kaveri Srivastesisted with
some of the electronic structure calculations. Kewei Yu synthesized the catalyst and
performed experimental kinetic measurements. Stavros Caratpvelssaw the
theoretical calculatiamand analysiDionisios G. Vlachosversaw the theoretical

analysis andlirected the project.

3.3 Introduction

Recent experimental reports have shown that atomically disperseggnngh
Co(Il) on amorphous silica (a#8i0y) is active and highly selective (> 95%) for small
alkenes in the neoxidative dehydrogenation of alkarés>’. Cobalt is relatively
abundant and environmentally benign and therefore a good alternative to the
expensive platinum group metal catalysts and the toxibaSed catalyst$
Calculations of the ethane dehydrogenation mechanism on a mononuclear.Co/SiO
site and a dinuclear @0-Co/SiQ active sité° showed that the Co(HD Lewis acid
base pair is so effective in activating théH®ond of ethane as to render the ensuing
b-hydride elimination ratéimiting. The b-hydride elimination proceeds via quartet
doublet spircrossing on Co/Sigand septetuintet spircrossing on C®-Co/SiQ
but nonradiabatic transitions are negligible owing to strong-gphit coupling in d

Co*. The Co(ll) 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/Si@atalyst>3 >’

However, on silica, an amorphous material that lacks-tange order, there is
a distribution of active site geometries on the surfesees et af’ 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 ofsites of varying Lewis acidity, which
should have a direct impact on the kinetics. Indedjno et aP® observed two
kinetic regimes in the alkene metathesis reaction on tungsten dispersed,onttO
was ascribed to two types of sites. The polymer weight distribution from ethylene
pol ymeri zati on on tJlkasdshbheeniaribusedtothd al y st
heterogeneity of active sif€s®”. Spectroscopic measurements often reflect the
coordination environment of the most stable, dominant sites, which may not be
catalytically active?? 22as 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 strucatigity relationship of dispersed
metal species on aRiO..

Prior computational studies have taken various approaches to describing the
geometric heterogeneity of sitéraveen et ai? investigated the propane
dehydrogenation mechanism on different Ga(lll) sites that had been grafted on a large,
representative arBiO; periodic slab model. These sites were characterized by the Ga
O bond lengths and-Ga0 bond angles as having varying degrees of strain.
Vandervelden et & developed a framework to compute siteeraged kinetics on

guenched 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
environmentPatel et al®investigated the olefin hydrogenation mechanism on an
am-SiOz-supported organovanadium catalyst by creating cluster models of the active
sites and used the-® bond length as a descriptor of the heterogeneity aTgreori
identification of the important geometric features that describe reactivity in terms of
site heterogeneity remains a challenge; and to ensure tractabjeificsples
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(ll) on&if, support for
ethane dehydrogenation to ethylene. We do not consider the dehydrogenation of
ethylene agrior experimental work has shown that the Cof&i, catalyst has over
95% selectivity for ethylerté 1% nor do we consider pathways entailing changes in
the oxidation state of Co as it has not been seen experimentally under reaction
conditions”. First, we obtain a distribution of sites and identify possible geometric
parameters that best correlate the metal é
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 thé-hydride elimination, which involves quart@bublet spin crossing
and proceeds adiabatically due to strong-spbit coupling.

We derive a reduced rate expression as a function of thredegigmdent
quantities and establish that they correlate with the energy of formation of the metal
ethyl intermediate which forms upon theHbond activation. We exploit this

correlation to obtain the sHeveraged rate over the entire distribution of sites. Among

39



the different sites, the tdoordinate and planar tetcaordinate 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®0TIhe Si, O, H atoms were modelled at the
B3LYP®® ¢7def2SVP theory level and the Co atom was modelled at the
B3LYP/def2TZVP theory level. An empirical dispersion correction by Griffwas
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 approximaticat 900 K using the pMuTF utility (version
1.2.12); frequencies below 100 ¢iwere set to 100 crhfor all intermediate?. 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 calculatis
elementary steps involving spin crossover, the formalism and values parametrizing the
rate constant were taken from our previous gapEukui indices of the cluster
models optimized using the Gaussian 09 software were computed using the ADF
software® 7@

All electronic structure calculations on the periodic 8i®, model were
performed using th¥ienna Ab initio Simulation Package (VASP), version 5.411e
isolated Co atom was anchored on a silanol nest of a representatii©aperiodic

model, which was constructed based on the protocol by G¥imas'®?. The chosen
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slab has a silanol density of 1.1 OHMnvhich is close to the experimental density of
hydroxyls on anSiO; at 900 K.Spin-polarized periodic DFT calculations were
performed using the Atomic Simulation Environment (ASm)ith VASP. The core
region of each atom was represented by the Projdeatgmented Wave function
(PAW)’® ®method, while the valence region was represented by the R&naite
Ernzerhof (PBE¥ exchangecorrelation functional. The Brillouin zone was sampled
on a (1x 1 x 1) ¥point grid using the Monkhorftack scheme. A plangave basis set
with an energy cudff of 450 eV was used. A maximum force convergence criterion
of 0.05 eVA was used, and each setinsistency loop was iterated over until a

convergence level of 0eV was achieved

3.4.2 Microkinetic analysis

Microkinetic analysis for a fixed bed reactor (FBR) was performed in
CHEMKINZ®3, 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
“YO "O —w (3.1)

where O is the reactant molar flow rateis the reactor volumeyis the ethane
conversion and? is the catalyst site densitiReaction conditions chosen for the

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

pressure, feed composition and reactor volume were informed by the kinetic
experiments (Tabl8.1). 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 werg@sat tand
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p T , 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-spasing has been derived and
discussed at length in our previous paheve present the equationsSection B.2

All thermodynamic and kinetic parameters are summarisédbies B.6

3.4.3 Experimental conditions.

Details about the synthesis and characterization of thrgated Co/arsiO;
catalyst can be found in a previous publicaffariThe flow rates of @Hs, C2Ha, Hz,
and He were regulated by calibrated thermal mass flow controllers (MKS
Instruments). Typical conditions are: 4%Hz 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 oblds was kept below 14% in kinetics experiments
by adjusting the space velocity to ensure differential condi(ibaile 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 iB2@nd Eq.3.3, [CoHeo
represents the inlet ethane concentration &nd is the inlet helium concentration,

while terms without the subscript represents outlet concentrations.

& —  pmmb (3.2

Y ——— pmmb (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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Table3.1: Experimental kinetic parameters. The parameters were chosen to have
conversion < 15%.

Active site Parameter Units Values
Temperature K 898.15
Pressure atm 1
Feed composition molar He:GHe =
ratio 241
Mononuclear | Feed flow rate cnls 1
Reactor volume cnt 0.58

3.5 Results and Discussion

3.5.1 Models of the heterogeneous active sites
For catalysts with a distributioe of sites, where® is the feature vector
describing the geometry of the site, we can define zasieaged rate, at temperature

"Y as
a ya ——— (3.4)

where,i olY is the rate constant at skeand temperature.T

bioni-: 1

Figure3.1: Featureslescribing the active site geometry for (a) tetwardinate
sites and (b) trcoordinate sites.
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Experimentally, the Co/Sifxatalyst is synthesized by cation exchange of
cobalt on silica using cobalt nitrate in an ammeméaersolution, atl O p pThe
mechanism by ller 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 slabTo sampléQe , we created silanol nests on the surfacaroém
SiO, periodic slab modé&t? by nonselectively removing surface Si atoms and healing
the defects with H atoms. This resulted in a fo@mbered ring of silanol groups. The
Co(Il) 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(ll) moiety,
which result in different active site geometries. This way, 41 periodicdetainate
Co(Il) models and 34 periodic #coordinate Co(ll) models were generated and
optimized. The noiselective removal of Si atoms to create defect nests is clearly an
approximation and thereferential dissolution of strained surface Si atoms is a
possibility whose investigation warrants a separate study of its own.

The feature vectors corresponding to the tetral tricoordinate sites were
defined by the geometric parameters shown in Figurand Table.2, in the case of
the tetracoordinate sites includes the geometric parameter ————,
where U  abraré the largest and second largest angles subtended by the ligands at
the metal center. This definition ef contains critical information about the ligand
field of Co(ll). Although it does not account for differences in the datvégands
(silanol or siloxane groups) or for the rigidity of the sites, we believe it is a reasonable

choice for the limited dataset.
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Table3.2:
(b) tri-coordinate sites (see also FigGr#)

Geometric features of the active site for (a) tetvardinate sites and

Feature description tetracoordinate Symbol (Fig3.9
a)

Average CeO (ionic O) bond length bionic

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

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

Bite angle( OCo0) Uz

Proper dihedral angle (comprising O Uz

atoms)

Distortion fromtetrahedral geometry (3203

Feature description tri-coordinate Symbol (Fig3.9
b)

Co-0 (ionic O) bond length 1 Pionic 1

Co-0 (ionic O) bond length 2 bionic 2

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

Bite angle( OCo0) U1

Proper dihedral angle (comprising O VP!

atoms)

In order to keep theomputational cost tractable, we select a geometric feature
most relevant to reactivity using Partial Least Squares (PLS) regression, a linear,
supervised dimensionality reduction techni§fieFor the response§ in the
regression model, we used the ethyl intermediate binding enesgy*jCwhich is a
good indicator of activity in ethane dehydrogenati®ri® In this method, we project
the feature matriX (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 variab¥ 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 reactivityrelevant descriptors. To calculate the ethyl binding energy, finite cluster
models were carved out of the optimized periodic Co/St@ictures as spheres of

radius 6.5 A centred on the Co atom. The Si dangling bonds in the clusters were

45



saturated with H atoms in the direction of theCBibonds present in the periodic
Co/SiQ structure.

The data analysis presentedrigure B.15andFigure B.18for the tetra
coordinate and trcoordinate sites shows that the first PC alone suffices to obtain the
lowest MSE. For the tetreoordinate sites, the loading plothigure B.14shows that
t andc are important features to predict reactivity. Based on the PLS regression,
planar sites and longer bond lengths should generate higher activity iodetdnate
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 bondsyd, and t jaee thaimgpitast U
features to predict reactivityFigure B.17. In Figure3.2a, we show the distribution
"Qt I  of tetracoordinate sites as a heat m&pThe distribution™Qg o of
the tricoordinate sites is plotted in Figu8@b. The distributionQt o is mainly
concentrated in theé range (0.5, 0.7) and in the range of @.8values between 0 and
0.4 correspond to square planar and distorted square planar structures; between 0.4
and 0.65 to a seeaw geometry; and greater than 0.65 to distorted tetrahedral and
tetrahedral geometries. This agrees with the experimental characterization data for the
Co/SiG catalyst, where the Co(ll) ligand field is described as distorted tetrafR&dral
The corresponding change in the bends over a narrow range of. & A. The
"Qg o distribution for the trcoordinate sites is concentrated in the rather

narrowa range (1.75 A ,1.85 A) and arounda  value of 1.9 A.
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Figure3.2:  Distribution of active site geometries in terms of geometric parameters
obtained from partial linear regression (see text for details). (a)-Getrainate sites

in terms oft and® . (b) Tri-coordinate sites in terms gf . See Figur8.1 and Table

3.2 for definition of the geometric parameters.

With the distributions ofQe at handthe calculation ofi “Ydcan be done
by straightforward sampling 6R2e using rejection or importance sampling
techniques and calculation of the rat®H'Y at sites. This, however, could entail a
very large number of electronic calculations for the evaluationef'Y with only a
small fraction of them contributing o "Y§ becauséQt hb is not supported on
the entire domainv{z,, it is sparse). Taking advantage of the observation that, here,
"Qt RO is mainly concentrated in a region whersevaries only byca. 0.2 A, and
that this variability can be accounted for while varyingecausd ando are
correlated (bond lengths tend to be longer/shorter in planar/tetrahedral sites), a more
efficient approach is to consider active site geometry changesaione, carry out
mechanistic studies on a small number of cluster models reflecting the site
heterogeneity irt , and fit the sitalependent terms in theeR'Y expression to the

constants obtained from microkinetic simulations. Similarly, for thedordinate
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sites, we carry out mechanistic studies on a small number of cluster models with
varyingg as'Qg ho is concentrated in a region whebe varies only by
ca. 0.15 A. Theapproach shares similarities witatel et a*®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 warKshavesteh zadeh, 2023 #103

For the tetracoordinate sites, weonstructed 6 cluster models wihranging
from & do m@o(values below 0.23 resulted in unphysical structures); the cluster
models are shown in FiguB3. For the tricoordinate sites, we constructed 5 cluster
models withU1 ranging from 97to 177; the models are shown in Figudd. The
cluster models were constructed using the protocol of Detlay®® (Section B1.1)
The immediate coordination shell of the Co(ll) species in both the tetracoordinate and
tricoordinate sites consists of only oxygen atoms based on opebéhN&S and
EXAFS characterization by Het aP’.

We computed the Fukui index of Co(ll) (f+) using the ADF software, which is
a measure of Lewis acidity, across the models (Figme°® 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(Il Il )S8s prefer
slab acts as a bulky ligand that confines Co(ll) to planar sites, thus making it a highly

strained site. Thereforg, allows for physical interpretability.
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Figure3.3: Tetracoordinate active site models and atom labeling convention (H,

white; O, red; Si, green; Co, blue) of varyipg(a)z =0.23, (b)z =0.29, (c)z =
0.43, (d)z =0.5, (e)z =0.77 and (fg =0.9.
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Figure3.4:  Tri-coordinate active site models and atom labeling convention (H,
white; O, red; Si, green; Co, blue) of varying bite amgle(a)g =97°, (b)g =
107°,(c)g =127°, (d)g =147°and (eg =177°.
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3.5.2 Mechanistic insights from cluster models

C:'e’H(i
CH,
0—Co—0 O0—Co—0O
Hz 41 42
H, %5 H,C=CH,
4 H
D CJ D 3 D ~ C-ﬂ - O
H
44 //
H H CoH,
Q—Co—0O

Figure3.6: Ethane dehydrogenation with protolytic firstHCactivation on
mononuclear Co/Si©

Informed by our previous wotk we investigated the ethane dehydrogenation
mechanismKigure 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{)site pair whereby the
carbanion supplants aBiO' ligand and coordinates to the Co atom while tiésH
abstracted by the basic O atom. In the ensiihgdride elimination, the hydrogen is
abstracted by the Co(ll) center. Due to strong-gpbit coupling, in the course of the
b-H elimination the system crosses over from the quartet to the doublet spin state (spin

flip), the Co(ll) 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 éeatrontwo-orbital interaction
than the quartet transition state, which has a destabilizing¢leeontwo-orbital
interaction. This has been demonstratedfbt elimination in homogeneous tetra
coordinate dmetatalkyl complexes in weakgand field environments where spin
crossing due to spiarbit coupling transforms the higgpin (pseudgtetrahedral
complex to a lowspin (pseudgplanar metahydride complex® Due to the large spin
orbit coupling constant (computed in our previous gdpehe reaction proceeds
adiabaticallyIn the final state of the reaction, the system is more stable in the quartet
state (intermediat8, Figure 3.9, which necessarily entails a second, doutuet
guartet spircrossing event. Hydrogen recombination on the quartet Co(ll) metal
center completes the catalytic cycle.

We do not consider the dehydrogenation of ethyleriasexperimental
work has shown that the Co/a®iO; catalyst has over 95% selectivity for ethyléhe,
1% nor do we consider pathways entailing changes in the oxidation state of Co as it has

not been seen experimentally under reaction conditfons
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Figure3.7:  Site-dependent variation of the intrinsic firstkCactivation barriers
(electronic; kJ/mol). (a) Tetreoordinate sites; (b) Tgoordinate sites.

Figure3.7 a shows theatherlarge variation in the € intrinsic activation
barrier(p'Od as we go from planar to tetrahedral sites; the sitezvith & ochas
o pTHE * T i(dd p o&Q T ), iwhile for the site witlg, T80,
o ¢ c&* Ti@d ¢ o&'Q ¥ 1).IThis should be attributed to the
higher Lewis acidity othe planar sites compared to the tetrahedral sites, which favors
the heterolytic @H bond scission (Figure 3). On the other hand, the-twordinate
sites do not show much variabilityd{tidj , 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 theddordinate sites (Figui@5;
red points).

The intrinsicb-hydride elimination barrier (with respect to the stable quartet
metalethyl intermediate) shows no trends with the tetvardinate active site
geometry and its Lewis acidity. The heterc
diminished upon formation of the metthyl intermediate as the Co(ll) atom takes on

the more favorable tetrahedral geometry. This is made possible by the fact that the

54



formation of the intermediate is accompanied by the dissociation of one of4Be Co
ligands of the active site. However, we see a monotonically increasing trenin the
hydride elimination barrier when it is referenced to the reactants (Rdggae This is
because the strain on the planar Co(ll) sites is relieved when ligands rearrange into
more tetrahedral geometries upon the firdd @ctivation, 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 (Rg@reAs with

the first GH activation, the trcoordinate sites show a lower variability in activation
energies (Figur8.8b) compared to the tet@ordinate sites, and have barriers close
to the planar sites (FiguB10. We should caution that the free energy profiles
correspond to standard state conditions, i.e-pgase species at 1 atm. Under
experimental kinetic conditions (Tal8el), 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 Fig@asd3.10

are not directly informative as to the ritmiting step or apparent activation energy,

which must be determined by microkinetic analysis, discussed below.
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Figure3.8: Sitedependent v ahydrideelimmation@dtentialrergergyp
barrier when referenced to isolated reactants for (a}tetredinate sites and (b)-tri
coordinate sites.

Taken together, the Co(ll)ds preference
with homogeneous catalysis) significantly lowers the reaction barriers on the strained

planar sites and on the undercoordinateddadrdinate sites.
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Figure3.9: (a) Electronic energy and (b) Gibbs free energy profiles (898 K) at
standarektate conditions corresponding to the ethane dehydrogenation on the tetra
coordinate active site models with varyingshown in the legend.
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An important consideration for the Co/Si€atalyst is the possible poisoning
of its sites by ethylene. Ethylene bindingiisoa descriptor of catalyst cokitft;
stronger binding implies greater ability to coke. For the teb@dinate sites, we see
that the planar structures show greater tendency to coke than the tetrahedral structures
(Figure B.3. The tricoordinate sites readily bind ethylene on account of being
coordinatively unsaturated, potentially having a higher tendenoykiethan the tetra
coordinate sitesHigure B.3. Thus, while high Lewis acidity enhances catalytic
activity, it also enhances coke formation and subsequent catalyst deactivation,
implying an activitystability tradeoff in the catalyst. We speculate that the higher
initial activity observed experimentatf}} can be attributed to the planar and tri
coordinate sites, which, however, coke quickly resulting in stable, lower activity over

the tetrahedral sites.
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Figure3.10: (a) Electronic energy and (b) Gibbs free energy profiles (898 K) at
standarestate conditions corresponding to the ethane dehydrogenation on the tri
coordinate active site models with varyigg shown in the legend.
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Next, we built microkinetic models for the 6 tetaordinate and 5 tri
coordinate cluster models based on the full reaction mechanism. All kinetic analysis
was performed at differential conditionsaescribedn the Methods section. Except
forz 1®& thetetracoordinate models computed reaction orders between 0.9 and
1 (Figure B.3 Table3.3a), consistent with a low intermediate coverage obtained from
the model.; coverage data are showiiable 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. Faz, 1@ ) however, we see higher ethylene coverage at 3%
conversion on account of its higher Lewis acidity.

Apparent activation energy values on the tetvardinate sites, extracted from
the Arrhenius plotsHigure B.4, show a monotonically increasing trend wih
(Figure3.11), consistent with the free energy profiles (FigB1@. 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 trcoordinate sites show interesting differences from the-tetvadinate
ones. Tabl&.2b summarizes the reaction orders on thedardinate sites; the
strained sites, which bind ethylene more strongly, show orders ~0.6 at conversions of
3% (Table 3.3b) Steady state coverage datalfle B.j shows that the producedH:
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
(Figure3.11). 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 ofBlteking 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 f@¢termining step (RDS) is tlfehydride
elimination across all the sites, tett@ordinate and ttoordinate, with normalized

sensitivity coefficients in the range between 0.6 andTablé B.§.

Table3.3: Reaction orders with respect teHg on (a) tetracoordinate sites and
(b) tri-coordinate sites

a
4 Reaction order
0.23 0.99
0.29 0.84
0.43 1
0.5 1
0.77 1
0.9 1
b
g Reaction order
97 0.62
107 0.79
127 0.95
147 0.99
177 0.98
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3.5.3 Site-averaged apparent activation energiesi0)

In order to compute the simveraged apparent activation energy, we first
evaluate the integral for the si@eraged rate as a mean of the rates over the sites
sampled from aepresentative af8iO; slab:

w owyn B R
a “Ya

(3.5)

The siteaveraged apparent activation ened@ydis then computed by
evaluatingd "Ydaat different temperatures and constructing the Arrhenius plot.

Due to the high computational costamnstructing 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 @&%o1(

B.1.2.

