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ABSTRACT OF THE DISSERTATION

Understanding Surface Chemistry of the BaTiO2sHos Perovskite Oxyhydride from First
Principles

by

Kristen Wang Romero

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2022
Dr. De-en Jiang, Chairperson

With global energy consumption on the rise, it is crucial to design new
heterogeneous catalysts that can efficiently produce desired products at a lower energy
input. A way to control a catalyst’s activity and selectivity is by tuning the local
environment around the catalytic active site. The BaTiO3.xHx perovskite oxyhydride is an
example of an anion-tuned ABOs perovskite where some lattice O* are replaced by H-.
The presence of these lattice hydrides in BaTiO3.xHx not only make the material a more
efficient catalyst support for CO> methanation and ammonia synthesis than BaTiOs3, but
BaTiOsz.xHx (with x = 0.5) is also active for ammonia synthesis. Hence, in this thesis, we
aim to study the surface chemistry of a prototypical perovskite oxyhydride, BaTiO2.5Ho.s
(BTOH), to understand the role BTOH lattice hydrides play in hydrogenation reactions.

We begin by identifying stable terminations of BTOH surfaces under catalytically
relevant conditions from first principles density functional theory (DFT). Our results show
that the (010)-Ba;O, (210)-Ti202, and (211)-BaxO4H surface terminations are the most

stable under relevant catalytic conditions.
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Next, we employ DFT methods for the mechanistic investigation of ammonia
synthesis, acetylene semi-hydrogenation, and selective hydrogenation of crotonaldehyde
over stable BTOH terminations. From these studies, we find that the lattice hydrides can:
1) be directly incorporated in the catalytic reaction, and 2) have an influence on the BTOH
surface structure to favor the formation of surface vacancies under specific conditions
which in turn are beneficial in reaction activity and selectivity. In ammonia synthesis, these
vacancies are key in assisting N-N bond cleavage while in the acetylene semi-
hydrogenation reaction, they help stabilize the vinyl intermediate. Additionally, surface
vacancies offer a site for facile heterolytic H dissociation and in crotonaldehyde selective
hydrogenation, the resulting surface hydride and proton that form are found to drive the
hydrogenation of crotonaldehyde at the C=0 bond rather than at the C=C bond.

Overall, the results presented in this work shed light on the role of BTOH lattice
hydrides and vacancies in various hydrogenation reactions and suggest the potential use of
BTOH and other perovskite oxyhydride materials as catalysts for general hydrogenation

reactions.
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CHAPTER 1
Introduction

With the advancement of technology comes an increase demand in energy. In the
year 2018 alone, over 400 quadrillion (400 x 10') British thermal units (Btu) of energy
were used with 37% of that energy (~ 149 x 10'° Btu) devoted to industrial sectors such as
chemicals, iron and steel, cement, paper, and aluminum.! To give an idea of a Btu, the
average wattage of a typical microwave found in a household kitchen is around 1000 Watts
or 1 kilowatt (kW). If the leftover pizza from last night was heated in the microwave for 1
min, about 0.017 kWh (or 57 Btu) of energy is consumed. Now imagine how long you can
heat your pizza up with 400 quadrillion Btu! It is projected an additional ~170 quadrillion
Btu of energy is necessary by the year 2050 to keep up with the world’s growing energy
consumption.> As energy is so ubiquitous in our everyday lives, conserving such energy
resources 1s pertinent not only to cut costs but to also limit climate change. There are many
different ways to conserve our global energy resources. At the individual household level,
many take upon themselves to turn the lights off when they leave a room or use fans instead
of air conditioners during a hot summer day. At the industrial level, turning towards more
renewable energy resources such as solar, wind, and hydroelectric energy has been on the
rise, however, our economy still heavily relies on nonrenewable resources such as oil,
natural gas, and coal.>*

Another strategy for energy conservation is to lower the energy input required for

chemical reactions to occur by using efficient catalysts. There are many different chemical

reactions performed at the industrial scale that are relevant in our everyday lives. For



example, the synthesis of ammonia is an important industrial reaction as ammonia is a
precursor to fertilizers and has applications in the pharmaceutical, textile, and explosives
industries.> Currently, the production of ammonia via the Haber-Bosch process consumes
~1% of global energy output annually.® This is due to the large input of energy needed to
achieve the harsh conditions (350-525 °C and 10-30 MPa) necessary for operation with an
iron-based catalyst.® For this reason, it is highly desirable to design more efficient and
active catalysts for this process.

The ideal catalyst for any chemical reaction is a cheap and naturally abundant
substance that can completely convert all substrate and selectively produce the desired
product under ambient conditions. However, designing such a catalyst is a challenge given
the vastness of chemical and material space. Therefore, initial understanding of a material’s
interaction with reactant, intermediate, and product species of a chemical reaction can
ultimately guide researchers to tune a material’s reactivity and selectivity to an optimum.

When it comes to choosing a material to investigate for catalytic properties,
complex oxides have been of interest in the catalysis community. These materials are
composed of at least two metallic elements and have applications in thermal catalysis,’
electrocatalysis,® and photocatalysis.” Complex oxides can take on numerous surface
configurations due to the different combinations of metal cations and anions that can be
exposed. Thus, these materials contain a higher diversity of local chemical environments
that can potentially serve as different active sites for chemical reactions and offer greater

tunability in surface chemistry for catalysis than binary oxides.



The ABOs-type perovskite is an example of a tunable complex oxide that is made
up of A-cations (i.e., typically alkali, alkaline earth, or rare earth cations), B-cations (i.e.,
typically transition metal cations), and oxygen anions.'® Because of its complex
composition, the material can be A-cation, B-cation, or anion tuned to achieve a more
active and selective catalyst. For example, upon substituting some Pr** in PrNiOs for Sr*”,
the new A-cation-tuned perovskite, Pro.95Sro.0sNiO3, is more active in CO oxidation than
its parent oxide.!' This is because when Sr** is incorporated into the PrNiO; lattice
framework, an oxygen vacancy is generated to compensate the charge difference between
Sr** and Pr**. As a result, the vacancy is used to activate O, leading to facile oxidation of
CO to CO».

In another case, upon substituting the B-cation in LaBO3 for either Co, Mn, or Fe,
the NO oxidation activity increases in the following order: (lowest activity) LaFeO3 <
LaMnO; < LaCoOs (highest).'? Highest NO oxidation activity is seen when B = Co because
Co is more reducible than Fe and Mn. Therefore, the oxygen vacancy formation energy in
LaCoOs is lower than LaMnOs3 or LaFeOs and a lattice oxygen can be easily incorporated
into the catalytic cycle via a Mars van Krevelen mechanism.

Lastly, the catalytic properties of an ABOs-type perovskite can also be tuned by
anion substitution as exemplified by perovskite oxyhydrides (ABO3.xHx). These hydride-
reduced ABO; perovskites contain lattice hydrides that randomly occupy the oxygen anion
sites of the lattice framework.!>"!> What ultimately paved the way to the discovery of an
air- and water- stable BaTiOs;.xHx perovskite oxyhydride, the material of focus in this

thesis, were discoveries of the following oxyhydrides described below.



The first mixed oxyhydride was discovered in 1982 with the synthesis of LaHO, a
highly hygroscopic material that released hydrogen when in contact with ambient
moisture.'® Sometime after, other oxyhydride materials, including Ba3(AlO4)H'" and
Bay1GexOsHos,'® were also synthesized. Although this next generation of oxyhydride
materials were more stable, extremely reducing conditions were utilized for synthesis. It
was not until 2002 when an oxyhydride of LaSrCoO4 (i.e., LaSrCoOsHo.7) could be
synthesized upon reacting the perovskite oxide with CaHx using a soft chemistry method."
The synthesis of LaSrCoO3Ho.7 is intriguing as it requires low reaction temperatures, and
the layered-perovskite’s structure is preserved.

By 2012, the BaTiO3.xHx perovskite oxyhydride with the BaTiOs3 lattice framework
was discovered to be air- and water-stable.'® Ever since, other perovskite oxyhydrides have
been synthesized that contain other elements as B-cations such as Sc,?’ V,2'*? Cr,? or
Mn.?* Although the hydride concentration in BaTiO3xHx cannot exceed 0.6,'* the large
impact these lattice hydrides have on the oxyhydride’s redox properties and electronic
structure is what makes these oxyhydride materials so interesting. For example, enhanced
CO: methanation and ammonia synthesis activity was observed when the BaTiO3.xHx
perovskite oxyhydride was used as a support instead of BaTi03.2>?¢ This improvement in
activity was attributed to: (i) the material’s labile hydrides providing a spillover pathway
for the incoming Ha, thus preventing the Ru metal catalyst from being poisoned; (ii) the
participation of lattice hydrides in the catalytic cycle via a hydride-based Mars—van
Krevelen (MvK) mechanism; (iii) the transfer of charges to the metal centers, which assists

in N activation.?>? To researchers’ surprise, BaTiO3xHx (when x = 0.5) is also active for



ammonia synthesis even in the absence of a metal catalyst and at conditions (i.e. 400 °C, 5

t.2” However,

MPa) comparable to the Haber—Bosch conditions over an iron-based catalys
the role of lattice hydrides in hydrogenation reactions, such as ammonia synthesis, over
BaTi02.5sHo.s remain unclear.

In this thesis, we will explore the role of BaTiO2s5Ho.s (BTOH) lattice hydrides in
hydrogenation reactions including ammonia synthesis, acetylene semi-hydrogenation, and
crotonaldehyde selective hydrogenation. Because reactions over a heterogeneous catalyst
mainly takes place on the catalytic surface, it is therefore crucial to identify stable surface
structures of BTOH since a catalyst’s activity and selectivity properties is dependent on the
surface structure.?® In our first work, we aimed to identify stable terminations of BTOH
that are the most probable to form under the typical reaction conditions of the above
hydrogenation reactions. Our results show that of the 47 BTOH terminations belonging to
the (100), (010), (210), (011), and (211) facets that were studied, only three were found to
be the most stable under relevant catalytic conditions: the (010)-BaxO», (210)-Ti202, and
(211)-Ba,04H surface terminations.?

From here, we employed first principles density functional theory to investigate the
mechanism of ammonia synthesis and the role of lattice hydrides on a stable BTOH surface
(chapter 4). Under ammonia synthesis conditions, the (210)-Ti20> surface termination is
found to be the most stable.?’ Our mechanistic investigation shows that the lattice hydrides

in BTOH can participate in the catalytic reaction and the hydride-vacancy that forms is key

for adsorption of the N-containing intermediate and subsequent N-N bond cleavage.*



Next, as there have been no studies yet on the utilization of perovskite oxyhydrides
for general alkyne semi-hydrogenation, we investigate the role of lattice hydrides in BTOH
for acetylene semi-hydrogenation by first principles density functional theory and
microkinetic modeling (chapter 5). Although this investigation shows no direct role of
lattice hydrides in the catalytic cycle, the presence of lattice hydrides in BTOH favors a
surface that exposes vacancies under the given reaction conditions which in turn facilitates
in H» dissociation and stabilizes the vinyl intermediate.

Finally, to understand the role BTOH lattice hydrides and surface anion vacancies
play in general selective hydrogenation of a,B-unsaturated aldehydes, we investigated the
selective hydrogenation of crotonaldehyde (CRAL) over BTOH as a probe reaction. Our
findings show that surface anion vacancies on the BTOH surface is pertinent for selectively
hydrogenating CRAL to crotyl alcohol (CROL) because the vacancies provide an avenue
to form a proton and surface hydride from H» heterolytic cleavage. The formation of
oppositely charged H species is conducive for CROL formation because of the favorable
charge interactions between 1) the surface hydride and the nearby carbonyl carbon in
CRAL and 2) between the proton and partially negative O atom in CRAL. The charge
interactions between the H species and carbon atoms in CRAL’s C=C bond are not as
favorable and, therefore, butanal formation is not preferred.

The BTOH perovskite oxyhydride is a unique metal oxide material because its
surface terminations can expose hydrides or hydride vacancies which have been proposed
to partake in hydrogenation reactions. The work presented in this thesis is a starting point

to understanding BTOH structure-activity-selectivity relationships for catalysis and lays a



foundation for future studies of surface chemistry and catalysis on the BTOH perovskite

oxyhydride itself as well as on BTOH-supported metal catalysts.
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CHAPTER 2
Computational Methods

The goal of computational chemistry is to predict the structure, energy, and
properties of systems from quantum mechanics. The equation that serves as the key to
unlocking such information is the Schrodinger equation. However, solving this equation is
not so simple. In this chapter, we review what the Schrodinger equation is, and the methods
used to approximate the solutions to this equation. We then discuss methods for transition
state search, chemical bond analysis, and microkinetic modeling as approaches to study

reaction mechanisms and rates on a heterogeneous catalytic surface.

2.1  The Schrodinger equation

Because atoms and their constituting electrons and nuclei obey laws governed by
classical and quantum mechanics, we can use computational methods to predict material
properties and behavior. A first principles (or ab initio) approach is an example of a
computational method based on quantum mechanics and, therefore, excludes the use of
empirical parameters. This approach is commonly used to study surface chemistry by
capturing bond formation and breaking between a surface and reactant molecules.

Any information about a system can be determined by solving, in our case, the time-

independent Schrodinger wave equation:
Ay(#, R) = Ey(#, R) (2.1)
where H is the Hamiltonian operator, (7, ﬁ) and E are the wavefunction and the total

energy of the system, and 7 and R represent the system’s electron and nuclei positions,
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respectively. Since the wavefunction of a system has 3N dimensions, N being the number
of electrons, finding an exact solution for the Schrédinger equation becomes exponentially
more difficult to obtain as the number of electrons in a system exceed 1. Thus,
approximations such as the Born-Oppenheimer (BO) approximation,' have been adopted
to find numerical solutions to the wave equation. In the BO approximation, the electronic
and nuclear components of the equation can be decoupled since nuclear motion is several
orders of magnitude slower than electronic motion. Thus, the electronic structure of a
system can be calculated from only the electronic components as so:

Heye(7, R) = Eayel(?, R) (2.2)
where e, vel(7, ﬁ), and E¢ are the electronic Hamiltonian, wavefunctions, and energy,
respectively.

There are two types of approaches to solving this simplified wave equation:? the
wave function theory (WFT) and density functional theory (DFT). The most common WFT
approximation method is Hartree-Fock (HF) theory which assumes that each electron in a
system moves in an average or mean field of all other electrons and nuclei and that the
many-electron wavefunction has the form of a determinant of single-electron
wavefunctions called a Slater determinant.® Slater determinants can approximately
describe an antisymmetric wavefunction of a multi-electron atom but neglects electron
correlation because of the mean field approximation. Therefore, to account for electron
correlation, a post Hartree-Fock method called configuration interaction can be used.* In
this method, different orbital configurations (i.e., putting electrons in different orbitals) can

be described by different Slater determinants and a linear combination of these Slater
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determinants can better describe the spatial correlations in electron motion. However, HF
theory and configuration interaction is only practical in small systems with tens of atoms
and, thus, would not be an appropriate method for material systems. To combat this issue,

the DFT method can be used instead as described in the next section.

2.2  Density Functional Theory (DFT)

An alternative to the wave function methods of solving the Schrédinger equation is
density functional theory (DFT).> Because the dimensionality of a problem increases with
the number of electrons in the system, it is therefore more advantageous to use electron
density rather than individual electrons as in the case of HF. In pure DFT, the method
attempts to compute the energy of interacting electrons as a functional of the density.
However, finding accurate approximations for the kinetic energy functional is a challenge.
Therefore, instead of finding a kinetic energy functional of an interacting system, the Kohn-
Sham approach was used to find a fictitious system of non-interacting electrons with the
same electron density as the actual system with interacting electrons. Thus, what used to
be a n-electron system can now be decomposed into n one-electron systems and the Kohn-
Sham equations, rather than the many-body Schrédinger equation, can be solved:

Hisoi(7) = €i0i(7) (2.3)
Here, Hs is the Kohn-Sham (KS) Hamiltonian, ¢i(7) is the KS orbital of the fictitious
system with energy &i. The KS orbitals are the solutions to the KS equations. Once solved,
we can determine the ground state electron density of the actual system and, therefore,
other quantities of interest. The total energy of a system can then be calculated as Etotal =

Exin(non) + Enuc-el T Eel-et + Enuc-nuc + Exc where Ekinmon) 1s the noninteracting kinetic energy,
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Enuc-el 18 the energy from nuclear-electron interactions, Eelel is the energy from electron-
electron repulsion, Enuc-nuc 1S the energy from nuclear-nuclear repulsion, and Exc is the sum
term of all interacting energies including the interacting kinetic energy, electron correlation
energy, and electron exchange energy.® The first three terms are relatively easy to calculate
while the Enycnuc term is a constant. Even though the remaining Exc term makes up only a
relatively small portion of the overall energy, it is actively involved in phenomena
occurring at the atomic, molecular, or material level. Hence, the accuracy of DFT improves
when the appropriate XC functional is used to describe Exc of a system.

2.2.1 DFT functionals. There are many different types of functionals with
varying accuracy and computational costs. The three most popular groups of functionals
are the local density approximation (LDA), generalized gradient approximation (GGA),
and hybrids.” The LDA functional is of the lowest level and only includes local information
about electron density and its gradient at a given point. It can realistically describe the
properties for simple metals with slow-varying charge densities at a low computational
cost. However, it overestimates the binding energies of molecules and solids and, therefore,
IS not accurate enough to describe energetics of chemical reactions (i.e., heats of reaction
and activation energy barriers).®® On the other hand, the GGA functionals includes both
the local and semi-local information about the electron density and its gradient at a given
point and are typically more accurate than LDA. These functionals give more accurate
binding energies of molecules and solids and improves the calculated energy barriers at a
reasonable computational cost.’® Although the GGA-level functionals over corrects bond

length, resulting in under-estimated adsorption energies, it is a sufficient functional for the

13



work presented in this thesis.> There are many different flavors of GGA functionals
including PW91™ and BLYP.*?3 But the most popular one is the Perdew-Burke-Ernzerhof
(PBE) functional which was used in all DFT calculations performed in this work.'* Lastly,
the hybrid functionals are a mixture of exact (or Hartree-Fock) exchange with GGA and
can more accurately calculate the true total energy of a system.!® However, the
computational cost is too high for the purposes of this work.

2.2.2 Pseudopotentials. Recall that in DFT, the KS orbitals are solutions to the
KS equations and correspond to the noninteracting electrons of a fictitious system. The
DFT method can be an “all-electron” approach in which all electrons of each atom are
included in the calculation, however, doing so would be computationally costly. As the
chemistry of a solid typically involves only valence electrons, the core electrons can
essentially be “removed” and replaced with an effective potential that mimics the impact
the core electrons have on the valence electrons.'® Thus, a smaller set of functions (i.e., a
basis set) can be used to represent the valence electrons. The main types of
pseudopotentials are the norm-conserving,'” ultrasoft,'® and projector-augmented wave
(PAW) pseudopotentials.'® All DFT calculations in our work were performed using the
Vienna ab initio Simulation Package (VASP) code?’?! which implements the PAW
potentials to describe the electron-core interactions. These potentials are constructed using
an atomic orbital basis set to describe the core electrons and a planewaves basis set, giving
this hybrid potential a higher accuracy than ultra-soft pseudopotentials.'®

2.2.3 Periodic DFT and Bloch’s theorem. Computational cost grows steeply

with system size. Therefore, to treat bulk periodic systems like crystals, it would be
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advantageous to model the system as a unit cell with periodic boundary conditions. The
unit cell can then be mapped into a reciprocal space, or a k-space made up of k-points.
Because the system is periodic, it would make sense that the wavefunction for the system
would also be periodic and, hence, Bloch’s theorem states that:?

wi(7) = u(7)exp(ik - 1) (2.4)
where yi(7) is the wavefunction of an electron, k are the k-points in reciprocal space, and

uk(7) is a periodic function that has the same periodicity as the potential such that ux(#) =

uk(?+§). As a result, Bloch’s theorem greatly simplifies the problem of calculating the
wavefunctions of electrons in an infinite system to a finite one.

2.2.4 Dispersion corrections. The exchange-correlation term, Exc, of DFT
calculations is assumed to be a functional of the local electron density. As a result, only
local contributions to the electron correlation are included and long-range dispersion forces
are neglected.?? A nonempirical approach to correcting these errors is by the vdw-DF
method which computes a system’s dispersion energy based on its electron density.? Other
approaches include the DFT+D method by Grimme et al. which is an empirical method,
typically cheaper than using the vdW-DF methods, that describes dispersive energy by
damped interatomic potentials.?* The DFT-D3, Grimme’s third generation DFT dispersion

correction with Becke-Johnson damping, was used in this work.

2.3  Transition state search
On a potential energy surface (PES), the local minima represent reactants, products,
and intermediate states while the saddle points bridging between two local minima represent

transition states along a minimum-energy path (MEP). Finding these transition states are
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crucial in catalytic studies as it provides information on reaction mechanisms and rates.
Typically, a Hessian matrix of second derivatives of potential energy can be used to determine
if a point along the PES is a transition state. However, as this can become computationally
expensive, a number of approaches have been developed to find transition states based on
calculating the first derivatives, or the forces, instead. The two methods used in this thesis are
the nudged elastic band (NEB) and dimer methods as described below.

2.3.1 Nudged elastic band. In the nudged elastic band (NEB) method, two local
minima on a PES (or the initial and final states in a chemical reaction) are connected to
each other by a straight band.?® Intermediate configurations between the initial and final
states are represented by evenly spaced points or images that lie on the band. To search for
the MEP between the initial and final states, this band will be nudged towards a path until
the fictitious spring force applied to each image and parallel to the band is minimized. The
climbing image-NEB can be used to ensure that the highest energy image climbs to a saddle
point.?® When running NEB calculations, there are some important points to consider:

1) Ensure that there are no additional local minima along the path between the initial and
final states. If there is, the path is more complicated than anticipated and the NEB needs
to be restarted.

2) A goldilocks number of images between the initial and final states must be chosen for
a sufficient resolution to find the saddle point at a reasonable computational cost.

3) The transition state found is based on the initial and final states decided by the user. To
prevent user bias, it is important to test different initial and final states to find the most

reasonable path.
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2.3.2 Dimer. Unlike the NEB method where initial and final states are used as
inputs to find the transition state, the dimer method can be used to find the nearest saddle
point from any initial configuration.?’-*® Although, this method works best when a good
guess of the transition state, found from a crude NEB run, is used. In the dimer method,
two images, or the dimer, are first generated at an equal distant from an initial input
geometry. In each optimization cycle, the dimer energy is minimized by rotating about its
center to find the lowest curvature mode. The dimer converges towards a saddle point by
climbing up the PES along the lowest curvature mode direction while relaxing in all
perpendicular directions.?’ The advantage of using the dimer method is that it theoretically
has a lower computational cost than NEB because only two images are needed instead of
multiple. However, without a set initial and final state as endpoints, the dimer can diverge
to another saddle point that is different than anticipated. Hence in this work, the dimer
method is only used to refine crude transition state configurations rather than finding

transition states.

2.4  Chemical bonding analysis

Understanding the chemical bonding interaction between molecules and a catalytic
surface can explain why certain chemical processes, such as adsorption and hydrogenation,
occur. In this work, chemical bonding analyses (i.e., density of states and Bader Charge
analysis) are used to identify preferential adsorption sites on a catalytic surface and provide
insight on the driving force of a reaction.

