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1

Introduction

1.1 Heterogeneous catalyst and its multifunctionality

Catalysis is a mechanism by which the rate of chemical reactions can be
accelerated by adding a promoting chemical, namely “catalyst,” that is not
consumed during the chemical process [1]. The function of a catalyst is to lower
the activation energy of the reaction and often provide an alternative reaction
pathway without affecting the energy difference between reactant and product, as
shown in Figure 1.1. An ideal catalyst should maximize the conversion of reactants,
produce only the desired products, and maintain its function for prolonged periods
of reaction time [2].

Generally, catalysts are divided into two main classes, depending on their
phase compared to reactants or products: homogeneous and heterogeneous
catalysts. A homogeneous catalyst is a catalyst in the same phase as the reactants
or products. In contrast, a heterogeneous catalyst is in a different phase from the
reaction mixture. The most common form of heterogeneous catalyst is solid, while
the reactants or products are gases or liquids. This feature leads to the major
advantage of heterogeneous catalysts is that the catalyst can be separated from
the reaction mixture by simple methods, such as filtration. Thus, solid catalysts can
be easily recycled, resulting in low operation costs, which are the key targets of the
industrial production processes. Solid catalysts also often exhibit high thermal and
mechanical stability, facilitating thus their utilization on large scales. Therefore,
heterogeneous catalysts have been widely used in the chemical industry,
accounting for approximately 80% of all commercialized catalysts [3].
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Figure 1.1 The effect of a catalyst on the activation energy and pathway of a chemical reaction.

Despite having many advantages, heterogeneous catalysts have some
drawbacks. Table 1.1 lists the advantages and disadvantages of homogeneous and
heterogeneous catalysts [4]. One of the main fundamental issues for many solid
catalysts is the difficulty of controlling the reaction selectivity. Most common solid
catalyst materials feature a wide variety of surface species and active sites with
varied reactivity, giving rise to diverging reactivity within the same catalyst particle
and promoting the formation of undesirable products next to the primary target
conversion process. In some cases, such side products strongly bind with the active
sites, prevent the regeneration of the active sites for recycling adsorption of the
reactants, and thus lead to the deactivation of the catalytic surfaces. Therefore,
understanding the role of the surface sites and identifying the reaction or
deactivation processes in heterogeneous catalysts is critically important for
learning how to control their catalytic activity and selectivity and develop effective
catalysts.

Table 1.1 An overview of the main advantages and disadvantages of homogeneous and
heterogeneous catalysts [4].

Homogeneous Heterogeneous
catalyst catalyst
Selectivity High Low
Catalyst separation and recovery Difficult and expensive | Easy and cheap
Thermal stability Low High
Mass transfer limitations Very rare Can be severe
Structure/Mechanism Defined Undefined
Applicability Limited Wide
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Nevertheless, many different active sites are not necessarily a negative aspect
of solid catalysts. In fact, different chemical moieties can exhibit synergistic effects
and help promote desirable conversions by forming the so-called “multifunctional
catalytic ensembles.” In such a multifunctional system, each catalytic moiety can
either work separately to catalyze different elementary reaction steps or work
cooperatively to promote the same reaction. Thus, naturally, solid catalysts that
exhibit multifunctionality are promising candidates for facilitating multistep
reactions. For instance, the tremendous progress in hydrogenation chemistry
witnessed in the last decade is related to the developments of multifunctional
heterogeneous catalysts [5-7].

Among various solid catalysts, oxide-supported metal catalysts (metal/oxide)
have been frequently used and developed in recent years. In such systems, the
catalytic phase of transition metals is dispersed on the surface of oxides. The
dispersion of metals on oxides initially aims to stabilize the metal nanoparticles and
increase the surface area to volume ratio. The attention to such catalysts has been
raised since it was found that the oxide support can also influence catalytic
performances. The reducible oxides such as TiO,, Fe;0s;, CeO,, and many other
transition-metal oxides are particularly attractive for heterogeneous catalyst
design. These supports provide versatile and tunable surface characteristics such
as surface acidity and basicity. Furthermore, terminal OH groups and surface
defects (steps, corners, and vacancies) can act as anchoring sites for metal
nanoparticles to boost their dispersion and stabilization of the support surface [8].
For these reasons, the well-defined structure and function are crucial for designing
rather complicated and efficient metal/oxide catalysts and understanding their
catalytic activity.