The sitedependentatei eRY (Section B.1.2can be expressed as

d

LeflY — OO —p dae z 0§ (3.6)
wherew e (entropy of activation of the-hydride transition state}D e (apparent
activation energy) and e (fraction of active sites blocked liy"O 2) 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 defingHkte C
intermediate energy (product of the firstHactivation) as aneasure of activity, as
this descriptor has been shown to have good predictive performance in
dehydrogenation chemistry. We have seen that upon formation oftse C
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. TheHz* intermediate energy also reflects the variability in
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the first GH activation energy across the sites, making it a suitable descriptor to

define sitespecific activity (Figure.12). We describ® e andw Ye as separate

linear functions of the sitepecificCoHs* intermediate energy; the function

parameters are computed using the 11 cluster mdelglsré B5 andFigure B6).

This is in the spirit of the approach presented in Zadeh'!, where separate ML

models were trained on site geometry features to predict enthalpies and entropies. We

fit a one parameter exponential function betwéem and CHs* intermediate

energy Figure B7); for negative GHs* energies, the coverage value is capped at 1.

Thed "Y @ w@pw a&(with normalized reactant concentration) at conversions of

3%is computed to be 0.028,g4he bootstrapped distribution of the sieeraged rates

is shown inFigure B8. Describingd e ¥ e andd e as separate functions of

the CoHs* intermediate energy ignores the correlations between these variables, and

hence, the computed rates are approximate. The energy ofHkeitermediate as a

predictor of the rate introduces another source of error in addition to the DFT error.

Recently developed importantearning framework® could help improve the

accuracy by sampling highly active sites and usingdio methods to compute rates.

However, even these methodologies are computationally expensive for complex

mechanisms as they require over 100raio rate calculations to achieve

convergence. An alternative way of calculating the average rate is to use the rates of

the 11 models, bin the-Bs* 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 siteaveraged apparent activation energy at a conversion of 3% is

computed to be ~ 100 kd/maligure B9) which is in reasonable agreement with the
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experimental value of 112 kJ/mdligure B10). Figure B11shows the effect of
conversion on the siaveraged apparent activation energy. At TOFQO, i.e. at the
entrance of the reactor the s#eeraged 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 anddordinate

sites get blocked quickly by ethylene. We expect these planar ammbtdinate sites

to be responsible for the high initial rates observed in the catalyst experimentally. The
effect of conversion and site coverage on thearsraged apparent activation energy

is especially pronounced in this system due to a clear aesitabylity tradeoff; the

highly active planar and tagoordinate sites get blocked and deactivated as the reaction
progressegFigure B.12) Although these sites are a small fraction of the total number
of sites (low'Qe ), they do have a large contribution to the rate constant (Irg.e

), 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
largec and tricoordinate 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 Cofll)/am
SiO; catalyst on ethane dehydrogenation kineWge find that tricoordinate and
strained planar tetreoordinate sites are more active than tetrahedral sites but can
potentially coke fastelVe report an approximate siéweraged apparent activation
energy of ~100 kJ/moll. h e R D S -hydriide ¢lirnimatioh step across the sites
investigategdand 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(ll) species could
be a way forward to improve the catalyst. The accuracy of the computedaitged
apparent activation energy depends on the ability of th&i@mnslab model to capture

the heterogeneity of experimental structure as well as the computational Co(ll)

grafting procedure employed. Future work is needed to create laregiCarslabs
representative of experiments to get improved statistics; a deeper understanding of the
Co(ll) 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 earthabundant 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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Chapter 4

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
nonroxidative dehydrogenation of ethane (NDE)nBamentainsights into he
dynamic of metal species in zeolites undeaction conditions have been rarely
explored. Hereipwe report an atomilevel understanding of the dynamiaad
activity of cobalt (Cokitesin dealuminatedBeta zeolite (DeABEA) for NDE during
induction and reaction conditiomsth extensive characterization techniques such as
diffuse reflectance UW:is, solid state nuclear magnetic resonance aimeyX
photoelectronX-ray diffraction along withn-situ Fourier transform infrared and-X
ray absorption spectroscogyor a catalyst with 0.5 mass% Co loaditegrahedral
Co?* mononuclear sitesli-coordinated to the zeolifeamework and with two silanol
groups in vicinity (i.e.,[( S i2@(HO'S i 2, Jorm 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 Cd&D bonds. Upormooling to room temperature, the €itespersisted in
the sameoordination environment, thoughe disappearance of a feature in the Co
K-edge neaedge region revealed changes in the activé stectronic structure

coinciding with modest shifts in bond lengtii$ie electronic structure and activity of
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(I Si@HG S i Jsites were studied comparatively to a few other hypothetical
Co?* coordination structures, using electronic structiaieulations and microkinetic
simulations.The simulations showed that NDE is controlledbdyydride elimination
following C-H bond activation and that &ites possessing flexibility on account of
neighboring silanol defects are more actimerestingly,dinuclearCo-O-Co sites
(i.e., { SIO)Co(HQ Sil )2>-O-(HOi Sil ).Co( SiO)) were more active than the
mononuclearl( S i2@HO' S i JAsijes becausef favorable hydrogen bonding with
the vicinal silanol groupshe present studyriolgesthe gap between the knowledge
acquired byexsitu characterizations and the active sitesler reaction conditions in

alkane dehydrogenation chemistry.

4.2 Contributions

This chaptecontainsunpublished workn collaboration with multiple people,
contributing to the overall completion of this thesis. Sanjana Srinivas performed
electronic structure calculations, and microkinetic simulations and andljisis.
experimental catalyst synthesis, characterization and kinetic investigation was carried
out byAntara Bhowmick JunyanZhang, Jorge Moncad&harles Titus, Bruce Ravel,
ChernoJaye, Daniel Fischer, Genevieve Yare®ang Luo, Yuying Shu, Kewei Yu,
Akash Warty, Sooyeon Hwarand Evan Jahrmatavros CaratzoulandDionisios
G. Vlachosoversaw the theoretical calculations and analysis. Dongxia Liu conceived

andmanagedhe project

4.3 Introduction
Ethylene (GHy) is a crucial chemical feedstqakith global annual production

exceeding 180 milliometrictons'!, Steam cracking is the leading technology for

66



ethylene production, in which pyrolysis of ethaneH§} or naphthaccursin a
cracking furnace with process heat supplied by fossil fuel in burners. The process
entails 106 to 35% ethylene selectivitymeedsegular decokinge.g., every 14lays to
100 days for ethane and everyddys to40 days for naphthandthe most energy in
the chemical industry (e.g., globallyus&&% of t he sectordés tot al
demand)andproducesopious carbon dioxide (CGPemissions (i.e., >300 million
tons per yeat}? As the heart of the process, the fired tubudactor (i.e., pyrolysis
section of the steam crackafpne consumes65% of the total process energy and
&475% of the total exergy lo$$® 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 developmé&HitThereforereducingenergy use and carbon emissifors
ethylene production requires technology revolutions.

The ron-oxidative dehydrogenation of ethane (NOEHs = CoHa + Ho,
YO =+137 kJ mol) is a promising technology for decarbonizgtylene
productiort®. It convers ethane into ethylene and hydrogen without oxygen,
promoting high carbon utilization by avoiding fully or partially oxidizsabon
products (CG). However, theeaction endothermicityecessitateslevated
temperaturesThe ethylene product is more reactive than ethane due to its weéker C
bonds. As a resyltatalyst deactivation occurs duetliethermal sintering of active
sites at high temperaturaad coking fronthe deeplehydrogenation othe olefinic
productst® Supported platinumRt)**” andchromium oxide CrOx)*® arestateof-the-
art industrialcatalysts fononoxidative dehydrogenation éght alkanes. Their fast
deactivation, the high cost associated with Pt, and the toxicyOx limit wide

applicatiors.
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Recently, there has been increasing research interagpported cobalGo)
catalystdor NDE and noroxidative dehydrogenation of propane (ND&Yingto the
earth abundance and low toxicitf CoQ specie$'®. Various catalyst formulations
such as Ceupported on alumina (Co/#03?9), silica (Co/SiG*°Y), andmolecular
sieveg(e.g., Co/ZSM51® Co/Silicalite1'?!, Co ondealuminated modernite
(Co/DeAFMOR)'?2 Co/Silicalite 1123, and Co/MCM41'%% have beestudied for
NDE. Mechanistic studies suggest that Co nanoparticles, formed through the reduction
of CoQ nanoparticles/clusters, are responsible for alkane cracking and coke
formation, whereasetrahedrally coordinated €ospecies are durable active sifés
Notably, silanol groups play a crucial role in dispersing and isolatifg<ites, with
the silanol nests providing enhanced dispersion and activagerR studies have
focused on siliceous zeolite suppdrecausehe Brgnsted acidity associated with
frameworkAl in zeolitesmay lead to undesirable side reactisush as olefinic
product oligomerization to cokif?™.

The siliceous Co/zeolite catalystas beesynthesized bdirect hydrothermal
crystallization ofsilicalite-1 in the presence of a Co souféemechanical milling and
high-temperature treatment sfficalite-1 and Co precursor mixtef*%; and loading of
Co intodealuminated beta (De/BEA)?° or mordenite KIOR) zeolite?2 Studies
have suggested that €sites form SiF O1 €& linkages?' and distorted tetrahedral
( [ S4CANO S i Astyucturé?in the first two methods. In dealuminated zeolites
(DeAl-zeolite), the active sites have been attribtite@c’* cations anchored in the
zeolite micropores through interaction with silad#$isThe coordination environment
of Co?* species in DeABEA has been extensively studied by Dzwigaj é¢awho

revealed the existence of mononuclear pseudotetrahedrasf@zies in the zeolite
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framework in ascalcined 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 Ce/DeAl
zeolite catalysts have explored on applications in selective catalytic reduction (SCR)
of nitrogen oxid&*® 29 It has revealegtarious Co sites such as isolated lattice and
extralattice Co species, Co oligomers, and Co oxmast although the specific role
of these species in the SCR reactiemainscontrovergal. The application of
Co/DeAl-zeolitesin nonoxidative conversion dfght alkaneis a new research area.
Identification of active sites and exploration into the underlying mechamtms
working catalystsepresensignificant advances for alkane dehydrogenation research.
Here, we investigate the active site, dynamic behavior, and activity of
dealuminated BEA (Co@DeMEA) catalysts for the NDEThe Co loadings across
these catalysts ranged from @ass%o 3.0mass%The state of the Co sites and
their interactions with the zeolite support were studied uskgitu characterization
techniques andatalyst evaluationThe catalyst exhibited high activity and selectivity,
achieving equilibrium conversion under optimized conditions and a notable
regeneration. The active sites were identified teeb@hedralCco?* mononuclear sites,
di-coordinated to the zeolite framework and with two silanol groups in vicinity (i.e.,
(I Si2@HG' S i 2), yith the CeO bond lengtlthangng with the Co loading.The
dynamic behavior of the active sites during pretreatmenuaddr theNDE reaction
conditionswasinvestigateddy in situ X-ray absorption spectroscopy (XAS)
measurements$n addition, we present electronic structure calculations and
microkinetic simulations of EDH on Co@DeBEA 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 advanceraéotrunderstanding of G@DeAl
zeolite catalysts fathe NDE, bridging the gap betwedine exsitu characterization of
catalyst and the real nature of the active sites in the NDE and, more bnoandigx

oxidativealkanedehydrogenation chemistry.
4.4 Methods

4.4.1 Materials

Zeolite beta (BEA) (Si/Al ratio = 19, Alfa Aesanitric acid (70 vol%, Fisher
Scientific), and cobalt (Il) nitrate hexahydrate (Co@¥®bH20) (99%, Acros
Organics) were used ftine catalyst synthest&’. 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 reportedlinyet al'3!6.00
g of commercial BEA (NEHform) zeolitewas heated in mbefurnace to 550 °C (1 °C
mint) for 6 h under flowing airKeen gasbreathable grad&00 cn? min) to prepare
H-BEA. Then1.00 gH-BEA zeolite sample was mixed with 25 mL nitric acdd'Q
vol%) in a perfluoroalkoxy jar (Savillex) and heated to 80 °@noil bath under
47.12 rad/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 prepa@o@®eAIBEA
catalyss. In thesynthesis of 0.1 mass% Co@DeREA catalyst 0.0(%5 g of cobalt
(1) nitrate hexahydrate wdsst dissolved in 0.50 g of DI wateNext, the solution

wasadded dropwise to 1.00 g of DeBEA sampleand mixed with a polypropylene
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spatula to a uniform coloration @nrectangular alumina cruciblafter drying in a

fume hood for 16 fat ambient conditionghesamplewas heated in mbefurnace to

100 °C (1 °C mirt) for 3 h, followed by ramping to 550 °C (1 °C mijrfor 6 h under
flowing air (Keen gasbreathable grade (19.5 % to 23.5 %b® volumg, 500 cn?

min). Finally, thecatalyst sample aspressed into a pellet,ushed, and sieved to
maintaina180um to 425 um patrticle size rander property characterization and
catalysis studied he preparation of 0.5 mass%, 1.0 mass%, and 3.0 mass%
Co@DeAIBEA samples followed the same procedure as that of 0.1 mass%
Co@DeAIBEA except tha0.0%5 g,0.049g, and0.148 g of cobalt () nitrate
hexahydratevas used, respectively. After the calcination stegb@t°C under flowing
ar, all the samples were denoted as fACal cir
The details of each sample at different stages of preparation and reaction with their

treatment condition is reported Trable C.1.

4.4.3 Catalyst characterization

The elemental composition of the catalysts was determined using inductively
coupled plasmaptical emission spectroscopy (IE€FES).XRD patterns of the
catalysts were recorded using a Bruker D8 Advance Lynx Powder Diffractometer
(LynxEye PSD detector, seadllte)dX-ayube, Cu KU
photoelectron spectroscopy (XPS) spectra were collected using a Thermo Fisher K
Alpha+ systemThe morphologies of catalysivere examinedsingXEIA3 TESCAN
scanning electron microscope (SEM)gh-angle annular darkeld scanning
transmission electron microscopy (HAAEST EM) images were acquired with
Hitachi HD2700C with a probe aberration corrector at an accelerating voltage of 200

kV. Before measurementsigcatalystsamples 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 custoimade 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 modéJltraviolet/visible (U\tvis) spectra of the samples were
collected using UV-vis spectrometer (Jasca360) with a diffuse reflectance
attachment.

Solid statenuclear magnetic resonand¢®\R) spectra were acquired on a
Bruker Avance Il 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 IH, 2’Al, and?°Si, respectively.?°Si spectra utilized a 343 90°pulse, 30s recycle
delay, and 256 scans were averadédll spectra utilized a jus 45°pulse, 1s recycle
delay, and 1024 scans were averaged. 75'kHfecoupling was applied during
acquisition of bottt’Al and?°Si spectralH spectra utilized a 2.64s 90°pulse, 3s
recycle delay, and 32 scans were averaged?°Si and®’Al, the chemical shiftsi
were reported relative to Tetramethylsilane (TMS) and aqueous A){NM™

solution respectively.

4.4.4 Temperature programmed reduction
Hydrogen émperature programmed reductiéh-{TPR) experimerstwere

carried outusinga 10% H/Ar mixture gas flowPrior to the H-TPR profile
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recording, he sample wasamped to 300 °@t arate of10 °C min' lin Ar gas flow
(Keen gasultrapure, 50 mL mirt) and soaked at 300 f0r 1 h. Thenthe sample
was cooled down td0 °C before switching to 40% Hx/Ar gas flow(Keen gas,
ultrapure, 50 mL mirt). During the H-TPR measuremerthe temperatura/as
rampedup from40 °C to 1050°C at10°C min' ‘and he amount of biconsuned was

recorded by a thermal conductivity detector equippddiaromeritics AutoChem Il

4.4.5 X-ray absorption spectroscopy measurements

Both soft and hard Xay measurement capabilities at the National Synchrotron
Light Source 1l (NSLSI) were used in the experiment. Ceedge neaedge Xray
absorption fine structure (NEXAFS) measurements were performed on the
microcalorimeter endstation of the S$beamline, 4D-1, operated by NIST.
Samples were mounted on an aluminum bar using conductive tape before being
measured under ultt@igh vacuum (UHV) conditions. An elliptically polarized
undulator source provided horizontally polarizedays which were
monochromatized with a 1200 I/mm plane grating monochromator and a 25 um 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
transitionedge sensor array (1 eV FWHM resolution) operated as detailed by Lee et
al1®? The region of interest for fluorescence measurements of cobalt was set to
between 720 eV and 800 eWrhe spectra were saturation corrected using the inverse
partial fluorescence yield from the oxygen K background consistent with the methods

proposed by Ma et &f.
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Co K-edge Xray absorption neagdge structure (XANES) measurements were
performed on the BMM beamline;®M, operated by NIST. Note that the term
XANES is applied to the ¥edge and NEXAFS to the-&dges throughout this
manuscript. At BMM, a $ole 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'ss#tx and iRsitu portions. In all cases, a metallic
Co foil was simultaneously measured via two downstream ionization chambers to
verify the consistency of the energy scale. @esitu studies, catalysts were prepared
by spreading the powder on layers of polyimide tapeirksitu studies, a Clausen
cel**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, afdltkh-high Purity,
Matheson) and £Hs (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 mifure
sccm = 1 crimin™ at standard temperature and pressure (STP), definetCaar@
101.33kPa) The catalyst was 1) measured under Ar at room temperature, 2) exposed
to 5 % Hin Ar and heated to 500 °C using a ramp rate of 5 °C/min, 3) held under
Ho/Ar at 500 °C for one hour, 4) exposed to Ar during a 15 min purge, 5) exposed to

nominally 25% GHs 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 (HRR R&D, Hiden Analytical). Due to the
limited availability of synchrotron beamtimi@-situ measurements were only
performed on the 0.5 mass% and 3.0 mass% DB BEA catalysts.

Co K-edge Xxray Absorption Fine Structure (XAFS) data analysis was
performed according to conventional methddsFirst, spectra were normalized and
corrected for selibsorption using procedures in the Athena software patkag®
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 versiont8.5This calculation simulated the
relevantscattering path following methods described elsewfer@he path for the
first shell was fit in reabpace using functions from the Larch librdPyo vary five
variables, the radial distance (R), the coordination number (CN), the éaNer
factor (%), the third cumulant in the expansion of the atomic pair distributig)naied
an energy shift aligning the calculations and experingprg)( Fits were performed
independently for each concentration, but simultaneously for the following reaction
conditions: under HAr at 500 °C, under £He/Ar at 500 °C, and poseaction under
CoHe/Ar and then Ar. Fits were constrained to facilitate comparison between the
reaction conditions by fixingp b across each condition. Furthermore, the Einstein
model was used to calculai&for each condition with a single Einstein temperature
fit to the data from all three reaction conditi&ffis The thirdorder cumulant & was
necessary for the higiemperature spectra, where anharmonic contributions are more

significant. This agrees with previous work, which foundecessary to fit spectra

collected at similar temperatur®¥s to avoi
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Here, @ was insignificant for room temperature measurements and excluded from
those paths. Fits used multipleveightings of k, k, and R to heighten the contrast
betweeni? and CN*2 Note that &, the passive amplitude reduction factor, was

fixed to an average obtained by fitting empirical standards and asserting chemical
transferability. Specifically, the average used fgn@as 0.68 and the empirical
standards were CoO and40a. As CaO4 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 Jahrméa#f eftad 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 reactionvas performed in a{dhape quartz tubular fixeaed reactor
with 10 mm inner diameter at atmospheric pressure. The reactor was placed inside a
temperatureontrolled furnace (National Electric Furnace FA120 type) where the
temperature was controlled using a Watlow Controller (96 series). Catalyst
temperatures were measured usingtgpe 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 red@tor to the reaction tests, the
catalyst was pretreated in a/N2 (20 mL min?, Ho/N2 =1:5, ultrapure, Airgas)
mixture gas at 500 °CL(97°C mint) for 3 h denot-eddasedpbeat al yst ¢
H2/N2 gas flowwas switched to Ar (ultraigh purity, Keen gas) while ramping the

temperature to the target reaction temperature to remove the residjed. NVherthe
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temperatur@geachedhe target reaction temperature, Areflow was switched to
ethangResearclpurity, Matheson) mixed with the Ar internal standard (ultigh
purity, Keen gajto start the dehydrogenation reaction.

Theethaneconversior(... , ethyleneselectivity("Y  , turn over

frequency (TOF) and rate of deactivation) fiverecalculatedrom the following

equations,
[} — pnumh 4.1
Y b —— pmnMP 4.2)
Y O i (4.3)
e———————— (4.4)

where'O ,"0 ,and’O are the ethane flow rates at the inlet and outlet of the
reactor, and ethylene flow rate at the reactor outlet, respectivgyzHs) andnc, are
the molar flow rate of ethane in the feed andewof Coin the catalystrespectively.
IC, FC, and TOS are the initial conversion, final conversion, and time on stream,
respectivelyThe dehydrogenation reaction in tireed bed reactor withow 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
Spinpolarized periodiDFT calculationgnvolving the periodic BEA zeolitic
model were performeith the Vienna Ab initio Simulation Package (VASP), version

5.4.1.The BEA modelvasa 64 Tsite unit cell from the International Zeolite
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Association (IZA) websiteThe exchangeorrelation energy was calculated using the
PerdewBurke-Ernzerhof (PBE¥ functional. The coreelectronsof each atom are
describedy the ProjecteAugmented Wave function (PAW) °method and the
VASP-recommended pseudopotentials (v54) were used for all elerrentsach
element, the following valence electron configurations were selected: &g, 34t
1<, Si: 323p? and O: 2€p*. The oneelectron wave functions were developed on a
planewave basis set with an energy cutoff of 450 eV. The {DBTcorrection of
Grimme with zero damping functiétf was applied to the energidhe Brillouin zone
was sampleat the gamma point. Forces were converge®i@d eV/A, and each self
consistency loop wasonverged td0° eV. The reaction mechanisms were
investigated on finite cluster models carved out of the periodic models using
overlapping spheré¥. Spheres of radius 4 A were centered on Co, its four nearest
neighbor oxygen atoms, and the associated protons.