2.4.1 Density of states. To explain the density of states (DOS) of a solid, it is best

to review a simpler case: the atom. An atom contains different energy levels with each
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energy level made up of different subshells/orbitals and each orbital holding a maximum
of two electrons. When two or more atoms combine, their atomic orbitals also combine to
form the molecular orbitals of a molecule. Like atomic orbitals, molecular orbitals also
have discrete energy levels and can explain the geometric structure of molecules. A solid
can be thought of as a very large molecule containing many atoms on the order of
Avogadro’s number.*® Because of the sheer number of atoms in a solid, there is also a sheer
number of “molecular orbitals” such that its orbitals can be drawn as a band rather than
lines at each discrete energy level. The DOS of a solid is then defined as the number of
states or energy levels per unit of energy. In this thesis, DOS was used to understand the
interaction between adsorbates and the catalytic surface. This interaction can be seen by
the overlapping molecular and surface DOS with a greater overlap indicating a stronger
interaction.

2.4.2 Bader charge analysis. Charge transfer between atoms can typically be
used to explain the properties of chemicals and materials. The most common method of
determining atomic charges from theoretical calculations is the Mulliken population
analysis.>! In this method, after atomic orbital basis sets are used to calculate the electronic
wavefunction of the system, the calculated charges obtained are assigned to the atoms in
which the basis functions are centered upon. While this method is a fast and useful way in
determining partial atomic charges, it has a couple of disadvantages:

1) it’s sensitive to the choice of basis set and
2) it’s unsuitable for solid-state studies since the plane wave basis set, which functions

are not centered on any atom, are used.
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Another approach is to divide the charge density amongst atoms at the point where
charge density reaches a minimum between atoms. In other words, the Bader charge of an
atom is bounded by zero flux surfaces in which charge density is a minimum perpendicular
to the surface.’? Because Bader charge analysis can be used to analyze calculations based
on plane wave or atomic basis functions, this is generally a good approach to determine

atomic charges of systems.

2.5 Microkinetic modeling

2.5.1 Introduction. To improve on a catalyst’s activity and selectivity, it is helpful
to know the crucial reaction intermediates and rate-controlling elementary steps. For
example, if microkinetic simulations show that a certain intermediate is poisoning the
surface of a catalyst, the new and improved catalyst would be designed to prevent the
formation of the intermediate. The typical steps necessary for the construction of a
microkinetic model of a reaction are as follows:**

1) Construct a set of elementary reaction steps
2) Derive rate expressions for each elementary reaction steps
3) Convert the set of rate expressions into a set of ordinary differential equations

(ODE)

4) Define any initial values, boundary conditions, and model parameters (ex. initial
surface concentrations, partial pressures, temperature)

5) Solve the system of ODEs

6) Interpret results (typical output may include reagent orders, apparent activation

energy, surface coverage, degree of rate control, production rate)
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2.5.2 Microkinetic Modeling using MKMCXX code. The microkinetic
simulations described in this thesis were performed using the MKMCXX?* code to gain

information on the microkinetic®>¥¢-7

properties for, specifically, the acetylene semi-
hydrogenation over a BTOH surface. The reaction rate, rate-controlling step(s), surface
coverage and selectivity analysis were investigated to understand BTOH selectivity for
ethylene. For surface reactions, the pre-exponential factor is mainly dependent on the kyT/h

term such that the forward and reverse rate constants are calculated according to the

ZPE
(_AEact

— )Where Kb is the Boltzmann constant, T is temperature, h is
b

equation k = kaTeXp

the Planck’s constant, and AEZFE is the ZPE corrected enthalpy difference between the
transition state and the initial or final state.

For adsorption reactions, processes are treated as non-activated with the rate

constants and rates per site expressed as k, 45 = / agand 1,45 = Pkags(1—6),

where P is the gas pressure (typically in bar), a; is the site density (typically in sites per
m2), m is the mass of the molecule (typically in kg), S is the sticking coefficient which has
a default value of 1, and 6 is the total relative coverage for that site type. S was assumed to
be 1 for all adsorption reactions. Each adsorption site surface area, A, was approximated to
be 1.41x107° m? which equates to one eighth of the 2x2 BTOH supercell of dimensions
9.87 A x 11.40 A. Using the relationship Keq = Kads/Kdes, the rate constant for desorption

(Kges) can then be described as®

Sgas® . .
k — Kads " 1/6° _ 1-6° AP° S exp( R )exp AHadSo_Hglzlgs.ls T
des = Keqr (1/-6DA/P) 07 \JZmmkpT ) daas poe ,
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where Sgas® and H,2781~T were calculated from thermodynamic tables®® using the
Shomate equation.*® The standard states used were as described previously such that the
surface standard states cancel in the above expression.*! The total partition function of an
adsorbed reactant molecule (gads) is @ product of each of the individual partition functions
from electronic, vibrational, rotational, and translational motion such that q,qs =
Qe19vib Drot Qerans » Where Qe is often assumed to be 1. As adsorbates have hindered
translational and rotational motions parallel to the surface, hindered motion equations* are

used to approximate for qrot and Qrans in this work while qvin was calculated according to

1

—
1—exp (—kb—lT)

the equation q,;, = [1;

The degree at which an elementary step controls the overall rate of the reaction is

analyzed by the degree of rate control (DRC) method.**** For elementary step i, the DRC

. . ki (0 a1
(Xrc,) is calculated accordingly Xpc; = —l(a—;) = (al";_) , where ki, Ki, and r
r 3 k]' K nki kjtivKi

are the forward rate constant and the equilibrium constant for elementary step i, and the

reaction rate, respectively. Additionally, the DRCs obey the following sum rule

YiXrei = 1.
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CHAPTER 3

Stable surface terminations of a perovskite oxyhydride from first principles

3.1 Abstract

Successful synthesis of some perovskite oxyhydrides and their unique catalytic
properties have recently attracted researchers’ attention. However, their surface structure
remains unclear. Here we identify stable surface terminations of a prototypical perovskite
oxyhydride, BaTiO25Hos, under catalytically relevant temperatures and pressures by using
first principles thermodynamics based on density functional theory. Five low-index facets,
including (100), (010), (210), (011), and (211), and their various terminations for a total of
47 different surfaces have been examined for relative stability at different temperatures
(700, 500, 300 K) and gas environments (10%° < Poz < 1 atm, 10® < P2 < 100 atm). The
most stable ones are found to be (010)-Ba20., (210)-Ti202, and (211)-Ba204H surface
terminations. These polar surfaces are stabilized by charge compensation. This work
provides important insights into the stable surfaces of perovskite oxyhydrides for future

studies of their catalytic properties.

3.2 Introduction

Perovskite oxyhydrides are a new class of mixed anion materials derived from the
extensively explored perovskite oxides of the formula ABOs3. The larger A cations are
typically Ca, Sr, Ba, Na, K, Pb, La, Nd, Pr, and Ce, while the smaller B cations are typically
early 3d or 4d transition metals.® The perovskite structure can also incorporate non-oxide

anions such as H™ and, recently, it was found that the substitution of hydride anions for

25



oxide in the BaTiOz perovskite can be successfully carried out, yielding the BaTiO3.xHx
perovskite oxyhydride solid with x < 0.60.2 These solids are interesting materials due to
their labile hydrides within the solid framework?® and electronic conductivity.> "8

The newly discovered BaTiOzxHx perovskite oxyhydride has found many
applications in catalysis. In ammonia synthesis,® 1° BaTiOzxHx is a more efficient support
than its parent oxide, BaTiOs, for the Ru metal catalyst. It is suspected that the material’s
labile hydrides provide a spillover pathway for the incoming H. required for NHs
conversion, thus preventing the Ru metal catalyst from being poisoned.’® The same
Ru/BaTiOsxHx catalyst is also promising in CO, methanation.!* Furthermore, BaTiO3z-xHx
alone is active for ammonia synthesis as well.® Although some of the hydrides become
replaced by nitrides, the presence of remaining labile hydrides is sufficient to continue the
reaction. Likewise, the mixed oxyhydride-nitride, BaCeOs.xNyH, itself acts as a catalyst
for ammonia synthesis.*? Interestingly, the BaCeO3.xNyH; catalyst can synthesize ammonia
in comparable amounts to BaTiOs.xHy at the same temperature but a fifth of the pressure.
This implies that a change in the B cation can have an effect on the activity of the catalyst.

The mobile hydrides within the oxyhydride framework have also been shown to be
synthetically effective in the production of mixed anion material. Previously, the synthesis
of BaTiO2.s5-yNo1 from BaTiOs required a temperature of 950 °C under a flow of NH3.13
But when BaTiO2.4Hos Was used as a precursor, lower temperature ranges of 375-550 °C
was found to be sufficient for the formation of BaTiO3.xN2x3 with x < 0.60.14 At even lower

temperatures of 150 °C, the BaTiO2s5Hos material can undergo F-/H- exchange to form
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BaTiO25F0.25H0.25> 16 In contrast, prior work reports the synthesis of BaTiOzxFx from
reaction of BaOy, BaF2, TiO, and Ti requiring a temperature of 1300 °C.’

While the recent discovery of perovskite oxyhydrides and their applications in
catalysis have been exciting, the surface structure underlying their interaction with the
metal catalyst and its role in catalysis are unclear. A fundamental understanding of the
surface structure of perovskite oxyhydrides is therefore much needed. To the best of our
knowledge, single crystals of cubic ATiOsxHx-type perovskite oxyhydrides are not
available yet. While this prevents an experimental surface-science approach to examining
their surface structure, a first-principles approach can nicely fill this gap and shed some
light.

In this study, our goal is to use first-principles density functional theory to compare
various surfaces and terminations of the prototypical perovskite oxyhydride, BaTiO25Hos,
to determine the stable surface structures relevant to catalytic conditions. These results will
lay a foundation for future studies of surface chemistry and catalysis on the BaTiO25Hos
perovskite oxyhydride itself as well as on BaTiO2sHos-supported metal catalysts. Below,
we first describe our computational methods and structural models for various surfaces and

terminations of BaTiO25Hos.

3.3 Computational Methods

Density functional theory (DFT) calculations were performed with Vienna ab initio
Simulation Package (VASP).!® 1° Electron exchange and correlation was treated at the
general-gradient approximation (GGA) level using the Perdew-Burke-Ernzerhof (PBE)

functional.?’ The electron-core interactions were described by the projector augmented-
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wave (PAW) potentials.?! The plane wave basis set kinetic cutoff energy was set to 450 eV.
All calculations were performed with spin polarization. All models were optimized until
the interatomic forces were less than 0.03 eV/A and the total energy converged to within
10°eV. Bader charge analysis was used to obtain the partial atomic charges within the bulk
and slab models.??

3.3.1 BaTiO2.5H0.5 (BTOH) Bulk Model. All surface structures studied were
cleaved from the BTOH bulk. It was modeled from a 2x1x1 supercell of cubic BaTiO3
perovskite with a hydrogen atom replacing the central oxygen bridging between the two
cubic BaTiOs unit cells. Although bulk BaTiOz is only cubic at higher temperatures but
tetragonal below 400 K,2% BaTiOsxHx of higher hydride concentrations (~ x = 0.6) is in the
cubic phase at room temperature.? So it is expected that BaTiO2.5Hos bulk would still be in
the cubic phase. This is why we used cubic BaTiO3z unit cells to construct the unit cell for
the BaTiO25Hos (BTOH) bulk. The bulk structure and the five cleavage planes of focus
are shown in Figure 3.1. The optimized lattice parameters of BTOH based on the double-
cubic unit cell are a=8.06 A, b =c =4.03 A, in excellent agreement with the experimental

values of a=b = ¢ = 4.03 A for BTOH based on a single cubic cell.*¢

(010) (100) 011) . @
(210) (X o (211) B0, o | @
Co'0'% o >

Figure 3.1 Models of bulk BaTiO2s5Hos with orange planes representing the studied
cleavage direction.
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3.3.2 Slab Models. A slab with two symmetrical terminations was used to model the
semi-infinite surface structures of BTOH. Five low-Miller-index surfaces, including (100),
(010), (210), (011), and (211), were examined (Figure 3.1; visualized by the VESTA
program?*). Each surface consists of a set of neutrally charged stoichiometric or
nonstoichiometric terminations (see Figures 3.A1- 3.A5 in the Appendix [section 3.7] for
details). A total of 47 slab models were initially built with seven layers in each slab and,
later, thicker layers were also considered for thickness-dependence; the central three layers
of each slab were kept fixed to simulate the bulk region while the remaining outer layers
were relaxed. Each model was constructed with a 20 A vacuum along the z-direction. A
Monkhorst-Pack scheme?® was used to sample the Brillouin zones: k-mesh of 3x6x6 for the
bulk; k-meshes of 2x5x1, 5x2x1, 4x2x1, and 2x4x1 for the (100), (010), (210), and
(011)/(211) surfaces, respectively.

3.3.3 Surface Grand Potential. Upon cleaving the bulk, exposed surface
terminations can be stabilized when in contact with an environment.?® The resulting free
energy from this interaction is quantified as the surface grand potential (SGP).?” The SGP
is plotted as a function of the surrounding gas phase’s chemical potential (in our case, H>
and O2). Following previous work by Wang et al.,?® the SGP of a BTOH surface termination

can be written as
1 .
Wi =75 [Esllab + PV =TS — Npaltga — Nriptri — Nolto — NH.UH] (3.2).
Since DFT calculations are at 0 K and the PV term is small at reservoir pressures below 100

atm,?® Equation (3.1) can be rewritten as

1
w; =% [Esllab — Npaltpa — Nritiri — Noto — NHHH] (3.2),
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where w; is the SGP for termination i; Nsa, Nti, No, and Nn are the number of Ba, Ti,

O, and H atomsintheslabmodel; ug, , ur; , o, and uy are the chemical potentials of

Ba, Ti,O,andHatoms, and S is the surface area of termination i. The factor of % is

included to give the SGP per termination of the symmetric-surface slab model. The

relation between the chemical potential of the bulk phase, ugron, and the chemical

potential of each constituent element is?’

UBTOH

_ phbulk _

BToH = MUBa + Uri +2.500 + 0.5uy (3.3).

The chemical potential term can vary with respect to the computed reference chemical

potential (E)? as listed in Equations (3.4)-(3.7)

Augg = Upq — gglk (3.4)
Apg; = prg — EZF" (3.5)
Ao = po — 3 ESE (3.6)
Ay = py — S ES (3.7),

where ER4k and E2*% are the electronic energies per atom from the optimized bulk Ba

and Ti; E " and Eg " are the ground state electronic energies of an isolated Hz and O

molecule, respectively. Substituting Equations (3.3)-(3.7) into (3.2) yields the SGP

equation

w; = ¢; — % [(Ngq — Npi)Aupq + (Ng — 2.5Nr;)Apg + (Ny — 0.5N7)Auy] (3.8),

where

1 i 1 1
¢i = 52 [Egiap — NriEB#0i — (Na = Nr) EBS™ — (No — 2.5N5) S Eg™ — (Ny — 0.5N7) - ES ] (3.9).
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Values of Ay and Ap, corresponding to pressure ranges of 10° < Pz < 100 atm
and 10™° < Poz < 1 atm were considered for temperatures of 700, 500, and 300 K. In
Equations (3.8) and (3.9), 4Auy; has been eliminated and the remaining variable, Aug,, is set
to -5 eV. This value was determined by setting a series of thermodynamic boundary
conditions prohibiting the precipitation of other Ba-, Ti-, O-, and/or H-containing
compounds on the BTOH surface. Details in calculating Aug,, Auy, and Au, values are
explained in the Appendix (section 3.7).

Because Ti has localized 3d electrons, SGP calculations including the Hubbard U
parameter (3.3 eV for Ti 3d) were also tested. We found that the relative surface stability
trends were the same with or without the U parameter, most likely because the electrons in
BaTiOs.xHx form a delocalized bandstate’ and give rise to metallic conductivity at room
temperature for large enough x (> 0.3).% Therefore, we present only the results without the
U parameter for BaTiO2.5Ho5 surfaces.

As mentioned previously, the TS term in Equation (3.1) was ignored when
calculating the SGPs for BaTiO2.5Hos surface at 0 K. To account for the vibrational energy
and entropy contributions at finite temperatures, we estimated the effect of including the
lattice vibrational energy and entropy contributions in the computation of SGPs using the
harmonic approximation.®* As shown in Figure 3.A6 in the Appendix (section 3.7), the
most stable surface terminations remain the same with or without vibrational contributions.
Thus, for the purpose of this study, finite-temperature vibrational contributions are

negligible.
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3.4 Results and discussion

3.4.1 Surface stability under varying oxidation/reduction conditions at 700 K.
The catalytic applications of BTOH are often at high temperatures, such as around 700 K
for ammonia synthesis.® 1° We first evaluate the surface grand potentials (SGP) at 700 K
under the varying oxidation condition: 10™® < Po, < 1 atm at constant Py = 10°° atm. A
total of 47 terminations belonging to the five surfaces [(100), (010), (210), (011), and
(211)] were examined and each termination was modeled by a seven-layered slab initially.
The terminations with the lowest SGPs (that is, the most stable) from each surface set were
remodeled with nine to 13 layers, as described in the next section, for a more accurate and
converged SGP. Figure 3.2a plots the SGPs of these stable surface terminations to identify
the overall most stable surface termination under the conditions of 700 K, P, = 10 atm,

and 10° <P, < 1 atm.

a) O, Pressure at 700 K (atm) b) H, Pressure at 700 K (atm)
10,15 10,10 1075 1 10'15 10'10 10'5 1 102
0.10 T T T (Surface) ) ) ' o (Surface)
Termination 0.08 | Termination
0.8 — (100) Ti,0, ~ B<\/ (211) Ti,0,
“ (011) Ti,OH 2 006k ] —(100) T},0,
= 0.06p 1 — (211) Ti,0, o —— (211) Ba,0,H
= — (010) Ti,O,H Y (011) Ti,OH
0.04 g Q0. 2
© (011) O, % 0.04 — (010) Ti,0,H
[ 1 = (210) T}, 0, / (210) Ti,O
0.02 —— (211) Ba,O,H 0.02} ] o
, , , _| == (010) Ba,0, . k . ,
0.00
20 -15 -1.0 -05 -1.6 -1.2 08 -04
Apg (V) Apg (eV)

Figure 3.2 Relative stabilities of most stable BaTiO25Ho.5s terminations at 700 K: (a) under
increasing oxidation condition, with P2 = 10°° atm and 10™*® < Po, < 1 atm; (b) under
increasing reducing condition: Poz = 10" atm and 1075 < P2 < 100 atm.
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One can see that for Po, < 10 atm, the (210)-Ti.O> termination is the most stable, and for
Poz > 10" atm, the (010)-Ba.O, termination is the most stable. We then evaluated the SGPs
at 700 K under varying reducing conditions: 10" < Py, < 100 atm at constant Po, = 10°2°
atm. As shown in Figure 3.2b, the (210)-Ti20O2 termination is the most stable under all H2
pressures considered.

3.4.2 Structure of stable surface terminations. To further confirm the surface
stability, the seven-layered slabs from the most stable terminations as determined from
Figure 3.2 were remodeled with additional layers to reach a more accurate and converged
SGP.* As a result, we found that while nine layers were sufficient for most of the slabs, the

(100)-Ti204 surface termination required 11 layers and (211)-Ti2O- required 13 layers to

reach SGP convergence within 0.003 eV/AZ2. The side and top views of the most stable,
relaxed nine surface terminations with their converged number of layers are depicted in
Figure 3.3. The surface relaxation of each slab model in Figure 3.3 is summarized in Table
3.Al of the Appendix (section 3.7).

The two most stable surface terminations from Figure 3.2 are (210)-Ti.O> and
(010)-Ba20>. The relaxed (210)-Ti2O> termination is a vicinal surface with a triangular-
wave-like surface corrugation: the top of the triangle is a row of TiO, and the unit cell has
two such rows, hence the Ti.O> name; below one surface Ti atom, there are two subsurface
O atoms, while below the other surface Ti atom, there is one subsurface O and one
subsurface H atom. These subsurface atoms should be accessible to small adsorbates
approaching the troughs of the triangular-wave-like surface corrugation of the (210)-Ti20-

termination. The (010)-Ba.O> termination has a rather flat surface, resembling the common
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A-termination of the (100) surface of a cubic ABOs; the hydride is in the subsurface but

not directly accessible to gas phase reactants, unless there is a surface oxygen vacancy for

H to diffuse out to the surface.

Side View
*+ @90 -0
D@ -9

0 0:0°:0:-0-

® -
Q- 0:0:-0:-0-

® -
Q0 0:0:-0:-0-

Top View

(100) Ti,O,*

© 0.0
©°0°0
05000
@000
)

o9
669
(011) Ba,

- Q

o @ 0o @ 0@ 0o @ o
©-0-0:0-0
e ® o ® o ®o®e

©:0:0-
0:0:0:0-°0

(010) Ba;Oz*

(011) O,

e @® + @ o o Ba
©0:-0:-0 o, .o O Ti
6?6?6 o.o.O.O. 5 - 0
°® - ® Q200 * H
?;9;? ..ooo.o.o
°°°'° @ Q
e @ +« © o
S o o
(010) Ti,OH* (210) Ti,O,
o o
e ek o o 3%
©°0°0 . 0% @° .oo'o.o;o
00000 0% 0%0 o° o°
o o (#) o o .00 .oo
©0000@ °.°°.°.o : o® 05
é® @i bOQ?
T e o
To . o% (®] [ 3 o )
— o o
(011) Ti,OH  (211) Ba,0.H (211) Ti,O,

Figure 3.3 Side and top views of the nine most stable surface terminations of BaTiO2.5Hos
after geometry optimization. Stoichiometric terminations are marked with an asterisk.
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Figure 3.4 Relative stabilities of most stable BaTiO2s5Hos terminations at different
temperatures: (a) 500 K and under increasing oxidation condition (Pn2 = 10 atm); (b) 300
K and under increasing oxidation condition (Pnz = 10°% atm); (c) 500 K and under
increasing reducing condition (Poz = 107 atm); (d) 300 K and under increasing reducing

condition (Po2 = 10° atm).

3.4.3 Temperature effects. We next examine the temperature effect on the stability

under oxidation conditions. As shown in Figure 3.4a, the crossover from (210)-Ti>O to

(010)-Ba20O> in terms of stability takes place now at a much lower O pressure at 500 K; in

other words, lowering the temperature makes (010)-Ba>O> more stable over a wider range

of O pressures. When the temperature is further lowered to 300 K, now the (010)-Ba20-
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termination becomes the most stable surface over the whole O pressure range considered
(Figure 3.4b).

In the reducing condition, and when temperature is lowered to 500 K (Figure 3.4c),
we found that the (211)-Ba>O4H termination becomes the most stable when the Hz pressure
is high enough (> 102 atm). When temperature is further lowered to 300 K (Figure 3.4d),
the (010)-Ba20O> termination replaces the (210)-Ti2O, termination as the most stable at
lower Hz pressures (<107 atm). As shown in Figure 3.3, the relaxed surface of (211)-
Ba>OsH is flat and exposes Ba, O, and H on the surface.