Multifunctional Catalyst Systems

Cooperativity -
base L'-‘w,vs ﬂ' vl |
Ay -
o

™

Support

Figure 1.2 Schematical illustration of how different species on the surface can form catalytic
ensembles. The synergetic action of the transition metal (TM) centers with the reactive sites of the
support, along with the presence of base and Lewis acid promotors, allows for establishing a favorable
conversion path for the substrates along the predefined route.
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A schematic representation of a cooperative metal/oxide catalyst interface is
shown in Figure 1.2. The metals with the reactive sites of the support acting as
independent reactive sites or as base and Lewis acid species promotors work
cooperatively to catalyze reactions. It should be noted that the reactivity of atoms
at the direct contact of metal and oxide support —the interface, is typically different
from the other sites. This is due to the synergistic effect between the metal and
the oxide support known as the metal-support interactions (MSI) [9, 10]. The MSI
comprises several phenomena, such as (i) charge transfer, (ii) interfacial perimeter,
(iii) nanoparticle morphology, (iv) chemical composition, and (v) strong metal-
support interaction (SMSI), as shown in Figure 1.3.

Metal-support interactions

.8 o2

Charge Interfacial Nanoparticle Chemical SMsl
transfer perimeter morphology composition

Figure 1.3 The five main phenomena of metal-support interactions (MSI).

To clarify, (i) the electrons at the interface might be rearranged upon the
interaction between metal and oxide, resulting in the charge transfer. (ii) The
electron’s accumulation and depletion at the interfacial perimeter sites can affect
the adsorption/desorption of molecules. (iii) The adhesion energy released from
metal-oxide interactions can affect the morphology of metal nanoparticles. (iv) The
redox process at metal and oxide support might induce the rearrangement of
components and the formation of new phases. (v) The oxide support might be
reduced and generate suboxides covering the metal nanoparticle, known as the
SMSI [9]. Indeed, such MSI phenomena significantly impact the performance of
metal/oxide catalysts by changing their structural and electronic properties [9, 10].

The primary focus of this thesis is on the molecular-level aspects of the MSI
and its role in catalysis. For instance, the formation of multifunctional reactive
ensembles at the interfacial perimeter and the charge transfer modulate the
reactivity of the supported metal particles. Different mechanistic features arising
from such MSI phenomena will be demonstrated in the subsequent chapters.
Chapters 2 and 5 focus on the reactivity of titania-supported catalysts in the
hydrogenation of CO, and aromatic amines. Mechanisms of C-H carboxylation
reactions will be discussed in Chapters 3 and 4.
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1.2 TiO;-based catalysts

Titanium dioxide (titania or TiO;) is one of the most versatile and widely-
explored oxide materials used as a catalyst or catalyst support because of its high
stability, nontoxicity, and cost-effectiveness [11]. In the context of this thesis, the
unique features of titania extend well beyond its excellent ability to disperse the
transition metal catalysts nicely in the form of well-defined nanoparticles to a wide
range of tuneable MSI phenomena. The catalytic activity of TiO, mainly depends
on their Lewis acid-base pairs which occur due to the presence of Ti** (Lewis acid)
and O% (Lewis base) on the surface. The Brgnsted acid (H*) can also be introduced
to the surface of TiO; via the dissociation of H,O or H; [11-14]. In addition, the
deposition of metal nanoparticles on TiO; results in the formation of new active
sites and, consequently, the changes in the activity and stability of the supported
metal/TiO, catalyst. All these features are essential to creating highly complex
multifunctional ensembles on the surface of TiO,-supported metal catalysts, as
schematically illustrated in Figure 1.2. The presence of Brgnsted acid, Lewis acid,
and Lewis base sites on TiO, can cooperate with the dispersed metals to enable the
selective conversion of various chemical feedstocks.