All electronic structure calculatiomsvolving active sitecluster models were
performedn Gaussian 09, version dat the Density Functional Theory (DFT)
level. Details pertaining to the construction of these cluster models are provided in
Section S4The cluster was modeled using B@LYP%® %’ exchangecorrelation
potential.The Si, Q andH atoms were moded using thelef2SVPbasis setthe Co
atomwasmodel@ using thedefZTZVP basisseff he D3 ver si on of Gr i
dispersiof® was addees a correctioto the DFT energieJ.ransition state searches
were carried out by performing constrained optimizations along-aliomensional
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 stateptimization. This structure was then refined using the Berny
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optimization algorithm to locate firstrder saddle points on the potential energy
surface. The resulting transition states werefirmed 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.10he functional and basis set were benchmarked previously for
NDE on the Co/Si@catalyst’and show quantitative -agr eeme
hydride activation barriers on cobalt and iron compl&asermal corrections to the
electronic energies were obtained within ¢fuastharmonic oscillator approximation
at626.85°C using the pMuTT! utility (version 1.2.12); frequencies below 100tm

were set to 100 ctifor all intermediate. To mimic the rigidity of the periodic BEA
zeolitic framework, the peripheral H atoms in the clusters ed0f@toms were kept
frozen during optimization and frequency calculations; the rest of the atoms, namely
Si, O, Co, and H atoms in silanol groups were relaked elenentary steps involving

spin crossover, the formalisrand values parametrizing the rate of the spin crossing
were taken from previousork®®. Natural bond orbital analysis was performed in the

NBOG6 progran™,

4.4.8 Microkinetic analysis

Microkinetic simulation of a fixed bed reactor (FBR) was performed in
CHEMKINZ®3, Kinetic analysis was performed at a conversion of 1% af6253 he
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%. CHEMIK#N
the DASPK solver; the absolute and relative tolerances of the differential equations

were seta 10'°and 108, respectively. Specifically, the tolerance values correspond to
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the gas mole fractions and intermediate coverages (quantities bounded between 0 and
1). The expression for the rate constant of steps involvingcspssing has been

derived and discussed at length in previaosk of ourg®.
4.5 Results and Discussion

4.5.1 Physicochemical properties of asynthesized Co@DeABEA catalyst

To understanthe physicochemical properties ofggthesized catalysts, we
characterized the 0.1mass%, 0.5mass%, 1.0mass% and 3.0mass% Ca&E&BeAl
samples alongsidbe H-BEA and DeAIBEA for comparisonAll the samples
contained nearly spherical particles of diameter ranging from 0.2 pm to 1.0 pm
(Figure C.2&Figure C.2c). DealuminatioendCo loadingdid not changehe particle

size and morphology significanthj®

TableC.1:  Compositional characteristics of the catalysts

Sample Si/Al ratio Co (mass%) Co/Al ratiol
0.1 mass% Co@DeAl | 1597 0.096 0.020

BEA

0.5 mass% Co@DeAl | 4775 0.493 0.100

BEA

1.0 mass% Co@DeAl | 6275 0.937 0.190

BEA

3.0 mass% Co@DeAl | 3224 2.895 0.589

BEA

Molar ratio of cobalt in DeABEA to aluminum in thg@arent HBEA zeolite.

The measured Co loadings were very clos&éonominal contents (Table 4.1).
The siliconto-aluminum (Si/Al) ratios in these salep 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@DeABEA to Al in parent BEA zeolite were 0.8258(Table
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4.1).1f we assume the removal of each Al creates one defect site and Co species reside
in defect sites of the zeolite framework, the D&&A zeoliteprovides 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.

A ——H-BEA
® o) (302)— DeAI-BEA ® BLH B B L
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Figure4.1: Characterizations of 8EA, DeAl-BEA, and calcined Co@DeAl
BEA: XRD (@), pyridine FTIR ring vibrationlf) (the peaks are defined as the
difference between before and after pyridine adsorption) and OH vibra}iimefore
pyridine adsorption)
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XRD (Figure 4.1a) data of all isesampleshowed characteristic diffraction
peaks at &47.6A antd(1Glpand (802 planesofBEARAspondi ng
topology**’. A close examination of peak position of (302) plane showdraction
and expansion of zeolitattice in the dealumination and Co loading steps in the
Co/DeAlBEA catalyst synthesisespectively Forexample H-BEA showed the (302)
diffraction peakata22.52° which was shifted ta22.88° after dealumination due to
lattice shrinkage during acid washing. Introduction of cobalt in ERAA resulted in
a decrease in this peak position frGi2.88° (DeAl-BEA) to 422.82 (0.1 mass%
Co@DeAIBEA) to 422.60° (3.0 mass% Co@DeABEA). The change in position of
the diffractionpeaksuggestdintroduction ofCo species intframework ofDeAl-

BEA, consistent with previous repoté Additionally, the XRD patterns of the
Co@DeAIBEA sampleglid not show evidence of additional lattice crystalline
compounds, longange amorphization of the zeolite structure, bulk@@r extra
lattice CoQ not even in the Bhass%Co@DeAFBEA samplé?’.

TheN: adsorptiordesorptionsotherms (Figure C.3) showadgreat amount of
N2 adsorbed at very lowelativepressuresndintermediate pressures by multilayer
filling in H-BEA zeolite The appearance of a hysteresis labpelative pressures up
to 0.45 indicated mesoporeand microporesh H-BEA consistent with prior
literaturd“®1%0. After dealumination, Nuptake in the intermediate pressure increased,
resuling in aslight decrease in the micropore voluara an increase in total pore
volume (Table C.5. This could be attributed targer microporesr mesoporesn
DeAl-BEAL The mesopores cauaeecrease of the specific surface area f&&m
m? g (for H-BEA) to4 9@ ¢ Y(for DeAl-BEA), in agreement with prior literature

report®%. The pore volume and specifarfacearea ofCo-containing zeolit€0.5
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mass% Co@DeABEA) were lower than that dDeAl-BEA, likely due topartial
blocking of BEA zeolite pore systerny Co iond>2

The aidity of the Co@DeAIBEA catalystwas studied using FTIR of
adsorbegyridine Figure 4.1h. For comparison, the FTIR spectraltBEA and
DeAl-BEA were also measured under the same conditions. TBEAIsample
exhibited both Lewis and Brgnsted acid centers, indicatdzhbgls a81620 cm?! and
41450 cm' ! for Lewis acidity, ancit 41544 cm?! and&1635 cm! for Branstedacidity,
respectively:2® The band af1490 cm corresponds to pyridine interacting with both
Bragnsted and Lewis acid sité Therewassignificantly lowerchemisorbed pyridine
on DeAlBEA, confirming theeliminationof acidty. Co@DeAIBEA catalysts had
neitherBrgnstedhor Al-type Lewis acid sités’?, although ntroducingCoin DeAl-
BEA createda new type ofewis acid sites of moderate strength as indicated by the
bands at 168cm' 11490cm’ land 148 cm' ! Thisacidity could arise from the
partial positive charge on Co ateepvalentlybondedo adjacent framework O at@sn
or from theinteraction of pyridine with pseudetrahedral C# ions in the zeolit&>,
The shoulder peak at around 1596‘crould beattributed to Hbonded pyridingas
previously reporteld®. Interestingly the intensity of the relevant bands (1608 !
1490cm’ and 1448 cm) increased with increasir@o content, suggesting an
increase in the number of psetigdrahedral C&. Additionally, the intensity of the
shoulder pealkt 1596 cmt' attributed to the Fbonded pyridin€® was diminished with
increasing Co loading, indicating the consumption didtided silanols in vacant
tetrahedral (3) sites.

The FTIR spectra ithe OH vibration regiorweredepictedn Figure 4.1c

TheH-BEA sample showed characteristic bands attributed #OHIgroups (381
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cm' land 366t cm' 3, toacidic Si-O(H)-Al hydroxyls (36@ cm' §, and to isolated Si
OH groups (37@cm’ 3 located at the external surface and within the zeolite
micropores,where theywere not confinedo either the shallow cavities on the
external surface dhemicroporesin agreement with earlier reports 1°7: 158 After
dealumination, the bands characterizing altAA | at ed 1T OH grnoups
DeAl-BEA sampleconfirming the removal of Al species from the zeolite framework
The intense band a8740 cm andthebroad band at 3515 énwere attributed to
internal isolated silanol groups arsilanolgroups with strong and mutuattbbnding
locatedat vacant Tatom sites forimg hydroxyl nestsn DeAl-BEA®® 159 Theseband
changes indicatethat dealuminatiocreatednternal silanol groups and silanol nests
within the crystallineBEA framework.The incorporation o€oin the DeAIlBEA (i.e.,
Co@DeAIBEA) sample reducethe intensity of the band at 3515 ¢mand the peak
was diminished with increasing cobalt conteniggesting that silanol groups
particularly Hbonded ones in the framework tetrahedra) €ltes, wereonsumedy
the precursor cobadipecies®.

The location of cobalt species in dealuminated BEA has been identified by
solid state NMR study®Si spectraof FBEA showed a distinct
to the framework Si atom in a Si(OS{R?) environmen(Figure 4.2% The peak at
102 ppm was corresponded to the Si(g{8IH) environment. The intense peak at this
location for DeAIBEA is due to creation of H bonded silanol or vacant T sites. The

incorporation of cobalt in DeABEA lowers the intensity of the signal corresponding

di

S

a

pea

to Si present in the Si(OS) OH) environment (171102 ppm),

Co species interact with the silanols of the zebfite
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Figure4.2:. MAS NMR of parent HBEA, DeAl-BEA and calcined 0.5mass%
Co@DeAlBEA: ?°Si (a) and?’Al (b)

In 2’Al MAS NMR experimen{Figure 4.2h, H-BEA exhibitedtwo signals at
10.35and 51.3 ppm corresponding to exfiramework aluminum atoms in octahedral
coordination (Abn), and aluminurmatoms in tetrahedral coordination ¢4l of zeolite
framework respectively®. The dealuminated sampleresents very lovintensity
signal51.3 ppmpositions which comes from the traces ofafdmsremained in the
zeolite frameworkThe presence of cobalt in the DeBEA matrix causes this signal

to be broadened which is related to the paramagnetic propertied‘sfp@oies.

4.5.2 Identification of cobalt coordination in Co@DeAIBEA catalyst

The coordination environment of the Co species in Co@B24 catalyss
was characterized usimiffuse reflectance ultraviolatisible light (DR U\tvis )
spectraFigure 4.3 H-BEA and DeAIBEA hadminimal absorption beyon&350
nm, with a discernible peak within the 220 A800 nm range attributed to ligand

charge transfer transitions in BE&olite"®1. Upon addingCo (i.e., Co@DeABEA
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sample), absorption in this wavelength range increased significantly. This is indicative
of oxygento-metal chargdransfer(O? Y Co?") attributed to mononuclear €o
within the framework, consistent with prior observationgramework Cé*in Co-
MFI zeolite®2 In addition, bands center&90 nm, and 60 nm(see inset figure in
Figure 4.3ain the DR U\tvis spectra of Co@DeABEA catalysts wee, respectively,
attributedto the?A. Y “T1 (4F), and*A, Y “T, d-d transitionscharacteristic of
isolated pseudtetrahedral C& species® %4The peak atd515 nm whichis related
to C&#* species of octahedral coordination, were absetfiteif. 1mass%, 0.5mass%
and 1.0mass%o@DeAlBEA samples in agreement with the earlier wétkn
3.0mass%Co@DeAlBEA sample a very weak absorption @615 nm appeared.
Overall DR UV-vis data of the Co@DeMBEA catalyst samples suggesiedlated
tetrahedrally coordinatedo?* species exist in the zeolite suppcoFhere was either
evidence of C# sitesof octahedral symmetrfexcept for 3.0mssd%Go@DeABEA
samplg, in contrast to prior reportsn Co-MFI% nor of CoQ oligomers or
crystalline C@Oa.

High-resolution XPS spectra of Co 2p wateoutilized to ascertain the
chemical state of th@.5 and 3.0 mass% Co@DeBEA catalyst Figure 4.3p. The
0.5mass% Co@DeABEA catalysts showed Co 2pand Co2p.signals at 780.26
and 796.76 eV, respectivelyhich could be assigned to isolated mononucledi Co
present in zeolite framework. The satellite peaks fdi* @785.67 and 801.97 eV
were also evident. 3.0 mass% Co@D®&AHA, on the other hand, contained a
shoulder pealat around 7886 eV in addition to the peaks @8026 and 79676 eV
related to isolated framework €oThis additional peakauld be related t€Co® or

octahedral C# at extraframework position in agreement with previous regdfts
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The very small C¥ or octahedral Cd peak for 3.0 mass% catalysts could arise from
theexposure of the samples to oxygen and/or moisture in ambient air condgions
provenin Section 3.4 below. Rere was no evidence of bu@loO (780.0 eV) or
Co304 (779.9 eV) in the catalystpnsistent witithe XRD andH2-TPR analyses®.

Figure 4.3cshowsthe Cobalt 2 -edge NEXAFS spectra of all-agnthesized
catalystsmeasured under ulttsigh vacuum (UHV) conditionsThe catalysts exhibit
a uniform spectral pattern, and all catalysts display a comparable absorption edge
energy, close to that of CoO, corresponding to th& @ddation state. Importantly,
none of the catalystsd spectra exhibited t
would be indicative of Co in an octahedral Site Note that there are still some
differences in intensitpmong sampleshich may be due to imperfect saturation
correction The tetrahedral feature of €an all the catalysts regardless of the Co
loading has been confirmed bysitu XAS analysis as well which has been discussed
in detail in Section 3.40verall, XRD, pyridine FTIR, DRUV-vis, XPS andNEXAFS
analysezombinedmadeevident that all samples contained tetrahedrar €ites

confined in the zeolite framework or the silanol nests.
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Figure4.3: Characterizations of calcined Co@DeBEA samples with different
Co loading: DR UWis (@), Co 2p XPSIf), Cobalt L2 3edgeNEXAFS spectrad) and
(d) H2 TPR.

Figure 4.3dshows theH>-TPR profiles where FBEA andDeAl-BEA do not
have obviouseduction peaksAll the Co@DeAIBEA samples exhibited a singular
reduction pealat 750-950 °C. This hightemperature reduction peak indicated the Co
species were not easily reduced, likely because of their strong interactions with the
DeAl-BEA zeolite substrate, either liattice tetrahedrg[T4) coordinatiorsites or

within silanol nets'™. The absencef the lowtemperature reductioneaks(280°C to
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460 °C) associated with bulk € particles?® confirmedthe exclusive distribution

of Co?* cation$® within the Co@DeAIBEA catalyst

4.5.3 Catalytic performance of Co@DeAl-BEA catalysts

We conducted NDE reactions over the Co@DBEAIA catalysts with different
Co loadings under differential conditions. The normalized reaction rate was plotted
against Co loading, ahown in Figure 4.4a he 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@DeABEA. As Co content increases in the DB®A 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 dinucleaxG260
species rises. Our computational investigation suggested that dinucl€aCGsites
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@DeREA catalyst was systematicaligsted 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 hspace velocity, with ethylerselectivity of 97.% (Figure
4.4b). No discernible catalyst deactivation was observed at 500 and 55Q °C, bu
deactivation occurred at 60C and 650°C during continuous testing up to 6The
high temperatures induced g@isase reactions, resulting in ethane conversions of

about 1.5% and 7.7% at 600 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 af650
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Figure4.4. Catalytic performance of Co@DeMBIEA in kinetic region ) (T= 500
°C, 25% ethane, balanced with Ar, 101 kPa pressure, WHSV-36241h') and 0.5
mass% Co@DeABEA: effect of temperatured), effect of weight hourly space
velocity (o), longterm stability (WHSV: 4.6 1) (). Reference reaction condition has
been used foj-(d) unless specified. T= 55, WHSV: 9.1 h' (25% ethane,
balanced with Ar).
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Higher singlepass conversion could be achieved over the 0.5 mass%
Co@DeAIBEA catalyst by reducing the space velocity (Figure 4.4c). The
C2He conversion at 55@C increased from 8.5 to 17.1%, close to the equilibrium
conversion, by decreasing the space velocity from '8t 8.7 K (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@DeABEA catalyst showed the highest turnover frequency among all
reported cobalbased catalysts (Table @X8). 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 ebasdd catalysts in the
literature (Table C.8). The 0.5 mass% Co@DBAIA catalyst had one of the lowest
rates of deactivation. The catalyst was sintering resistant with no discernible large
cobalt clusters in HAADFSTEM 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 carriedsutut
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@HEF¥eAkatalysts 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@DeAIBEA catalysts are also directly compared at each reaction condition in
Figure C.6. Prior to exposing the catalysttnaHr et hane (A Cal cined (°
catalyst exhibited edge positions between those of the Co ad Quopirical

standards, suggesting a mixture ofCand very little Cé" oxidation states. This is
consistent with the predge features a@7711 eVshown in Figure C.#yhich are

relatively wide and likely composed of multiple features. Moreover, thegge

features are somewhat elevated in integral intensity, suggesting the samples lack
inversion symmetry. This is reinforced by the white line featuré3 25 eV, which

are substantially reduced in intensity relative to the empirical standénigs.

observation mape attributed t@ decrease in coordination numbard subsequently
scattering pathsesulting in diminishedhtensity of the white lin€”. At 500 °C and

under b ( Reduced (500C)0 ) , cat alysts exhibited a chen
position to lower energies roughly aligned with the CoO reference, suggesting that the
catalysts were entirely reduced to*CoNearly identical and sharp peelge features

were observed @7710 eV with elevated intensities that indicated the Co is in a site
lacking inversion symmetry. Shoulder features can be fouad7dt7 eV. Like the

earlier DR U\Vis results, this shoulder feature is often attributed to a ligaetl

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
staté®8, While this feature is roughly identical for the two Co concentrations, there is
some difference in the white line intensitydaf725 eV. This may suggest a very

slight propensity of the higher metal loading to form isolas@tieCoOx 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 ethéfeR e ed (cR0°C) )OAs the measured

results probe thetimmeaver age popul ationds structure,
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 temperaturi Po st r e 3,¢the datalysts (emRalngdin the Cetate, and

the preedge 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 ¥tate
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Figure4.5: In-situ Co K edge XANES spectra at different preparation and reaction
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Figure4.6:  In-situ Fourier transform magnitude of Cedfige EXAFS spectra with
fitted data for Co@DeABEA catalysts at the different conditions: 0.5 mass%
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(d), 3.0 mass% Co@DeMEA at 500JC under GHe environment €), 3.0 mass%
Co@DeAIBEA after cooling down at room temperatufk (
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It is worth noting that the sample had a pink coloration prior to calcination, as
reported previously®, which suggests the presence of octahedral [GD)dH*
species. For completeness, the-patcined 0.5 mass% Co@DeBEA catalyst was
measured in air and compared to thsiin results in Figure 4.5a. The
centrosymmetric geometry was evident in the negligible intensity of thedge
feature at a7710 eV and the elevated whit e
to the presence of a significant number of singlel multiplescattering paths, as
might be expected for a highly coordinated’$t&°. The observed spectral shape was
in good agreement with reported measurements of octahedral, hydratednS'é®
Dehydration during calcination allowed the?Coations to adopt tetrahedral
coordination, interacting strongly with the zeolite framework, resulting in a light green
coloration. This is consistent with the earlier Ga-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 malelprevided gdodfiisn Fi gur
to the experimental data. While R wa®sen as the fépace, the model is also
compared to the experimentdbk( k) . The windowing function
The corresponding fit parameters are presented in Table C.9. Each sample is roughly
four-fold coordinated, in agreement with the earlier GedgeXANES preedge
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 €adons. In the next section,

we consider the possibility and potential effects e€tordinated species. The bend
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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 galues. Second, there is a slight elongation of th©Co

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@bond lengths are also readily apparent in
the EXAFS results shown in Figure C.9, particularly concerning the differing
frequencies in 4space (Figure C.10). Beyond bond lengths, a slightly greater Einstein
temperature was found for tBeD 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 suggestiongbate slight CoQclustersmay 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 distancedJnfortunately, 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 withhgdfat h | engt hs | ess t han
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 learnikid and ab initio molecular dynamics simulatibfts This
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remains a valuable direction for future research considering the structure of this and
related systems.