3.4.4 Surface phase diagram at different temperatures. Extending our stability
evaluations for any given H2/O pressures at a specific temperature, we can determine the
most stable surface termination at such conditions and plot the surface diagram. Figure 3.5
shows such surface diagrams at 300, 500, and 700 K. One can see that at 700 and 500 K
there are three stable terminations: (010)-Ba20Oz, (210)-Ti.Oz, and (211)-Ba,OsH. At 300
K, there are two: (010)-Ba20; and (211)-Ba>O4H. Figure 3.5 provides a useful guide to tell
the most likely surface structure of BaTiO2.5Hos at given temperatures and pressures of Hz
and Oa. For example, Kobayashi et al. synthesized ammonia using BTOH® under 5MPa of
flowing N2/H2 with Oz in ppt amounts at 673 K. Figure 3.5c predicts that the (210)-Ti.O>
termination would be the most probable surface under such conditions. The present work
aims to identify the stable surface terminations of BaTiO2sHo s under varying temperature
and pressure conditions. One can further build upon the present work’s findings to
investigate the BaTiO2:5Hos crystal morphology based on the Gibbs-Wulff theorem. Such

study would be a useful one and is warranted.
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Figure 3.5 Surface diagrams of BaTiO2sHo.s as a function of Oz and Hz pressure (atm): (a)
300 K; (b) 500 K; (c) 700 K with Apga = -5 eV. It shows that within the given pressure
boundary conditions, only the (210)-Ti»O. and (010)-Ba,O> surface terminations are stable
at 300 K. The (210)-Ti20-, (010)-Ba202, and (211)-Ba>0O4H surface terminations are stable
at 500 and 700 K.

3.4.5 Charge compensation. Since many of the BTOH surfaces shown in Figure
3.3 are polar, the symmetric slabs are used to cancel the surface dipole in the supercell.®
Here we examine the charge redistribution among the different regions of the slabs to
understand the charge compensation. Equation (3.10) represents the general charge

compensation criterion for a slab

o= —% (3.10),
where m is the number of relaxed outer layers each of which has a charge of g;, while 6,,, 41
is the charge of the central three layers of the slab (in our case) that resemble the bulk.

Therefore, Equation (3.10) states that the total charge of the m outer layers (X7, ;) must

equal tonegative half of the total charge of the central three bulk-like layers (o, ,) for the
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surface to be stabilized through charge compensation. Table 3.1 compares these two
quantities for each slab model. One can see that all the surfaces are polar but overall, the

charge compensation is well maintained.

Table 3.1 Sum of Bader charges (Je[) for the top m layers (X7, g;) compared with that of
the central three bulk-like layers (o,,,1) for the nine slab models (see Figure 3.3).

(Surface) Termination m m Om+1 _Om+i1

z i1 2

(100) Ti204 4 0.34 -0.72 0.36
(010) Ba202 3 0.32 -0.65 0.33
(010) Ti,OsH 3 -0.28 0.60 -0.30
(210) Tio0O2 3 2.03 -4.02 2.01
(011) Ba, 3 2.41 -4.74 2.37
(011) O 3 -2.32 4.59 -2.30
(011) Ti,OH 3 2.39 -4.80 2.40
(211) Ba;OsH 3 -1.93 3.88 -1.94
(211) Ti202 5 1.78 -3.52 1.76

3.5 Conclusions

We have identified stable terminations of BaTiO25Ho 5 surfaces under catalytically
relevant temperature and pressure conditions (300 — 700 K, 10° <Py < I atm, 10°< Py,
< 100 atm) from first principles DFT. By computing the surface grand potential, we
compared 47 different terminations of BaTiO25Hos belonging to five different facets:
(100), (010), (210), (011), and (211). We then constructed surface phase diagrams for

different temperatures. The diagrams show that (010)-Ba.O2, (210)-Ti.O2, and (211)-
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Ba,O4H are the most stable at 700 and 500 K and that (010)-Ba2O- and (211)-Ba>OsH are
the most stable at 300 K. While (010)-Ba202 and (211)- Ba.O4H are flat, (210)-Ti.02 is
vicinal. (211)-Ba>OsH exposes surface hydride and (210)-Ti>O2 exposes subsurface
hydride, but the hydride in (010)-Ba,O> is not accessible. We found that charge
compensation is well maintained for all of these polar surfaces. The present work has laid
a foundation to further explore surface chemistry and catalysis on the surfaces of

BaTiO2.5Hos perovskite oxyhydride.
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3.7 Appendix

3.Al Surface Relaxations

Table 3.A1 The surface relaxations (A) of the nine stable surface terminations of study. A
positive (negative) value indicates the average outward (inward) direction of displacement
by Ba, Ti, O, and/or H atoms in layers 1-5 (L1-L5) of each slab model.

Surface (100) (010) (011) (210) (211)
Terminations Tiz0s | Ba:0: Ti20:H Ba: 0O: Ti0H | T120: | Ba:OsH  Ti20:
L1 Ba -0.02 -0.19 0.07
Ti -0.04 -0.07 -0.25 | -0.19 -0.02
(@] 0.04 -0.04 0.04 -0.16 0.16 0.13 -0.09 0.04
H 0.04 0.28 -0.06
1.2 Ba 0.12 0.05 0.20 0.28
Ti 0.04 -0.09 0.07
(@] 0.04 0.04 0 -0.03 0 0 -0.01
H 0.16 0.04 0 0.03 0.47
L3 Ba 0 0.08 -0.03 0 0.09
Ti 0 -0.04 0.03 0.03 0.06 0.07
(@] 0.04 0.04 0 0 0.08 -0.03 | -0.03 -0.04
H 0 0.03 -0.03 0
L4 Ba 0.04 -0.02
Ti
(@] 0 0.03
H 0
L5 Ba
Ti 0.04
(@]
H

3.A2 Details in Computing the Surface Grand Potentials

3.A2.A. Quantifying Auy and Au,

Assuming ideal-gas behavior, u (T, P) can be expressed as!
un(T, P) = pu(T,P°) + ~kTin(= (3.A1).
Rearranging Equation (3.7) from the main text to uy(T,P) = Auy(T,P) +§Egjs and
substituting into Equation (3.Al) yields
Ay (T, P) = pyy (T, P°) =2 ES% + ~kTin(s (3.A2).
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If we set the reference state, uy (0 K, P°), to be the energy of hydrogen in an isolated H»

molecule, we can writgError! Bookmark not defined.

Hu (T, P?) = S Ef = 5 Gy (T, P) = Gy (OK, P) (3.A3),
where

=G, (T, P°) = Gy, (0 K, P®) = 2 [Hy, (T, P°) = Hy, (0 K, P*)] = S T[Sy, (T, P°) = Sy, (0 K, P°)]
(3.A4).
Enthalpy and entropy values for H, were obtained from the JANAF thermochemical tables?
which report these energies per mole of substance at P° (1 atm) under various temperature
conditions. The result from Equation (3.A3) was substituted into Equation (3.A2) with
pressure, P, within 10" < Py < 100 atm. This same procedure was used to calculate Ay,

with P within 10"° < Poz < 1 atm. Table 3.A2 lists the values of Ay, and Ay, used in

calculating the SGP for the BaTiO2.5Hos (BTOH) surface terminations considered.

Table 3.A2 Chemical potentials (in eV) for O and H at varying pressures (atm) and
temperatures (K)

700 K 500 K 300 K
Pressure Ay Auo Ay Auo Auy Auo
1015 -1.50 -1.77 -1.05 -1.24 -0.61 -0.72
1010 -1.15 -1.42 -0.80 -0.99 -0.46 -0.57
10° -0.81 -1.08 -0.55 -0.74 -0.31 -0.42
1 -0.46 -0.73 -0.30 -0.50 -0.16 -0.27
100 -0.32 -0.20 -0.10
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3.A2.B Determining Aug,
We are most interested in calculating SGPs of clean BTOH surface terminations without
the formation of precipitates. Therefore, the following conditions must be satisfied for Ba,

Ti, O, and H atoms to not be deposited on the surfaces®*

Apgg < 0 (3.A5)
Apr < 0 (3.A6)
Aug < 0 (3.A7)
Auy < 0 (3.A8).

Inequalities (3.A5)-(3.A8) give the upper boundary limit for the chemical potentials of each
constituting element. By combining Equation (3.3) from the main text and Equation (3.A6),
we obtain the following lower boundary condition:

Apipg +2.54p0 + 0.54py > AHp(BaTiO,5Hos) (3.A9).
There are also a variety of substances that can form from the combinations of Ba, Ti, O,
and/or H atoms within the BTOH material. In order to prevent these corresponding
substances from precipitating onto the surfaces, the following boundary conditions must

be true®

Agq + Auo < AHp(BaO) (3.A10)
A.“Ti + ZA.MO < AHf(TiOZ, rutile) (3-A12)
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Appg + 24po + 24y < AHf(Ba(OH),) (3.A13)

Apgg + 24uy < AHp(BaH;) (3.A14)

Apo + 24py < AHp(H,0) (3.A15).

While other substances such as TiO. (anatase) and H>O> can also form, their heat of

formations are higher than those listed in Inequalities (3.A12) and (3.A15). Only

substances with lower heat of formations are considered to further constrain the boundary

condition. A sample calculation for the heat of formation of bulk BaTiO2s5Hos is listed
below:?

AHp(BaTiO,sHos) = EBRY, — ERu — ERMK — 2.5 (ZEBUK) — 0.5 BRIk

(3.A16).

All heat of formations in Inequalities (3.A10)-(3.A15) are calculated similarly. Plugging

inthe associated heat of formation values into Inequalities (3.A9)-(3.A15) along with the

calculated Ap,, and/or Au,, values at different temperatures and pressures from Table 3.A2

gives ranges of appropriate Aug, that can be chosen for SGP calculations. A Aug, value

of -5 eV was chosenasaresult. It isimportant to note that the Auy; and A, values recorded

inTable3.A2 in combination with Aug, = -5 eV do not satisfy all boundary conditions

listed in Inequalities (3.A9)-(3.A15). However, this procedure still provides a general

guideline for choosing an appropriate Aug, value that best represents the formation of a

clean BTOH surface in the absence of unwanted precipitation by atoms or other substances.
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3.A3 Optimized Geometries of Bulk Materials and Reference States

This section lists the optimized geometries, in fractional coordinates, of each bulk material
used to determine the value of Apg,. The corresponding space groups®® followed by the
Monkhorst-Pack k-point grid used for each bulk material are indicated in parentheses. No
space group was designated for systems consisting of a small molecule in a large cubic
cell. The structures of bulk Ba(OH)2, BaHz, and TiH2 were downloaded from the Open

Quantum Materials Database (OQMD)."®

BaTiO2sHos (space group: P4/mmm; k-mesh used: 3 x 6 x 6)
4.0300000000000002
2.0000000000000000 0.0000000000000000 0.0000000000000000
0.0000000000000000 1.0000000000000000 0.0000000000000000
0.0000000000000000 0.0000000000000000 1.0000000000000000
Ba Ti O H
2 2 5 1
Direct
-0.0000088305922951 -0.0000000744716003 0.0000001901313323
0.5000071947734379 0.0000000127423596 -0.0000001308954777
0.2419895003732961 0.5000000509970608 0.5000000845914642
0.7579811987448319 0.4999999084803107 0.4999998383124237
-0.0000050164162309 0.4999998090335747 0.4999998712732276
0.2572195892499656 0.0000002905508464 0.5000007952486185
0.2572192094891504 0.4999999285303932 0.0000005691419533
0.7427923712303642 -0.0000001078094860 0.4999992477376725
0.7427925343888070 0.5000002588868835 -0.0000005332370076
0.5000122037586797 0.4999999230596576 0.5000000676957932

Ba (space group: Im-3m; k-mesh used: 4 x 4 x 4)
5.0800000000000001
1.0000000000000000 0.0000000000000000 0.0000000000000000
0.0000000000000000 1.0000000000000000 0.0000000000000000
0.0000000000000000 0.0000000000000000 1.0000000000000000
Ba
2
Direct
0.0000000000000000 0.0000000000000000 0.0000000000000000
0.5000000000000000 0.5000000000000000 0.5000000000000000

BaH: (space group: Pnma; k-mesh used: 3 x 5 x 3)
6.8200000000000003
1.0000000000000000 0.0000000000000000 0.0000000000000000
0.0000000000000000 0.6140000000000000 0.0000000000000000
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0.0000000000000000 0.0000000000000000 1.1570000000000000

H Ba

8 4
Direct
0.0310550846104078
0.9689450193716614
0.4689448552755153
0.5310548272177801
0.6442593526395539
0.3557413428800242
0.8557404185897517
0.1442593000973666
0.2591030994372291
0.7408973067324546
0.2408961890303563
0.7591031471179047

0.2499999713983572
0.7500005485716531
0.7500002275637446
0.2499989565158226
0.2500002605899487
0.7499990190879636
0.7500012010284233
0.2499999525012465
0.2499983627264313
0.7500014638571072
0.7499996803811841
0.2500003557781176

0.1812410642673755
0.8187599921514445
0.6812402186348380
0.3187591282697499
0.9282615351540571
0.0717385148426826
0.4282614726501522
0.5717389386128053
0.8884385271365797
0.1115614086421794
0.3884383415053669
0.6115608661327765

BaO (space group: Fm-3m; k-mesh used: 4 x 4 x 4)

5.6200000000000001
1.0000000000000000
0.0000000000000000
0.0000000000000000

Ba O
4 4

Direct

0.0000000000000000
0.0000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.0000000000000000
0.0000000000000000

0.0000000000000000
1.0000000000000000
0.0000000000000000

0.0000000000000000
0.0000000000000000
1.0000000000000000

0.0000000000000000
0.5000000000000000
0.0000000000000000
0.5000000000000000
0.5000000000000000
0.0000000000000000
0.5000000000000000
0.0000000000000000

0.0000000000000000
0.5000000000000000
0.5000000000000000
0.0000000000000000
0.5000000000000000
0.0000000000000000
0.0000000000000000
0.5000000000000000

Ba(OH): (space group: P2i/c; k-mesh used: 3 x 3 x 2)

6.8200000000000003
1.0000000000000000
0.0000000000000000
0.0000000000000000
Ba H O
8 16 16

Direct

0.7506748598951078
0.2171851661924908
0.2828164624839469
0.7493226279730770
0.2506773917120006
0.7171839181684528
0.7828149691062675
0.2493251037725269

0.0000000000000000 -0.1020000000000000

1.1739999999999999
0.0000000000000000

0.0000000000000000
1.3970000000000000

0.1429034034162831
0.4503073121866132
0.9503023370797047
0.6429147866119944
0.3570849929504473
0.0496983276383200
0.5496927363830111
0.8570964869465399

0.1025475459592469
0.1830127722256468
0.3169816111895100
0.3974539788076565
0.6025461350240747
0.6830181442238336
0.8169873763139603
0.8974525339880913
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0.2268362225746514
0.5516729217070985
0.6908906400539750
0.9368833699585520
0.5631173977014465
0.8091107136648807
0.9483236608757007
0.2731642836478113
0.7268357685621085
0.0516764000315960
0.1908894341978823
0.4368826462343842
0.0631166416142941
0.3091092828573278
0.4483270224302851
0.7731637255563835
0.3537173079470491
0.9885705110006491
0.8240061025559192
0.4728911931907511
0.0271103933633123
0.6759950631010987
0.5114279872028301
0.1462826512726491
0.8537169852757178
0.4885719216624647
0.3240049501023521
0.9728894942502139
0.5271090285694698
0.1759936679632488
0.0114295378882448
0.6462825736817821

0.1499440547671437
0.7550543242792257
0.5386081547798083
0.7327718679615756
0.2327727157870136
0.0386100539327934
0.2550555526182249
0.6499413508147229
0.3500587148051658
0.7449443197712985
0.9613897395270712
0.7672274107841659
0.2672281453402794
0.4613917333237657
0.2449455972361612
0.8500559441186879
0.1413273986484939
0.8444904788993007
0.4929184456012459
0.6999085880668933
0.1999043884227028
0.9929185936786724
0.3444899876113747
0.6413299202349041
0.3586703361593662
0.6555099921288740
0.0070812010601389
0.8000954619324149
0.3000915417286383
0.5070814941370894
0.1555094232937538
0.8586726853361191

H2z (molecule; k-mesh used: 1 x 1 x 1)

1.0000000000000000
20.0000000000000000

0.0248020492662489
0.0972272943083408
0.1180366126020395
0.1195291946761605
0.3804698875993756
0.3819663900487740
0.4027704019451218
0.4751993367069925
0.5248007469399510
0.5972295213585355
0.6180335033368309
0.6195301497775828
0.8804707862919290
0.8819634797561111
0.9027726512862343
0.9751980529222204
0.0853872020923081
0.1011879677258761
0.1172031146054814
0.1643368209998511
0.3356664994128439
0.3827981516545169
0.3988132433130404
0.4146130772720927
0.5853869863021690
0.6011868454008281
0.6172019133290573
0.6643334532930040
0.8356633011544534
0.8827967327105271
0.8988118914818785
0.9146126426976026

0.0000000000000000

0.0000000000000000

0.0000000000000000 20.0000000000000000 0.0000000000000000
0.0000000000000000  0.0000000000000000 20.0000000000000000
H
2
Direct
-0.0000000000000202 -0.0000000000000070 0.0348675423371724
0.0000000000000202 0.0000000000000070 0.0723924576628242

H20 (molecule; k-mesh used: 1 x 1 x 1)

1.0000000000000000
20.0000000000000000  0.0000000000000000  0.0000000000000000
0.0000000000000000  20.0000000000000000  0.0000000000000000
0.0000000000000000  0.0000000000000000  20.0000000000000000
H O
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2 1
Direct
0.4598878551875883 0.1332351984813023 0.0000101252148377
0.5362824743244726 0.1247009610029408 0.9999898300541034
0.5013896474879336 0.1585538345157524 0.0000000307310649

Oz (molecule; k-mesh used: 1 x 1 x 1)

1.0000000000000000

20.0000000000000000  0.0000000000000000  0.0000000000000000
0.0000000000000000 20.0000000000000000  0.0000000000000000
0.0000000000000000  0.0000000000000000  20.0000000000000000
0]

2

Direct

0.0000072521996231 0.0000047077143785 0.0345233911403283
-0.0000072521996231 -0.0000047077143785 0.0961966098596719

Ti (space group: P6a/mmc; k-mesh used: 7 x 7 x 4)

2.9300000000000002

1.0000000000000000  0.0000000000000000  0.0000000000000000
-0.5000000000000000  0.8660000000000000  0.0000000000000000
0.0000000000000000  0.0000000000000000  1.5859999999999999
Ti

2

Direct

0.3333333460000034 0.6666666919999997 0.2500000000000000
0.6666666209999974 0.3333333229999980 0.7499999750000015

TiH:2 (space group: 14/mmm; k-mesh used: 6 x 6 x 5)

3.1899999999999999
1.0000000000000000  0.0000000000000000  0.0000000000000000
0.0000000000000000  1.0000000000000000  0.0000000000000000
0.0000000000000000  0.0000000000000000  1.3369999999999997
H Ti
4 2
Direct
0.5000000000000000 0.0000000000000000 0.2500000000000000
0.0000000000000000 0.5000000000000000 0.2500000000000000
0.5000000000000000 0.0000000000000000 0.7500000000000000
0.0000000000000000 0.5000000000000000 0.7500000000000000
0.0000000000000000 0.0000000000000000 0.0000000000000000
0.5000000000000000 0.5000000000000000 0.5000000000000000
Rutile TiOz2 (space group: P42/mnm; k-mesh used: 4 x 4 x 8)
4.6399999999999997
1.0000000000000000  0.0000000000000000  0.0000000000000000
0.0000000000000000  1.0000000000000000  0.0000000000000000
0.0000000000000000  0.0000000000000000  0.6440000000000000
Ti O
2 4
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Direct

0.0000000000000000
0.5000000000000000
0.3047999980000000
0.6951999500000028
0.1952000020000000
0.8048000499999972

0.0000000000000000
0.5000000000000000
0.3047999980000000
0.6951999500000028
0.8048000499999972
0.1952000020000000

0.0000000000000000
0.5000000000000000
0.0000000000000000
0.0000000000000000
0.5000000000000000
0.5000000000000000

50



3.A4 (100) Slab Models
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Figure 3.A1 Side and top views of the seven slab models of different (100) terminations
prior to relaxation. The (100) Ba;H: and Hz slab model required nine layers to preserve slab
symmetry. The (100) O4 and (100) O surface terminations were not considered in the
process of identifying the most stable BTOH surface termination due to severe
reconstruction at the surface. (c) and (g) show the slab models prior to relaxation while (d)
and (h) show the models after relaxation. The (100) Oa surface seemed to relax to a
structure (d) with the four surface oxygen atoms rearranging to form two O> molecules
adsorbed to the surface of a (100) BaxH: surface termination. The (100) Oz surface
termination relaxed to a structure (h) containing hydrogen bonds (dashed lines) formed
between the surface oxygen atoms and sub-surface hydrogen atoms. Stoichiometric
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terminations are marked with an asterisk.
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3.A5 (010) Slab Models
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Figure 3.A2 Side and top views of the eight slab models of different (010) terminations
prior to relaxation. The (010) Oz, (010) OH, and (010) OsH surface terminations were
not considered in the process of identifying the most stable BTOH surface termination
due to severe reconstruction at the surface. (d), (f), and (h) show the slab models prior to
relaxation while (e), (g), and (i) show the models after relaxation. The (010) Oz surface
seemed to relax to a structure (e) with a sub-surface hydrogen atom bonded to a surface
oxygen atom to form a surface hydroxyl group. The hydrogen vacancy is subsequently
replaced by the second surface oxygen atom. The (010) OH surface termination relaxed
to a structure that seemed to contain a hydrogen atom being desorbed from the surface.
The (010) OsH surface termination relaxed to a structure (i) in which (1) a sub-surface
hydrogen atom becomes bonded with a surface oxygen atom to form a surface hydroxyl
group and (2) two oxygen atoms from the surface seems to form an Oz molecule

adsorbed to the surface. Stoichiometric terminations are marked with an asterisk.
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3.A6 (210) Slab Models
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Figure 3.A3 Side and top views of the nine slab models of different (210) terminations
prior to relaxation. The (210) OsH and (210) O surface terminations were not
considered in the process of identifying the most stable BTOH surface termination due
to severe reconstruction at the surface. (b) and (i) show the slab models prior to
relaxation while (c) and (j) show the surfaces after relaxation. The (210) OsH surface
seemed to relax to a structure (c) with a surface hydrogen atom bonded to a neighboring
surface oxygen atom to form a surface hydroxyl group. The (010) O- surface termination
relaxed to a structure (j) with severe atom rearrangement. All hydrogen atoms in the
(010) Oz slab model formed hydroxyl groups with neighboring oxygen atoms.
Stoichiometric terminations are marked with an asterisk.
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3.A7 (011) Slab Models
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Figure 3.A4 Side and top views of the ten slab models of different (011) terminations prior

to relaxation. The (011) OH surface termination was not considered in the process of

identifying the most stable BTOH surface termination due to severe reconstruction at the
surface. (g) shows the slab model prior to relaxation while (h) shows the model after
relaxation. The (011) OH surface seemed to relax to a structure (h) with inner hydrogen

atoms bound to neighboring oxygen atoms to form sub-surface hydroxyl groups.