Many studies have shown that both the crystal phase and the exposed surface
structure of TiO; affect the catalytic properties of titania-based systems [11-14].
TiO, can crystalize in one of the three crystalline structures, namely anatase,
brookite, and rutile (Figure 1.4). Each of these forms exhibits different physical
characteristics, surface properties, and reactivities. Brookite is the least studied
TiO, due to the difficulty of synthesizing the pure phase. A recent study found that
brookite provides a higher activity than other forms of titania in some
photocatalytic reactions [13, 15]. The rutile is the most stable and common form
of TiO,, with the highest density and refractive index [11]. However, it was reported
that anatase becomes more stable than rutile when the particle size is smaller than
14 nm [16]. Furthermore, anatase typically exhibits higher photocatalytic activity
than rutile [17]. Anatase is also preferred as a metal catalyst support because of its
remarkably higher specific surface area [14]. Therefore, from this section onwards,
the focus will be put on the anatase TiO,.
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Figure 1.4 The bulk crystal structures of (a) anatase, (b) brookite, and (c) rutile TiO».

The structure, stability and reactivity of anatase TiO, have been studied
extensively over decades. The anatase TiO, has a tetragonal lattice (P4,/mnm) with
four TiO; units per unit cell (Figure 1.4a). The stability of anatase surfaces can be
determined by surface energy calculations. For a series of low-index anatase
surfaces, the (101) surface is thermodynamically most stable, followed by the
(100), (001), and (110) surfaces, respectively [18-20]. The Wulff construction
indicated that over 94% of the exposed surface area of the anatase crystals is
represented by the (101) surface, whereas the (001) one is the minority surface
having a fraction of about 6% [21].

The (101) surface (Figure 1.5a) contains 5- and 6-coordinated Ti atoms (Tisc,
Tisc) and 2- and 3-coordinated O atoms (O, Osc). This surface has a sawtooth-like
appearance, featuring alternating rows of Tisc and O,c along the [010] direction.
For the (100) surface (Figure 1.5b), Oac, Osc, and Tisc atoms are exposed on the
outermost layer, while Tigc and Osc atoms are at the bottom of the surface. In the
case of the (001) surface (Figure 1.5c), the atomic structure is unclear due to its low
stability and facile reconstruction. A study based on the add-oxygen model (AOM)
method indicated that the surface contains exposed O, Osc, and Tisc centers [22],
as illustrated in Figure 1.5c. An alternative surface structure featuring Oc and Tiac
exposed atoms was proposed by another literature based on the add-molecule
model (ADM) method [23].



Figure 1.5 The surface morphology of anatase TiO, (a) (101), (b) (001), and (c) (100) surfaces.

The exposed Lewis acid-base pairs (Ti**-0%) are commonly considered to
contribute to the surface reactivity of pristine TiO,. It was reported that the Lewis
acidity of Ti** sites on (101) is slightly higher than those on the (001) surface, while
the Lewis basicity of 0% sites on the (001) is stronger than that on the (101) surface
[18, 24]. Several studies on the interaction of small molecules with different
anatase surfaces indicated that the most stable (101) surface shows a lower
intrinsic reactivity than the other ones. For example, the H,O molecule
dissociatively adsorbs on the (001) and (110) surfaces, while the molecular
adsorption mode is observed on the (101) surface [14]. CO; is weakly adsorbed on
the (101) surface with a linear configuration, while the formation of a variety of
surface carbonates with stronger adsorption energy is observed on the (001)
surface [24]. However, when considering the reactivity of supported catalytic
ensembles, the dominant (101) surface appears the most relevant for practical
catalytic applications.