After thereduction treatment and after ND&action, the state of Co active site
in the 0.5mass% and 3.0 mass% Co@DPBEA catalysts was investigated using ex
situ DR UV-vis spectroscopyAs shown in Figure C.11, both the reduced and the
postreaction Co@DeABEA catalysts exhibited tetrahedral Tpeaks at 590 nm
and 660 nmAlong with that,a small peak at 51m was observed, which could be
attributed to C&' or octahedral Cd 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@DBBERA samples did not
show a such signature, whereasséx XANES data revealed this feature in the-pre
calcined (RT) and calcined (R$amples (Figures 4.5a and 4.83%dtably, NEXAFS
data were collected under ulinggh vacuum conditions, while esitu XANES
measurements were performed in ambient conditions. These findings suggest that the
bonding environment of a small fraction ofCepecies is reversible, transitioning
between a tetrahedral state in thductive environmerdgnd an octahedral or
Co®* state inambient conditionThis highlights the importance of-gitu
characterization, as catalysts may exhibit different structural features and catalytic

behaviors under reaction conditions compared tsigxmeasurements.

4.5.5 Morphologiesof Co species before and after reaction tests

Thehigher resolution HAADFSTEM image (Figure 4.7a) of Orhass%
Co@DeAIBEA showed predominately single Co sites along with some sites in closer
proximity appearing as cluster (e.g., circled region) inhabited on the-BEAI

support.These clustelike features appear as bright white spot but remain difficult to
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resolve further due ttwwo measurement challeng€l thelow contrast between Co
and Si due to theelatively lowatomic weighof cobalt and (2jheinstability of
zeolite frameworlupon exposur& electron beanmAdditionally, images with EDS
counts from the sample (Figure C.12a) along with EDX mapping of-edde, Co K
edge, and Si Kedge (Figure C.12.12d) showe®, Co, and Si (single atom and
clusterg homogeneousldispersed throughout the zeolsgpportwithout discernible

agglomerates.

Figure4.7. HAADF-STEM images of: Calcined 0.5mass% of Co@DBAIA (a),
post reaction 0.5mass% of Co@DeR¥A (b), Calcined 3.0 mass% of Co@DeAl
BEA (c), post reaction 3.0 mass% of Co@Dd&3&A (d). Yellow circles highlight the
cobalt species. Reaction condition: T= 550 ¥¢HSV: 9.1 h! (25% ethanebalanced
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 FPR data in Figure 4.3d. When the Co content
in the catalyst was increased to 3.0 mass%, a higher deh§ltyspecies was
observedFigure 4.7¢. However, the individual Co sites were difficult to resolve due
to closer proximity of these species. Like 0.5 mass% Co@BE&N, the morphology
of Co sites in 3.0 mass% catalyst remained unchanged before and after the reaction
(Figure 4.79, emphasizing the strong interaction between Co sites and zeolite

framework preventing the formation of bulk Co€usters.

4.5.6 Computational investigation of the ethane dehydrogenation mechanism
and kinetics

We investigate th&lDE mechanisnover thetetrahedral C& mononuclear
site, which isdi-coordinated to the zeolite framework and with two silanol groups in
vicinity QoHGOS i A Bigré 48a)as)thisis the coordination structure
we found through the catalyst activation and reacf@n comparison, we also
considered three other €axoordination structures as they could exist when catalyst
surroundings are changed or Co loadings are increased, as reported in fitérittre

Thesethreecoordination models includéa) C@* di-coordinated to zeolite
framework with one SiOH group in vicinity and the other SiOH group further away
(le.,( [ SAC@HO)Si [ )TEHD) , Fji(namoeel samedab the one in
Figure 4.8a except that there is no silanol nest around (see Figure 4.8c); and
Co**-0-Cc?* pair structure, in whickeachCo?* has one coordin@n bondto the

zeolite framework, one bond tbe other C#' in the pairand two SiOH groups in
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vicinity (i.e., { SiIO)Co(HQ Sil ).-O-(HOI Sil ).Co( SiO), Figure 4.8dThe last
model involves dinuclear sites. It should be noted that such sites havelsgbwn

activity onamorphous silicaam-SiO;) supporté.

(A) (B) ©)

(D)

Figure4.8: Local environment of Gd in the finite cluster models o) di-
Co@DeAIBEA, (b) di-Co*“@DeAlBEA, and €) di-Co@SiBEA and ¢l) dinuclear
[Co-O-Co]@DeAlBEA. (Color code: H, white; O, red; Si, green; Co, blue).

It is worth to mention thad silanol nest has been created by removing an Si
atom from the framework followed Bgrmation of four silanol groups in the defect

site. These silanogroups, prior to Co anchoring, engage in weak hydrogen bonds.
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Each-OH is directed towards an oxygen in the nest; the oxgg@nsthemselvesire

arranged as an approximate tetrahedron. After Co is anchored into the nest, the

hydrogen bonds break. @H bond lengths ar2.0A and 21 A and CeO- bond
lengthsare 1.8 and1.94. For the Afurther [ SWwEYHD)-si | anol
Si)HOIS i ,Ithe CeOH bond length i€.0A. For simplicity, hereafter, we

abbreviated these four models a<Cdi@DeAlBEA, di-Co'“@DeAl-BEA (uc denotes

undercoordination), éCo@StBEA, anddinuclearfCo-O-Cq], in sequence.

4.5.6.1 Dehydrogenation on C8* single site models

Thereaction mechanisson the three single site models (idi-Co@DeAl
BEA, di-Ca"“@DeAIBEA, di-Co@StBEA) 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 sph¥feSpheres of radius 4 A were
centered on Co, its four near@gighbor oxygen atomand the associated protons.
The mechanism is investigated on finite cluster modefg/lasd functionals are
required to accurately predict sggtate ordering in 3d metals; such calculations are
computationally prohibitive for large, periodic mod&l$’* 17> Furthermore, our
objective in this work is to include the evaluation of a complete microkinetic model
(MKM) and its comparison with experimental resul@sir previous investigation of
NDE on Co@anSi0;*" "3indicates possible spicrossing 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 th®®itin
Coupling and the energy of the Minimum Energy Crossing Point (MBI single
atom catalysts, minimal site models invariably describe the essential physics of the

systen”.

10z



29 ?
i N
@ 1. o
] o @ P
2
2
3
9 L‘ ‘)
o |
¢ ° o o

., >
o ¢ J

Figure4.9:  Schematic representation of the reaction mechanism, highlighting only
the oxygens directly participating in the reaction illustratingotkyggens covalently
bonded to Co]

The ethane dehydrogenation mechanism on the singlé €iesis shown in
Figure 4.9 For all three models, the ground electronic state of the active site has spin
multiplicity of four (three unpaired electrong)he highspin state is expected for & d
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-isei€sionthat
takes placen a Cd O-Sii Lewis acidbase pair. The H atom transfer to the basic
silanolate (Si®) ligand is purely protolytic\iz. H* transfer) and does not entail
reduction of the Co atom t&,das indicated by the unchanging spin polarization at the
d’ metal center (3 unpairedectronscf. Table 4.2). Thisules out a protoicoupled

electron transfemechanism. The ££ls' carbanion coordinates to the Co atom,
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supplanting theSiO' ligand. The Ceethyl intermediate undergobshydride

elimination by the metal atorand ethylene forms.

Table4.2: Spin polarization on the’dCo atom during the €l activation.

di-Cao*“@DeAF

Intermediate di-Co@DeAIBEA BEA di-Co@S+BEA
CoHe* 2.74 2.69 2.75
TS B'C-H 2.69 2.75 2.69
CoHs* 2.72 2.77 2.75
A) (B)
_. 3007 mEM di-Co/DeAl-BEA ¢ ) \'> Huig
g BN di- Co“/DeAl-BEA +H* =301 19 1vcnm
3 500 TS 20 CH g :
_E;‘a TS 15*CH g; 200 -
g C,Hy(g) %D
g 1001 S 1001
§ GH @ ol BN i - Co/DeAl - BEA Cz}‘l**((g
= B Ji - Co“/DeAl — BEA 28
Reaction Coordinate Reaction Coordinate

Figure4.10: Electronic @) andsemistandard Gibbsbj energy profiles at 625 °C
(5% ethane conversion) of the adiabatic dehydrogenation pathwayGo@IDeAt
BEA and diCo"“@DeAIlBEA.

Thecorresponding electronic and free energy profiles are shown in Figure
4.10a and Figure 4.10Db, respectively. Inspecting HieaCtivation transition state and
product geometries (Figure 4.11) along with the energetics, we deduce that the
transition state is late, i.e., more productH{€) like. Considering the energetics of

the GH activation, the activity of three Cd thodel 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., dtCO@SHBEA), the GH activation energy defined as the electronic energy
difference between the transition st () and the adsorbed ethane stéde (.) T
is calculated to bey™” o p kd molt. Figure C.15 showthe electronic energy
profile for the GH activation step. This is aboptp &J mot! higher than on the other
two site models, dCo@DeAHBEA (3 213 kJ mott) and diCo*“@DeAF
BEA ((p'od p w &J mol! (seealso Figure 4.10apdditionally, the GHs*
intermediate on the dCo0@S+BEA site (0O ) is v kJ mol* and¢ uwkJ mot? less
stable than the dCo@DeAIBEA and diCa"“@DeAlBEA sites, respectively. To
understand the reason for this difference {iH @Gctivation energies between the di
Co@DeAIBEA and diCo@StBEA sites, we computed the deformation energy upon
C-H bond dissociation at the transition stape@ ), given by the electronic
energy difference between the active site in tHe Cansition state geometry and the
pristine active sitew 'O for the diCo@DeAFBEA site isp ¢ &J mof,
whereas for the dCo@SIBEA site it isp p &J molt. While this modest difference
suggests that the relatively rigid structure of th€d@ S+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 nesaround) butetrahedrdl coordinaédin DeAl-BEA on
account of t heCorhparing sées with defett rests i thel vicinity of
the metal centergd”  for the diCo**@DeAFBEA site is¢ TkJ mot*lower than for
di-Co@DeAIBEA, andwO , for the diCo"*@DeAl-BEA site is¢ TkJ mollower
than for diCo@DeAIBEA (Figure 4.10a). Thisuggests that the Co atom in the

former is more Lewis acidic because of undercoordinalibis difference in Lewis
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acidity was further corroborated by pyridine adsorption calculations, where
(0] TIBOQ ¢fQ ¢® ¢B) on diCo@DeAIBEA andO

P& 'Q afQ ¢® ¢B) on diCo'“@DeAIBEA. Furthermore, the pyridine normal
modes (ring breathing and triangular modes) e@adf@DeAl-BEA are&10 cnt
higher than on dCo@DeAIl-BEA. This is because the highest occupied molecular
orbital of pyridine is stabilized more on the@i"“@DeAl-BEA site on account of the
stronger overlap with the active siteds | c
consistent with the dC0*“@DeAlI-BEAs i t e 6 s hi g h &hesitesdomots aci di -
change their coordination numhgron formation of the metallkyl intermediateas
the proton acceptingiO' ligand dissociates away from Cbheintrinsic C-H
activation barrier on a representati®e?* single-siteon amorphous silica (Ct@am
SiQy) is de p T kJ mofl, namely,aroundg TkJ mol* lower than the barriers on
Co?*@DeAl-BEA.1® The geometry of the fotzoordinate active sites can be
quantified using the descriptot®® which lies between 0 and 1, and provides a
continuous scale between two idealized geometrsggiareplanar g 1) and
tetrahedralf  p). Higher planarityz 18 dantheCd'%6s coor di nati on
environment and longer &0 bond lengthgessentially more basic O atoms on
account of less polarizatipoontribute to th&€€o?*6s enhanced Lewi s aci
Co*@amSiO, and subsequent activitjlthoughbothin DeAl-BEA andon am-SiO;,
the coordination environment of €aan be quite heterogeneous, it is reasonable to
expect morglanar (.e., highly active) sites on theurface ofam-SiO; than in the
BEA zeolite

Theb-hydride elimination of the metallkyl intermediate on a highpin d

metal center is typically slow because of the repulsive tblexstron two orbital
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interaction. However, becauseahighspinorbit coupling(SOC) Hamiltonian matrix
element ofa 450 cm!*, the system can cross over to the dspin state (doublet)
Prior reports show that a SOC constant of 258 msufficiently high to ensure
minimal noradiabatic phenomerfa®® Therefore, upon spiarossing, the system
undergesfasterb-hydride elimination athe generally attractive twelectron twe
orbital interaction can stabilize the transition statee spin flip transforms the high
spin tetrahedralike complex to a lowspin planadike metathydride complex® This
underscores how critical the flexibility of the active s#té the reactiomate In the
di-Co@DeAl-BEA active site model, the doublietH elimination transition state lies
T ukJ moftlower than the quartet transition state. Indr€0d'“@DeAl-BEA model,
this energy difference i ¢kJ mol®. This should be attributed to the stronger Lewis
acidity of the undercoordinated €atom.

Upon completion of the reaction, the systesturns to thejuartet stateywhich
is more stable than the doubl&his entails a second spinossing after the-H
elimination.On thedi-Co"“@DeAl-BEA site, this happens right after the elimination
step because the ground state of then@ride is a quartet. Thizehaviouresembles
Co@amSiO** 13 On thedi-Co@DeAl-BEA active site, however, the @rydride
ground state is a doubjetnd the second spirossing is associated with the
desorption of ethyleié 3

Figure 4.10b showthe free energy profiles corresponding to the pathways
described abov@.hey suggest that tHeelimination TS is the TOletermining TS.
This was confirmed by microkinetic analysis of the reaction network (details in
Section S®fthe S)t he sensitivity c¢oe-Helimodtehnt assoc

takes the value of 0.9 at tdeCo@DeAIl-BEA site and unity at thei-Co"“@DeAl-



BEA site. The microkinetic models predict apparent activation energgydd] mot
Landp x %J mot! ondi-Co@DeAl-BEA anddi-Co"“@DeAl-BEA , respectively
(Figure C.17), which agree well with the experimental apparent activation energy of
164.9kJ mol! (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 bughframework Co sites are
similar to those on single Cd dites grafted on ar8iO;. In earlier work, Srinivast
al. 1" showed that the sitaveraged apparent activation energy on Co@@ima is
around100kJ mol, indicating higher activity than Co@2AI-BEA. This can be
attributed to the presence of planar active sites Co@i@n with longer Ce(OH-Si)
bondlengths, known to impart higher Lewis acidity and thereby higher aéfivity
The activitystability tradeoff of the catalyst is evident from the ethylene binding
energy (Table C.11),adescriptos ed t o predict the catalyst
stronger binding could suggest a higher propensity for coking and degradation. While
the Co?* site shows higher activity on aBiOy, it also binds ethylene more strongly
thanDeAIl-BEA does. So, Co incorporated in the zeolite framewsrkoreresistant
to coking

Considering the TOletermining TS to be tHehydride elimination TS and
the TOFdetermining intermediate to be the pristine active site, the energetic span is

'  "O .Thereducedate law takes the simple form

i LLQz D (4.5)
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where z s the total active site density, andv are the equilibrium constants of
steps 1 and 2, ani@ is the forward rateonstant of step 3 (Figure 4.9etails of the
derivation of the rate law are presente€if, along with the possible rate expression

when both GH activation steps are ralieniting.

4.5.6.2 Dehydrogenation on dinuclear [CeO-Co] sites in DeAIBEA zeolite
Previous work on the dehydrogenation activity of Comlamorphous silica
has shown that dinuclear sites of t®-O-Co- type are more active than singl®
sites byp (kJ moft. The local environment of thdinuclear{Co-O-Co]@DeAl-BEA
active site model ishown in Figure 4.8d (see also Figure C.13d and Figure C.14d).
With each of the Co atoms bein§ the ground electronic state of the dinucl&o-
O-Co]/BEA model is the septet (spt). Our simulations did not consider
antiferromagnetic coupling as SQUID data related to-#)&2o molecular analogue
have not indicated its presefite
In the protolytic dissociation of the-B bond, the His abstracted by the O
atom of CeO-Co. The electronic energy barrierysykJ mott, p t &J motl?* lower
than on thesingle sites (Figure 4.9ajhile the GHs* intermediate energy is ~ 110 kJ
mol™ lower than on the single sitds.the case of the siliesupported C&-Co sites,
the more facile activation of the-l& bond was ascribed to the higher basicity of the O
atom of CeO-Co bridge.To compare the Lewis acidity of the active sites, we
optimize the pyridine adsorption configuration and evaluat&él®ond lengths. In
DeAl-BEA, a slightly higher Lewis acibase strength in dinuclefZo-O-Co]@DeAl-
BEA compared to dCo"“@DeAlI-BEAi s evi denced TtipBshortet h e
Co-N bond In addition, the €H activation transition state as well as th&l€

intermediate is further stabilized by the strong hydrogen bonéing ( ¢® A)
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between the basic @0-Co bridging O and proximal defect silanol (Figure 4.11c

and Figure C.19); such hydrogen bonding is absent from the reactant state as well as
from the singlesite models (Figure 4.11a and 4.11b). Tables C.12 and C.13 report the
local coordination environment of the €anotif involved in GH bond activatiorat

the transition state.

A) (B) ©

9
Ji}d * .4{ JHboud ) y

b % y
”}?‘;‘ J/'?J; / Q/J *

Figure4.11: Protolytic GH activation transition state geometry {Clmcal
environment shown) fog) di-Co@DeAIBEA, (b) di-Co"“@DeAFBEA, and €)
dinuclear [CeO-Co]@DeAlBEA.

J

T h ehydride elimination can occur via two pathways. The first involves both
Co atoms of the G®-Co bridge and will be referred to as the cooperative pathway
(Figure 4.12a)In this case, the-hydrogen of the&Co-ethyl complex is abstracted by
thegeminal Co of the G®-Co bridge, whichin the procesdpses one of itsSiOH

ligands. There is no spin crossing here, and the hydride transfer happens over a

ind p @ kImol! barrier on the higispin (septet) potential energy surface; the

corresponding free energy barrieqi‘d p L kJ molt. The second pathway

(Figure 4.12b¥ollows in the footsteps of the singlx?* site. The Co atom abstracts
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theb-hydrogen of its ethyl ligand after a spin flip that pairs two of i&detttrons and

crosses over tthe quintet potential energy surface, on whuﬂ)?f p o kJ moft
(Wd p T kJ moft).
Jﬁﬂ 2 R 2
e 2% )
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Figure4.12: Ethane dehydrogenation on dinuclear {G«Co]/DeAIBEA active site.

(a) Cooperative mechanism involving bd@lo(1l) atoms. ) Spincrossing mechanism
involving a single Co(ll) atom. Atom labeling convention: H, white; O, red; Si, green;
Co, blue; C, black.

Once theb-H elimination iscompleted, the systeanosses back to the septet
state. Energy wise, this mechanism is more efficient; see Figure 4.13 for complete

energy profiles. The n t r iHrelminationbbarrier between dinuclg&o-O-
CoJ@DeAl-BEA (og'Od p o kJ mol! quintet spin stafeand the singksite

modeldi-Ca*“@DeAl-BEA, (op'Od p T kJ mot?) 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 tHes€ission and the
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Co-alkyl product intermediate via hydrogen bonding, which results in the lowering of

the entire energy profile.
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Figure 4.13: Electronic (A) and senmstandard Gibbs (B) energy profiles at 625 °C
(5% ethane conversion) of the cooperative (red) and SCO (blue) pathways cen the di
nuclear model.

The microkinetically simulated reactive flux through the spimssing
pathway is twice as large as the flux via the cooperative pathway, confirming that the
former is kinetically dominantin this respect, it is not surprising that the FOF
determining TS is thb-hydride elimination TS, according to sensitivity analysis of
thereaction network (Table C.14) he reaction is first order with respect to the
ethane partial pressuo@ account of the low active site coverage by the intermediates.
The apparent activation energy on thieucleajCo-O-Co]/DeAl-BEA active site
model is 76 kJ mot’; recall that for theli-Co@DeAl-BEA anddi-Co"‘@DeAl-BEA
models, these values grex kJ moft and p x kJ molt, respectivelyThe large
difference between thexperimental apparent activation energyg@ kJ mot?) 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% catalygim a qualitative point of view,
Co-O-Co sites grafted on silanol defects in dealuminated BEA behave remarkably
similar to those grafted on asilica. Interestingly, the apparent activation energy on
Co-O-Co/SiQ site is aroun@5 kJ molt higher than that iDeAl-BEA i possibly
becausén DeAl-BEA, the GH scission transition state further stabilizedby

hydrogen bondingas we noted earliefhese simulations suggest that to increase the
likelihood of creating these highly active dinuclear motifs, it could be worth

impregnating Co intalealuminated BEA frameworks with lower Si:Al ratios.