Stoichiometric terminations are marked with an asterisk.
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3.A8 (211) Slab Models
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Figure 3.A5 Side and top views of the 13 slab models of different (211) terminations
prior to relaxation. The (211) Ba,OsH, (211) Ti.OsH and Ti-OsH surface terminations
were not considered in the process of identifying the most stable BTOH surface
termination due to severe reconstruction at the surface. (a), (k), and (n) show the slab
models prior to relaxation while (b), (1), and (o) show the models after relaxation. The
(211) Ba2OsH surface seemed to relax to a structure (b) with a surface hydrogen atom
bonded to a neighboring surface oxygen atom to form a hydroxyl group. This is also the
case for (211) Ti2OsH and (211) Ti,OsH. The relaxed (211) Ti,OsH slab structure also
forms an Oz molecule, from two surface oxygen atoms, that is adsorbed to the surface.
Stoichiometric terminations are marked with an asterisk.
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3.A9 Surface Grand Potentials Including Vibrational Contributions
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Figure 3.A6 Surface grand potential (SGP) plots calculated with (dashed lines) and without
(solid lines) vibrational energy and entropy contributions and the relative stabilities of the
most stable BaTiO2s5Hos terminations at 700 K under increasing oxidation conditions at
constant Prz = 10°%° atm (a) and reducing conditions at constant Poz = 10°%° atm (b). (Apea
=-45¢eV).

Using the harmonic approximation, the Helmholtz vibrational free energy contribution was
calculated as:®

1 —_— .
Fyip = 52,3"’ &g+ kBTZ?Nln (1-e B&),

where g; is the corresponding energy of each frequency calculated at the gamma point, ks
is the Boltzmann constant, T = 700 K, and B is (ksT)™. The zone-center frequencies were
calculated using the finite difference method in VASP.
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CHAPTER 4

Ammonia synthesis on BaTiO25Hos: computational insights into the role of hydrides

4.1 Abstract

Perovskite oxyhydrides such as BaTiO25Ho.s have been found to be able to catalyze
NHz synthesis, but the mechanism and the role of the catalyst's lattice hydrides in the
catalytic reaction remain unknown. Here we employ first principles density functional
theory to investigate the mechanism of ammonia synthesis and the role of lattice hydrides
on a prototypical perovskite oxyhydride, BaTiO2sHos (BTOH). Two mechanistic
hypotheses, the distal and alternating pathways, have been tested on the Ti>O- termination
of the BTOH (210) surface, previously determined to be the most stable surface termination
under the reaction conditions considered. In the distal pathway, H atoms hydrogenate N> to
form the *N-NHjy key intermediates, followed by N-N bond breaking. In the alternating
pathway, H atoms hydrogenate Nzin an alternating fashion to form the *NHy—
NHy intermediates before N-N bond breaking and formation of co-adsorbed
*NHx/*NHy on the surface. We find that the subsurface hydride vacancy formed after
reaction of *N> with the lattice hydride is key to the distal pathway, leading to surface
nitride formation after breaking the *N—NHzs bond, while the neighboring surface Ti sites
are key to bridging and stabilizing the *NNH intermediate in the alternating pathway. In
both pathways, desorption of NHszis the most uphill in energy. Our results provide
important insights into the role of hydrides and surface vacancies in hydrogenation
reactions over BTOH, which will be useful to guide future spectroscopic experiments such

as operando IR and inelastic neutron scattering to verify the key intermediates.

58



4.2 Introduction

Complex oxides, composed of at least two metallic elements, find wide applications
in thermal catalysis,! electrocatalysis, and photocatalysis.® Their surfaces can take on
numerous configurations and expose different combinations of metal cations and anions,
thus providing a myriad of local chemical environments more diverse than binary oxides.
For example, when the ABOs-type perovskite, LaNiOs, is used as the catalyst in
CO2 hydrogenation, CO; is selectively converted into CH4.* However, when La cations are
partially replaced by K cations, the reaction selectivity shifts from CO2 methanation to the
reverse water gas shift (rWGS) reaction. The incorporation of K promotes the formation of
thermally unstable C-intermediates that escape hydrogenation to form the rwWGS reaction
products rather than CH4 from CO, methanation.*

The catalytic properties of complex oxides can also be tuned by anion substitution
such as in the case of perovskite oxyhydrides (ABOs-xHyx). These mixed-anion perovskite
materials are the hydride-reduced forms of the ABOs perovskites where lattice O are
randomly replaced by H™ to form the mixed-anion material.>~" Previously, there have been
very few well-characterized oxyhydride compounds; the first mixed oxyhydride was
discovered in 1982 with the synthesis of LaHO.® This material was found to be highly
hygroscopic and released hydrogen when in contact with ambient moisture. Later on, other
oxyhydride materials such as Bas(AlO4)H® and BaziGe20sH24'° were synthesized, albeit
under extremely reducing conditions. It was not until 2002 when Hayward et al. showed
how the LaSrCoOs layered-perovskite's structure can be preserved upon reacting with

CaH to form the LaSrCoOsHo 7 oxyhydride using a soft chemistry method.!* These earlier
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works paved the way to the discovery of an air- and water-stable barium titanium
oxyhydride in 2012 by Kobayashi et al.® Since then, a vast number of other types of
perovskite oxyhydrides have been synthesized, which contain other elements such as
Sc,2 v, 1314 Cr,’ or Mn?® as the B-cation.

Catalysis over perovskite oxyhydride solids has lately been of interest due to the
impact that lattice hydrides have on the oxyhydride's redox properties and electronic
structure. For example, using the BaTiOs-xHx perovskite oxyhydride as a support results in
an enhanced catalytic activity in hydrogenation reactions including CO2 methanation and
ammonia synthesis.t”*® This observed improvement in reaction rate was attributed to the
following factors: (i) the material's labile hydrides providing a spillover pathway for the
incoming Ho, thus preventing the Ru metal catalyst from being poisoned; (ii) the
participation of lattice hydrides in the catalytic cycle viaa hydride-based Mars—van
Krevelen (MvK) mechanism; (iii) the transfer of charges to the metal centers, which assists
in N2 activation.'”® Furthermore, BaTiO;-xHx (with x = 0.5) alone is also active for
ammonia synthesis under conditions (i.e. 400 °C, 5 MPa) comparable to the Haber—Bosch
conditions over an iron-based catalyst.!®3! But the role of lattice hydrides in ammonia
synthesis over BaTiO2sHos has been unclear.

Perovskite oxyhydrides can further incorporate nitride ions because their labile
hydrides® 722 can easily desorb as H2*® or exchange with nitrogen anions or halides
starting at a temperature of 673 K.22 This property further enriched their catalytic
capability. For instance, the BaCeOs-xNyH; perovskite oxynitride—hydride was shown to

be able to incorporate its lattice nitrogen and hydrogen species in the synthesis of ammonia
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and subsequently replace those lattice sites by gas-phase nitrogen or hydrogen via an
anion-vacancy mediated MvK mechanism.?®

The emergence of perovskite oxyhydrides as a new class of mixed-anion materials
for catalysis necessitates fundamental understandings of their surface structure and the
corresponding structure—activity—selectivity relationships for catalysis. Building off our
previous study on the stable surface terminations of BaTiO25Hos,% here we aim to reveal
the role of lattice hydrides in BaTiO2s5Hos (BTOH) for ammonia synthesis from N2 and
H>. This work will also lay a foundation for future studies of BTOH as a support for metal

catalysts. Below, we first introduce the computational methods and our surface model.

4.3 Computational methods

Spin-polarized density functional theory (DFT) calculations were performed using
the Vienna ab initio simulation package (VASP).2*% Electron exchange and correlation
energies were treated at the general-gradient approximation (GGA) level using the
Perdew—Burke—Ernzerhof (PBE) functional®® and the electron-core interactions were
described by the projector augmented-wave (PAW) potentials.?” The electronic wave
functions were expanded using a plane wave basis set with kinetic cutoff energy of 450 eV
and the van der Waals interactions were accounted for by DFT-D3.2 The convergence
criteria for force and energy were 0.02 eV A and 107 eV, respectively. Bader charge
analysis was used to obtain the partial atomic charges.?®

The same BTOH double-cubic, tetragonal unit cell from our previous study®® was
used and has lattice parameters ofa= 8.06 A, b=c= 4.03 A. The BTOH (210)-
Ti>0; surface termination, previously determined to be the most stable termination®® under
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the NHj3 synthesis conditions®® via first principles thermodynamics applied to perovskite
surfaces,® was used as a model structure for mechanistic studies. Here we note that,
because we used the double-cubic cell for our bulk BTOH structure, the (210) surface of
our unit cell resembles the (110) surface of a cubic unit cell of BaTiOs. The bottom three
layers of the six-layered slab for the BTOH (210)-Ti2O> surface were fixed in their bulk
positions and a 3 x 3 x 1 k-point mesh in the Monkhorst—Pack scheme3? was used to sample
its Brillouin zone. To compensate the net dipole moment along the surface normal due to
slab asymmetry, a dipole correction® was included.

Adsorption energies were calculated according to the equation

Eaas = Esurface+aasorbate = (Esurface + Eadsorbate) (4.1)
where Esurface+adsorbate, Esurface, aNd Eadsorbate are the electronic energies for the adsorbate-slab
system (adsorbates are either a reactant, intermediate, or product), the clean surface, and
the isolated adsorbate molecules (H2, N2, or NH3), respectively. The energies of N2, Ho,
and NH3 were computed by placing each adsorbate in a 15 x 15 x 15 A3 cell. The climbing-
image nudged elastic band (CI-NEB) method® was used to search the transition state for
H> dissociation over the BTOH surface; the force convergence criterion was set to 0.05 eV
A~!and the transition state found was verified by vibrational frequency analysis.

The change in Gibbs free energy corresponding to NH3 desorption (AGges) from the
surface was approximated using the following equation

AGges = AHges — TASges = (AEgiec + AEyip) — TASges (4.2)

where AEeiec is the change in electronic energy, AEvi is the change in vibrational energy

(including the zero-point energy), T is temperature at 673 K, and ASges is the change in
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entropy between the adsorbed state (initial state) and the desorbed state (final state). The
finite-difference method, as implemented in VASP, was used to compute the vibrational
frequencies of isolated NHz and NH3z adsorbed on a completely fixed slab. We approximate
the rotational and vibrational entropic contributions to be less than the translational

entropic contribution and

ASges = SNH3 - SNH3* = SNH3 - (SNH3 - SNH3,trans) = SNH3,trans (4.3)

where Sy is the total entropy of gaseous NHz, Snns+ is the total entropy of adsorbed NHs,
and SnHa,trans IS the translational entropy of gaseous NHs. The Sackur—Tetrode equation
was used to calculate the translational entropy of NH3 in the gaseous state.®® See section

4.A1 of the Appendix (section 4.7) for the details used to calculate AGg.s and Syp, trans-

4.4 Results and discussion

The key steps of NH3 synthesis include N2 adsorption and activation, H» adsorption
and activation, and NH3 formation and desorption. Because of the complication and
complexity from the expected participation of lattice hydrides in the reaction, our
mechanistic studies will especially focus on the role of hydrides and hydrogenation steps.
We start with an analysis of the surface structure of the BTOH (210)-Ti20. termination.

4.4.1 Structure of BTOH (210)-Ti202 surface termination. We previously
found®° that the most stable BTOH surface termination under NH3 synthesis conditions
(673 K and under 5 MPa of pressure)®® is (210)-Ti20.. A side view of the 2 x 2 slab model
and of the top two layers are shown in Figure 4.1. This vicinal surface has a corrugated
surface structure with each of the two ridges consisting of TiO (Figure 4.1b), hence the

Ti>O2 name. The 2 x 2 supercell exposes four surface Ti and four surface O atoms. Ti* and
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Ti® have an average Bader charge of +1.84 |e|, each bonded to two subsurface O atoms;
Ti® and TiP are slightly more reduced and have an average Bader charge of +1.71 |e|, each
bonded to one subsurface O and one subsurface H atom (Figure 4.1b). The bond lengths
between surface and subsurface atoms of the BTOH (210)-Ti.Oz surface are shown in
Figure 4.1b. The two different types of Ti atoms on the surface are a result of an electron
donation into the Ti 3d conduction bands when O?" is substituted by H™ during the hydride
reduction of BaTiOs.”*" It is expected that the two different types of surface Ti will have

different reactivity toward reactants, which is examined next.

(b) o¢

OA

T8

Figure 4.1 Structure model of the (210)-Ti202 surface of BaTiO2.5Hos: (a) side view of the
slab; (b) perspective view of the top two layers showing various Ti, O, and H sites as well
as the bond lengths between surface and subsurface atoms. Since the slab model is a 2x2
supercell, the distances between atoms of the faded region are the same as the distances
between atoms of the unfaded region.

4.4.2 Adsorption of reactants on the BTOH (210)-Ti202 surface. The
adsorption positions of the N2> and H2 molecules on BTOH were first determined prior to

exploring ammonia synthesis pathways over the catalytic surface. To fully consider all

possible adsorption sites, N2> and Hz were adsorbed at surface sites of different coordination
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environments (Figure 4.1b) and the corresponding adsorption energies are reported
in Table 4.1, while the most stable adsorption structures of each molecule are shown
in Figure 4.2. One can see that H, preferably adsorbs onto a surface Ti than an O site, with
no selectivity for Ti* or Ti¢, and adopts a tilted geometry with one H atom closer to the Ti
atom (Figure 2a and b). The same adsorption energy of H, on the two different Ti sites can
be attributed to the physical nature of the adsorption, which is less sensitive to the chemical

difference between the two Ti sites.

l(a) N (b) o 224 A (c) 223A
Q Q Q m-\ % - g
SR o 4 ONiTiC|| & O L TiC
e > 0 e, -, D 7 ® 1
RN P | EA WA Al | A s e o
2.24 A d d

Figure 4.2 The most stable adsorption structures for Hz (a and b) and N2 (c) on the (210)-
Ti20; surface of BaTiO25Hos. Shown also are the distances (dashed lines) between the
adsorbate and the nearest surface atom (circled in yellow and labeled). Color code: blue,
Ti; red, O; pink, N; purple, H.

N2 activation typically occurs when the molecule's filled 6- and m-orbitals interact
with the metal's d;? or d>—y? orbitals and the electrons in the metal's dx., dyz, or dyy orbitals
back-donate into the vacant m*-orbital of N2.% Hence, we considered only the Ti sites for
N2 adsorption. We found that the N2 molecule prefers to adsorb terminally (Figure 4.2c)

on the more reduced Ti¢ atom than on Ti* (Table 4.1). Local density of states (DOS) as a

result of the interaction between the N2 molecule with Ti® or Ti is shown in Figure 4.3.
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Table 4.1 Adsorption energies (Eadgs) of N2 and Hz on the different surface sites of BTOH
(210)-Ti20o.

Adsorbate Surface Eads (€V) Adsorbate Surface Eads (V)

Site Site
N> TiA -0.31 H> oA -0.08
N> Ti¢ -0.42 H> 0B -0.08
.A G
H> Ti -0.22 H> O -0.07
H> Ti¢ -0.22 H> o' -0.06
@ 3 Twm ® 3w © A
2 ----NA2p (down) ! 247 NA2p (down) | (
@ —Ti¢3d (up) ko —T?i3<1 (up) ! +0.01 Je| 017 e|
E o1 Ti€ 3d (down) 3 o1 - T3d (dowm)
boRC 2z '
e300 €80 —~— =t o
£s £s
221 - 221
= =
2 2 -
B B s e e e -3
7654-3-2-101234 76-54-3-2-101234
Energy (eV) Energy (eV)

Figure 4.3 Local density of states of N, adsorbed BTOH (210)-Ti20: (a) on Ti; (b) on
Ti. (c) Charge—density-difference plot of the No—Ti¢ configuration: the yellow region
represents charge accumulation, and the blue region charge depletion; the Bader charges
on each N atom are also shown.
One can see greater orbital hybridization between Nz and Ti® than between Nz and TiA.
The charge-density difference plot and the Bader charges of N (Figure 4.3c) clearly show
charge accumulation along the Ti—N bonding region, depleted from Ti and the far-end N
atom.

4.4.3 Reaction mechanisms of ammonia synthesis on the BTOH (210)-Ti202

surface. During NHz synthesis, BTOH lattice hydrides can incorporate into the catalytic

cycle. A previous study has shown this direct involvement of the mobile lattice hydrides
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for NHssynthesis when deuterated NHswas initially produced over the
Ru/BaTiO24Dos catalyst.’® On the other hand, we found that Hz readily dissociates across
the surface Ti—O bond, as indicated by the relatively low barrier of 0.15 eV (Figure 4.4),

thereby replenishing the surface H atoms used to hydrogenate N2 to NHs.

H, Dissociation
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Figure 4.4 Minimum energy path of H. dissociation across the surface Ti¢-O bond and the
structures for the initial, transition, and final states.

Here we considered two likely pathways for ammonia synthesis on the (210)-Ti.O> surface
termination of BTOH. Both pathways proceed first with H> adsorption and dissociation on
the surface and then reduction of N2 by either H»-sourced surface H atoms or surface lattice
hydrides followed by N-N cleavage. Figure 4.5 shows the mechanistic overview of the two
pathways studied: (a) the distal pathway whereby H atoms hydrogenate N> to form the *N—
NH2 and *N-NH3 key intermediates, followed by N—N bond breaking; (b) the alternating

pathway whereby H atoms hydrogenate N:in an alternating fashion to form the
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intermediates such as *NHNH, before N-N bond breaking, and formation of co-adsorbed
*NH/*NH; and *NH2/*NH; on the surface. The pathway starting with N2 dissociation
prior to H addition was not pursued because we found that dissociation of N2 into two N
atoms adsorbed on surface Ti sites is a highly uphill process (>6 eV; see Figure 4.6). Below

we examine the two pathways in detail.

Distal mechanism Alternating mechanism

(a) @®+H ® @ +N, (b) O +H, @+N,
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Figure 4.5 A mechanistic overview of (a) the distal and (b) alternating mechanisms for
NHs synthesis over the BTOH (210)-Ti2Oz surface. The surface is represented as a
horizontal black line and any atom below the line represents subsurface atoms.
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Figure 4.6 The structures of N2 adsorbed on a surface Ti site (a) and of dissociated N>
adsorbed on different surface Ti sites (b)-(d). The adsorption energies are listed on the
bottom of each panel.

4.4.3.1 The distal pathway. Figure 4.7a shows the energy profiles of the key states

involved in the formation of the two NH3z molecules and Figure 4.7b shows the structures
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of the key intermediates on the surface. Formation of the first NHs molecule starts with
H. adsorption and then dissociation across the surface Ti®~O' bond (states 1 to 3). After
N adsorption on TiC (state 4), a subsurface lattice hydride hydrogenates *N, to *NNH
(state 5), which subsequently moves to the hydride-vacancy site occupied previously by
the subsurface lattice hydride (structure 5 in Figure 4.7b). We found that this configuration
is the more stable one. (Alternatively, the hydride from H> dissociation can hydrogenate
N2, while the subsurface lattice hydride stays in place; this scenario is key to the alternating
pathway that will be discussed in the next section.) In this configuration, the N-N bond
length elongates to 1.30 A from 1.11 A of the gas phase Na. From there, the two surface H
atoms from Hz consecutively hydrogenate *NNH to form *NNH; (state 6) and then
*NNHj3 (state 7). Next, the N-N bond is cleaved, leaving a subsurface lattice nitride and
an NH3z molecule adsorbed on TiC (state 8). Local density-of-states (DOS) plots (Figure
4.8) show that state 8 has greater orbital hybridization between N 2p and Ti 3d than state
7, suggesting that state 8's much lower energy is contributed by both formation of a stable
molecule (NHzs) and the stronger Ti—N interaction. Although it requires 1.5 eV in energy
to desorb the NH3 molecule from state 8, the free energy of NHz desorption is significantly
lower at 0.28 eV after adding the favorable entropy contribution due to formation of a

gaseous NHs molecule (state 9) at the reaction temperature.
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Figure 4.7 Formation of the two NH3z molecules via the distal mechanism. Gaseous and
adsorbed states are represented by (g) and *, respectively. The free energies of desorption
of the 1st and 2nd NHs molecules (i.e. 0.28 and 0.37 eV, respectively) are shown in the
orange bubbles in (a). All intermediate structures are shown in (b).
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Figure 4.8 Local densities of states of state 7 (a) and state 8 (b) in the distal pathway.

In states 10-18, a second NHz molecule is formed by hydrogenating the subsurface
lattice nitride in state 9 with three more surface H atoms from the dissociation of two H:
molecules, while the fourth H atom is used to regenerate the surface lattice hydride site.
The second adsorbed Hz molecule is heterolytically cleaved across Ti¢ and O' (states 10
and 11). Next, H on TiC transfers to *N to form *NH (state 12) that is further hydrogenated
to *NH; (state 13) by H on O'. Then the third H, molecule adsorbs (state 14) and
heterolytically cleaves across Ti¢ and O' atoms (state 15). Furthermore, H on O' reacts with
*NH2 to form *NHj3 (state 16) with an uphill energy of 0.41 eV. The second NH3 desorbs
(state 17: AE = 1.61 eV; AG = 0.37 eV). Finally, the remaining H adsorbed on Ti° rotates
and fills the subsurface anion vacancy to regenerate the catalytic surface in state 18.
Overall, two key factors are involved in the distal pathway: (i) the presence of surface

Ti¢and O'atoms to heterolytically cleave H,and generate surface H atoms that
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hydrogenate *Np; (ii) the hydride vacancy site to anchor N-NH after the hydride transfers
to adsorbed Na.

4.4.3.2 The alternating pathway. In this mechanism, both N atoms of N are
hydrogenated before N-N bond breaking. Figure 4.9 shows the energy profile and
structures of key intermediates. The reaction starts with dissociative H adsorption,
followed by N2 adsorption (states 1-4, same as in the distal pathway). The next step is
different: instead of subsurface lattice hydride attacking N2 as in the distal pathway, now
the surface H atom bonded to Ti¢ from H. dissociation first reacts with *N to form *NNH
(state 5). The *NNH intermediate is stabilized by bridging Ti¢ and TiP sites (5 in Figure
4.9b). This is an important intermediate in the alternating pathway. Then, one of the
subsurface lattice hydrides, H”, hydrogenates the proximal N of *NNH to form the
*NHNH species (state 6), still bridged by Ti¢and TiP. Next, the surface H bonded to
O' from H; dissociation transfers to *NHNH, leading to cleavage of the N-N bond and
formation of co-adsorbed *NH; at the hydride-vacancy site and *NH on TiP (state 7).
Subsequent addition of another subsurface lattice hydride, HB, to *NH results in two
*NH2 groups occupying two subsurface hydride-vacancy sites (state 8).

Figure 4.9a shows that all the states (1 to 8) of N reaction with two lattice hydrides

and one molecule of dissociated H» to form 2 *NH> are downhill, especially from 7 to 8.
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Figure 4.9 Formation of the two NHz molecules via the alternating mechanism (a).
Gaseous and adsorbed states are represented by (g) and *, respectively. The free energies
of desorption of the 1st and 2nd NH3z molecules (i.e. —0.70 and 0.37 eV, respectively) are
shown in the orange bubble in (a). All intermediate structures are shown in (b).

To understand the origin of this extra stability at state 8, we analyzed in detail the change

in the local geometry from 7 to 8 (Figure 4.10). One distinct change is the Ti—O distances,

especially the distances to the subsurface O atoms shortened from 1.90 and 1.85 A
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in Figure 4.10ato 1.78 and 1.79 A in Figure 4.10b, respectively. In other words, after
hydrogenation of *NH by the subsurface lattice hydride H® to form two *NH: groups
occupying two subsurface hydride-vacancy sites, the local bonding of the two surface Ti

atoms is greatly strengthened, leading to a much more stable state.

(a) Oo. 296A (b)
(\ 1.91 A h =Q210A_ 04
190A -0 2°8A 1.78 A .
1.73AY 2.15A ' 1.74 A %@ 207A 5179A
y. &30 &1.85A

Figure 4.10 Local geometries in state 7 (a) and state 8 (b) of the alternating pathway.