The reactivity of TiO, surface can be modified by introducing defects, with
oxygen vacancies being the most common type of such surface defects. Removal
of an oxygen atom from the surface leaves two excess electrons, which are trapped
by the neighboring Ti sites. Thus, two Ti* sites are reduced to two Ti**, providing
more electron-rich and reactive transition metal sites. The decreased coordination
saturation of the Ti sites near the oxygen vacancy also contributes to the surface
Lewis acidity. The formation of such defects can significantly impact the catalytic
properties of the titania surface. For instance, the defective TiO; (101) surface was
found to be more active than the perfect one for the reduction of CO, [25]. Besides,
the surface oxygen vacancy can act as an anchoring site for the metal
nanoparticles. For instance, a highly efficient and durable Pt-based electrocatalyst
for oxygen reduction reaction has been prepared by anchoring Pt atoms on TiO;
containing oxygen vacancies [26].
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Because of the unique and tunable properties of titania, TiO,-based catalysts
doped with various transition and non-transition metals have been synthesized and
used in exploring different catalytic applications. Depending on the transition
metal choice, different reactivity can be introduced to the titania-supported
system [27]. For example, Pt/TiO; is an exceptional catalyst for the hydrogenation
of various organic substrates with molecular H; [28]. Au/TiO, exhibited remarkable
performance for the O, activation and the oxidation of organic molecules [29, 30].
Ru/TiO; is a promising candidate for the Fisher-Tropsch synthesis [31]. Re/TiO; [32]
as well as related bimetallic catalysts such as Ni-Re/TiO, [33] and Pt-Re/TiO, [34]
catalysts enabled highly selective reductive transformations of challenging ester
substrates. Re/TiO [35], Mo/TiO, [36], various metals promoted Co/TiO [37], and
other were also found to be uniquely active for the low-temperature and tunable
conversions of carbon dioxide to value-added chemicals.

1.3 CO, conversion to chemicals

CO, capture and utilization have been attracting much attention as an
important technology helping mitigate global warming and climate change because
it could save fossil fuels and lower the CO, concentrations in the atmosphere. The
utilization of CO, can be divided into the following categories: production of
chemicals, production of fuels, enhanced biological utilization, and technological
utilization that does not require CO; conversion [38]. Among them, the conversion
of CO; to chemicals provides comprehensive benefits to the chemical industry [39].
Table 1.2 represents some of the chemicals that can be produced from CO,. The
efficient conversion of CO; to chemical products is challenging because of its high
thermodynamic stability. As illustrated in Figure 1.6, the Gibbs free energy of the
CO; is lower than its reduction products, such as CO, CH3OH, and CHa, which can
directly be utilized in various downstream applications [38, 40]. Thus, the
conversion of CO, always requires energy input through the reaction with more
energetic reagents [41]. Among various reactive agents used for the conversion of
CO,, H; is the most attractive candidate to offer an opportunity for sustainable
development of atom-efficient energy technologies and environmentally benign
chemical processes [42].
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Table 1.2 Synthesis of chemicals from CO; with various reductants.
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Figure 1.6 Gibbs free energy of the CO, compared with other chemicals.

The hydrogenation of CO; can be used to produce a variety of chemicals with
important downstream applications. In particular, the valorization of CO, to
valuable C1 building blocks such as CO, CHs, HCOOH, and CHsOH attracts much
attention from researchers in industry and academia [43, 44]. The catalytic
conversion of CO; to such Cl chemicals is governed by three main reaction
pathways (Figure 1.7): (1) the reverse water-gas shift (RWGS) pathway, (2) the
direct C-O bond cleavage pathway, and (3) the formate pathway [45]. Each reaction
pathway proceeds through several elementary steps and reaction intermediates
leading to the formation of different products. Because of the complexity of this
reaction network, the multifunctional TiO,-supported metal catalyst is a promising
candidate for controlling the selectivity of the desired products. However, the
promotion of different reaction channels can be anticipated because of various
reactive ensembles formed at the multifunctional metal-support interface.
Therefore, understanding the fine mechanistic details of these conversion paths
over realistic models of supported heterogeneous catalysts may give an insight into
the fundamental factors underlying their catalytic behavior.
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Figure 1.7 Possible reaction pathways for the hydrogenation of CO.