4.6 Conclusion

We studed the dynamics of active sites in Co@D#&&A catalysts during
NDE reaction. The coordination structure and its evolution at different stages of the
reaction (i.e., asynthesized, preeduction, during reaction, and pastction) were
elucidated by a combination of-sku and insitu characterization techniques. The as
synthesized Co@DeMEA contains highly dispersed €wspecies, strongly
interacting with silanol groups in defect sites in D&KA zeolite. At low Co loading
(e.g., 0.5mass%), the dominant coordination structure compesatiedral Ct'
mononuclear sites dioordinated to the zeolite framewovkith two neighboring
silanol groups (i.e(f SiOxCo(HG Sil )2). Exposure of the asynthesized sample to
ambient air resulted in the formation of octahedrally coordinatétdasters and/or
Co** species. Under NDE reactidn;situ XANES showed that iHexposure entirely
reduced the Co sites present t¢'Gmd new electronic spectral features consistent
with those accompanied by LMCT transitions emerged. The local electronic and
atomic structure of these Co sites persisted throughdig €posure and the material

was again foufold coordinated in the poseaction stage. Notably, higher metal
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loading led to elongated G0 bonds in both the pestaction and activated states and,
regardless of loading, the €& bond was compressed and anharmonic under reaction
conditions.

The Co/DeAIBEA catalyst demonstrated active, selective, stable, and fully
regenerable performance for NDE. A reaction mechanistic investigation on the
mononuclear isolated [ SiCAHO'S i J) sites revealed that only the silanol defects
render the framework CGb site active. This is because the silanol clusters impart
flexibility to the C&* site.Isolated C&' sites in BEA framework without silanol nest
around are inactive for dehydrogenatidhe dominant reaction pathway proceeds via
spincrossingand theraté i mi t i n g -hgdride pliminaion rhbeth the
isolated and dimeric active sitdhemonomeric C&" sitesin DeAl-BEA zeolitehave
comparable apparent activation energrdsich is in excellent agreement with the
experimental activation energyhe dnuclear{Co-O-Co]/DeAl-BEA siteis
remarkaby active in fact more so thasimilar dimericsites on amSiO;, due tothe
stabilization ofintermediates 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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Chapter 5

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 Snbstituted 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 SE6HA 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-8enter4-electron bond (@Sni :Pt), affirm the absence of i Sn

bonding, and thus resolve the ambiguity related to the coordination of Pt to framework
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Sn. We predict that the G8ni :Pt and ShOi Pt Pt Si bonding motifs in SICHA are

stable and active for ethane dehydrogenation. We relate our findings and conclusions
to recent experimental characterization of Pt ilB&EA 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 wétkontributing to the overall
completion of this thesis. Sanjana Srinivas performed allhaitio molecular
dynamics simulation®lectronic structure calculatioasd microkinetic analysis.
Stavros Caratzoulas/ersawthe theoretical calculations and analyBignisios G.

Vlachosconceived and managed the project

5.3 Introduction

Supported single platinum ator{f8As) and suimanometer clusters have been
garnering attention for the selective, higimperature alkane dehydrogenation to
alkenes.’’ These catalysts show high atom efficiency, i.e., high activity per fbm,
making them a costffective alternative to the conventional PtSa@lcatalyst. Such
low-nuclearity Pibased catalysts present feweiebonds, which reduces the
propensity for &C cracking and coking, and thereby are more selective for alkénes.
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 supporf? 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 al29and Kistleret al!®2 have reported the synthesis of trapped single Pt atoms
in the 6membered cages of the zeolites Y and KLTL, confirmed by aberration
corrected STEM studies. In this configuration, zeolite Y showed ddideincrease in
turnover frequency for-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 Rhanlometer clusters satisfy the
four tenets of a promising catalyst: high activity, high selectivity, extended stability,
and improved sustainability due to high nehtem efficiency.

Incorporatingheteroatoms 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. LeZGansalezt al.!8
reported extended catalytic stability and reduced sintering of small Pt clusters in a
highly defective, isomorphously substituted8f1 framework. Extensive
characterization suggested that the silanol defects and the framework Sn provided
anchoring sites to the small clusters. etwal? reported extended stability of small Pt
clusters in StBEA under dehydrogenation conditions. They, too, reasoned that the
framework Sn and geometric constraints can stabilize small Pt cliRésently,

Lefton et al1®* extensively characterized lemuclearity Pt clusters synthesized by
wetness impregnation of dealuminated BEA and eB&A, 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



environment of the dispersed Pt species. Ledtom 184 concluded that only P8n
bonding was likely because attempts to fit®itSn paths to their XAS spectra had
resulted in nonsensical coordination numbers, whereast lid®® had previously
reported only RtOi Sn 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®* 185put they have distinctly different electronic structures and, likely,
activity. The reported coordination of Pt b$iOH group$*is related to the
dispersive effect of silanol nests but this bonding structure, too, is ambiguous.
Microscopybased methods like HAADBTEM 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 lowuclearity 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 dehydrogenatié?f. Taking advantage of the lemuclearity 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. Usingi thieaPd
Pt Sn atomic separations as order parameters, to distinguish between associated and

dissociated states, we performadainitio 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
parametersLast, we discusmsights 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 36-3ites, was taken from the International
Zeolite Association (IZA) website. The framework contains three types of rings, 4
and8-membered. There is only one crystallographic site that substitutional atoms can
occupy. To build the Seubstituted model, a Si atom in the unit was replaced by Sn
and the model was reoptimized. Periodic deniityctional theory (DFT)
calculation$®® 8were performed at the Perd@urke-Ernzerhof (PBEf8 theory
level with D3 dispersiof¥®in CP2K%C. The DZVRMOLOPT-GTH basis set was used
with a planewave cutoff of 400 Ry. The core electrons were treated with the
GoedeckeiTeterHutter (GTH) pseudopotentials, and the valence electrons were
treated with the Gaussian and plane waves (GPW) approach implemented in CP2K.
The selfconsistent field (SCF) calculations were converged to &) and the
geometric optimizations were performed using the conjugate gradients (CG)

optimizer. The forces were converged to 4.5%Ha/Bohr. Silanol defects were
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created by removing a$i-O-Si- moiety and adding hydrogens to the unsaturi&d

Oi bonds. This created ariembered defect ring which is typically more stable than
the 4membered one (created by removing a single Si atom) in which the 4 closely
packed' Sii OH groups experience repulsive forces. There are three ways to remove
an StO-Si moiety from the CHA framework: across theathd 6 membered rings;
across the-6and 8membered rings; and across the@dd 8membered rings. The
lowest energy structure results froni Qi Si deletion from the 6and 8membered

ring. This is the structure used in this study.

5.4.2 Finite cluster electronic structure calculations

Cluster models were carved out of the optimizetf O O b Bplerddic
structures as spheres of radius 6.5 A centred on the Pt atoms. The Si dangling bonds
were saturated with H atoms in the direction of th©Sbonds present in the periodic
0 0ji 6 N nstructure All electronic structure calculations with the cluster models
were performed using Gaussian 09, version®@he C, Si, O, H atoms were
modelled at the B3LY® 67TZVP theory level and the Pt, Sn atoms were modelled at
the B3LYP/LANL2DZ theory levéP. An empirical dispersion correction by
Grimmeé® 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 approximatz®00 K using the pMuTF
utility (version 1.2.12); frequencies below 100 tmere set to 100 crhfor all
intermediate®. To mimic the rigidity of the zeolitic framework, the peripheral
hydrogens were kept frozen during optimization and frequency calculaanhsal

bond orbital analysis was performed in the NBO6 progtam
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5.4.3 Microkinetic simulations

Microkinetic analysis for a fixed bed reactor (FBR) was performed in
CHEMKIN.® 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 summarizedTiable 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 settp 1 andp 1, respectively. Specifically, the tolerance values correspond
to the gas mole fractions and intermediate coverages (quantities bounded between 0

and 1).

5.4.4 Abinitio molecular dynamics simulations

The AIMD simulations were carried out in the canonical ensemble (NVT) at
900 K, using a chain of three NeB®over thermostat®’ with a relaxation time of
500 fs. For systems containing hydrogen, we observed oscillations in the temperature
associated with the Toda demdtand in order to eliminate them the thermostat mass
was set to 18times the default value for each system. All calculations were
performed at the PerdeBurke-Ernzerhof (PBEf®theory level with a D3 dispersion
correction of Grimmet al!8in CP2K. The equations of motion were integrated
using the velocity Verlet algoritht?f 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 1xIPeV and the energy cutoff was set to 400 Ry.

Thermodynamic integration (T1) free energy calculattdhsere performed

using either the PRt or the PSn interatomic distanc&( ,Q ) as the
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collective variable. The free energy difference between the two configurations
corresponding to the reaction coordinate values afidl b was calculated using Eq.

5.1
w@hh | — Qa (5.1)
where — is the generalized force associated with the constraint on the reaction

coordinate in the MD simulations.JA @f 2.5 nm was used to define each window
and the constraint on either theMtbond or the P&n bond was enforced using the
RATTLE algorithmt®®, 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 RtPt and RtSn atomic separations as order parameters to
distinguish between associated and dissociated states, we perforfresz driergy
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.l1a)in CHA with silanol defects created as described in
Methods (defCHA, Figure D.1; in ShCHA (Figure D.1¢; and in SRCHA with
silanol defects (deBn-CHA; Figure D.14.

Figure 51 shows the RtPt potential of mean force (pmf) as a function of their
separatiorQ2 in CHA, defCHA and SRCHA. In pristine, stoichiometric CHA
(Figureb5.1a), 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-G&fA (Figure5.1b), the

Pt Pt pmf is essentially repulsive at sh@t , with only a very shallow local
minimum atc& A, 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
Al203 (110)2°7In pristine SARCHA with Sn:Pt ratio of 1:1, the PPt pmf is similarly
repulsive at shor@ (Figure5.1c). Visual inspection of the MD trajectories in the
free energy well @@ X A revealed that each of the two Pt atoms prefers to
coordinate with a framework Sn. We confirmed the facilé&SRtassociation in Sn

CHA by computing the PS&n potential of mean force, which is shown in Figuga.
Evidently, Pt Sn binding is thermodynamically favorable yO  p gkcal/mol

relative to the local free energy minimum at which the Pt and Sn atorm&ake

apart. These results are quite pleasing because not only do they agree with
experimental reports about the stability of dispersed PtiBESh and SAMFI under
dehydrogenation conditions conditiofid%* 1%put 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 thermodynamicsSsf Binding

in detSnCHA and the results were quite surprising. THeSatpmf in defSnCHA,

shown in Figuré.2b, is clearly repulsive. At the minimum'@t LA,

inspection of the MD trajectories revealed that Pt prefers coordination to the silanol

defects to binding to the framework Sn.
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Figure5.1:  Potential of mean force between two Pt atoms in (a) CHA, (b) def
CHA, and (c) SHCHA.
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Figure5.2:  Potential of mean force between Pt and Sn atoms on {@H&n and
(b) defSn-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 analyzinguenched structures corresponding to the two minima
in the Pt Pt potential of mean force in pristine CHA. As we saw earlier, dispersion of
the Pt atoms is thermodynamically less favorable th&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 ini & & bonding structure
between a-6and 4membered ring, elongating the framework@ibond from 1.63 to
2.84 A Figure D.3%; such a stable geometry in siliceous zeolites has been reported
beforel®® According to natural bond orbital (NBO) analysis of a representative cluster
model (Figures.3a), the Pt atom in 8Pt O issd-hybridized and its two bonds are at
87°, consistent with the spatially orthogonal topology ofstthbybrids Figure D.33.

In this Si Pt O bonding structure, Pt acquires some positive ch@rge (& XQ.
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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 tfeaMd KLTL'®? zeolites have

been confirmed by aberratimorrected STEMIn the quenched configuratioRigure

D.29 associated with the thermodynamically more stablstBte in pristine CHA,

the two Pt atoms are in aiPt(Si)(O) bonding structure. In this, the two Pt atoms
acquire distinctly different electronic cfF
bonded to Pt, Si and O (bond angles 85°), is wedged between theahd 6

membered rings, interrupting theii 8 bond and, based on NBO analysis (model in
Figure 5.4a), it is sé-hybridized, which explains the mutually orthogonal bonds
(Figure D.44. It is also positively charged witf @ 'Q namely, it is more charge
depleted than isolated Pt atoms in tHd*®Si moieties described earlier (af.,

& X and one should expect stronger blue shift in the CO IR spectrum. The second
Pt atom in RtPt(Si)(O) is inside the cage formed by theardd 6membered rings and
negatively charged( @ Q. This Pt atoms is not hybridized and is bonded to

t he fAcent r a-obrhital BVe wilhsed Idter that tke mersonuclearf&iO

active site is a lot less active than the dinuclealP®%i)(O) for G H activation.

We described earlier that silanol defects in unsubstituted CHAQH#&)
dispersed the Pt atoms (Figiréb) and that visual inspection of the trajectories
showed coordination of the Pt atomd &OH nests. Quenching of configurations
associated with the free energy well centered at 1® A yielded the SiOi P
H bonding structures, namely, the dispersed Pt atoms inserted themselveks in O
bonds using thesd-hybrid orbitals Figure D.1). NBO analysis (model in Figure

5.3b) showed that in this configuration Pt acquires again positive partial aharge
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@ 82 We also quenched sampled configurations corresponding to the
thermodynamically less stable (by owly 8 kcal/mol) dinuclear state £We found
the bonding structure 8Di Pt Pt H after 1,2insertion of Ptin the Q H bond of a
defect silanol (Figur®.4b). Here, again, the Pt atoms addybridized but,
interestingly, the Pt bonded to the O atom is electronically depletedfwith & ‘Q
whereas the Pt bonded to the H atom is nearly neutralfjwith 18t ¢ (Figure
D.60). Furthermore, the NBO analysis indicated the presence-ceat8r4-electron
bond (3e4e), O:1 Pt :O(H), between the Pt and O atoms in boldface typ&inOi
Pti P& H and a proximal SIOH oxygen atom. In this 3de resonance state, the
participating O atoms take tudsot necessarily with equal probabilitéesn bonding
with the Pt atom, and when one of theni-dsonded to Pt, the other donates an
electron pair to the corresponding antibonding orbital.

As we noted earlier, the MD simulations showed that, ifSte€HA, PtSn is
not thermodynamically stable (Figuse€b) 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 &t potential of mean force shown in Figbr2b,
yielded the SiOi Pt H (Figure D.1d bonding structure, similar to that in déHA.
Unsurprisingly, thesd-hybrized Pt atom is positively charged, with 1@ 082
(Orbitals shown irFigure D.5¢.

Only in the absence of silanol defects did we see dispersion of Pt by
framework Sn in SICHA. The quenched structurgigure D.1¢ corresponding to the
free energy well a@ X A shows the Pt atom being coordinated to a framework

Sri O bond. NBO analysis (model shown in Figbr&c) showed that the Pt atom



actually participates in a 3 bond, Q:Sni :Pt. In this hybrid state, the Pt atom is
60% in a state in which the Pt donatasslane pair to the ©  orbital, and 40% in a
state in which the O donate®ptlone pair to theg * orbital (Figure D.5h. The Pt
in this bonding structure is not as electronically deplajed ( @ XQ as in the
bonding structures we have described so far and in which the Pt atom was stabilized
by inserting itself in the CH bond of defect silanols.

As we mentioned in the Introduction, Leftenal 18 recently concluded by
EXAFS analysis that only P8n bonding was present in-8t-deAIBEA samples at
low Pt loading (0.03 wt%) because attempts to fitl*Sn paths to their XAS spectra
had resulted in nonsensical coordination numbers. DireshRtonding has also been
recently reported by Doet al1%in the SAMFI framework, although the authors in
that work claimed that Sn was in the 2+ rather than 4+ oxidation state. Our simulations
and analysis indicate directiBin bonding and the absence af®tSn bonding, more
in agreement with the findings of Leftemal18* In contrast, Maet al!®® have
reported only RtOi Sn bonding in the XAS spectra of8irdeAIBEA samples.
Although further characterization studies might be needed to resolve this
disagreement, it is conceivable that it is due to differences in the synthesi8BASn
and the bonding structure of the Sm atom i
ver sus 0 eaSp@H WheresS Le@oet al1®* used the sequential
dealumination and impregnation approach,élal1®® used the hydrothermal
structural reconstruction method. In the latter wot%n NMR analysis indicated the
formation of the oct-@fedSH)-OHiMagtald® st ruct L
further asserted that®sn MAS NMR, U\AVis and insitu XPS suggested that the Pt
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atom anchors itself to the hydroxyl group
reduction results in the ($9):Sr"-0-Pt, (n-115) bonding structure.

For completeness, in the activity studies presented below, we also considered
for SnCHA the Sii Oi Pt Pt Si bonding motif, formed by 1;msertion of Ptin one
of the four Si O bonds next to SriF{gure D.2¢. For this bonding structure, the NBO
analysis (Figur®.4c) showed that the two Pt atoms acquired different electronic
characteristics, much like theiPtt ( Si ) ( O) structure in prist.]
(bonded to O) in SrOi Pfi Pt Si issdhybridized and positively charged with
MQ namely it is more depliRB)]stractu@m t he 0nc
CHA. The second Pt atom (bonded to Sgdshybridized and nearly neutraj (

13t ¢€) (Orbitals shown ifFigure D.6H).

Before we turn our attention to the activity of the active site motifs described
above, we should make an additional note related to the characterizatie@ref Pt
deAl-BEA.184In that work, pyridineR 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®t-deAIBEA samples at low Rbading
(0.03 wt%) showed minimal PSn interactions and moreifl than PitPt
interactions. This suggests that at low Pt loadings, a greater fraction of isolated Pt
atoms was coordinated with the silanol nests, formin@Ad bonds, which agrees
with our free energy calculations for Pt in ¢&#CHA (Figure5.2b). The authors also
reported two CO stretch frequencies in the IR spectra-8hieie AIBEA samples at
low Pt loading'®* 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



related to diminishetl backdonation to CO. From our simulations and analysis of Pt
in defSnCHA, Pt atoms participating i8ii Oi Pi H bonding with silanol nests are
more depleted electronically than those coordinating to framework Sn-dia Q¢
Sn:i Pt bonding. Therefore, the positively charged Pt atoms associated with the high
CO stretch frequency reported bgfton et al1# must be those coordinating to the
silanol nests, while the Pt atoms assigned to the low CO frequency should be those in
the O Sn+:1 Pt 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 Rokidative dehydrogenatiorf?
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Figure5.3:  DFT optimized cluster models of the;Bpecies in different local
environments (a) CHA, (b) d&HA, (c) SrCHA, and (d) defSn-CHA. (H, white; O,
red; Si, green; Pt, blue; Sn, dark green)
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Figure5.4: DFT optimized cluster models of theBpecies in different local
environments (a) CHA (b) d&€HA (c) SrCHA, and (d) defSn-CHA. (H, white; O,
red; Si, green; Pt, blue; Sn, dark green.)

Table5.1:  Average OPtSi and GPtH bond angles along the-Pt nucleation
trajectory in CHA and defecte@HA, respectively.

Pristine CHA Defect CHA

Q (B) " OPtSi |Q (B) ~ OPtH
2.5B 97° 2.8B 89°
3.8B 97° 3.3B 88°
4.8B 88° 4.6B 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 arei: i O in pristine CHA (Figur&.3a), Si Oi
PtiH in defCHA (Figure5.3b), O1 Sri :Pt in SACHA (Figure5.3c), Si Oi Pt H in
def-SnCHA (Figure5.3d); and the dinuclear Pt sitesi Pt(Si)(O)in pristine CHA
(Figureb.4a), Si Oi Pt PiiH in defCHA (Figure5.4b) and ShOi Pt Pt Si in Sn
CHA (Figure5.4c). 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 deletionsand H
recombinationEigures D.7andD.8 as well asTable D.5show the Gibbs free energy
and electronic energy diagrams respectively).

The Q H 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
or bi t al-8andthe abstraztedH. With the exception of tHieS@::Pt site in
SnCHA, the partial charge of the catalytically active Pt on the rest of the sites
increased (Tablb.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 2%

can proceed without a change in the formal oxidation state of Pt, but
rather with an increase in its maximum covalency. Here, upéhsCission, 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 Figure5.5a, we plot the CH activation barriers on the different sites. The
site O1 Sri :Pt in SRCHA, and the sité Sii Oi Pt H, found in both deCHA and def
SnCHA, are the most active fori €l activation, with potential energy barriers in the
range of 510 kcal/mol. The rest display moderate activity, except &irPt Oi 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 monomeri¢ fba@ivation. The
reason for this seems to be the degree of polarization oPth®i andi Pt Pt
bonds. NBO analysis of the & scission transition states and of the intermediate
preceding it showed substantial secander mixing (se@ able D.) between the
singly occupie®po r b i t a {C withfthe,t* h én thdi Sii Oi Pii H structure or
the,, * in the dimeric active site motifs, weakening the respective bonds.
Therefore, the CH activation barriers should correlate with the strength of BieOi
andi Pt Pt 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 $Seble D.2in the Sl).