In the subsequent states (9 to 17), two more molecules of Hz adsorb and dissociate
on the surface, generating four surface H atoms: two of them hydrogenate NH2 to NH3
while the other two regenerate the subsurface lattice hydrides. First, the second
H. molecule adsorbs (state 9) and dissociates across the surface Ti®~O' bond (state 10) to
replenish surface H atoms. Then, the surface H on the O'site hydrogenates one *NH; to
*NHs3 (state 11; slightly uphill by 0.36 eV). Next, dissociative adsorption of the third
H. molecule takes place (states 12 and 13). Furthermore, the surface H on the OF site
hydrogenates the remaining *NH. to *NHz (state 14; uphill by 0.49 eV). The desorption of
the first NH3 molecule happens simultaneously with the H on TiP rotating to the subsurface

hydride-vacancy site (state 15: AE= 0.52 e¢V; AG = —0.70 e¢V). The desorption of the
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second NHsz molecule is significantly more uphill (state 16, AE = 1.61 eV; AG =0.37 eV).
Finally, the remaining hydride adsorbed on TiC fills the subsurface vacancy in state 17.
4.4.3.3 Comparison of the two pathways. In comparing the distal and the
alternating pathways, one can see that the crucial bifurcating point is how the first H atom
is added to *N to form *NNH (Figure 4.11 and 4.12): in the distal pathway, the first H is
a subsurface lattice hydride and after hydrogenation the proximal N of *NNH is anchored
at the anion-vacancy site; in the alternating pathway, the first H is from H; dissociation and
the *NINH intermediate is bridged between two surface Ti sites. The two different sites for
*NNH dictate the two subsequently different paths for N-N cleavage. Here we note that
*NNH in the alternating pathway is 0.51 eV more stable (Figure 4.11). In the distal
pathway, the state of *NNHj3 dissociating to *N and *NHj3 is most exothermic, while in the
alternating pathway it is the hydrogenation of *NH to *NHoa. In both pathways, desorption
of the NH3z molecules is the most energetically uphill, especially the second one; but with
the entropy gain in forming gaseous NHs, the free-energy change is much less positive and
can even turn negative in the case of the first NHs desorption in the alternative pathway.
Given that the step of hydrogenating *N2 to *NNH is uphill in the case of the distal pathway
but downhill in the alternating pathway and that desorption of the first *NH3 is much more
uphill in the distal pathway than in the alternating pathway (Figure 4.12), we think that the
alternating pathway is more favorable. On the other hand, as the distal pathway involves
only one hydride/vacancy in the synthesis of ammonia, while the alternating pathway

involves two adjacent hydrides/vacancies, it suggests that the distal pathway is more likely
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to happen on BaTiOs—xHyx for smaller x-values, while the alternating pathway for

larger x values.

Ti

®
H
N

Figure 4.11 Comparison of the two *NNH intermediates: (a) state 5 in the distal pathway
(Figure 4.7), formed from reaction with a subsurface lattice hydride and adsorbed at the
subsurface anion vacancy; (b) state 5 in the alternating pathway (Figure 4.9), formed from
reaction with a surface hydride (from H2 dissociation) and adsorbed on a surface Ti site.
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Figure 4.12 Comparison of the energy profiles of the distal and alternating pathways. The
intermediate states shared by the two pathways are labeled in black (in the beginning and
the end).
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4.4.4 Experimental implications. As Ti is an early transition metal, it bonds
strongly with N, making metallic Ti unsuitable for catalytic ammonia synthesis. However,
Kobayashi et al. have shown that powdered samples of BTOH exhibited catalytic activity
for NHs synthesis, thus suggesting that catalysts containing Ti and H could weaken the
strong Ti-N bond.*! As a way to explain the potential Ti—-N bond weakening by Ti—H-
containing catalysts, they performed DFT calculations of N2 adsorption over the following
Ti-terminated surfaces: Ti(001), TiN(111), and TiH2(111); their results showed that
indirect electronic effects from the lattice hydride were not enough to explain the activity
observed. Our results above suggest that both lattice hydrides and hydride vacancies are
influential in the synthesis of NH3 rather than only the mere presence of lattice hydrides in
BTOH. From Figure 4.7 and 4.9, one can see that in both the distal and alternating
pathways for NHs synthesis, lattice hydrides provide a source of H atoms for
N2 hydrogenation and the resulting vacancies are needed for the eventual cleavage of the
N-N bond.

Future experimental work using inelastic neutron scattering (INS) would be
necessary to identify different H species on the BTOH surface and determine which H
species are consumed for hydrogenation of N2, while quasielastic neutron scattering can be
used to study dynamics of hydrides in the lattice as done recently for layered oxyhydride
SrVO2H.® Further experimental work using operando IR spectroscopy can help
differentiate the two mechanisms by identifying the vibrational signatures of key

intermediate structures in the alternating and distal mechanisms.
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Using first principles DFT methods to investigate NH3 synthesis mechanisms over
a metal catalyst supported on BTOH is also an exciting next step. An experimental study
has shown that Ru, Co, or Fe loaded on a BaTiOsxHx support exhibited higher activity
than the metal catalysts supported on BaTiO3.!8 The study proposes that the higher activity
exhibited on Ru/BaTiOs;-xHxwas likely due to hydrogen spillover, thus preventing
H2 poisoning on Ru, while the activity of Fe or Co/BaTiOs-xHx was possibly due to electron
donation from H™ to Fe or Co, which assists in N activation. It would be interesting to

verify these proposed pathways via DFT.

4.5 Conclusion

Using first principles DFT methods, we have investigated NH3 synthesis pathways
on the (210)-Ti,O> surface termination of BaTiO2.5Hos (BTOH) in order to understand the
role of lattice hydrides in the perovskite oxyhydride's surface chemistry. We found that
N2 prefers to adsorb on the more reduced surface Ti atom, which is bonded to a subsurface
lattice hydride, while heterolytically dissociative H> adsorption is also facile on the surface.
Then, two mechanistic hypotheses have been examined for hydrogenation of adsorbed No:
(a) the distal pathway whereby H atoms hydrogenate N> to form the *N-NH2 and *N-
NHz key intermediates, followed by N-N bond breaking; (b) the alternating pathway
whereby H atoms hydrogenate N2 in an alternating fashion to form intermediates such as
*NHNH, before N-N bond breaking and formation of co-adsorbed *NH/NH. and
*NH2/*NH2 on the surface. In the distal pathway, the subsurface hydride vacancy from
reaction of *N2 with the lattice hydride was found to be key to breaking the *N-NH3 bond
and leading to surface nitride formation. In the alternating pathway, the neighboring
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surface Ti sites are key to bridging and stabilizing the *NNH intermediate. In both
pathways, the hydrogenation steps are generally downhill in energy and desorption of
NHs is the most uphill. Overall, the alternating pathway is more favorable, especially when
lattice hydrides are abundant on the surface. Our results shed light on the role of surface
lattice hydrides and their vacancies in hydrogenation of N2 over BTOH, which could be

useful in understanding catalytic hydrogenation on perovskite oxyhydrides in general.
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4.7 Appendix

4.A1 Details of the thermodynamic calculations

The change in Gibbs free energy corresponding to NHz desorption (AGges) from the
surface was approximated using the following equation

AGges = AHges — TASges = (AEqiec + AEyip) — TASges (4.A1)

where AEelec is the change in electronic energy, AEvib is the change in vibrational energy,

T is temperature at 673 K, and ASqes is the change in entropy between the adsorbed state

(initial state) and the desorbed state (final state). In this work, we approximated that the

rotational and vibrational entropic contributions are much less than the translational

entropic contribution such that

ASges = Snu, — SNH,* = SnHy — (SNH3 - SNHg,trans) = SNH,trans (4.A2)

where Snhz is the total entropy of gaseous NH3, Snhs+ is the total entropy of adsorbed NHs,

and Snhaans IS the translational entropy of gaseous NH3. The equation used to calculate

Evio in Equation 4.Al is
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where h is the Planck’s constant, vi is the vibrational frequency of mode i, T is the
temperature at 673 K, and K is the Boltzmann constant. The Sackur-Tetrode equation® was

used to calculate SnHs trans Which approximately equals to ASdes

Vzmmki\> 1P D
ASdes ~ SNHg,trans = Rin ((%) m) + (1 + E) R (4.A4)

where R is the ideal gas constant, m is the molecular mass of NH3, D is the number of
dimensions NHjs gas is confined to, L is the length of the box NHz is confined to, n is the
total number of moles, and Na is Avogadro’s number. In this work, D = 3 such that LP
gives the volume of the box in which NHjs is confined. The value of L was calculated by
first solving for the volume (V) of the box using the ideal gas equation (PV = nRT), where

P =1 bar, and then taking the cube root of V. The value of n was set to 1.
4.A2 References

(1) Savara, A. Standard States for Adsorption on Solid Surfaces: 2D Gases, Surface
Liquids, and Langmuir Adsorbates. J. Phys. Chem. C 2013, 117, 15710-15715.
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CHAPTER 5

Catalytic acetylene semi-hydrogenation on perovskite oxyhydride: Insights from
first principles and microkinetic modeling

5.1 Abstract

Perovskite oxyhydrides (POHSs) belong to a new class of mixed-anion system that
has shown promise as both a catalyst and a support in hydrogenation reactions such as
ammonia synthesis. But it is unknown if they have the potential to efficiently catalyze
alkyne semi-hydrogenation. Here, we use first-principles density functional theory,
coupled with microkinetic modeling, to investigate acetylene semi-hydrogenation on a
prototypical POH, BaTiO2s5Hos (BTOH). Both Horiuti-Polanyi and lattice hydride
mechanisms are examined, based on a representative surface of BTOH under the reaction
conditions. In the Horiuti-Polanyi mechanism, H> first heterolytically dissociates on the
surface after which the resulting surface H atoms are then sequentially added to acetylene.
In the lattice hydride mechanism, two lattice hydrides from the BTOH surface hydrogenate
acetylene first after which the lattice hydrides are regenerated from Ha re-filling the two
lattice-hydride vacancies. Using density functional theory (DFT), we have mapped out
minimum-energy pathways for these two mechanisms in hydrogenation of acetylene to
ethylene, as well as further to ethane. Microkinetic modeling based on the DFT energies
and barriers indicates that at 523 K, hydrogenation to ethylene and ethane via the Horiuti-
Polanyi mechanism occurs at a rate up to two orders of magnitude faster than via the lattice
hydride mechanism. Furthermore, a selectivity analysis for the temperature range of 373 —

673 K shows that the product observed is essentially only ethylene within the more active
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Horiuti-Polanyi mechanism. Therefore, our simulations suggest that BTOH can selectively
hydrogenate acetylene to ethylene with a high selectivity at a temperature range of 373 —
673 K and a total system pressure of 1.1 bar. This is because the steady-state surface
structure containing surface anion vacancies can facilitate Hz dissociation and help stabilize
a vinyl intermediate. The present findings suggest that BTOH and other POH materials

may be potential catalysts for selective hydrogenation such as alkyne semi-hydrogenation.

5.2 Introduction

Perovskite oxyhydrides (POHSs) are a type of mixed-anion material derived from
the ABOs-type perovskite in which a small percentage of the solid’s lattice O% are replaced
by H™ upon reduction.?3 They have lately been of interest in catalysis due to their high
anion exchangeability,*>® lattice hydride mobility,%>3® and electronic conductivity,
which play various roles in catalysis. BaTiOs.xHx was one of the first prepared and most
studied POHs. It was found that when BaTiOzxHx is used as a catalyst support instead of
BaTiOs, the catalytic activity of CO, methanation and ammonia synthesis increased.®°
This enhanced activity was attributed to the transfer of charges to the metal centers, the
participation of lattice hydrides in the catalytic cycle as well as the prevention of hydrogen-
poisoning on the metal catalysts.®® Furthermore, BaTiOs.xHx (with x = 0.5) exhibited
activity for ammonia synthesis'! at conditions that are milder (i.e. 400 °C, 5 MPa) than the
Haber-Bosch conditions over an iron-based catalyst.*2

Although the studies above have shown the advantages of using POHSs in
hydrogenation reactions, there have been no published studies on their utilization in alkyne
semi-hydrogenation. Alkyne semi-hydrogenation is a key reaction useful in the polymer
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and fine chemical industries.'® Perhaps one of the most important reactions is the semi-
hydrogenation of acetylene to ethylene as a means to purify ethylene streams for ethylene
polymerization. In order to maximize the amount of ethylene in the feed, it is crucial for
the participating catalyst to avoid the over-hydrogenation of ethylene to form ethane and
to prevent the oligomerization of acetylene to form higher molecular weight compounds.
Currently, Pd-Ag catalysts are the most widely used industrial catalysts for acetylene semi-
hydrogenation.’* This is because in the presence of Ag, the energy required to desorb
ethylene is lower than the activation energy for further hydrogenation of ethylene to ethane,
thus making the catalyst selective.’®> On the other hand, researchers have been actively
searching for cheaper and more naturally abundant catalysts for alkyne semi-hydrogenation
as alternatives to the noble metal-based Pd-Ag catalyst. 61718

Recent studies have shown that some metal oxides are highly selective for the semi-
hydrogenation of acetylene.'®?%2! For instance, ceria exhibited high acetylene conversion
and ethylene selectivity at ambient pressure,?® which was correlated with the absence of
oxygen vacancies as the surface oxygen is crucial in stabilizing the active surface hydrogen
proposed. However, a more recent study showed that hydride species on a moderately
reduced ceria may play an active role in the hydrogenation of acetylene to ethylene.?? This
involvement of hydride in selective hydrogenation and H> activation on an oxide surface
could be a general phenomenon.?%°

In POHSs, the surfaces naturally expose hydride sites or have hydride vacancies,
which may present interesting mechanisms in hydrogenation reactions, especially for

selective hydrogenation. To this end, we aim to investigate the role of lattice hydrides in
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POHs for acetylene semi-hydrogenation. As a prototypical POH, BaTiO25Hos (BTOH) is
our choice of system. Under realistic acetylene semi-hydrogenation conditions,?® the
Ba,O4H termination of the BTOH (211) surface was determined to be the most stable.?
Therefore, here we choose this termination as our surface model for both first principles
and microkinetic analyses to investigate the potential of BTOH for acetylene semi-

hydrogenation.

5.3 Computational Methods

5.3.1 First principles calculations. The Vienna ab initio Simulation Package
(VASP)?®2¢ was used to perform spin-polarized density functional theory (DFT)
calculations from first principles. The Perdew-Burke-Ernzerhof (PBE) form of the
generalized-gradient approximation (GGA) was used to treat the electron exchange and
correlation?” and the electron-core interactions were described by the projector augmented-
wave (PAW) potentials.?® A kinetic energy cutoff of 450 eV was used for the planewave
basis set and the van der Waals interactions were accounted for with the DFT-D3 method.?®
The convergence criteria for force and energy were 0.02 eV/A and 107 eV, respectively.
Bader charge analysis was used to obtain the partial atomic charges.*

The BTOH (211)-Ba>O4H surface termination was used as the surface model for
this mechanistic study as it was determined to be the most stable termination?* under
acetylene semi-hydrogenation conditions (i.e., 523 K, Pt = 1 bar).2° A 2x2 supercell of
the (211)-Ba,O4H slab, cleaved from the BTOH bulk,?* contains a total of eight layers for
a total of 78 atoms, with the bottom four layers fixed in their bulk positions. A vacuum
layer of 15 A was added to the surface slab along the z direction. The Brillouin zone was
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sampled using a 3x3x1 Monkhorst-Pack scheme.®! A dipole correction® was included
within the vacuum region in order to compensate the net dipole moment along the surface
normal due to slab asymmetry.

Adsorption  energies were calculated using the equation E,; =
Esurface+adsorbate — (Esurface + Eaasorbate)s WNere Esurface+adsorbate, Esurface, and Eadsorbate
are the energies of the adsorbate-slab system (adsorbates are either a reactant, intermediate,
or product), the clean surface, and the isolated adsorbate molecules. The energies of the
isolated molecules (Hz2, C2H2, C2H4, and C2Hs) were computed by placing each adsorbate
in a cubic cell with a 15 A wide vacuum in each direction. Transition states were searched
for using both the climbing-image nudged elastic band (CI-NEB)® and the dimer method**
with a force convergence criterion set to 0.05 eV/A. Transition states were confirmed to be
a rank-1 saddle point by calculating its frequencies using the finite difference method. The
corresponding vibrations were used to compute the zero-point energy (ZPE) corrections
for all adsorbed species and transition states as well as the vibrational partition functions
for adsorbed reactant molecules.

5.3.2 Microkinetic modeling. The MKMCXX code® was used for microkinetic
modeling,®37® to gain information on the Kkinetic properties for acetylene semi-
hydrogenation over a BTOH surface. Specifically, the reaction rate, rate-controlling
step(s), surface coverage and selectivity analysis were investigated to understand BTOH
selectivity for ethylene. All elementary reaction steps within the Horiuti-Polanyi and lattice
hydride mechanisms are listed in Tables A3 and A4 of the Appendix (section 5.7) along

with the corresponding forward and reverse energy barriers. The possibility of surface re-
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adsorption for all gaseous species (i.e., Hz, C2Hz2, C2H4, C2He) were considered. For surface
reactions, the pre-exponential factor is mainly dependent on the k,T/h term such that the
forward and reverse rate constants are calculated according to the equation k =

_ 2pZPE

kaT (%) where Ky is the Boltzmann constant, T is temperature, h is the Planck’s
b

constant, and AEZEE is the ZPE corrected enthalpy difference between the transition state

and the initial or final state.

For adsorption reactions, processes are treated as non-activated with the rate

constants and rates per site expressed as k,qs = J% / osand 1,45 = Pkags(1—6),
b

where P is the gas pressure (typically in bar), ag; is the site density (typically in sites per
m2), m is the mass of the molecule (typically in kg), S is the sticking coefficient which has
a default value of 1, and 6 is the total relative coverage for that site type. S was assumed to
be 1 for all adsorption reactions. Each adsorption site surface area, A, was approximated to
be 1.41x10° m? which equates to one eighth of the 2x2 BTOH supercell of dimensions
9.87 A x 11.40 A. Using the relationship Keq = Kads/Kaes, the rate constant for desorption

(Kges) can then be described as®

-
gas o ° 155

. S — 1-9"( ap° )e"p( R )exp (AHads —HgE21 T)

des = Yoo (1/A-0DA/P) | 60 \JzmmkpT ) daas o ,

where Sgas® and H,27815T were calculated from thermodynamic tables*® using the
Shomate equation.*! The standard states used were as described previously such that the
surface standard states cancel in the above expression.*? The total partition function of an
adsorbed reactant molecule (gags) is a product of each of the individual partition functions

from electronic, vibrational, rotational, and translational motion such that g, =
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Qe19vib Qrot Qerans » Where ger i often assumed to be 1. As adsorbates have hindered
translational and rotational motions parallel to the surface, hindered motion equations* are

used to approximate for qrot and qans in this work while qvin was calculated according to

1

the equation g, = [1; =—. Section 5.A1 and Tables 5.A1 and 5.A2 of the

1—exp (—kb—T)

Appendix (section 5.7) provide details on how grot and qrans Were calculated for Hz, C2Hz,
CoHg4, and CoHs.
The degree at which an elementary step controls the overall rate of the reaction is

analyzed by the degree of rate control (DRC) method.*** For elementary step i, the DRC

dlnr
alnki

(Xre,i) is calculated accordingly Xzc; = ﬁ(a—r) = ( ) , Where ki, Kj, and r
TNk LK KieiKi

are the forward rate constant and the equilibrium constant for elementary step i, and the

reaction rate, respectively. Additionally, the DRCs obey the following sum rule

ZiXRC,i =1

5.4 Results and Discussion

When acetylene is hydrogenated, the semi-hydrogenated product (ethylene) and the
fully hydrogenated product (ethane) can be formed. Ideally, 100% selectivity toward
ethylene (and zero ethane) with high conversion of acetylene is the most desired outcome
for a potential catalyst. However, the more favorable thermodynamics toward ethane
formation presents a challenge when the possibility of re-adsorption and further
hydrogenation exists. Therefore, whether POHs can overcome such a challenge to achieve
acetylene semi-hydrogenation is the key question that we investigate with the BTOH (211)-

Ba>O4H in this study.
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(a) (b)
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Figure 5.1 Structure model of the (211)-Ba.O4H surface termination of BaTiO2.5Hos: ()
side view of the slab (the box denotes the surface layers); (b) top view of the surface layers
[th_e box regic_)n in (a)]. The yellow dotted circles labeled V1 and V2 represent the surface
anion vacancies.

5.4.1 Surface structure of the BTOH (211)-Ba204H termination. It was
previously?* found that the most stable BTOH surface termination under acetylene semi-
hydrogenation conditions (523 K, Pt = 1 bar)? is (211)-Ba;04H. A side view of the slab
model is shown in Figure 5.1a; the top two surface layers (box in Figure 5.1a) are further
displayed as a top view in Figure 5.1b. The relatively flat surface comprises Ba, O, and H
atoms as well as anion vacancies (dotted circles in Figure 5.1b). In addition, next to each
of the anion vacancies is one subsurface Ti. How these surface species work together for
H> activation and C,H> adsorption/hydrogenation are the important mechanistic questions
that we want to answer. It is hypothesized that the surface anion vacancies are involved in

heterolytic H dissociation as this process over metal oxides is typically more kinetically

favored than homolytic H: dissociation.*64’
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5.4.2 Overview of acetylene semi-hydrogenation on BTOH (211)-Ba204H.
Typically, hydrogenation reactions over heterogeneous catalysts occur via the Horiuti-
Polanyi mechanism in which Hz initially dissociates over the surface and the resulting H

species are then sequentially added to unsaturated compounds such as acetylene.*
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Figure 5.2 Mechanistic overview of acetylene hydrogenation over BTOH: (a) the Horiuti-
Polanyi mechanism; (b) the lattice hydride mechanism. The BTOH surface is represented
as a horizontal black line and the gray dots on the line represent surface anion vacancies.
In both (a) and (b), the pathway following the red arrows leads to acetylene semi-
hydrogenation and the pathway following the blue arrows leads to ethylene hydrogenation.
For each mechanism, the hydrogen adsorption step begins at the top left of the figure, and
the numbering corresponds to the states in the DFT calculated energy diagrams of sections
5.4.3and 5.4.4.

Figure 5.2a shows a schematic for such a mechanism on the BTOH surface where a surface
anion vacancy is represented by a gray dot; after H» adsorption (step 1) and dissociation
(step 2), CoH2 adsorbs (step 3) and gets hydrogenated (steps 4 and 5). Because C2Ha is also
assumed to be present in the gas phase, it can also adsorb (step 3’) and get hydrogenated

(steps 4’ and 5°) on the surface. On the other hand, BTOH contains labile lattice hydrides
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that can participate in hydrogenation reactions, so we also investigate the lattice hydride
mechanism which resembles the Mars-van Krevelen mechanism of lattice oxygen for
oxidation reactions. As shown in Figure 5.2b, herein two surface BTOH lattice hydrides
are initially used to hydrogenate adsorbed acetylene (step 1) to ethylene (steps 2 and 3);
after ethylene desorption (step 4), the lattice sites are regenerated by reacting the surface
anion vacancies with molecular hydrogen (steps 5 and 6). Likewise, C2H4 can also adsorb
(step 1”) and get hydrogenated by the lattice hydrides (steps 2’ and 3°). In section 5.4.3 and
section 5.4.4 we examine each mechanism in detail.