Figure5.5b shows the intrinsic activation barriers for BREl elimination. The
first, salient observation is a change in the activity trend described above. The dimeric
species, F Pt(Si)(O)in pristine CHA, SiOi P Pfi H in detCHA, and ShOi
PtE Pi Si in SnCHA, seem to be more effective than the isolated Pt sitdsHbr
elimination. Here, we use the notatioRtE Pt to signify that after the IGH activation
the dimeric sites are nominally so because thetiond 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, thEl 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@8iPt H in detCHA, O Sri :Pt

in SHCHA, and Si OE P H in detCHA and defSnCHA), theb-H of the Ptethyl
complex is abstracted byEot e Rtgadentter rietns
the Pt O bond is broken afteri® activation). On the dimeric sites, 8ii Pt£ P H

and SiiOi Pt Pt Si, on the other hand, tifieH of the Ptethyl complex is abstracted

by the neighboring Pt atom. TheEFRt(O)(Si) site in CHA is yet another exception as
theb-H is abstracted by the Pt of thed®hyl 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 thé i Pt Pt H and SiiOi P Pii Si sites, the Pt atom

that used to be bonded to the Pt of the mettayl complex is undercoordinated, as it

is only bonded either to an H or to a Si atom and can readily abstréeHtloéthe
metatethyl complex. On the mononuclear site§ (% P& H, Oi Sri :Pt, and Si

OE Pii H), however, we were not able to locate transition states in whidikhe
transferred to the O atom of the dissociated siloxide ligand. This is not surprising in
light of the fact that the IGH activation takes place homolytically and that the Pt atom
retains the 'si° configuration. Therefore, subsequent transfer obtkkatom to a
neighboring O atom would entail a protooupledelectrontransfer 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 (conditionsTiable D.3 and the ethane
dehydrogenation turnover frequencies (TOF) on the different sites are plotted in
Figure5.6a; the corresponding apparent activation energies are plotted in Figjore

Table5.3 lists the reaction orders and most abundant intermediate across the sites.

13t



Four active site motifs, three of which involving dimerig $fiecies, showed similar

high activity, although the first in the list below was more active than the rest by about
an order of magnitude: ARt(O)(Si) in CHA; SinOi Pti Pt Si in SrCHA, Sii Oi Pii

Pt H in detCHA and defSnCHA; and Oi Sri :Ptin SARCHA.

In Table D.4we show results from sensitivity analysis to identify the-rate
limiting elementary steps on the various active sites. ORtfD)(Si) in CHA, the rate
is controlled by both thei® activation and thé-H elimination. On ShOi Pt Pt Si
and Oi Sri :Pt in SRCHA, the rate is only sensitive to theH elimination, whereas
on SiOi Pt PiiH in defCHA the rate is determined by thé& i activation alone.

Even though the isolated Pt atoms activate fild Bond rather readily, they
do not always show the expected high activity. The reason is that the isolated Pt sites
overstabilize the Ralkyl intermediate and that makes firél very slow. It is also
worth noting that while the geometrically constrainedP®{O)(Si) motif in CHA
shows the highest activity, its propensity for sintering could shorten its catalytic
lifetime. Thus, the @:Sri :Pt and ShOi Pt Pt Si motifs in SARCHA, and the SiOi
Pt Pt H bonding structure in dé&2HA should be the most active and stable catalysts
among the sites investigated.

Interestingly, the PPt(O)(Si) motif in CHA as well as the &n-:Pt and Sn
O-PtPtSi motifs in SACHA show lower apparent activation energies ( by less than
10 kcal/mol) than the sites with corresponding nuclearities PBEn, PtSn) on the
conventional alumina suppdtt highlighting the crucial role of the support and of the
oxidation state of the Sn atom (Sn(lV) in CHA, Sn(0) on alumina) on activity. The

sites on alumina show facile activation of théd®ond on account of being
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undercoordinated. However, their overall activity is reduced by intermediate

coverages and the high barrier of Bkl elimination.
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Tableb5.2: Partial charge on the central Pt atom across the active sites.

Active site Ap jn CoHe* Ap jn TSCH
O:-Sn:Pt/ShCHA 81 Q 181 CQ
Si-O-PtH/defCHA ™ Q ™ 00
Si-O-Pt-H/defSn-CHA ™ Q ™ U0
P Pt(Si)(O)/CHA ™ Q ™ Q
SnO-PtPtSi/SnHCHA T 'Q T Q
Si-O-PtPtH/defCHA ™ Q T@'Q

Table5.3: Reaction orders and most abundant reaction intermediate (MARI)
across the active sites.

Active site Rxn order in MARI
ethane
O:-Sn:Pt/SnCHA 0.5 CoHa*
Si-O-PtH/defCHA 1 active site
Si-O-PtH/def-SnCHA 1 active site
Pt Pt(Si)(O)/CHA 1 active site
SnO-PtPtSi/SnCHA 1 active site
Si-O-PtPtH /defCHA 1 active site

5.5.3 CONCLUSIONS

We have performedb initio molecular dynamics simulations and electronic
structure calculations to identify and characterize stable Pt active site motifs in CHA
and SRCHA, 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 promote$ Pt 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 SHBEA by Leftonet al18We 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-@énter4d-electron O:Sn-:Pt bond and by

affirming the absence of RDi Sn bonding, in agreement with the recent suggestion by
Leftonet all®*

We identified four active site motifs, three of which involving dimeric Pt
species, that exhibited high activity for ethane dehydrogenation:itRg®)(Si) site
motif in CHA, the SinOi Pt Pt Si in SRCHA,; the Si Oi Pt Pt H in defCHA and
def-SnCHA; and the Q:Sni :Pt in SRCHA. The first on the list, PPt(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 @Sni :Pt and ShOi Pt Pt Si motifs in SARCHA, 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 Lefébral and by Dotet al regarding Pt
species at low loadings in BEA and SAMFI, 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.



Chapter 6

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 anfes0. (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 propertiesasfdNi
Nison CZO(111). Surface and subsurface oxygen vacancies rféa&r dominate
due to distortiorinduced stabilization across DRidlevant chemical potentials;
vacancies prefer to be subsurface. Interestingly, Ni single atoms coordinate with two
Oz surface atoms on CZO(111) (Q ), unlike threefold coordinated Ni atoms on
hollow sites of Ceg{111). Nk does not directly bind to oxygen vacancies due to its
oxophilicity and steric hindrance caused by multiple surfa¢éiGes. Clusters, on
the other hand, can bind favorably at a surface oxygen vacancy. Ni adatoms are more
stable than Niat trimer defects comprising one Ce and two oxygen vacancies
(6 QU ), at the pristine surface, and at théQ  site with a nexhearest 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
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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 vi8tkontributing 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 andirected the project.

6.3 Introduction

The recent shale gas boom in the?¥33he growing need to reduce carbon
emissions, and the importance of hydrogen in transitioning to a renewable energy
economy®* 2®make the dry reforming of methane (DRM)0 6 O P ¢O
¢0 U an attractive route to produce hydrogen. Reducible metal oxides are potential
catalyst supports as they allow facile oxygen vacancy formation and replenishment in
the Marsvan-Krevelentype mechanism. Ce@nd mixed Ce®i ZrO; oxides
(CeZrixO2) have been shown to be excellent supports for this rea€fiowing to
their high oxygen storage capacity (OSC). &ftal?°’ have shown that GBri.«O: is
easier to reduce because Zr is smaller than Ce, which introduces lattice distortions and
weakens the GO bonds?®® 2%° Homogeneously dispersed*Zin the CeQ lattice at
a Ce:Zr ratio opdp (hereafter referred to as CZO) shows the highest reducibility and
080_209, 210

Highly dispersed nickel on CZO is an attractive catalyst for DRM because of

ni ckel &s abundance, hi gh®&dqhecomplexy, and
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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 defeeNi interactions hinges on the structural homogeneity of the catalyst.
Furthermore, statef-the-art experimental techniques have yielded limited

information about the active site and its local coordinattbrf*>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 CZ0O(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 angld\ister on stoichiometric and non

stoichiometric CZO(111) and vacancy formation in the presence of nickel and provide
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insights into nickeupport 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-ppiarized
DFT framework, using th¥ienna Ab initio Simulation Package (VAS#) 217
version 5.4.1The exchangeorrelation energy was calculated using Reedew
Burke-Ernzerhof (PBE¥ functional within the generalized gradient approximation
(GGA). The core electrons of each atom were described byrifjectorAugmented
Wave function (PAWY "°method, and the VASRecommended pseudopotentials
(v54) were used for all elements. The -@hectron wave functions were developed on
a planewave 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/A was used,
and each seltonsistency loop was iterated until reaching a convergence levefof 10
eV.It is well known that the GGA method incorrectly reproduces the band gaps of
CeQ and ZrQ and fails to accurately describe the localization of Ce 4f states upon
oxygen vacancy formation in Ce(n account of the electrons being strongly
correlated in the Ce 4f state. To remedy this, we adopt the DFT+U forrfidli¢th
which has been extensively benchmarked and shown great success in describing
vacancy formation, dopabehavior and catalytic activity on CeQOInformed by the

vast literature on Cefand less so on ZeQwe select U = 5 eV for the Ce 4f stat8s
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and U = 4 eV for the Zr 4d staté$ Similar to the approach presented by Livraghi
al.?22 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
ZrO>. For comparison, we compute the surface and subsurface vacancy formation
energy on a p(4x4) Ce(111) surface and the bulk vacancy formation energy in a
(2x2x2) supercell of bulk Cef@o ensure similar oxygen vacancy concentrations,
using the same settings. Since multiple local minima with differetit Ce
configurations can exist upon reduction or nickel adsorption, we explored the
thermodynamically preferred arrangements
nextnearest to the adsorbed nickel species. To generate these configurations, we
employed a twestep 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*eonfiguratiort®.

6.4.2 Bulk and Surface Models of CZO
Two types of bul k phases are -often cons
CexZr20g phase, which has segregated blocks of e ZrQ units as viewed along
[001], and the-CeZr,0Os phase, which has uniformly distributed*Cand Zf* ions,
as viewed al ong [ 0 0QeZr.0gfdhbse with its@lectroDiSadd of t h e
geometric origins has been widely studied by B¥72% While segregation has been
suggested at high temperatures under oxidizing/reducing environments by EXAFS
studies!? 2?8 jts 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 minim&. Therefore, in this work, we assume
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uniform ordering of C& and Zf* cations in bulk and investigate surfaces cut from the
less studied-phase. To model the CZO unit cell, we substitute Zr atoms for two Ce
atoms in the unit cell of cubituorite CeQ. The bulk structure, which is a (2x2x2)
supercell of the cubic unit cell is shownRigure E.1Bulk oxygen vacancy formation
energies are computed using this structline structure is only slightly distorted from
the cubic fluorite to a tetragonal geometry (c/a =1.805)esulting in uniform surface
cuts.

From the aforementioned bulk structure, we carved out the perfect crystal's
most stable (111) and (110) surfaces. We constructddyeB®slab (30-Ce-O tri-
layers) with the 3 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 andthick vacuum layerThe (111)
surface i & J/n? more stable than the (110), like in stoichiometric €&0The
lower energy of the (111) termination can be attributed to the Ce and Zr atoms each
having one less bond with lattice G¢@ordinate surface atoms) whereas, on the (110)
surface, each metal atom has two less bonds withddd@linate surface atoms)
(Figure E.2. All subsequent analysis on vacancy formation and Ni adsorption was
done on the (111) surface. The4apw 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 ), and O coordinated to two Zr and one Ce atom
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(hereafterd ). The subsurface O atoms are coordinated to two Ce and two Zr atoms;
three atoms lie in the same-layer as the oxygen, and one in the layer below it.
Therefore, subsurface oxygens are of two types as well: one, where the dayes tri
atoms comprise two Ce and one Zr atom (hereafter) and the other with two Zr

and one Ce atom in the same layer (hereafter). The bulk oxygen atoms are

uniform. Figure6.1b shows the types of oxygen atoms. Visual inspection shows that
theb andb atoms are displaced downward along the susferenal compared
totheb and0 atoms Table E.}, resulting in elongated Ce Oz bonds (by

~T8T @B).

Assuming a neutral oxygen vacangy (° -0 W , in KrogerVink

notation), its formation energy is independent of the Fermi level and given BylEQ.

w0 © -0 © (6.1)
whereO is the total energy of the stoichiometric CZO slab © & beferring to
the stoichiometric CZO surfacel) is the total energy of the CZO slab with an

oxygen vacancy (vacancy covera@e pIp @, andO is the energy of a ggshase

O2 molecule.Table6.1showsw O for the five defect sitesa ,0 ,0 ,0 h
ando 0 in CZO(111), andhethree defect sites at ,0  and0 in

Ce((111), for comparison.

Table6.1: Oxygen vacancy formation energy for CZO(111) and ££01)

° o (eV) Frw FEFE | Fu, pd F Fm
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} vacancies are easier to form than vacancies on
both the surface and subsurfatalfle 6.}. Among thel 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 fop@&0F>°. Comparing the
oxygen vacancy formation energiesliable 6.1 Zr doping clearly facilitates their
formation in CZO(111) compared to C£D11). The preference of an oxygen
vacancy in the subsurface near acation has been reported previously orddped
CeQ(111) surfacesP. The relative stability trends betwegn and( vacancies

remain the same across different U values for the@bifals Table E.2.

’ Z-direction

s
02 r

s o

. o

Figure6.1: (a) Topview 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 oa(CED), particularly
their interactions with Au and Ir single atofffs?3! as well as with the Nsubstituted
surface examined in this work. Assuming a neutral dete€@( 0 © 6 'Q i

@ ), its formation energy is given by E§2



w©O O Q o © (6.2)
whereO andO were defined earliei® is the total energy of the slab
with a Ce vacancy, arl@ is the total energy of bulk ceria per chemical formula.
With @w 'O 1®eV,w formationin CZO(111) is more facile than in undoped
Ce(111) bym# Q dbut still unlikely compared to oxygen vacancy formation.

The data raises the question: how does Zr facilitate oxygen vacancy formation
in CZ0O(111)? Upon forming an O vacancy, the surface distorts, and two electrons are
left localized in two Ce f orbitals, forming polaréfs232 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 Wetraj 23 we
decompose the oxygen vacancy formation enaxg® () into the energy required to
remove oxygen from the fixed CZO(111) structupe@ ) and the energy gained
from relaxing the atoms upon oxygen remowal@ ). The energies are given by

Eq.6.3and Eq6.4
wO (0] -0 O (6.3)

wO 0 0 (6.4)
FromTable6.2 we see that removing atoms from the surface and subsurface
results in a higher relaxatianduced stabilization compareddo 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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Table6.2: w0 andw©O values for the single oxygen vacancies

Oxygen atom remove( ¢ ‘O Qw| w0 Qw
0 4.07 -2.85
0 5.08 -3.66
0 4.34 -2.53
0 4.29 -2.22

We now turn to electronic and geometric analyses to further understand the
role of Zr in stabilizing oxygen vacancy formation. Figr2shows 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 C¥ ions around the vacancy is evaluated, following the procedure
in Oteroet al?%C. The peaks just below the Fermi level in the pDOS arise from the
reduction of C& to Cée". Figure6.2a shows thar the vacancy ai  , the
electrons are localized on dissimilar Ce atoms: one isafilinated surface atom
adjacent to the vacancy and the other iscadtdinated surface atom away from the
vacancy (although one of the ©ebonds is elongated to 2.8 A, so it is not entirely 7
coordinated). The highamergy forbital belongs to the-Zoordinate C¥. This is
because the reduction of Cavith a higher number of oxygen neighbors weakens the
CeO ionic bond more. Similarly, for the vacancyiat, 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 ofGtbQweds
elongated to 2.8 A, making it closer to-$ofd coordination (Figuré.2b). The
vacanciesal and0 are accompanied by electron localization on
indistinguishable surface Ce atoms, and thtafes are nearly degenerate (Figu2e

and Figures.2d). The Ce f orbitals all have similar energies, making it challenging to



determine the role of Zr in oxygen vacancy formation. Hence, we turn to geometric

analysis to probe the 'O noted above.
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Figure6.2: Defective CZO(111) surface showing the vacancy and reduced cerium
atoms and Ce pDOS on its f states fora) vacancy, (b)) vacancy, (c))

vacancy, and (d) 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 aroundithe vacancy. The
highlighted surface oxygen (Figue2a) shifts downward along the surface normal by
@ B. Distortionbased stabilization of oxygen vacancies around Zr ions has been
discussed for Zdoped Ce@111) surfaces; however, it has only been quantified in
bulk CZO%**Here, we compute th@otmeansquare of displacemenRNISD)
between oxygen atoms in the relaxed and unrelaxed geomeumnafy the extent of

surface distortion accompanying vacancy formationag=>>3

YO YO -B i i (6.5)

where n is the number of oxygen atomsndi are the positions of the oxygen

atoms in the relaxed and unrelaxed geometries, respectiVelgid not include Ce

and Zr in our analysis as they undergo significantly delsscation than the oxygen

atoms. We computed the RMSD of the oxygen atoms in the first coordination shell of

the vacancyRigure 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 | ayerBbld6i3Jndi cated as Obdexter
0 vacancies at the surface and subsurface distort the structure mobe than

vacancy. This agrees with the view of distortinduced stabilization of oxygen

vacancies around Zr atoms previously noted in bulk €ZGreater structural
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relaxation upon vacancy formation helps accommodate the largeio@g in the
lattice. Similar O trends betweedd and0 vacancies were noted in Table
6.2, showing that the RMSDs upon vacancy formation correlate withuxi@

like in bulk CZO.

Table6.3: 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) Fra FL
Surface (first shell) 0.28 0.4

Surface (extended) 0.08 0.09
Subsurfacdfirst shell) | 0.22 0.25
Subsurfacéextended) | 0.1 0.1

All the w 'O values reported so far have been computéd atmv and
A Y mOf  Tand are not representative of vacancy formation under reaction
conditions.Therefore, we examine the stability of the defec@@D(111) surfaces at
finite temperatures and different O2 partial pressures. It is useful to understand
vacancy stability under oxidanich and oxidanpoor conditions, especially for Mars
vanKrevelen reaction mechanisms, which invoke oxidation and reductiocyaés
involving lattice O. Assuming the surface vibrational contribution to the free energy

does not affect trends, we write the free energy of vacancy formation asGréEq.

w0 O (0] 0 ° 0 Q ¢ whenQ Q
Or

w0 O (0] 0 ° — Q o whenQ Q
(6.6)
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whereO is the total energy of the defected CZO slab,and0  are the
numbers of O and Ce vacancies, respectively; antf¥) is the chemical potential of
atomic oxygen in the reservoir. Here, it is convenient to introdiiceas

referenced to half the total energy of oxygen in an isolated molecule ab® K (
A "W} - 'O ).Based on the DFT+U formation energies of the bulk oxides,

- Q o3 Q ¢ atgA P Q@O ¢ &

Under DRM conditions where lattice O abstraction by CO and O vacancy
replenishment by Cfare quasequilibrated, the effective O chemical potential is
defined asA A A . Here, rather than the partial pressure §fAO under
reaction conditions depends on the ratio ob@@d CO partial pressures. We follow
Zhang et al.'s methodology to compute the reagttevant rang&®, and find that for
"MON PTihp p mmA YN Q@O0 £ a8 o th 08t 0. SincewA

oPp Q@d0 ¢ awhenry jn is0.5wA values betweer8.15 and3.78
eV.atom! correspond to increasingly reducing conditions and betwséb and-3.03
eV.atom'to increasingly oxidizing conditions.

The upper bound & “"Yr} can be extended to the energy of an isolated O

molecule at 0 K, namely
I A@d ¥ -0 (6.7)
Therefore, for  "Yn referenced to the energy of an isolatech®@lecule at 0 K, the

bounds are
T A -0 Tt (6.8)
Figure 6.3shows the relative stability of different types of defects on

CZ0O(111). In addition to oxygen and cerium vacancies, we have investigated a cerium

vacancy with one oxygen vacandy (1 ) and with two oxygen vacancies
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(6 Ch G ). Under reducing conditions, oxygen vacancy is favored, with a more
negatives' than on Ce@111Y?° consistent with the reported higher reducibility of
CZO?®. Increasingd  "YA) 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(C&0D. In the next

section, we discuss how Ni single atoms and clusters alter the stability of the

vacancies.
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Figure6.3:  Vacancy formation energyy("O as a function of oxygen chemical
potential (WA ) with the most stable cerium oxide phase as a referenceddilkand
bulk 6 'Q to the right and left, respectively, of the vertical dotted ling4at

¢P Qb o €).ahe left end of the graphs corresponds to reducing conditions, and
the right end to oxidizing conditions. The region between the vertical dashed lines
(WA "Y) v o ¢n o8t o) 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
CZO support under reaction conditions remain largely unexplored. In this section, we
investigate the stability and electronic properties of Ni andtiictures on
stoichiometric and nestoichiometric 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 at@i®( ) is computed using Eq.

6.9

w0 O O €EQ It (6.9)
whereO is the total energy of the stoichiometric CZO slab with acNister on
it, n is the nuclearity of the Ni cluster, afd s the total energy of bulk nickel per
atom. w O measures the stability of a\luster 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 atdm), (@atop

aZratomy Q), atop0 (0 Q), atopd (0 "Q ), the hollow site formed by a Ce

and two Zr atoms(( 'Q ) and the hollow sitéormed by a Zr and two Ce atoms

(6 Q ) (Figure E.4. The adsorption energies are showiable 6.4 Ni is most

stable at the hollow site formed by a Zr and two Ce atonmi®( ). With aw 'O

of 0.04 eV, the nickel adatom is as stable as it would be in the bulk. Interestingly, Ni
adsorption on Cefp111) has a0 O  of 0.45 eV, which is closer in energy to the

0 "Q site. Analysis of the geometries reveals distinct coordination environments. In
theO "Q site, nickel coordinates to twib atoms adjacent to the hollow site in a

bridge geometry. Thé atoms are significantly displaced’byt@ B out of the plane
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Figure6.4a). In contrast, at the less stablé&Q site, nickel adopts a thrdeld

coordination with the adjacent oxygen atoms (Figid®). Similarly, on Ceg{111),

nickel binds at the hollow site with a thré®d coordination to the surface oxygen

atoms, resulting in a binding energy comparable to that af tke site (Figure

6.4c). The notably stronger binding on CZ0O(111) can be attributed to the substantial
structural distortion ofthé at oms, which facilitates nick
Interestingly, Macet al?%> found that Ni binds to the <11@ype step edge of

Ce((111) in a similar GNi-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

Ce((111) terrace.