5.4.3 The Horiuti-Polanyi mechanism. Figure 5.3 shows the energy profiles for
acetylene semi-hydrogenation to ethylene via the Horiuti-Polanyi mechanism. It begins
with Hz adsorption (state 2, Figure 5.3a) followed by heterolytic H, dissociation (Ea = 0.53
eV; TS1) over a surface anion vacancy and surface oxygen site (O2 in Figure 5.1b) to form
one surface hydride and one surface hydroxyl. From there, acetylene adsorbs onto the
hydrogenated surface at the O1 site (state 5, Figure 5.3b), which is then hydrogenated by
the surface hydride (Ea = 0.34 eV; TS2A, state 6 in Figure 5.3a) to form the vinyl
intermediate (state 7A in Figure 5.3b). Lastly, the surface proton on the hydroxyl group
hydrogenates the vinyl intermediate (Ea = 0.08 eV; TS3A) to form ethylene (state 10A).
An energy of 0.55 eV is necessary to desorb ethylene from the surface (10 - 11 in Figure
5.3a). Overall, one can see that this path has rather low barriers from H; activation and
acetylene hydrogenation. In Path A, acetylene is hydrogenated at the proximal carbon to
form intermediate state 7A. Alternatively, acetylene can be hydrogenated at the distal

carbon (Path B) to form a metastable intermediate state 7B which further relaxes to a more
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stable intermediate state 8B where the vinyl intermediate forms a C-Ti bond with
subsurface Til at a distance of 2.29 A. From there, a barrier of 0.79 eV has to be overcome

to hydrogenate the vinyl intermediate in state 8B to form ethylene in state 10B.

(a) Horiuti-Polanyi mechanism: C,H, formation (b)

~ 05 4 Path A 240 ',4;("-.2’-37

JER Y 4% W [ Path B ;_7

Z \2-25;

= 0.0 1 (};g P o

= G .-0. a

5 -0.5 1 = CR 2.29

E 2 | 34

Pal & & | B 2 [+ & %’

= -1.0 A1 of S~ [ S o] = )

o ~ = of) -~ -2 o] L P

o ~ ~ of -] 5 \ 3

s g FF FLEANI O Ll ¢

s g F oL Fid

v ok a % "B ¢

Z L X & ) ‘e -1.90 - Q-

T 2048 8 & 196 223 3531 !

< X = - g L y/ . &

[ =R = o) $) 2745 & j §
25 O Q9 O & ¥ o @ C O CD

1 2 3 4 5 6 7 8 9 10 11 e

Figure 5.3 Semi-hydrogenation of C>H. to C2Hs4 via the Horiuti-Polanyi mechanism on
BTOH (211)-Ba204H: (a) energy profiles for two paths; (b) key intermediate structures. In
(b), A/B after state number indicates path A/B in (a); lattice hydride is highlighted in pink.
All energies listed are ZPE corrected, and all atomic distances are reported in units of A.
Ba, green; Ti, blue; O, red; H, dark purple; C, light brown. The same color scheme is used
in subsequent figures.

As a competing pathway, ethylene can also be hydrogenated to form ethane as
shown in Figure 5.4. In this case, after H» adsorption (state 13) and dissociation (states 14-
15), ethylene is adsorbed onto the hydrogenated surface (state 16) and then hydrogenated
by a surface hydride (Ea = 0.50 eV, TS2) to form the ethyl intermediate (state 18). From
here, subsequent ethyl hydrogenation can continue either through path C or D. In path C,

the ethyl intermediate is adsorbed onto the Ba2 site (state 18) and then hydrogenated by

the surface proton through a near barrierless process (Ea = 0.01 eV, TS3C) to form ethane
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(state 22C). The desorption energy of ethane in state 22C is 0.34 eV. We also explored a
path D whereby the ethyl intermediate moves from interacting with Ba2 (state 18) to Til
(state 20D), prompted by the energetically stable C-Til bond formed between vinyl and
the surface (8B in Figure 5.3b). We found that an energy barrier of 0.39 eV is required for
this transition from state 18 to 20D to occur before finally hydrogenating the ethyl
intermediate (Ea = 0.59 eV, TS3D) to ethane (state 22D) with the surface proton. The

desorption energy of ethane in state 22D is 0.30 eV.
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Figure 5.4 Hydrogenatlon of C2H4 to C2Hs via the Horlutl Polanyl mechanism on BTOH
(211)-Ba204H: (a) energy profiles for two paths; (b) key intermediate structures. In (b),
C/D after state number indicates path C/D in (a); lattice hydride is highlighted in pink. All
energies listed are ZPE corrected, and all atomic distances are reported in units of A.

To compare Path A and B for ethylene formation and Path C and D for ethane
formation, we performed microkinetic modeling using the DFT energetics in Figures 5.3
and 5.4 under the typical conditions of 523 K and 1.1 bar for a mixture of 1.76% H>, 0.09%
C2H2, 3.60% C;H4, and He balance.**°%5! As shown in Table 5.1, Path B is the preferred

channel for ethylene formation over Path A and is over four orders of magnitude faster than
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ethane formation via Path C. In other words, we predict that the BTOH(211)-Ba,OsH
surface can catalyze acetylene semi-hydrogenation with high selectivity, if the Horiuti-
Polanyi mechanism is the main channel. A detailed explanation for the favorability of Path
B over A is explained in section A2.3 of the Appendix (section 5.7). The chemical kinetic

reasons for this selectivity difference will be analyzed and discussed in section 5.4.6.

Table 5.1 Rates of ethylene and ethane formation via the Horiuti-Polanyi mechanism at a
temperature of 523 K and pressure of 1.1 bar. Gas mixture: 1.76% H2, 0.09% C>H>, 3.60%
C2H4, He gas balance.

C,H4 formation C,Hg formation
Path A B C D
Rate (mol s unit cell ™) 2.42 22.4 2.11E-03 3.78E-04

5.4.4 The lattice hydride mechanism. Figure 5.5 shows the energy profiles for
acetylene semi-hydrogenation to ethylene via the lattice hydride mechanism. After initial
migration of the H> lattice hydride to the V1 vacancy site (states 1-5), the mechanism
(Figure 5.5a) continues with acetylene adsorption at the O1 site (state 6E, Figure 5.5b)
which is then hydrogenated by the H2 lattice hydride (Ea = 0.53 eV; TS3E) to form the
vinyl intermediate (state 8E). Finally, the H1 lattice hydride hydrogenates the vinyl
intermediate (Ea = 0.48 eV; TS4) to form ethylene (state 13E). To regenerate the lattice
hydrides, ethylene must first desorb from the hydride-deficient surface (Edes = 0.48 eV)
such that H» can then adsorb above the V1 site (state 15) and dissociate (Ea = 0.80 eV,
TS5). Path E has acetylene first being hydrogenated at the proximal carbon to form

intermediate state 8E.
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Lattice Hydride Mechanism: C,H, formation
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Figure 5.5 Semi-hydrogenation of C;H2 to C2Ha4 via the lattice hydride mechanism on
BTOH (211)-Ba204H: (a) energy profiles for two paths; (b) key intermediate structures. In
(b), E/F after state number indicates path E/F in (a); lattice hydride is highlighted in pink.
All energies listed are ZPE corrected, and all atomic distances are reported in units of A.

Alternatively, acetylene can be hydrogenated at the distal carbon (Path F) to form
a very stable intermediate state 8F where the vinyl intermediate forms a bond with
subsurface Til. Then, a barrier of 0.65 eV has to be overcome to bring the vinyl
intermediate closer to the H1 lattice hydride. Next, the lattice hydride hydrogenates the
vinyl intermediate at the V1 site (Ea = 0.18 eV, TS4’) to form a metastable intermediate
state 12F which further relaxes to a more stable intermediate state 13F where ethylene is

adsorbed onto the Bal site.
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Lattice Hydride Mechanism: C,Hg formation (b)
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Figure 5.6 Hydrogenation of CoHs to CoHe via the lattice hydride mechanism on BTOH
(211)-Ba204H: (a) energy profiles for two paths; (b) key intermediate structures. In (b),
G/H after state number indicates path G/H in (a); lattice hydride is highlighted in pink. All
energies listed are ZPE corrected, and all atomic distances are reported in units of A.

The two adjacent lattice hydrides on the BTOH surface can also further
hydrogenate ethylene to ethane as shown in Figure 5.6. In Path G, after ethylene adsorption
(state 18), it takes 0.47 eV of energy to hydrogenate ethylene (TS6G) to the ethyl
intermediate (state 20G). An additional 0.87 eV of energy is required to hydrogenate the
ethyl intermediate (TS7G) to ethane (state 24). In Path H, a lattice hydride first
hydrogenates (Ea = 0.63 eV, TS6H) adsorbed ethylene to the ethyl intermediate which is
adsorbed onto the Ba4 site (state 20H). Then the ethyl intermediate rotates about the Ba4
site to form a bond with subsurface Til (Ea = 0.31 eV; TS6’). Subsequent C-Til bond
cleavage and C-H bond formation requires 1.27 eV of energy to occur before finally
yielding an ethane molecule adsorbed on the surface (state 24). Lastly, ethane is desorbed

from the hydride-deficient surface (Edes = 0.26 eV) before the lattice hydrides are

regenerated.
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To compare Path E and F for ethylene formation and Path G and H for ethane
formation, we again performed microkinetic modeling using the DFT energetics in Figures
5.5 and 5.6 under the same conditions. The results listed in Table 5.2 show that ethylene
formation can occur through either Path E or F and this process is over four orders of
magnitude faster than ethane formation. In other words, we predict that the BTOH(211)-
Ba,OsH surface can also catalyze acetylene semi-hydrogenation with high selectivity via
the lattice hydride mechanism. However, we see that the rates in Table 5.2 are significantly

lower than the rates in Table 5.1.

Table 5.2 Rates of ethylene and ethane formation via the lattice hydride mechanism at a
temperature of 523 K and pressure of 1.1 bar. Gas mixture: 1.76% H2, 0.09% C>H>, 3.60%
C2H4, He gas balance.

C,H4 formation C,Hg formation
Path E F G H
Rate (mol st unit cell’l)  0.267 0.266 2.02E-05 6.50E-06

5.4.5 Comparison of the two mechanisms in terms of surface structure. Our
results above show that both the Horiuti-Polanyi mechanism and the lattice hydride
mechanism are predicted to be able to lead to selective semi-hydrogenation of acetylene to
ethylene on the BTOH (211)-Ba>O4H surface. Comparing Tables 1 and 2, we conclude that
the Horiuti-Polanyi channel is about 100 times faster than the lattice hydride channel.
Figure 5.7 compares the surface structures prior to CoH> adsorption. The main difference
is the presence of a proton on a surface O atom in Figure 5.7a due to the heterolytic H>

activation. The surface hydride in Figure 5.7a is more active in the first hydrogenation of
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acetylene via the Horiuti-Polanyi mechanism (Figure 5.3, Ea=0.31 eV via Path B) than the
H2 lattice hydride in Figure 5.7b involved in the lattice hydride mechanism (Figure 5.5,
E.=0.46 eV via Path F). This higher activity of surface hydride in Figure 5.7a than in Figure
5.7b is correlated with the larger Bal-H distances in Figure 5.7a than in Figure 5.7b. In
other words, more active hydrides are found in the Horiuti-Polanyi mechanism due to

weaker interaction between Bal and H.

(a) Horiuti-Polanyi mechanism: state4  (b) Lattice hydride mechanism: State 5

Fete] Feto-

1.89

@?J 1'?}‘” 3 /‘/@
bt @ || ogPSE O
Y & % o % 4V =

Figure 5.7 Comparison of surface structures prior to CzH> adsorption: (a) in Horiuti-
Polanyi mechanism; (b) in the lattice hydride mechanism. All atomic distances are reported
in units of A.

5.4.6 Further Kinetic Analysis. To gain a deeper understanding as to which step(s)
is the key factor in determining product selectivity of ethylene over ethane for the more
active Horiuti-Polanyi mechanism, further microkinetic modeling was performed. A
selectivity analysis for the temperature range of 373 — 673 K (Figure 5.8a) shows that the
product observed is essentially only ethylene even when CyHa is a substantial fraction of

the feed. This is consistent with the total production plot in Figure 5.8b which shows the

rate of ethylene production being faster than ethane production at all temperatures. Further
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examination of the predominant surface species (Figure 5.8c) reveals that during steady-
state, essentially only C>Hs_Til and H_O2 exist on the BTOH surface which can then
combine to form ethylene. CoHsz_Til represents the vinyl intermediate bonded to
subsurface Til by occupying the surface vacancy anion site and H_O2 represents the
proton adsorbed on the surface O2 site. The reason for the larger abundance of C;Hs_Til
as compared to any other adsorbed species is two-fold. First, because the energy barrier for
the first hydrogenation of acetylene (0.31 eV) is lower than that of the first hydrogenation
of ethylene (0.50 eV), the formation of the vinyl intermediate (state 8B, Figure 5.3) is
favored over the ethyl intermediate (state 20D, Figure 5.4). Second, the formation of the
C-Til bond in state 8B greatly stabilizes the vinyl intermediate which prevents the
reformation of acetylene as indicated by the relatively high reverse energy barrier (1.67
eV). Thus, even though the second hydrogenation of ethylene has much lower barrier than
the second hydrogenation of acetylene (0.01 eV vs 0.79 eV), the surface is dominated by
coverage of the CpHs_Til intermediate which leads to ethylene rather than ethane
formation.

To better understand the importance of each elementary step to the overall BTOH
activity, the DRC analysis as a function of temperature was also performed with respect to
ethylene formation via Path B (Figure 5.3). We found that only the H; dissociation and the
first and second hydrogenation of acetylene steps have DRCs greater than 0.01. As one can
see from Figure 5.8d, the ethylene formation activity is mainly dependent on the first
hydrogenation step when temperature is above 473 K. Below 473 K, H> dissociation

becomes the most rate-controlling step.
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Figure 5.8 Detailed microkinetic analysis of temperature dependence of hydrogenation of
C2H2 to C2Hs and CoHs to CoHe via the Horiuti-Polanyi mechanism on BTOH (211)-
Ba>O4H: (a) selectivity; (b) total production; (c) surface coverages; (d) degree of rate
control (DRC). Conditions used: T =523 K, Ptta = 1.1 bar, Gas mixture: 1.76% H>, 0.09%
C2Ho, 3.60% C>Ha4, He gas balance. Only surface coverages and DRC values of magnitude
greater than 0.01 were plotted in (c) and (d), respectively.

5.5 Conclusion

In this work, we have used first-principles density functional theory coupled with
microkinetic modeling to investigate acetylene semi-hydrogenation on the BTOH(211)-

Ba>O4H surface termination. In the Horiuti-Polanyi mechanism, H> first heterolytically

102



dissociates on the surface and the resulting surface H atoms are then sequentially added to
acetylene. In the lattice hydride mechanism, two lattice hydrides from the BTOH surface
hydrogenate acetylene first and are then regenerated from Ha reacting with the two lattice-
hydride vacancies. We have determined the minimum-energy pathways for the two
mechanisms in acetylene hydrogenation to ethylene and then to ethane. Microkinetic
modeling based on these DFT energies and barriers indicates that ethylene and ethane
formation via the Horiuti-Polanyi mechanism is faster than via the lattice hydride
mechanism and that for both mechanisms formation of ethylene occurs at a faster rate than
that of ethane. Therefore, our simulations suggest that BTOH can selectively hydrogenate
acetylene to ethylene with a high selectivity under the specified conditions. The presence
of lattice hydrides in BTOH resulted in a surface containing vacancies under the given
reaction conditions which in turn are of importance in the facile heterolytic cleavage of H;
over BTOH as a means to provide active H species for hydrogenation in the Horiuti-
Polanyi mechanism. In addition, the surface anion vacancies are crucial to stabilizing the
vinyl intermediate and, therefore, drive the reaction selectivity towards ethylene. The
findings in this work provide a deeper understanding on the role of surface anion vacancies
in the BTOH catalyst for acetylene semi-hydrogenation selectivity and suggest the
potential use of BTOH and other perovskite oxyhydride materials as catalysts for general

alkyne semi-hydrogenation.
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5.7 Appendix

5.A1 Hindered translational and rotational motion of adsorbates.

The hindered translational and rotational partition functions of adsorbates were

approximated according to equations 5.A1 and 5.A3, respectively (see Sprowl, L. H.;

Campbell, C. T.; Arnaddttir, L. J. Phys. Chem. C 2016, 120, 9719-9731.)

In Equation 5.A1,
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Sl o o e

(1- exp[—a])z €Xp [(2+16rx)Tx]

(5.A1)

Atrans =
where M is the number of surface sites; ry is the ratio of the energy barrier height to the
vibrational frequency times Planck’s constant (i.e. rx = Wx/hvy), the dimensionless

temperature Ty is Tx = kT/hvy, and I, [;T"] is the zero-order modified Bessel function of the

first kind as a function of Assumlng that the translational energy barrier heights are the

same in the x and y direction, then the corresponding frequencies can be calculated as

1

Ve =V, = ( W )E (5.A2)

2mb?2

where m is the adsorbate mass and b is the nearest-neighbor distance between surface
atoms.

In Equation 5.A3,

1
2

_ (7)) e 7] exel -zl
rot = (1- exp[—T—r]) exp [(2+16rr)TT]

(5.A3)

1

where rr = Wi/hvy, Tr = kT/hv, and v, = Zln ("ZWT) given that I is the reduced moment of

inertia which is equal to I = ¥;m;d?. When calculating for I, m; is the mass of each
adsorbate atom and di is the distance between each adsorbate atom to the axis about which
the adsorbate is being rotated. Tables 5.A1 and 5.A2 give the values used to calculate for

Qtrans @and Qrot fOr each adsorbate molecule listed.
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Table 5.A1 Summary of DFT calculations of energy barriers (W), vibrational frequencies
(vx), and their ratios (rx) for the hindered translation of H,, C2H2, C2Ha, and CzHs on a
BTOH surface.

Adsorbate Energy Mass Frequency ry =
Barrier Wy m (amu) Ve (s1) Wi/ (hvx)
(eV)
Ho 0.060 2 4.51 x 10*2 3.2
CzH2 0.209 26 1.61 x 10*2 314
CaHy 0.154 28 1.77 x 102 21.1
CaHe 0.136 30 1.14 x 10*2 28.8

Table 5.A2 Summary of DFT calculations of energy barriers (W), vibrational frequencies
(vr), and their ratios (rr) for the hindered rotation of Hz, CoHa, C2Ha, and C2Hs on a BTOH
surface.

Adsorbate Energy Reduced moment of  Frequency re=
Barrier Wy inertia vr (s Wi/(hvy)
(eV) | (amu*A?)
Ho 0.106 0.294 1.33 x 108 1.9
CaH2 0.309 14.6 3.21 x 10*? 23.3
C2H4 0.126 20.6 1.73 x 10* 17.6
CzHe 0.059 6.42 3.17 x 102 4.48

5.A2 Results and Discussion

5.A2.1 Energy barriers of Horiuti-Polanyi and lattice hydride mechanisms.
Tables 5.A3 and 5.A4 list the elementary reaction steps for acetylene hydrogenation via
the Horitui-Polanyi and lattice hydride mechanisms, respectively, along with the
corresponding forward and reverse barriers between the intermediate states. Both the
elementary reaction steps and the DFT-calculated energy barriers are used as input

parameters in the MKMCXX software for microkinetic modeling.
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Table 5.A3 The elementary reaction steps and corresponding forward and reverse barriers
between the intermediate states in paths A-D via the Horiuti-Polanyi mechanism. Paths A
and B are two different ethylene formation pathways while paths C and D are two different
ethane formation pathways.

Path Elementary reaction Forward Eact Backward
(eV) Eact
(eV)

A Hz (g) + _02 2 Hy 02 - 0.0724
H, 02+ Til2H Til+H 02 0.5323 0.5578
CoH2(g) + _0O12CoH, 01 - 0.5047
CoH, Ol+H Til+ Bal 2 CoHs Bal+ Ol 0.3224 0.1806
+ Til
C2Hs_Bal + H_O2 2 CoHs_Bal + _02 0.0779 2.0820
C2Hs_Bal 2 CoH4 (g) + _Bal 0.5436 -

B Hz (g) + _02 2 Hy 02 - 0.0724
H» 02+ Til2H Til+H 02 0.5323 0.5578
CoH2 (g) + _O1 2 CyHy 01 - 0.4909
CoH2 O1+H_Til+ _Bal2CyHs Bal+_O1 0.2985 0.2554
+ Til
CoHsz Bal+ Til2 CoHs _Ti+ _Bal - 1.4146
CoH3 Til+H 02+ Ba22CyHs Ba2 + 02 0.7925 1.0581
+ Til
CoH4 Ba2 2 CoHs + _Ba2 0.3243 -

C H2 (g) + _02 2 H2_02 - 0.0724
H, 02+ Til2H_Til+H_02 0.5323 0.5578
CoHa (g) + _Ba2 2 CzH4_Ba2 - 0.4995
CoH4_Ba2+H_Til 2 CoHs_Ba2 + _Til 0.5033 0.0219
C2Hs_Ba2 + H_O2 2 CoHe_Ba2 + _02 0.0119 1.6607
CoHs Ba2 2 CoHs (g) + Ba2 0.3400 -

D H. (g) + _02 2 H,_02 - 0.0724
H, 02+ Til2H_Til+H_02 0.5323 0.5578
CoHa (g) + _Ba2 2 CzH4_Ba2 - 0.4995
C2H4_Ba2 + H_Til 2 CoHs_Ba2 + _Til 0.5033 0.0219
CoHs_Ba2 + _Til 2 CoHs_Til + _Ba2 0.3913 1.1318
CoHs_Til+H 02+ Ba2 2 CyHs Ba2 + 02 0.5857 1.4567
+_Til
CoHs Ba2 2 CoHs (g) + Ba2 0.3025 -
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Table 5.A4 The elementary reaction steps and corresponding forward and reverse barriers
between the intermediate states in paths E-H via the lattice hydride mechanism. Paths E
and F are two different ethylene formation pathways while paths G and H are two different
ethane formation pathways.

Path Elementary reaction Forward Backward
Eact (eV) Eact
(eV)
E C2H2 (g) + _O1 2 CoH2_O1 - 0.4714
C:H2 O1+H Til+ Bal2CoHs Bal+ Til+ 0.5338 0.6804
01
CoHs Bal + H Til” 2 C;Hs_Bal +_Til” 0.4784 1.6813
C2H4_Bal 2 CzH4 (g) + _Bal 0.4785 -
Hz (g) + _02 2 Hy_02 - 0.0868
H» O2+ Til+ Til’2H Til +H Til’+ 02 0.7969 1.2693
F CoH2(g) + _0O12CoH, 01 - 0.4371
CoH2 O1+H_Til2CHs Til+_0O1 0.4593 1.6836
CzHs3 Til + H Til’ 2 CoHs--H_Til + Til’ 0.6538 0.0294
CoHs--H_Til 2 CoHs-H_Til 0.1828 0.0345
CoHs-H_Til+ Ba2 2 CoHs Ba2 + _Til - 0.8351
C2H4_Ba2 2 CzH4 (g) + _Ba2 0.3814 -
Hz (g) + _02 2 Hy_02 - 0.0868
H» O2+ Til+ Til’2H Til +H Til’+ 02 0.7969 1.2693
G C2oHas (g) + _Bal 2 CzH4_Bal - 0.4510
CoH4_Bal+H_Til 2 CoHs_Bal + _Til 0.4760 0.0613
C2Hs Bal + H Til’ 2 CHe_Bal + Til’ 0.8677 1.9605
C2Hs_Bal 2 CzHs (g) + _Bal 0.2633 -
Hz (g) + _02 2 Hy_02 - 0.0868
H» O2+ Til+ Til’2H Til +H Til’+ 02 0.7969 1.2693
H C2oHs (g) + _Bad 2 CH4_Ba4d - 0.4419
C2H4 Bad +H Til’ 2 CoHs Bad + Til’ 0.6295 0.0400
CzHs Bad + Til’ 2 CoHs Til’ + Ba4 0.3030 0.8491
CoHs Til’+H Ti+ Bal 2 CoHe Bal + _Til + 1.2727 1.9917
Til’
C2Hs_Bal 2 CoHs (g) + _Bal 0.2518 -
Hz (g) + _02 2 Hy_02 - 0.0868
H» O2+ Til+ Til’2H Til +H Til’+ 02 0.7969 1.2693
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5.A2.2 A reasoning for the absence of H1 lattice hydride involvement in
acetylene semi-hydrogenation. Information found in Figures 5.A1 and 5.A2 are used to
explain why lattice hydrides are most likely not incorporated into the acetylene semi-
hydrogenation reaction. Figure 5.A1 shows the energy profiles for acetylene semi-
hydrogenation to ethylene via the Horiuti-Polanyi mechanism. Path B (from the main text)
describes the hydrogenation of acetylene by a surface hydride and proton and was deemed

as the pathway that forms ethylene at the fastest rate.
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Figure 5.A1 Energy profile of the two possible pathways for ethylene formation via the
Horiuti-Polanyi mechanism with (red line) and without (black dashed line) the involvement
of the H1 lattice hydride (a) and the key intermediate structures (b). In Figure 5.A1b, the
lattice hydride is highlighted in pink. Additionally, in Figure 5.Alb, states 5B, 7B, and 9B
represent intermediate states of Path B which do not include the lattice hydride in the
reaction. All energies listed are ZPE corrected, and all atomic distances are reported in
units of A.

We also investigated a Path B’ in which the HI lattice hydride is involved in the
first acetylene hydrogenation instead of the surface hydride, as shown in Path B. Our

findings reveal that the first acetylene hydrogenation barrier is higher in Path B’ (Ea = 0.40

eV; TS2B’) than in Path B (Ea = 0.30 eV; TS2B). Additionally, rotating the vinyl
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intermediate about the surface Ba atom to form the C-Til bond requires 0.22 eV of energy
in Path B” whereas in Path B, it is a barrierless process. Therefore, it is more favorable for
the lattice hydride to remain on the surface and for the surface hydride to be utilized in the
hydrogenation reaction.

Moreover, Figure 5.A2 shows that 1.95 eV of energy is required for the lattice
hydride to switch positions with the surface hydride. Because this energy barrier is too high
to cross over under the conditions we are studying, this further shows how the lattice
hydride could not have interchanged positions with the adjacent surface hydride and, as a

result, could not have been involved in the acetylene semi-hydrogenation reaction.
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Figure 5.A2 Minimum energy path of the H1 lattice hydride switching positions with a

surface hydride and the structures for the initial, transition, and final states. The lattice
hydride is highlighted in pink.
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5.A2.3 Explanation of C2Ha4 formation path selectivity

Table 5.A5 The C2H4 production rate via Path A and Path B across a temperature range of
373 -673 K. The C2H4 production rates that are faster in one path as compared to the other
are highlighted in yellow.

C2H4 production rate (mol s unit cell)

Temperature (K) Path A Path B

373 0.30 0.28

423 1.67 2.20

473 2.57 8.79

523 2.42 22.43

573 2.17 44,56

623 1.99 76.26

673 1.88 117.54

Table 5.A5 shows that at a lower temperature (373 K), the C2H4 production rate is
slightly faster via Path A than B. Towards higher temperatures (423 — 673 K), the C2oH4
production rate is faster via Path B than A. To understand the temperature dependence of
path selectivity for CoHs formation, the DRCs and the forward/reverse rates of key
elementary reaction steps in Path A and B are analyzed. Upon initial surveying of the CoH4
formation via Path A and B (Figures 5.A3a-b), one can see that the main difference between
the two paths are the energy barriers corresponding to the 1%t and 2" hydrogenation steps
and also the C2H4 desorption step. In Path A, the 1% and 2" hydrogenation steps have
relatively low forward barriers (< 0.34 ¢V) and a C2H4 desorption barrier of 0.55 eV. On
the other hand, the 1% hydrogenation step in Path B has a relatively low forward barrier
(0.31 eV), a higher 2" hydrogenation barrier (0.79 eV), and a lower C,H, desorption
barrier of 0.33 eV. If the reaction were to only proceed in the forward direction, then one
could say that Path A would be the most favorable pathway for C2Hs formation because

the 1% and 2" hydrogenation barriers in Path A are lower than in Path B. However, reaction
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coordinates can be traversed in both the forward and reverse direction, and therefore, it is

also important to account for the reverse rates of elementary steps.

(a) Horiuti-Polanyi mechanism: C,H, formation (Path A) (b) Horiuti-Polanyi mechanism: C,H, formation (Path B)

c c

- — ] 2 s
= 05 = 0.5 ~ B 2|
2 < [ @ s
N 1m o\ @ 2
53 & PAE 2 k]
Z 0.0+ 200 Toml Y Y, 118.99 s
2 S [ = £
= = 7 e Iy

3 2 118.42 y
T 0.5 1 g 05 4 ROy v’o\_% <
b1 -
£ £ \ 118.18
£ 1.0 = 104 145wy :
g 10 s 27 S
Ll H 8l 1 H \ v
2 2 e | 6.04E-07 5 = - vy
S 15 - 5 s b N -15 c 2 8 Vooas
: I3 o @ ] ) - c o 3 ® \ I oy
o S = B H I3 o s = ] £ [F
= = k] @ ) o > = ® « g \ =Y
z 2.0 A £ F g 8 5 € 504 3 3 s & &_, B o
£ 2 = g 3 £ ) 3 ] 2 £ 3 oss V&
= P: 3 5 AN A 3 8 F 2 0% N5

25 4 T @ - J 25 F I 3 -
1 2 3 4 5 6 7 9 10 1 1 2 3 4 5 6 7 8 9 10 11

Figure 5.A3 Semi-hydrogenation of C>H2 to C2Ha4 via the Horiuti-Polanyi mechanism on
BTOH (211)-Ba20OsH via (a) Path A (b) Path B. The forward and reverse rates of certain
key steps at 673 K are labeled in green on both energy profiles and have units of mol s*
unit cellX. The energy differences between two states are listed in black below the energy
profile.

The forward and reverse rates of the 1% and 2" hydrogenation steps in Path A and
B are shown in Figures 5.A3a-b. One can see that at 673 K, the forward rate for the 1%
hydrogenation step in Path A (states 5->7) is 255.05 mol s* unit cell’. However, because
the reverse energy barrier is also relatively low (0.18 eV), the reverse rate (i.e., the
conversion of adsorbed CH3 back to adsorbed CzH2, 253.17 mol s unit cell’?) is almost
the same as the forward rate. This implies that a majority of the C2Hs being formed on the
surface is being converted back to C2H.. Now, the remaining C2Hz on the surface that was
not converted back to C>H> could then continue on forward and be converted to product at
a rate of 1.88 mol s unit cell* (states 7->10). Since the reverse barrier corresponding to

the conversion of CoHs back to CoH3 (states 10> 7) is relatively high (2.09 eV), the rate
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for this process to occur is essentially zero and the CpHs that is hydrogenated is an
irreversible process.

For Path B, the forward rate for the 1% hydrogenation step (states 5>7) is 118.99
mol s unit cell* but the reverse rate is only 1.45 mol s unit cell. This is because the
next step (states 7->8), which corresponds to the re-orientation of C2Hz on the surface, is
a barrierless process. Therefore, a majority of the C2Hs formed on the surface in state 7
will proceed to state 8 at a rate of 118.42 mol s unit cell*. Because the reverse barrier
(state 8->7) is relatively high (1.41 eV), the reverse rate (0.88 mol s unit cell) is much
lower than the forward rate of 118.18 mol s unit cell* to hydrogenate C2H3 to form CoHa.

It is important to note that because there is a greater net rate of C2Hs formation on
the surface in Path B than in A, the steady-state surface coverage of C;Hs in Path B is
2.46E-03 which is larger than the steady-state CoHs surface coverage of 4.07E-10 in Path
A. Therefore, there is more C2Hs available in Path B than in A to form C2H4 and, hence, a
greater CoHs production rate via Path B at higher temperatures. Further details on
determining rate-limiting steps of a multistep reaction can be found in Murdoch, J. R. J.
Chem. Educ. 1981, 58, 32-36.

The DRCs of certain elementary reaction steps in Path A and B further show the
influence of these steps on the overall rate of C2H4 formation (Figure 5.A4). Even though
the forward energy barrier for the 2" hydrogenation (i.e. C2Hs hydrogenation) is much
higher in Path B than in Path A (0.79 eV vs. 0.08 eV, respectively), this step is not the most
rate-controlling step at higher temperatures (> ~473 K) for either paths. The most rate-

controlling steps are actually the CyHs hydrogenation step in Path A and the 1%
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hydrogenation step in Path B, which explains why Path B is faster than A at higher
temperatures. At a lower temperature of 373 K, one can see that the most rate-controlling
step in Path A and B is only the H: dissociation step. Because the 2" hydrogenation step
no longer has a large influence on the overall CoH4 formation rate at 373 K for both paths
and the DRC for H. dissociation is higher in Path A than B, this explains why the rate of

C,H4 formation is faster via Path A than B.
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Figure 5.A4 The degree of rate control (DRC) of key elementary reaction steps in Path A
(a) and Path B (b).
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CHAPTER 6
First principles investigation of the selective hydrogenation of C=0 in
crotonaldehyde over a stable perovskite oxyhydride surface

6.1 Abstract

A new class of mixed-anion system, called perovskite oxyhydrides (POHSs), has
been shown to be an effective support for hydrogenation reactions and also exhibit activity
for ammonia synthesis. However, their activity and selectivity in the selective
hydrogenation of a,B-unsaturated aldehydes remain unclear. Here, the selective
hydrogenation of crotonaldehyde, via the Horiuti-Polanyi mechanism, was investigated on
the (211)-Ba,O4H surface termination of the prototypical BaTiO25Hos (BTOH) perovskite
oxyhydride. Using first principles density functional theory, possible minimum-energy
pathways for crotonaldehyde hydrogenation to form either crotyl alcohol or butanal have
been identified. It was determined that when the C=0 bond of crotonaldehyde is aligned
with dissociated H> on the BTOH surface, crotyl alcohol formation is the most favorable
pathway and would be the expected major product to form. This is because the surface
vacancies provide an avenue to form a proton and hydride from H: dissociation at the
surface which are conducive for crotyl alcohol formation due to the favorable charge
interactions between 1) the surface hydride and carbonyl carbon in crotonaldehyde and 2)
between the proton and partially negative O atom in crotonaldehyde. The charge
interactions between the H species and carbon atoms in crotonaldehyde’s C=C bond are
not as favorable and, therefore, butanal formation is not preferred. The present findings
provide insights on the role BTOH lattice hydrides and surface anion vacancies play in

general selective hydrogenation of o,f-unsaturated aldehydes.
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6.2 Introduction

The BaTiOz.xHx perovskite oxyhydride is an anion-tuned BaTiO3z material where
lattice O are randomly replaced by H-upon reduction.>?2 This material is not only a more
efficient catalyst support for CO> methanation and ammonia synthesis than BaTiOs, but
BaTiOsxHx (with x = 0.5) is itself active for ammonia synthesis.*>® These findings show
the potential of the BaTiOsxHyx perovskite oxyhydride as a catalyst for hydrogenation
reactions and have since led to a greater interest in studying the role of the material’s lattice
hydrides in different types of hydrogenation reactions. From our previous studies, we found
that the hydride vacancies on the surface of a prototypical perovskite oxyhydride,
BaTiO25Hos (BTOH), play a significant role in ammonia synthesis and the semi-
hydrogenation of acetylene. In ammonia synthesis, the hydride vacancy in the BTOH (210)
surface sublayer is crucial for N-N cleavage.” On the other hand, in acetylene semi-
hydrogenation, the vacancy is necessary to stabilize the C2Hs intermediate which is key to
selectively produce CzHs instead of CoHe over the BTOH (211)-Ba>O4H surface
termination. In this work, we aim to understand the role BTOH lattice hydrides and hydride
vacancies play in the selective hydrogenation of a,B-unsaturated aldehydes, specifically of
crotonaldehyde as a probe reaction.

The selective hydrogenation of a,-unsaturated aldehydes is an important industrial
process to produce unsaturated alcohols that have applications in the food,
pharmaceuticals, and fragrance industries.®%1%1! The challenge is producing the
unsaturated alcohol over the saturated aldehyde since hydrogenation of the C=C bond is

thermodynamically more favorable than the C=0 bond by 35 kJ/mol.}? Industrially, a.B-
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unsaturated aldehydes are selectively hydrogenated to its corresponding unsaturated
alcohol using the NaBHa or LiAlH.4 reagents.**!* However, the reducing agents must be
used in stoichiometric amounts and require careful handling under anhydrous conditions.
Therefore, there have been an abundance of research focused on designing active and
selective heterogeneous catalysts for this reaction by taking advantage of the following
effects: the electronic, synergetic, and confinement/steric effects.’® These effects are
exemplified by catalysts such as Pt;Co/Co(OH)2'® Pt/TiO,Y and Rhi/Mo0Sy,'
respectively.

Although metal oxides are commonly used as catalyst supports for this type of
reaction,'%2921.22 g recent study has shown metal-free ceria nanorods exhibiting high
selectivity towards the hydrogenation of crotonaldehyde to crotyl alcohol under ambient
conditions.? The key characteristic causing this selectivity and activity on ceria nanorods
is the high density of surface oxygen vacancies that: 1) allow for facile heterolytic H»
dissociation and 2) provide a site for crotonaldehyde adsorption via the C=0 bond which
is then subsequently hydrogenated. This investigation shows how surface vacancies on a
metal oxide can improve the activity and selectivity of the material for selective
hydrogenation without having to use expensive noble metals. This leads to the question:
what other key metal oxide features may be important for selective hydrogenation
reactions?

The BTOH perovskite oxyhydride is a unique metal oxide material as its surface
terminations expose hydrides or hydride vacancies which have been proposed to partake

in hydrogenation reactions.>’ Our aim, in this work, is to investigate the role of lattice
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hydrides and surface hydride vacancies in the selective hydrogenation of crotonaldehyde.
Under the typical conditions for selective hydrogenation of crotonaldehyde, the (211)-
Ba,OsH surface termination of BTOH was determined to be the most stable?* and,
therefore, used as our surface model in this work. Below, we introduce the computational

methods used followed by a description of our surface model.

6.3 Computational Methods

All spin-polarized density functional theory (DFT) calculations were performed
using the Vienna ab initio Simulation Package (VASP).?>?® The electron exchange and
correlation energies were treated using the general-gradient approximation (GGA)
functional, Perdew-Burke-Ernzerhof (PBE),?” and the electron-core interactions were
described by the projector augmented-wave (PAW) potentials.?® A kinetic energy cutoff of
450 eV was used for the plane waves and the DFT-D3 method was used to account for the
van der Waals interactions.?® The force convergence criterion is 0.02 eV/A and the energy
convergence criterion is 10° eV. The partial atomic charges were obtained using Bader
charge analysis.*°

The Ba,OsH termination of the BTOH(211) surface was used as the surface model
for mechanistic studies as it was determined to be the most stable termination® under
crotonaldehyde selective hydrogenation conditions (323 K, 1 bar).23 The slab model for the
(211)-Ba,0O4H BTOH surface termination is a 2x2 supercell containing eight layers with
the top four layers allowed to relax in the calculations. Along the z direction of the surface

slab is a vacuum layer of 15 A. We employed a 3x3x1 Monkhorst-Pack scheme®! to sample
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the Brillouin zone. In order to compensate the net dipole moment along the surface normal
due to slab asymmetry, a dipole correction®? was included within the vacuum region.

Adsorption energies were calculated with Equation (6.1)

Eaas = Esurrace+adsorbate — (Esurface + Eadsorbate) (6.1)
where Esurface+adsorbate IS the energy of the adsorbate-slab system in which the adsorbates are
either a reactant, intermediate, or product; Esurface iS the energy of the clean surface; and
Eadsorbate IS the energy of isolated adsorbate molecules (Hz, crotonaldehyde, crotyl alcohol,
butanal). Eadsorbate Was computed by placing each isolated adsorbate molecule in a
15x15%15 A® cubic cell. Transition state search was accomplished by using both the
climbing-image nudged elastic band (CI-NEB)? and the dimer method3* as implemented
in the VASP-VTST package by Henkelman and Jénsson. The force convergence criterion
for transition state search was set to 0.05 eV/ A. Transition states were verified by
vibrational frequency analysis.

The Gibbs free energy of crotyl alcohol or butanal desorption from the surface can
be approximated with Equation (6.2)

AGges = AHges — TASyes = (AEgiec + AEyip) — TASges (6.2)
where AEelec is the change in electronic energy, AEyib IS the change in vibrational energy
and includes the zero-point energy, T is the reaction temperature at 323 K, and ASges iS the
change in entropy between the adsorbed state (initial state) and the desorbed state (final
state). The vibrational frequencies of the isolated products (i.e., either crotyl alochol or
butanal) and the adsorbed products were computed using the finite-difference method as

implemented in VASP. By approximating the rotational and vibrational entropic
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contributions to be less than the translational entropic contribution, ASqes can be calculated
with Equation (6.3)

ASges = Sprod - Sprod* = Oprod — (Sprod - Sprod,trans) = Sprod,trans (6.3)
where Sprod IS the total entropy of the gaseous products, Sprog= IS the total entropy of the
adsorbed products, and Sprod,trans IS the translational entropy of the gaseous products. The
Sackur-Tetrode equation was used to calculate the translational entropy of NHs in the

gaseous state.®

6.4 Results and Discussion

Crotonaldehyde (CRAL) contains two types of double bonds (i.e., C=0 and C=C)
and can be selectively hydrogenated to form either crotyl alcohol (CROL) or butanal. By
comparing the energy profiles corresponding to the formation of either product over a
stable BTOH surface, we can determine the selective product over the catalytic surface.
We start with a description of the BTOH surface structure that is stable under the conditions
for selective hydrogenation of CRAL.

6.4.1 Surface structure of BTOH (211)-Ba204H termination. Previously, we
identified stable surface terminations of BTOH under catalytically relevant temperatures
and pressures.?* From these results, it can be deduced that under typical conditions for the
selective hydrogenation of CRAL,? the most stable BTOH surface termination is (211)-
Ba,O4H. Figure 6.1 depicts the side and top views of the 2x2 slab model for this
nonstoichiometric termination. The slab model contains surface Ba, O, and H atoms as well
as hydride vacancies that each expose one subsurface Ti. The surface vacancies are

hypothesized to be involved in Hz heterolytic dissociation as this process over metal oxides
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is typically more kinetically favored than H, homolytic dissociation.363” Therefore, in this
work, the source of H species will be generated via H heterolytic dissociation to form one
surface hydride occupying the V1 vacancy (and bonded to subsurface Til) and one proton

bonded to surface O2.

(a) (b)

L'\

Figure 6.1 The structure model of the BaTiO25Hos (211)-Ba2O4H surface termination: (a)
side view of the slab; (b) top view of the slab’s top two layers. The surface hydride
vacancies are represented by yellow dotted circles labeled as V1 or V2.

6.4.2 Overview of the selective hydrogenation of CRAL on BTOH (211)-
Ba204H. The Horiuti-Polanyi mechanism has long been established as the common route
for hydrogenation reactions over heterogeneous catalysts. In this mechanism, H species
that are formed from initial H dissociation, are sequentially added to unsaturated
compounds.®® In the selective hydrogenation of CRAL, there are four possible routes that

lead to the formation of either butanal or CROL as shown in Figure 6.2 Routes 1 and 2

follow the path to butanal formation in which a H atom is initially added to either C* or C?,
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respectively, while routes 3 and 4 follow the path to CROL formation in which a H atom

is initially added to either C3 or O%, respectively.

Route 1

(@)
— NN\ ]
cl=c? 4 WO
+H, ___J
5 (@)
Route2. Y 7
2 4
AP (CRAL)
1 3
Route 3 .
+H, > N0 ]
SNAOH
304 | (CROL)

Figure 6.2 The four hydrogenation routes to convert CRAL to either butanal (routes 1 and
2) or CROL (routes 3 and 4). In each route, the H atom is added to different positions of
CRAL.

6.4.3 CRAL adsorption over the hydrogenated BTOH surface. The adsorption
configurations of CRAL over the hydrogenated BTOH surface were investigated prior to
exploring the selective hydrogenation routes. The most relevant configurations are those
in which the unsaturated bonds of CRAL are close enough to dissociated H. for subsequent
hydrogenation. Figure 6.3 shows that in the CRAL_adsorption_1 orientation, the C=0
bond of CRAL is in close proximity (i.e. < 3.2 A) to either the surface proton or surface
hydride that was formed from H dissociation whereas in the CRAL_adsorption_2

orientation, the C=C bond is closer. Hence, CRAL _adsorption_1 is the most suitable for
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C=0 hydrogenation to form CROL and CRAL _adsorption_2 is the most suitable for C=C
hydrogenation to form butanal. While it is possible to form CROL from the
CRAL_adsorption_2 position (see section 6.A1 of Appendix [section 6.7]), our AIMD
calculations show that the intermediate and surface atoms must shift and migrate until the

intermediate’s O atom is in close enough proximity to dissociated H for H addition.

CRAL_adsorption_1 CEAL_adsorption_Z

(a) f EreI =-1.38 eV o (b)[x Erel =-1.62 eV )

Figure 6.3 The two relevant adsorption orientations of CRAL over hydrogenated BTOH:
(a) the C=0 bond and (b) the C=C bond in close proximity to dissociated H,. The relative
energies of each structure are shown at the top of (a) and (b). The hydride highlighted in
yellow represents the lattice hydride (i.e., the hydride that is part of the BTOH catalyst)
and the hydride highlighted in pink represents the surface hydride (i.e., the hydride formed
after Hz heterolytic dissociation). All atomic distances are reported in units of A.

Investigating different possible migration pathways of CRAL or its corresponding
hydrogenated intermediate over the surface would be important when finding the most
favorable pathway for CRAL hydrogenation. However, in this work, we are most interested

in comparing the energy barriers of C=C and C=0 hydrogenation to determine product
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selectivity over BTOH. Therefore, we only explored CROL formation pathways from the
CRAL adsorption_1  orientation and butanal formation  pathways from
CRAL_adsorption_2.

6.4.4 Forming CROL from CRAL_adsorption_1. Figure 6.4a shows the energy
profiles of only the intermediate states involved in the formation of CROL from C=0

hydrogenation in CRAL.