Figure6.4:  Nickel binding sites (@) Q 76 & p p(b)0 Q 76 O p p
and (c)b Td QUp p p(O, red; Ce, yellow; Zr, green; Ni, blue).

Table6.4: Nickel binding energy on stoichiometric CZO(111) and @@®1).

Binding site W0 JTpO ovia Mo
0Q 1.51
0Q 1.16
0Q 2.39
0Q 1.99
0 Q 0.04
0Q 0.31
0T QU 0.45

A similar exploration was carried out to identify the most stable binding
geometry of a Nicluster Figure E.5; the top view of the stable structure is shown in

Figure E.6 Maoet al?*showed that Niprefers the pyramidal geometry over planar
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on CeQ(111). On the CZO surface too, the most stablecNister assumes pyramidal
geometry atop a Zr atom. Withb@O  of 1@ (R (othe 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 avetge
bond length for the adatompgx @B, while for the cluster it ip& . This indicates
that thel "Q 0 bonding is weaker in the cluster due to competirip 0 "Qonds, 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 GeQ11) surface$® 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/CZ0O(111) and4NEZO(111) usind=q. 6.10

wO ©O (@] -0 (6.10
whereO is the energy of the CZ0O(111) slab with an oxygen vacancy angl a Ni
cluster on it. We consider surface oxygen vacancies in the samaaJdenoted
Oz_NN), as the oxygens coordinated to nickel, and in the adjacendv@(denoted
Oz:_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 DRivelevant 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 formatidiable 6.55hows the vacancy formation

energies as pé&tq. 6.10;Figure E.7andFigure E.8how the structures.

Table6.5: Oxygen vacancy formation energies on/@ZO

Vacancy formation energy (eV) | Surface Subsurface
WO O 00 1.86 1.85
wO 0 000 14 1.2
@O © 00 - 1.35
WO U 000 1.7 1.2

w O inTable 1 andp 'O in Table 5 indicate that nickel on the CZO(111)

surface generally destabilizés vacancies, especially surface vacancies with larger
Ni clusters.
For Ni/CZO, thed vacancy formation energy reduces to that on the pristine
surface further away from the Ni single atom. Interestingly, upon optimization, a
surfacel vacancy near the nickel cluster oMiZO converges to the
thermodynamically favored subsurfdatev acancy, refl ecting nick
oxophilicity. In addition to the structures in Talfié, we also computed oxygen
vacancy formation energy at the foot of the Ni single atom and cluster (denoted
Oz_Ni), as these vacancies may be more kinetically favoséd. 0 0 "@nd
wO 0 v@re 3.57 eV and 2.7 eV, respectivel
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 Ce@and TiQ?¢. We next explored the mechanism of @acancy
destabilization. Comparing O values in Tablé.2 andTable 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 neighbpv&zancy benefits less from

structural relaxation effect3 &ble 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
flexibility due to NFO bonding destabilizes surrounding O vacancies. Instead, the
improvement arises from improved kinetics of breakinbl ldr G-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 GKCO, half-cycles of chemical looping DRM,
we expect the redeactive CZO surface to be defeath. It is then worth checking
whether Ni might preferentially bind to surface defects rather than fully oxidized
CZ0O(111) under reaction conditions. Beginning with oxidizing conditions, Jenkins
and coworkerS! have suggested surface Ce vacancies for the Aw(C&0 catalyst
in such environments. However, for the Ni/CZO(111) catalyst, Ni cannot assume a
Ni#* configuration upon Ce vacancy formation due to unstable dangling bonds on
surface oxygen. We, therefore, introduced two oxygen vacancies adjacent to a Ce
vacancy § QU ), to prevent dangling oxygen bonds. It is worth noting that nickel
adsorption at the cerium vacancy is equivalent & dbping 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 an@ o 0  Burfaces by

Eq.6.11

0O 0 (0 ¢Q T’ (6.1)
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whereO is the energy of the slab withdaQU0  defect and a Nicluster.

In this definition of binding energy, the energy change depends only on Ni adsorption,

as defects are expected to be naturally preésént.

Table6.6: Nickel binding energy per atom on CZO(111) surfaces

0 Q1 QWQ'QQQ i 60 6 Q0 VARV
©O 0.04 2.4
©O 0.69 0.12

From Table &, we see that the Ni adatom is very stable abti20
defect, more so than on the pristine surface. Examination of the geometry (Figure S9c)
reveals that the Ni adatom forms a stable sgpkmear 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 ah the 0 wol
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 ator@ (O ) from Eq.6.12 we find that on the pristine

surface, the surface with an oxygen vacancy abthe) 0 Usite, and th& Q0

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 ab the)  defect site,

where Ni coordinates with four oxygens, while the highest is at the oxygen vacancy

site, where Ni coordinates with no oxygen atom (T&blg

w0 (0] cO0O 10 Tt (6.12

Table6.7: Nucleation energy (per Ni atom) across CZO surfaces

Surface Nucleation energyyd O )
in eV
i 6o 0.65
0 0MQODD -1.18
0 D00 6D 0.75
0 Q0 0 WL 2.56

To understand the electronic origins of the differences in nickel stability across
surfaces, we analyze nickel 6s Bspdces char ge
on the surface. The number of reduced*@pecies can be related to the extent of
surface reduction (as discussed in the previous section of the paper) and consequently,
nickel 6s oxidation state. Due to Nids oxorg
adsorbed Ni species to be largely catioitigble 6.8 showthe Bader charges on the
nickel adatoms and clusters. Nickel remains either cationic or metallic across surfaces.
FromTable E.4 we note that Ni single atoms have an oxidation state of +2 on the

pristine surface and when adsorbed at a:G&0ancy, and remains metallic at an O
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vacancy. For Nj 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 Ibinds tod QU or0 defects, the
basal Ni atoms lose their symmetry, exhibiting varying levels of interaction with the
surrounding oxygens. Specifically, on theQ0  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 oxygeRgy(re 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 @0 0 & Owhich stabilizes

the adatom the most, followed by the pristine surface and the surfaces with the oxygen
vacancy atthé 0 Oand0 0O 0 Opositions. Nickel remains metallican 0 Q

0 & Owhich explains why sintering or diffusion to sites with oxygen atoms could be

favorable at DRM temperatures.

Table6.8: Electron transfer from nickel (per atom) to the support

10 vB+1m A A

i 800 ™ TS
6 000800 T8t C T o e o
0 00 600 T TS
6 000 600 - TR
500 600 T80 TR T T

Oxygen vacancies adjacent to nickel, while kinetically relevant, are
energetically unfavorable due to nickel 6s
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 plat"O (defined below) as a function bf (Figure6.5),
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in the spirit of the analysis presented in FigbiB This definition ofp "O

computes the Ni binding energy to the fgiaichiometric surface but also includes a
correction for the formation of the defect, as given in@E&Ef3

wO O 0 0 0 Q ¢ @) ¢ when
Q Q

Or

wO 0 0 0 — Q (o3 € O T¢ when
Q Q (6.13
Figure6.5 shows that across ta#\ “Yr} 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 cpA ") 7TQ @b 0 ¢ a8 o yn a8t o, Ni single atoms
stabilized ‘QU0  defect sites, which are unfavorable on the pristine CZO surface.
The Nicluster, on the other hand, can bind favorably at the surface oxygen vacancy
and thed QU  defect site under DRNelevant conditions. Overall, comparison
with Figure 6.3 showthat the nickel stabilize3 'Q the pair ofb ando ‘Q and

0 QU formation.
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Figure6.5:  Nickel (a) single atom and (b) clustér {Q adsorption energy on the

defected and pristinR€EZO surfaces as a function of oxygen chemical potemigl (

The most stable cerium oxide phase is used as reference (lflilkand bulk &)

to the left and right, respectively, of the vertical dotted lingfat ¢ Q¢ The

left end of the graphs corresponds to reducing conditions, and the right end to

oxidizing conditions. The region between the two vertical dashed tistes (¥} ™
o h o8t o) represents thigpical 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 fiéangdue to
distortioninduced stabilization, and the latter are more favorable across DRM
relevant conditions. Ni single atoms coordinate with twesDrface atoms as Wi
motifs, unlike thredold coordinated Ni atoms on hollow sites of GE.1).
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
Cée" ions. The enhanced performance of the Ni/CZO DRM catalyst stems probably

from the kinetics of FH or G-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 &litrimer defects comprising one Ce and
two oxygen vacancie® (QU ), at the pristine surface, and at théQ  site with a
nextnearest neighbor oxygen vacancy due to coordinating with more oxygen atoms.
Thus, defects exposing oxygen atoms, e@.QQO ), will stabilize Ni single atoms,
but single oxygen surface vacancies would not directly bindQlusters, on the other
hand, can bind favorably at a surface oxygen vacancy dueNo iNferactions
compensating for the missing surface oxygen. We expect that high Ni loadings will

lead to Ni 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
0 Q0 , 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,
emphasi zing the i mportance of nickel 06s

CZO surface.

el
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Chapter 7

CONCLUSIONS AND OUTLOOK

7.1 Dissertation overview

To enable the rational design of highly selective and redtigient singlesite
catalysts for important reactions such as small alkane dehydrogenation and methane
dry reforming, it isessential to understand their structaogivity 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 structuractivity 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 ceriazirconia (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 CdSiO; catalyst, we highliglgdthe crucial role of sphtrossing in
accelerating thé-hydride elimination step, particularly at dinuclear active site motifs.
We derived the rate constant for the spiassing step under high sganbit coupling,
and the resulting microkinetic model revealed the superior activity of dinuclear motifs
compared to singtatom Co. Given the amorphous nature of the silica support, we
computed siteveraged apparent activation energies, which showed excellent
agreement with experiments. Our calculations revealed that tricoordinate and planar

Co(ll) sites exhibit higher activity due to their greater Lewis acidity; however, they
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constitute only a small fraction of the total site population. Extending our modeling
framework toCo(ll) anchored in the BEA framework, we explored the impact of
support crystallinity on the reaction mechanism. Our simulations demonstrated lower
activity for singlesite C@BEA thanamorphous silica, attributed to the narrower
distribution of predominantly tetrahedral sites. However, silanol nests in the vicinity of
Co(Il) enhance activity by increasing active site flexibility. Notably, the model
predictions of apparent activation energies showed remarkable agreement with
experimental values.

For the PACHA catalyst, ab initio free energy simulations revealed that
frameworkSn(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 satgfe sites.

The Pt mo t i f n@vhsithemerged as the raast acive wiSle
maintaining stability.

For the NiCZO catalyst, we demonstrated that oxygen vacancies on the
CZ0O(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 CZI1)surface than o€e((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
formati on, as Ni d6s high oxophilicity pl ays

Across this thesis, a recurring theme emergiegle atoms tend to exhibit high

selectivity but lower activity, whereas dimeric metal motifs strike a balance between



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
demonstratethe crucialrole of error cancellation when propagating Dédrived

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 sitgecatalysts
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 addresseBelow 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 irfild, 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 motiérs® 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 a3 and CH 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
techniqued such as thermodynamic integration (Tl), a method discussed in this
thesi® can 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 -#@fitio free energy simulations to investigate the
timescale for Pt single atoms to nucleate, using tHet Eistance as the collective
variable. However, ahe Ptcluster size increases, theMtdistance alone becomes
insufficient to accurately capture nucleation, andrétio molecular dynamics
simulations become prohibitively expensiveviable approach to overcoming these
challenges is the development of macHeerned interatomic potentials, which enable
efficient phase space sampling at a computational cost that remains tractable while
retaining DFFlevel 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 empley order

parametefree sampling methods such as transition path saniplifidhis approach
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requires only initial and final state configurations, making it a powerful tool for

studying nucleatioimescalesn 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 ne(toa), with their formation reducing two
Cée* ions toCe**. However, in bulk oxides, oxygen vacancies have lsearilized in
charged states, such@s orw , where their formation reduces only dde'"* ion
to Ce** or leaves all cerium atoms unchanged, respectively. The actual charge state of
an oxygen vacancy in bulk systems depends on the FermiTéneassumption 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 beAavior.
systematically study the charge states of oxygen vacancies on surfaces, a promising
approach is to employ the recently developed-Seliisistent Potential Correction
(SCPC) method® which enables accurate prediction of DFT energies for charged
surfaces. This method allows for the construction of charge energy diagrams,
providing insights into how adsorbates influence and stabilize specific vacancy charge

states, ultimately shaping catalytic performance.
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Appendix A

SPIN-CROSSING IN HETEROGENEOUS ETHANE DEHYDROGENATION
BY ATOMICALLY DISPERSED Co/SiO 2

A.1 DFT settings and results for mononuclear and dinuclear Co/Sifactive site
models.

TableA.l: El ectronic energy difference
spin states athe mononuclear active site model shown in Figukafor different
functionals. These energies refer to the active site prior to substrate binding.

( PE

Functional Basis Set pE (eV)
wB97XD Lanl2dz -0.83 eV
MO6L Lanl2dz -0.56 eV
B3LYP-D3 Lanl2dz -0.79 eV
TableA.2:  Co-O bond lengths at the active site for the mononuclear and dinuclear
active stie models. (Atom labelling as in Fig@r&)

Bond length (nm) | Mononuclear Dinuclear
Co01 0.189 0.195

Co02 0.188 0.182

Co-03 0.225 0.216

Co04 0.216 0.220




TableA.3: O-Co-0O bond angles at the active site for the mononuclear and
dinuclear active site models. (Atom labelling as in Figuf

Bond angle Mononuclear Dinuclear
Z01Co 02 1218 114.8
Z01Co 03915 94.5
Z01Co0O4 958 105.0
Z02Co003/91.8 143.6
Z02Co 04| 101.2 99.3

Z 03 Co 04| 158.6 92.7

TableA.4: Electronic energy differencdb ( ®@E in
andqlla in Figure2.4, for two mononuclear active site models for different functionals

and terminating atoms. The small cluster used for the expensiveQBBSCCSD(T)

and MP2 calculations is shown in Figuxel below. The data clearly show that at all

theory levels considered the doutdi is less stable than the quariét, which

impliestwospic r ossi ng evenldimmagwhat ed to the b

Functional/Method Basis | Cluster E (eV)
Set termination

B3LYP-D3 Lanl2dz| hydride 0.35
wB97XD Lanl2dz| hydride 0.26

MO6L Lanl2dz| hydride 0.12

PBEO Lanl2dz| hydride 0.28
CBSQB3 (small cluster) hydroxide 0.52
CCSD(T) (Single point on small | Lanl2dz| hydroxide 0.59

cluster)

MP2 (small cluster) Lanl2dz| hydroxide 0.59
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FigureA.1:  Small siloxane ringpased mononuclear site model used for the-high
theory level calculations shown in Tal#lel. This cluster has been used in the past to
model the Phillips catalyst active site.

(b)

FigureA.2:  Minimum Energy Crossing Point (MECP) geometries: (a) prior to the
b-H elimination doublet transition state; (b) followitige b-H elimination doublet
transition state.

TableA.5: Electronic energies of possible spin states of the dinuclear active site
model referenced to the septettae B3LYP/def2SVP level for the Si, O, H atoms
and B3LYP/def2TZVP for the Co atom.

Spin state Energy (eV)
Septet 0eV
Quintet 1.37 eV
Triplet 1.45eV
Singlet 3.8eV
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A.2 Microkinetic model derivation, parameters and results for mononuclear
and dinuclear Co/SiC active site models.

For the calculation of2  , rate of crossing at the MECP, we have followed

Liu et al?

~ —_—

Q Y —— O 0oQ QO0 (A.1)
whered "Y is the partition function of the reactari®, s P | an c kkfisthec onst an

Boltzmann constant, an@® O isthe aossingprobability-weighted density of

states at the MECP at enefgyelative to the zerpoint of the reactants:
O O _ 00¢ O O O (A.2)
In the last equatiorQ is the energy in the direction of hopping,and 'O O
is the density of states at the MEQP.O denoteshe doublepassage crossing
probability ands given by
00 p A A p A PN (A.3)

wheren is the LandatZener noradiabatic transition probability

n 0 Qwl——— (A.4)
y P
and thus
00 p QOHF——— (A.5)
y

where,’O is the spirorbit coupling matrix element, is the reduced mass in the
direction of crossing, and'Ois the norm of the gradient difference at the MECP, and

O is the energy at the crossing.
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The integral forO O is a convolution and one typically performs a

Laplace transform by setting — to obtain for the rate:
o) v —— (A.6)
where0 "Y is the partition function at the MECP and'Y is the Laplace

transform ofd ‘O :

0°Y . p AP ——— QoR— QO (A.7)

For weak couplinO , and to obtain an analytical expression for the last
integral, one typically performs a firstder Taylor expansion of the exponential
function and assumes that the doydessage crossing probability is approximately

00 ¢p N (A.8)
However, this approximation does not hold in our case, wieres in the range of
450 cm?. Thus, we dispensed with the Taylor expansion of the LaAdaer
probability and in order to obtain an analytical expressiom foY, we employed the
steepest descent approximation.

Specifically, becausé ‘O Q¢ © 'O, we can change the integration
limits and write

0°Y QYQon — | Q) ———— Qon — QO(A9)

Y _
By lettingO '© 'O, we obtain
0°Y QYQon — p 0. A@P0O O = Q0

where
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0 _ (A.10)

The last integral can be estimated using the steepest descent approximation . Let
QO 00O e (A.11)

The minimum of QO (i.e., the maximum of the integrand) is at

(] — (A.12)
and by expanding2O to second order abo@ O, we obtain
AP Q0O -Q0O O O QO (A.13)
For strong spirorbit coupling, as in our case, moves farther to larger values
and we can extend the range of integration to negative infinity (see a plot of the

integrand in Figuré\.3. for the parameter values shown in Tahfor MECP 1).

Thus, the integral becomes

AP Q0O -Q0O0 O 0O Q0 —A@DPQO (A.14)

Thus,

- - p G

0Y QYQon — p —W VAGD — (A.15)
whereu 0 0 T and the crossing coefficieat"Y is given by

) (—
®Y p —U VAQD — (A.16)
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FigureA.3: Plot of the integrand as a function of energy, parametrized by values in

Table2.1, MECP 1

TableA.6:

Elementary steps and corresponding kinetic parameters for the

dehydrogenation microkinetic models on the mononuclear model. Labelling
convention borrowed frorRigure 2.2 the upper left superscripts correspond to the
spin multiplicity: 2 is doublet and 4 is the quartet.

Elementary Step o G/RT (kJ/mol) | Keq
CoHe+*1 -> “CoHe* 0.00E+00 1.59E+02
ACHg* -> 42 1.98E+01 2.02E04
42 ->22 9.62E+00 9.73E04
22 ->23 1.05E+01 2.19E04
23->43 6.24E02 1.49E+02
CoHat+44-> 43 0.00E+00 1.58E+02
44-> 45 9.04E+00 5.65E+01
Ho+41 -> 45 3.99E+00 5.21E01
CoHa+41 -> 4CoH4* 0.00E+00 3.54E+05
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TableA.7: . Elementary steps and corresponding kinetic parameters for the
dehydrogenation microkinetic models on the dinuclear model. Labelling convention
borrowed fromFigure 2.7 the upper left superscripts correspond to the spin
multiplicity: 5 is quintet and 7 is septet. The prime (aBigure 2.7 identifies the two

Co atoms.

Elementary Step pG/RT (kJ/mol) | Keq
CoHet+71 -> 'CoHs* 0.00E+00 5.39E+01
CoHe+71 -> 'CoHg* 6 0.00E+00 3.09E+02
"CoHe*-> 72 1.49E+01 7.57E02
"CoHe* ©72 0 1.77E+01 3.86E02
4->75 9.41E+00 2.89E+00
467506 1.25E+01 1.78E01
Hx+'1->75 8.42E+00 2.26E01
Ho+'1->75 0 8.42E+00 2.23E01
CoHa+71-> "CoH4* 0.00E+00 1.67E+03
CoHa+71 -> "CoHa* 0 0.00E+00 1.02E+04
CoHa+’4 -> 32 0.00E+00 1.43E+03
CoHst'4 873 2 0 0.00E+00 2.74E+02
CoHa+'5 -> H*CoHsa* 0 0.00E+00 1.89E+03
CoHa+'5 & Hy* O™ 0.00E+00 1.88E+03
52 ->53pb 9.91E+00 2.69E04
263bo 6.59E+00 1.25E02
2->52 1.34E+01 7.68E05
265206 1.24E+01 3.96E06
53b ->’3b 4.72E01 1.91E+03
3b-53b 6 9.41E01 2.69E+02
CoHat+'4->73b 0.00E+00 2.91E+03
CoHs+’4 873 b 0 0.00E+00 1.79E+02
2->3 a6 2.05E+01 5.96E05
2 & '3a 2.15E+01 6.63E06
TableA.8:  Coverage of surface species under the kinetic region (low conversion)

at steady state anononuclear Co/Si® Labelling convention borrowed froFigure
2.2, the upper left superscripts correspond to the spin multiplicity: 2 is doublet and 4 is
quartet.

Intermediate Coverage

1 9.88E01
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ACoHe* 7.90E05
42 1.60E08
22 1.56E11
23 5.15E16
43 1.62E14
44 3.18E10
45 1.78E08
ACoH4* 1.21E02

TableA.9:  Coverage of surface species under the kinetic region (low conversion)
at steady state on dinuclear Co/&iCabelling convention borrowed froRigure 2.7

the upper left superscripts correspond to the spin multiplicity: 5 is quintet and 7 is
septet. The prime (as Fgure 2.7 identifies the two Co atoms.

Intermediate Coverage
1 9.99E01
"CoHe* 2.71E05
"CoHe* 0 1.55E04
2 2.05E06
206 5.95E06
4 3.05E09
4 6 5.46E08
5 8.53E09
50 8.40E09
'CoHg* 6.30E05
'CoH4* 6 3.84E04
3a 1.11E12
‘3abd 7.38E13
Ho*CoHsa* 6 6.11E13
Ho* O214* 5.94E13
52 1.57E10
52 6 2.36E11
53b 1.21E14
3b o 7.06E14
3b 4.36E12
'3b0 1.48E12
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FigureA.4: Degree of rate control @) analysis of the ethane dehydrogenation
reaction to ethylene under low conversion regime (< 10%) for the mononuclear (a)
and the dinuclear model (b). The definitions @iére fromCampbelf
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FigureA.6: Reaction orders with respect@Hs on the mononuclear model (a) and
dinuclear model (b). The reaction order is definegf as—, wherer| is partial

pressure of specié@ndi is the reaction rate.
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Reaction Path Analysis

C2H6

23% T7%
C2H6 ad A C2H6 ad B

23% 77%

C2H5 ad A C2HS ad B
69%
C2HS ad d A C2HS ad d B
16% 69%

C2H4 H ad d A C2H4 H ad d B

16% 69%
H4 H ad A H ad A C2H4 H ad B C2H4 C2H4 H ad B H2 ad B _C2H4
16% T% 16% 7% T% 7% 69% 0% ) 65%
Had A C2H4 H_ad B 0%
23% T1%
H2 ad A 0% H2 ad B
0% 23% 77%

H2 ad A C2H4 H2

FigureA.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 b-Hydride elimination on a periodic slab modelof Co(ll)/am-SiO2 catalysi
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FigureA.10: . Mononuclear active site model on the periodic%if, slab. (H,
white; O, red; Si, green; Co, Dblue; Vander
representation)

We investigated thb-elimination on a single Co(ll) site on a periodic slab
model of amorphous silica (Rige A.10 which wasconstructed following Sanduputla
etal*Du r i n ghydtideaimiration the magnetic moment value relaxes to 3
(quartet) for the metadthyl 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 tifaHthe
elimination involvesspin crossing. In the course of the NEB calculations, the
magneti c moment of t-He&imibatioarrelaxedtolon st ate f c
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 overstabilizes low spin states (see also Tahl).>
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Appendix B

EFFECT OF Co/SiOz SINGLE SITE HETEROGENEITY ON SMALL
ALKANE DEHYDROGENATION KINETICS

B.1 DFT settings and results for tetracoordinate and tri-coordinate
mononuclear Co/SiQ active site models

B.1.1 Active site construction
The tetracoordinate cluster models used in the study are similar to the
mononuclear Co/Si©model used in oysreviousmechanistic investigatidrand were
constructed by fi xi ngantpedornihgadonsteaimedl es t o &
Density Functional Theory (DFT) optimization. The structures corresponding to
G= 0 . 7 7:=0200 lhve leen modified to be able to create such a highly tetrahedral
site. Specifically, one of the silanol groups in the model was replaced by@&&iSi
bridge site. Similarly, for the tgoordinate sites, the cluster models adapted from

Delley et al? we constructed by fixing thg to the desired value by constrained DFT.

TableB.1:  Co-O bond lengths at the active site for the tewardinate
mononuclear models (Atom labelling as in Fig8r&g.

Bond (=0.23 | (4=0.29| (3=0.43| ,=0.5 | §=0.77 | 3=0.90
length
(nm)

CoO1 0.226 0.227 [0.216 |0.211 | 0.209 |0.208

Co-02 0.192 0.189 ]0.188 |0.187 |0.186 |0.183

Co-03 0.225 0.221 [0.224 |0.233 | 0.209 |0.208

Co-04 0.191 0.187 ]0.188 |0.187 |0.186 |0.185
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TableB.2:  Co-O bond lengths at the active site for thectsordinate mononuclear

models (Atom labelling as in Figug1b).

Bond g =97° |g =107°| g =127°| g =147°| g =177°

length

(hm)

CoO1 0.184 0.184 0.182 0.181 0.190

Co-02 0.187 0.186 0.184 0.182 0.185

Co-03 0.204 0.206 0.207 0.214 0.221

TableB.3:  O-Co-O bond angles at the active site for the tetvardinate

mononuclear models (Atom labelling as in Fig8r&g.

Bond anglel (3=0.23 | 4=0.29| 4=0.43| (3 =0.5 | (4=0.77 | 4J=0.90

Z01Co|81.95 81.24 |95.79 |100.98|103.74 | 109.86

Z01Co|174.61 |174.61|158.62 | 150.61|120.8 |116.6

Z01Co|96.43 95.26 |101.20 |104.64|102.16 | 101.97

Z 02 Co|96.06 96.81 |91.51 |90.87 |103.20|108.14

Z02Co|14578 |129.78|121.78 | 121.78 | 124.8 | 116

Z 04 Co|88.02 89.84 [91.85 |91.26 |102.16 |104.4

TableB.4:  O-Co-O bond angles at the active site for thectrordinate

mononuclear models (Atom labelling as in Fig8r&b).

Bond angle| g =97° g =107° g =127° g =147° g =177°

Z01Co|97.69 107.69 127.69 147.69 177.69

Z01Co|128.86 122.67 111 99.03 85.69

Z02Co|106.84 105.56 105.88 99.097 94.64
21€
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FigureB.1: b-hydride elimination transitizon st at
= 0. 23 (ObX:sU 0c pazxU 0d o= Qe.) 7:70.901g)g =97° (h)
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B.1.2 Derivation of the reduced rate expressio

The elementary steps of the reaction are:

060

2N

P 00z

n

00z r] P

00z r] P

60z

60z

f
Q

6502Q0 602 0Q

Oz

Q

(B.1)
(B.2)
(B.3)

(B.4)

whereEq. B.4is the ratedetermining step and all the previous stepsegtelibrated

Terms in parenthesiadicatet he s pi n

The reduced rate expression becomes:

i LLOU—0Q

stat e;

0960

S

(B.5)

Electronic binding energy (kJ/mol) of ethylene for tetomrdinate sites
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wherev b R) are the equilibrium constants 6. B.1,B.2,B.3,0 is the partial
pressure of ethane ard is the available active site density.
From our analysis of the 11 microkinetic models, we learn that the site balance
eguation can be approximated as

z 00z z (B.6)
where z s the total active site density addO z is 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

- p - (B.7)
, d

Let —Z a and —

The rate expression can be written as

d

i — 0 p & 20 (B.8)

This can beexpanded as

d
i — 0 QO p & z D (B.9)

B.2 Microkinetic model parameters and results for the Co/SiQ models
The microkinetic simulations for the spimossing steps considered the
reaction pathway
YO D06 O'YOYYWO[ 0p06 0b (B.10)

where R refers to reactant, P to product, TS to the transition state and MECP to the

Mi ni mum Energy Crossing Point; the subscri

doublet spin states respectively.
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The expression above is shorthand for a sequence of elementary steps consisting of: (i)
'Y © ) Od © 'Y, doublepassage 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; (W © "YY © 0 , passage over the doublet transition
computed using standard transition state theory on the doublet PES; andqiii)

0 Od © 0, doublepassage crossing at the second MECP which, in the diabatic
representation, takes the system from the doublet PES to the quartet one.

The spincrossing rate was computed Eq. 1

~ _—

0 DY — Q (B.11)
Y p TP IO QN pR © (B.12)
where0 0 U ~,0 —,0 —— , Hiz2is the spirorbit coupling matrix
y —
el ement , O is the reduced mass at t he c¢cr o¢

gradient difference at the MECP. The prefacboty is the crossing coefficient and is
determined by the probability of crossing. Bgl2was derived using the Landau
Zener model for no@diabatic transitions; the derivation was discussed at length in

our previous papér

TableB.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
(3=0.23 Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cnr 0.58
Catalyst site density mol.cni? 1.36E10
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(3=0.29 Temperature K 898
Pressure atm 1
Feedcomposition molar ratio | He:GHe = 24:1
Reactor volume cm? 0.58
Catalyst site density mol.cnt? 1.36E10
(3=0.43 Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm? 0.58
Catalyst site density mol.cni? 1.36E10
(4=0.5 Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm? 0.58
Catalyst site density mol.cni? 1.36E10
{=0.77 Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm? 0.58
Catalyst site density mol.cni? 1.36E10
(=0.9 Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm? 0.58
Catalyst site density mol.cni? 1.36E10
g =97° Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm® 0.58
Catalyst site density mol.cni? 1.36E10
g =107° Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm® 0.58
Catalyst site density mol.cni? 1.36E10
g =127° Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm® 0.58
Catalyst site density mol.cni? 1.36E10
g =147° Temperature K 898

22z




Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm® 0.58
Catalyst site density mol.cni? 1.36E10
g =177° Temperature K 898
Pressure atm 1
Feed composition molar ratio | He:GHe = 24:1
Reactor volume cm® 0.58
Catalyst site density mol.cnt? 1.36E10
TableB.6:  Elementary steps and corresponding kinetic and thermodynamic

parameters for the dehydrogenation microkinetic models (T=898.15 K). Labelling
convention borrowed frorBcheme ;lthe upper left superscripts correspond to the spin
multiplicity: 2 is doublet and 4 is the quartet.

Active site | Elementary Step pG/RT Keq
(=0.23 CoHe+*1 -> “CoHe* 0.00E+00 | 3.52E+03
ACoHe* -> 42 1.87E+01 | 3.418E05
42 ->22 9.62E+00 | 2.29E04
22 ->23 5.43E+00 | 1.50E02
23->43 6.24E02 5.68E+02
43 -> CoHat*4 0.00E+00 | 4.32E05
44-> 45 1.12E+01 | 5.00E+01
Ho+41 -> 45 0.00E+00 | 7.22E01
CoHa+*1 -> “CoHy* 0.00E+00 | 8.37E+05
(=0.29 CoHe+*1 -> “CoHe* 0.00E+00 | 1.33E+03
ACoHe* -> 42 1.82E+01 | 1.65E04
42 ->22 9.62E+00 | 1.64E04
22 ->23 8.59E+00 | 5.48E04
23->43 6.24E02 6.55E+02
43 -> CoHat*4 0.00E+00 | 6.80E04
44-> 45 1.44E+01 | 8.70E+01
Ho+41 -> 45 1.09E+00 | 1.08E+00
CoHa+41 -> 4CoHg* 0.00E+00 | 2.01E+07
3=0.43 CoHe+*1 -> “CoHe* 0.00E+00 | 1.17E+03
ACHe* -> 42 2.13E+01 | 2.30E05
42 ->22 9.62E+00 | 1.87E04
22 ->23 8.67E+00 | 4.40E04
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23->43 6.24E02 4.12E+02
43 -> CoH4t+44 0.00E+00 | 1.62E03
44-> 45 7.33E+00 | 5.96E+02
Ho+41 -> 45 1.92E+00 | 1.26E+00
CoHa+*1 -> *CoHa* 0.00E+00 | 6.84E+05
=0.5 CoHet+*1 -> “CoHe* 0.00E+00 | 2.14E+03
ACHe* -> 42 2.32E+01 | 1.61E07
42 ->22 9.62E+00 | 5.75E03
22->23 8.49E+00 | 5.42E04
23->43 6.24E02 6.81E+02
43 -> CoHat+*4 0.00E+00 | 1.01E03
44-> 45 1.37E+01 | 1.00E+03
Ho+41 -> 45 1.92E+00 | 1.05E+00
CoHa+*1 -> *CoHa* 0.00E+00 | 2.49E+05
{=0.77 CoHe+*1 -> *CoHe* 0.00E+00 | 1.56E+03
ACHe* -> 42 3.01E+01 | 4.30E07
42 ->22 9.62E+00 | 2.15E06
22 ->23 3.96E+00 | 6.51E02
23->43 6.24E02 5.23E+01
43 -> CoHat+*4 0.00E+00 | 2.01E05
44-> 45 4.13E+00 | 1.17E+07
Ho+41 -> 45 3.33E+00 | 1.65E+00
CoHa+*1 -> *CoHa* 0.00E+00 | 7.43E+04
3=0.90 CoHet+*1 -> *CoHe* 0.00E+00 | 1.53E+03
ACoHe* -> 42 3.13E+01 | 2.86E07
42 ->22 9.62E+00 | 7.17E07
22 ->23 7.93E+00 | 3.58E04
23->43 6.24E02 9.53E+04
43 -> CoHat+*4 0.00E+00 | 5.09E03
44-> 45 1.02E+01 | 3.73E+04
Hz+41 -> 45 3.29E+00 | 2.89E+00
CoHa+*1 -> *CoHa* 0.00E+00 | 6.42E+04
g =97° CoHe+*1 -> “CoHe* 0.00E+00 | 1.49E+04
ACoHe* -> 42 1.94E+01 | 9.15E05
42 ->22 9.62E+00 | 8.03E07
22 ->23 3.11E+00 | 8.58E01
23->43 6.24E02 3.78E+01
43 -> CoH4+44 0.00E+00 | 6.23E03
44-> 45 1.01E+01 | 5.52E+01
Hz2+41 -> 45 0.00E+00 | 1.73E+01
CoHa+*1 -> *CoHa* 0.00E+00 | 1.77E+08
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g =107° CoHet+41 -> “CoHe* 0.00E+00 | 3.63E+03
4CoHe* -> 42 2.00E+01 | 4.76E05
42 ->22 9.62E+00 | 3.47E06
22 .>23 4.97E+00 | 7.56E02
23->43 6.24E 02 | 6.74E+01
43 -> CoHa+%4 0.00E+00 | 7.61E03
44-> 45 9.45E+00 | 1.14E+02
Ho+41 -> 45 9.95E01 3.76E+00
CoHat+41 -> 4CoHg* 0.00E+00 | 4.87E+07
g =127° CoHet+41 -> “CoHe* 0.00E+00 | 9.39E+02
ACoHe* -> 42 1.94E+01 | 9.36E05
42 >29 9.62E+00 | 4.24E06
22 .>23 4.82E+00 | 1.91E01
23->43 6.24E02 5.86E+01
43 -> CoHa+%4 0.00E+00 | 1.55E03
44-> 45 8.79E+00 | 1.15E+02
Ho+41 -> 45 1.98E+00 | 1.05E+00
CoHa+41 -> 4CoHg* 0.00E+00 | 1.35E+07
g =147° CoHe+*1 -> “CoHe* 0.00E+00 | 6.92E+02
4CoHg* -> 42 1.92E+01 | 3.37E05
42 ->29 9.62E+00 | 2.05E05
22 .>23 7.79E+00 | 5.70E03
23->143 6.24E02 6.46E+02
43 -> CoHa+%4 0.00E+00 | 1.045E03
44-> 45 8.12E+00 | 1.91E+02
Ho+41 -> 45 3.01E+00 | 4.96E01
CoHa+41 -> 4CoHg* 0.00E+00 | 4.08E+06
g =177° CoHg+41 -> *CoHe* 0.00E+00 | 1.09E+03
4CoHg* -> 42 1.90E+01 | 7.64E06
42 .>22 9.62E+00 | 1.13E05
22 .>23 4,35E+00 | 9.09E02
23->143 6.24E02 4.86E+02
43 -> CoHa+%4 0.00E+00 | 8.00E05
44-> 45 6.01E+00 | 1.25E+03
Ho+41 -> 45 2.97E+00 | 5.85E01
CoHa+41 -> 4CoHyg* 0.00E+00 | 4.01E+06
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TableB.7: Fractional coverages of the highest two surface species under the
kinetic region (conversion = 3%) at steady state on Cef8idels. Labelling
convention borrowed frorBcheme ;lthe upper left superscripts correspond to the spin

multiplicity: 2 is doublet and 4 is quartet.

Active site | Intermediate Coverage
3=0.23 41 9.61E01
ACoH4* 3.68E02
(3=0.29 41 7.17E01
4CoH4* 2.82E01
(3=0.43 41 9.74E01
4CoH4* 2.52E02
(4=0.5 41 9.94E01
ACoH4* 4.51E03
(4=0.77 41 9.98E01
ACoH4* 1.06E03
3=0.9 4 9.99E01
4CoHe* 8.26E04
g =97° 41 2.42E01
ACoH4* 7.55E01
g =107° 4 5.95E01
4CoH4* 4.04E01
g =127° 41 8.5E01
ACoH4* 1.49E01
g =147° 41 9.27E01
4CoH4* 7.28E02
g =177° 41 9.79E01
4CoH4* 2.02E02
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FigureB.3:  Reaction orders with respect teH on the single site models at ;
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the reaction rate.
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FigureB.4:  Apparent activation energy on the single site models at conversion of
3%( ag= W. 23 O0(.b2)= UO(.A)3= UO(.dm)= W eTJu~090((H) U
g =97° (h)g =107° (i)g =127° (j)g =147° (k)g =177°

TableB.8: Degree of rate control @¢) analysis of the ethane dehydrogenation
reaction to ethylene under low conversion regime (< 10%) for the cluster models. The
definitions of Xc are fromCampbell Labelling convention borrowed fro®cheme

1; the upper left superscripts correspond to the spin multiplicity: 2 is doublet and 4 is
quartet.

Active site Elementary step| Xrc
3=0.23 22 ->23 0.68
3=0.29 22 ->23 0.71
3=0.43 22 ->23 0.67
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W=0.5 22->23 0.68
U=0.77 22->23 0.57
J=0.9 22->23 0.5
g =97° 22->23 0.6
g =107° 22->23 0.76
g =127° 22->23 0.92
g =147° 22->23 0.93
g =177° 22 ->23 0.86
TableB.9:  Effect of ethaneonversion on the ethylene coverage for highly Lewis
acidic sites.
Conversion =0.29 g =97° g =107° g =127° g =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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FigureB.7:  Exponential function relating the sigpecific fractional coverage of
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B.3 Feature selection using PartiaLeast Squares Regression

B.3.1 Tetra-coordinate sites
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FigureB.13: Plot showing the dependence of the Partial Least Squares (PLS)
Regression model mean square error (MSE) computed udald drossvalidation
on the number of principal components.
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FigureB.14: Loading plot showing the contribution of each feature to thentl 2¢
Principal Components (PC1 and PC2) of the tetrardinate sites. The feature
descriptions are from Tab&?2.
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FigureB.15: Scree plot showing the % of variance in the feature space captured by
principal components for the tetcaordinate sites.

B.3.2 Tri-coordinate site!
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FigureB.16: Plot showing the dependence of the Partial Least Squares (PLS)
Regression model mean square error (MSE) computed udald drossvalidation
on the number of principal components.
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FigureB.17: Loading plot showing the contribution of each feature to thentl 2¢
Principal Components (PC1 and PC2) of thedardinate sites. The feature
descriptions are from Tab&?2.
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FigureB.18: Scree plot showing the % of variance in the feature space captured by
principal components for the 4cbordinate sites.
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Appendix C

ACTIVE SITES IN DEALUMINATED BETA -ZEOLITE SUPPORTED
COBALT CLUSTERS FOR NON-OXIDATIVE ETHANE
DEHYDROGENATION

C.1 Additional characterization data
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FigureC.1: Fourier transform magnitude of Coddge EXAFS spectra for @04
(a8 and CoO1§). Spectra are plotted alongside fit results from selected models and the
windows over which fits werperformed.
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FigureC.2: SEM images of FBEA (a), DeAl-BEA (b), 0.5 mass% Co@DeAl
BEA (c) samples.
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FigureC.3: N2 adsorption/desorption isotherms ofBEA, DeAl-BEA, and 0.5
mass% Co@DeABEA samples (for DeABEA and 0.5 mass% Co@DeRBEA, 60
and 100 has been added to the original data respectively).
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FigureC.4: HAADF STEM images of 0.5 mass% Co@DeBEA_post reaction
(reaction time: 120 h). Reaction condition: T= 550 WZHISV: 9.1 h! (25% ethane,
balanced with Ay.

FigureC.5: Regenerability of 0.5 mass% Co@DeRBEA (Reaction condition: T=
550°C, WHSV: 4.6 ht (25% ethane, balanced with Ar).
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