Form crotyl alcohol - CRAL_adsorption_1 -
(a) Y —acsorpion (b) o g
**Intermediate states shown only** @, [_&;&.:4.08
" 3 3 3 » | “Lz.57 s °
S 0.00 B ® s
e s ] 3
e -0.14 036 & . -0.33 & &
g -0.50 - i
z g 3 i 3
5 § 3 2052 084
k| a 2 H 2
§ 100 ¢ 2 g £
g 3 e | 5
2 o T =
= 23
e -1.50 L 87-1.42)\
£ -1.62\g \
= £
[ J Path D: surface hydride to O* K \
200 Path C: proton to O* = \—\ )
Path B: proton to C3 -2.09 217
——Path A: surface hydride to C3 : I
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Figure 6.4 Energy profile of the four possible pathways for CROL formation from CRAL
adsorbed in the CRAL_adsorption_1 orientation (a) and the key intermediate structures
(b). For reference, the lattice hydride is highlighted in yellow and the CRAL atom being
hydrogenated is indicated by the yellow-orange arrow in Figure 6.4b. All atomic distances
are reported in units of A.

The mechanism begins with H» adsorption (state 2) and H> heterolytic dissociation (state
3) over the clean surface. From there, CRAL adsorbs onto the hydrogenated surface in the
CRAL _adsorption_1 orientation (state 4, see structure in Figure 6.4b) and undergoes

hydrogenation to form states 5A-D. Afterwards, the state 5 intermediate is hydrogenated

to form CROL (state 6) which is desorbed to regenerate the catalytic surface in state 7.

127



There are various structures for state 5 depending on which H species is added to CRAL
first and at which atom position. State 5A has the lowest relative energy and is formed
when the surface hydride (from heterolytic H dissociation) hydrogenates CRAL at the
carbonyl carbon, C3. State 5D has the highest relative energy and is formed when the
surface hydride hydrogenates CRAL at the oxygen atom, O,

Since the energy differences between states 4 and 5C/5D are greater than 1 eV, it
implies that the energy barrier between these states would also be greater than 1 eV which
is relatively high. Hence, we were only concerned with calculating the energy barriers
corresponding to the transition from states 4 to 5A/5B as these barriers would potentially
be lower than 1 eV. Figure 6.5a compares the energy barriers of pathways A and B while
Figure 6.5b shows the corresponding key intermediate structures. In both pathways, initial
barrierless Hz adsorption (state 2) is followed by heterolytic H, dissociation (states 2-3, Ea
= 0.53 eV) and barrierless CRAL adsorption (state 4). In Pathway A, the surface hydride
is added to CRAL at C2 (states 4-5A, E, = 0.25 eV) followed by the proton at O* (states
5A-6A, barrierless). Alternatively, in Pathway B, the proton first hydrogenates CRAL at
C3 (states 4-5B, Ea= 1.32 eV). Since the first hydrogenation barrier of CRAL via Pathway
B is much higher than in Pathway A, the second hydrogenation barrier of pathway B was
not investigated further. Therefore, when CRAL is initially adsorbed in the
CRAL_adsorption_1 orientation, the most likely pathway for CROL formation is via

Pathway A.
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Figure 6.5 A comparison of the energy barriers in pathways A and B. Figure 5b shows the
TS2 structures for pathways A (top) and B (bottom). The H atom being added to CRAL is
highlighted in pink and the atom in CRAL that is being hydrogenated is indicated by the
yellow-orange arrow in Figure 5b. All atomic distances are reported in units of A.

21

ption

CRAL_adsor

Side view -0.54 |e|

Top view

Figure 6.6 The top and side views of CRAL_adsorption_1. The atoms are labeled in the
top view panel and the Bader charges and atomic distances are shown in the side view
panel. The lattice hydride is highlighted in yellow.

A reason for why TS2 of Pathway A is much lower in relative energy than that of
pathway B can be explained by analyzing the Bader charges of the atoms in the
CRAL_adsorption_1 structure (state 4, Figure 6.4b) as shown in Figure 6.6. In Pathway A,

the first hydrogenation of CRAL involves a negatively charged surface hydride (-0.54 |e|)

forming a bond with positively charged C® (+0.74 |e). In Pathway B, the first
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hydrogenation of CRAL involves a positively charged proton (+0.63 |e|) forming a bond
with C2. Hence, this unfavorable interaction between the positively charged proton and
positively charged C2 can explain the higher TS2 relative energy in Pathway B.

6.4.5 Forming butanal from CRAL _adsorption_2. Figure 6.7a shows the energy
profile of only the intermediate states involved in the formation of butanal while Figure

6.7b shows the key intermediate structures.
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Figure 6.7 Energy profile of the four possible pathways for butanal formation from CRAL
adsorbed in the CRAL_adsorption_2 orientation (a) and the key intermediate structures
(b). For reference, the lattice hydride is highlighted in yellow and the atom in CRAL being
hydrogenated is indicated by the yellow-orange arrow in Figure 7b. All atomic distances
are reported in units of A.

States 1-4 are the same for pathways E-H and correspond to H> adsorption, H>
dissociation, and CRAL adsorption on the hydrogenated BTOH surface via the

CRAL_adsorption_2 orientation. State 5 is where we begin to see differences. As described

previously, the various state 5 structures can be formed depending on which H species is
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added to CRAL first and at which C position. State 5E has the lowest relative energy and
is formed when the surface hydride hydrogenates CRAL at C*. State 5H has the highest
relative energy and is formed when the surface hydride hydrogenates CRAL at C2. Only
the energy barriers between states 4 and 5E/F were investigated since the energy difference
between states 4 and 5G/H are already greater than the first hydrogenation barrier of CROL

in Pathway A (0.25 eV).

Minimum energy path: 1st hydrogenation (state 4 — SE)

Relative Electronic Energy (eV)

Reaction Coordinate (A)

Figure 6.8 The minimum energy path (determined by crude NEB calculations) of the
surface hydride hydrogenating CRAL at the C* atom to form state 5E. The structures of
different NEB images are shown in (a)-(c). The H atom being added to CRAL is
highlighted in pink.

In the transition from state 4 to 5E, the long reaction coordinate ( > 8 A) is due to

the great distance between the surface hydride and C!. Figure 6.8 shows that the

hydrogenation of C! by the surface hydride occurs after initial bond formation between the
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surface hydride and C? (see Figure 6.8b for structure). This is because the distance between
the surface hydride and C? is much closer than between the surface hydride and C. In order
for C? to then be hydrogenated, the C?-H bond must first be broken in order to form the C*-
H bond (see Figure 6.8c for structure). However, this overall process requires a very large
energy barrier of ~2 eV and, therefore, the hydrogenation of C* by the surface hydride will
most likely not occur.

The transition from state 4 to 5F is more favorable than the transition from state 4
to 5E because of the lower energy barrier (0.69 eV). Further calculations show that the
energy barrier of the second hydrogenation of CRAL in Pathway F is 0.96 eV and the
desorption energy of butanal from the surface is 0.89 eV. These results suggest that of the
butanal formation pathways examined, Pathway F is the most favorable because of the
lower hydrogenation barriers. A more in-depth comparison between butanal formation via
Pathway F and CROL formation via Pathway A is discussed in the next section.

6.4.6 Comparing butanal and CROL formation over BTOH. The energy profile
of Pathway F is shown in Figure 6.9a along with Pathway A as a comparison. The key
intermediate structures of Pathway F are shown in Figure 6.9b. In Pathway F, the barriers
corresponding to the first and second hydrogenation of CRAL are both larger than in
Pathway A. Accordingly, we can conclude from these results that Pathway A is the overall
most favorable pathway out of all pathways considered (A-H) and CROL would be the
expected major product to form over the BTOH(211)-Ba.OsH surface termination.
Although relatively high CROL and butanal desorption energies are required (i.e., 1.33 eV

and 0.89 eV, respectively), the free energy of CROL and butanal desorption is much lower
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at 0.67 eV and 0.19 eV, respectively. This value was calculated after adding the favorable
entropy contribution due to the formation of a gaseous CROL or butanal molecule (state

7) at the reaction temperature.
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Figure 6.9 (a) Energy profiles of the most favorable pathways for CROL formation
(Pathway A, blue line) and butanal formation (Pathway F, turquoise line). (b) The key
intermediate structures of Pathway F. For reference, the lattice hydride is highlighted in
yellow and the atom in CRAL being hydrogenated is indicated by the yellow-orange arrow
in Figure 6.9b. All atomic distances are reported in units of A. The free energy of
desorption of CROL is shown in the orange bubble.

To understand why the first hydrogenation barrier in Pathway A is lower than in
Pathway F, we again look into the Bader charges of certain atoms in states 4A and 4F as
shown in Figure 6.10. Recall in section 6.4.4, we found that the first hydrogenation of
CRAL in Pathway A involves the favorable bond formation between a negatively charged

surface hydride and positively charged C3. Likewise, the first hydrogenation of CRAL in

Pathway F also involves the favorable bond formation between oppositely charged species.
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However, this time it is between the positively charged proton (+0.57 |e|) and negatively
charged C* (-0.18 |e[). Even though the H species in state 4A (or 4F) interact favorably with

C3 (or CY), the first hydrogenation barrier is still lower in Pathway A than in Pathway F.

Figure 6.10 The Bader charges and atomic distances in state 4 and 5 of pathways A and F.
The lattice hydride is highlighted in yellow, and all atomic distances are reported in units

of A.

This may be due to the magnitude of charge for C* being less than that of C2 which leads
to a weaker interaction between the proton and C! in Pathway F than between the surface
hydride and C® interaction in Pathway A. In the second hydrogenation, the favorable
interaction between the proton (+0.62 |e|) and O* atom (-1.19 |e|) as well as the relatively
shorter distance between the proton and O* in state 5A of Figure 6.10 explains why the
second hydrogenation in Pathway A is so favorable. In Pathway F, the second

hydrogenation barrier is much higher at 0.96 eV because of the unfavorable interaction
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between the surface hydride (-0.53 |e[) and the C? atom (-0.11 |e|). Thus, Bader charges on
the surface atoms and substrate may play an important role in determining product
selectivity.

6.4.7 Experimental implications. The selective hydrogenation of a,-unsaturated
aldehydes can occur either in the gas®¥4%442 or liquid*3#4454¢ phase. Common solvents
used for liquid-phase hydrogenation include ethanol, isopropyl alcohol, water, an alcohol-
water mixture, and others. Typically, solvent is used to dissolve reactants and keep
products in solution, however, it has also been shown to influence reaction activity and
selectivity. For example, in the reaction to form the hydroxybutyl intermediate from 2-
butanone hydrogenation, DFT results show that water molecules can hydrogen bond with
the transition state’s hydrogen and oxygen atoms.*’ Hence, the transition state becomes
stabilized, and the activation barrier decreases from 0.66 eV in the gas phase to 0.21 eV in
the liquid phase. In other studies, protic solvent molecules are shown to assist in H»
dissociation.*84°

Currently, there have been no experimental work on the selective hydrogenation of
CRAL over BTOH in the liquid phase. Therefore, the goal of this study is to understand
the gas-phase reaction mechanism over BTOH to provide general insights on how the
reactant, intermediate, and product molecules interact with the catalytic surface. Future
experimental investigations would be necessary in order to determine an optimal solvent
for selectivity to the CROL product. From there, further DFT calculations can help
understand the potential solvent effects in the reaction over BTOH. It would be intriguing

to see how the solvent interacts with surface atoms, specifically the lattice hydride.
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6.5 Conclusion

In this work, first principles density functional theory was used to investigate the
selective hydrogenation of crotonaldehyde (CRAL) on the BTOH(211)-Ba>O4H surface
termination via the Horiuti-Polanyi mechanism. Given that CRAL has two types of double
bonds, C=0 and C=C, it can be hydrogenated to form either crotyl alcohol (CROL) or
butanal, respectively. Furthermore, after heterolytic cleavage of H> over a surface hydride
vacancy and O atom, there are two relevant adsorption configurations of CRAL on the
hydrogenated surface that were considered. In the CRAL_adsorption_1 configuration, the
C=0 bond of CRAL is in close proximity with dissociated H> whereas in
CRAL_adsorption_2, the C=C bond is closer. Using DFT, possible minimum-energy
pathways for CROL and butanal formation have been identified from these CRAL
adsorption configurations. It was determined that CROL formation starting from the
CRAL _adsorption_1 configuration is the overall most favorable pathway studied and,
therefore, CROL would be the expected major product to form over the BTOH(211)-
Ba,O4H surface termination. This is because the surface vacancies provide an avenue for
H> heterolytic cleavage to form a proton and surface hydride which are conducive for
CROL formation due to the favorable charge interactions between the surface hydride and
partially positive carbonyl carbon in CRAL as well as between the proton and O atom in
CRAL. The charge interactions between the H species and carbon atoms in CRAL’s C=C
bond are not as favorable and, thus, butanal formation is not as preferred. Although, the
selective hydrogenation of CRAL is commonly done in the liquid phase, in this work, we

first investigate the gas-phase reaction mechanism over BTOH to understand how reactant,
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intermediate, and product molecules of CRAL selective hydrogenation interact with the

catalytic surface. Our findings provide insights on the role BTOH lattice hydrides and

surface hydride vacancies play in general selective hydrogenation of a,B-unsaturated

aldehydes.
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6.7 Appendix

6.A1 CROL formation from CRAL _adsorption_2

In the main text, we only discuss CROL formation starting from

CRAL_adsorption_1 because the C=0 bond of CRAL is already aligned and in close
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proximity to dissociated H> in this orientation. Here, we also explored a CROL formation
pathway from CRAL_adsorption_2. From our NEB calculations in Figure 6.A1, we show
that the surface hydride addition to the CRAL carbonyl carbon, C3, requires an energy
barrier of only 0.12 eV, which is 0.13 eV lower than the first hydrogenation barrier in
Pathway A. Then, to test the mobility of the resulting intermediate over the catalytic
surface, an ab initio molecular dynamics (AIMD) simulation was performed in canonical
ensemble (NVT) with Nosé-Hoover thermostat at 500 K for 1.5 ps with a timestep of 0.5
fs. Figure 6.A2 shows the structure of the system before the AIMD simulation, after 0.5
ps, and CROL formation in the final structure after a total AIMD simulation run of 1.5 ps.
Our AIMD calculations show that the intermediate and surface atoms must shift and
migrate until the intermediate’s O atom is in close enough proximity to dissociated H> for
H addition. Investigating different possible migration pathways of CRAL or its
corresponding hydrogenated intermediate over the surface would be important when
finding the most favorable pathway for CRAL hydrogenation. However, in this work, we
are most interested in comparing the energy barriers of C=C and C=0 hydrogenation to
determine product selectivity over BTOH. Therefore, we only explored CROL formation
pathways from the CRAL_adsorption_1 orientation and butanal formation pathways from

CRAL_adsorption_2.
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Figure 6.A1 Energy profiles of CROL formation from CRAL adsorbed in the
CRAL_adsorption_1 (blue line) and CRAL_adsorption_2 (red line) orientation (a) and the
corresponding state 5 structures (b). For reference, the lattice hydride is highlighted in
yellow and the atom in CRAL being hydrogenated is indicated by the yellow-orange arrow
in Figure S1b. All atomic distances are reported in units of A.

c) Final orientation

a) Initial orientation b) After 0.5 ps afferi.5ps

Figure 6.A2 The structure of the system before the AIMD simulation (a), after 0.5 ps (b),
and CROL formation in the final structure after a total AIMD simulation run of 1.5 ps (c).
For reference, the lattice hydride is highlighted in yellow. All atomic distances are reported
in units of A.
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CHAPTER 7
Conclusions and future outlooks

7.1 Conclusions

Recently, the BaTiO3.x<Hx perovskite oxyhydride has shown to be more active and
a more effective catalyst support in hydrogenation reactions than its parent oxide,
BaTiOs.!** Hence, in this thesis, we aimed to explore the role of BaTiO2.5Hos (BTOH)
lattice hydrides in hydrogenation reactions including ammonia synthesis, acetylene semi-
hydrogenation, and crotonaldehyde selective hydrogenation. Because a catalyst’s activity
and selectivity properties are dependent on its surface structure,* in Chapter 3, we aimed
to identify stable terminations of BTOH that are the most probable to form under the typical
reaction conditions of the above hydrogenation reactions.” We compared the surface grand
potentials of 47 different BaTiO25Ho.s (BTOH) terminations belonging to five different
facets: (100), (010), (210), (011), and (211). We then constructed surface phase diagrams
at catalytically relevant temperature and pressure conditions (300 — 700 K, 107> <P, <1
atm, 101> < Py, < 100 atm). The diagrams showed that the (010)-Ba;0>, (210)-Ti,0>, and
(211)-Ba2O4H are the most stable BTOH surface terminations at 700 and 500 K. Only the
(010)-Ba202 and (211)-Ba;O4H are the most stable at 300 K. The importance of our first
work is to lay a foundation to further explore surface chemistry and catalysis on the
surfaces of the BaTiO2.sHo.s perovskite oxyhydride.

In Chapter 4, we began our investigation of the role BTOH lattice hydrides play in
hydrogenation reactions, specifically in the synthesis of ammonia.® From the phase

diagrams constructed in Chapter 3, we can see that the (210)-Ti,0, surface termination of
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BTOH is the most stable under ammonia synthesis conditions.’ This surface is vicinal in
structure and exposes subsurface hydride which can potentially be important in the
hydrogenation reaction. Our results showed that N; prefers to adsorb on the more reduced
surface Ti atom, which is bonded to a subsurface lattice hydride, while heterolytically
dissociative H> adsorption is also facile on the surface. In order to understand the BTOH
surface chemistry in ammonia synthesis, two pathways for the hydrogenation of adsorbed
N2 have been examined: the distal and alternating pathways. In the distal pathway, the
subsurface hydride vacancy from reaction of *N» with the lattice hydride was found to be
key to breaking the *N-NHj;bond and leading to surface nitride formation. In the
alternating pathway, the neighboring surface Ti sites are key to bridging and stabilizing the
*NNH intermediate. Overall, the alternating pathway is a more favorable pathway,
especially when lattice hydrides are abundant on the surface. Chapter 4 sheds light on the
role of surface lattice hydrides and their vacancies in hydrogenation of N> over BTOH and
was useful in understanding other hydrogenation reactions over BTOH as seen in Chapters
5 and 6.

In Chapter 5, we continued our investigation of the role BTOH lattice hydrides play
in alkyne semi-hydrogenation reactions. Specifically, we studied acetylene semi-
hydrogenation over BTOH as a probe reaction. From the phase diagrams constructed in
Chapter 3, we can see that the (211)-Ba;O4H surface termination of BTOH is the most
stable under acetylene semi-hydrogenation conditions.’ This surface is flat in structure and
exposes surface hydride and vacancies which can potentially be active in hydrogenation

reactions. In acetylene semi-hydrogenation, the desired product is the semi-hydrogenated
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product (i.e., ethylene), rather than the fully hydrogenated product (i.e., ethane). Our results
showed that of the Horiuti-Polanyi and lattice hydride mechanisms considered, the former
mechanism was shown to form ethylene and ethane at a faster rate than the latter according
to microkinetic modeling based on the DFT energies and barriers. Furthermore, the
microkinetic simulations show that the rate of ethylene formation via the Horiuti-Polanyi
mechanism is faster than ethane formation by one order of magnitude at a temperature of
523 K. Therefore, it is suggested that BTOH can selectively hydrogenate acetylene to
ethylene with a high selectivity under the specified conditions. A reason behind this
selectivity may be due to the presence of lattice hydrides in BTOH which favors a surface
containing vacancies under the given reaction conditions. In turn, these surface vacancies
are important in the facile heterolytic cleavage of H> over BTOH as a means to provide
active H species for hydrogenation in the Horiuti-Polanyi mechanism. Additionally, the
surface anion vacancies are crucial to stabilizing the vinyl intermediate and, therefore,
drive the reaction selectivity towards ethylene. The findings from this work provided a
deeper understanding on the role of lattice hydrides and surface anion vacancies in the
BTOH catalyst for acetylene semi-hydrogenation selectivity and suggest the potential use
of BTOH as catalysts for general alkyne semi-hydrogenation.

Lastly in Chapter 6, we investigated the role of BTOH lattice hydrides in the
selective hydrogenation of crotonaldehyde (CRAL) to gain an understanding of the BTOH
surface chemistry for the selective hydrogenation of a,p-unsaturated aldehydes. From the
phase diagrams constructed in Chapter 3, we can see that the (211)-BaxO4H surface

termination of BTOH is also the most stable under the conditions for selective
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hydrogenation of crotonaldehyde.’ Our findings showed that the surface vacancies provide
an avenue for H» heterolytic cleavage to form a proton and surface hydride which are
conducive for CROL formation due to the favorable charge interactions between the
surface hydride and partially positive carbonyl carbon in CRAL as well as between the
proton and O atom in CRAL. The charge interactions between the H species and carbon
atoms in CRAL’s C=C bond are not as favorable and, thus, butanal formation is not as
preferred. Our findings from this work further add on to our working knowledge of the

BTOH structure-selectivity relationship towards hydrogenation reactions.

7.2 Future directions

In this thesis, we merely scratched the surface on the surface chemistry of
BaTiO25Hos (BTOH). There is still more work to be done in order to have a more
comprehensive understanding of the BaTiO3.xHx material as a whole.

First off, as mentioned previously, a catalyst’s activity and selectivity properties are
dependent on its surface structure.* Surfaces are cleaved from a bulk crystal structure of a
particular morphology. Therefore, a different BaTiO3.xHx bulk morphology can lead to
different surfaces and configurations of exposed atoms. Given that the BaTiO3 bulk varies
in crystalline structures depending on the external temperature,'® it would be crucial to
identify the equilibrium crystal shape of BaTiOs;xHx by applying the Gibbs-Wulff
theorem.!!

Second, it would be interesting to compare the surface chemistry of a BaTiO3.xHx
surface cleaved from different bulk morphology. A recent study showed that hexagonal
BaTiOsxHx can be synthesized from the reaction of BaH, with TiO: at 800°C.!? Besides
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structure, what makes the hexagonal form of BaTiO3.xHx different than the cubic form is
that hexagonal BaTiOs.xHx can hold a higher hydride content (i.e. x = 1) than its cubic form
(x < 0.60). Catalytic studies have shown that Pd loaded on hexagonal BaTiO3.xHx has a
higher turnover frequency in the semi-hydrogenation of Phenylacetylene than when Pd is
loaded on cubic BaTiOs;xHx. This could be due to the fact that hexagonal BaTiO3.xHx
contains a higher hydride content than cubic BaTiO3.xHx. It would then be beneficial to test
the BaTiOs;xHx activity at a constant hydride content but with surfaces cleaved from
varying bulk crystal morphology to further understand BaTiOs.xHx structure-activity
relationship.

Third, there have been a couple reports that discuss the effectiveness of cubic
BaTiOsxHx as a metal catalyst support for hydrogenation reactions including CO:
methanation and ammonia synthesis.>* The metal catalysts studied included Ni and Ru for
CO; methanation and Ru, Fe, and Co for ammonia synthesis. However, no theoretical
investigations have been performed to determine the optimal metal catalyst for a specific
hydrogenation reaction. It would particularly be interesting to investigate the compatibility
of BaTiO3.xHx as a single atom catalyst (SAC) support since SACs have lately become of
interest due to its enhanced performance in industrially important reactions and decrease
in precious metal usage.””

Pursuing these future directions only marks the beginning of understanding the
catalytic potential of anion-tuned metal oxides, such as BaTiOs3.xHx, for hydrogenation
reactions. Currently, experimental studies on BaTiO3.xHx in catalytic reactions are lacking.

However, these studies are warranted in order to verify future computational results
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regarding the surface structure and activity of these materials. There is so much to be
learned about these materials and only time will tell the impact these materials will have in

our society.
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