Previous computational studies suggested that product selectivity can be
determined by the binding strength of key intermediates with the catalytically
active sites [45, 46]. The reaction networks in Figure 1.7 suggest that if we aim to
design a catalyst with high activity and selectivity for the CH3OH production, the
CO*, HCO*, and CH,O* should be stabilized on the active site to facilitate their
further reaction. In contrast, the CH:0* should be destabilized to allow its
hydrogenation to form CHsOH. However, the over-stabilization of some
intermediates such HCOO* and CO* might lead to the formation of highly stable
resting states that would poison the catalytic surface. The scission of the C-O bond
in CH,O species, which competes with the hydrogenation process, is a critical step
for the production of side-product (CHa).
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1.4 Computational modeling of complex multifunctional catalyst
surfaces

The elucidation of the reaction mechanisms occurring at the active sites on the
well-defined catalytic structures is crucial for the rational design of heterogeneous
catalysts. In experiments, various spectroscopic methods such as X-ray
diffraction/scattering (XRD), X-ray photoelectron spectroscopy (XPS), X-ray
absorption spectroscopy (XAS), Raman, infrared spectroscopy (IR), transmission
electron microscopy (TEM), and other methods have been performed to study
what happens under reaction conditions [47]. It was found that the catalytic
structures can change dramatically when exposed to reaction conditions or during
chemical transformations. Furthermore, adsorbed species and dynamics at high
temperatures and pressure can cause the restructuring of surfaces. These
phenomena might lead to the formation of new functionalities or active sites that
are not present before the reaction begins. Thus, identifying the real active sites
and monitoring the catalytic processes under realistic working conditions are the
persistent challenges in catalysis research. Fortunately, modern computational
chemistry can help address them by giving insight into more details of the catalytic
structure and its activities at the atomistic level.

In computational catalysis, theoretical calculations based on quantum
chemical approaches, particularly the density functional theory (DFT), have been
widely used as fundamental tools for understanding the catalytic processes [48-
52]. Traditionally, the reaction mechanisms were explored within the concept of
potential energy surface (PES), corresponding to simplified catalytic models under
ultrahigh vacuum and at 0 K (OK/UHV). However, in the real system, catalysts
usually operate under ambient or higher temperatures and pressures.
Furthermore, the multifunctions of heterogeneous catalysts and the chemical
transformations during the reaction raise issues of structural complexity that are
difficult to model. Thus, the development of computational heterogeneous
catalysis is currently evolving into studying the catalytic processes using models
representing the conditions and environments encountered under realistic
working conditions, in other words, operando conditions.



Chapter 1 13

Realistic
environment

{wT,P}

REAL “OPERANDQ” CATALYST

HESSIAN-BASED AB INITIO THERMODYNAMICS
THERMAL CORRECTIONS

@ RCN

@ RxN GLOBAL OPTIMISATION el
-
-
“IDEAL” CATALYST MODEL el MACHINE LEARNING
(0 K AND UHV) g

Catalyst/Reaction complexity

Figure 1.8 Schematic of the various computational methods applied to heterogeneous catalysis lies
between an idealized UHV model and a realistic operando model. The traffic light depicts the quality
of each method with respect to catalyst model complexity (Cat), reaction coordinate accuracy (RCN),
and reaction network complexity (RxN) [48].

So far, many computational methods have been used to extend the
conventional static models based on the 0 K/UHV to the operando conditions.
Figure 1.8 illustrates a transition from OK/UHV to operando conditions enabled by
the introduction of four key computational methods [48]: (1) global optimization
techniques, (2) ab initio constrained thermodynamics, (3) biased molecular
dynamics simulations, (4) microkinetic modeling. The reaction environment (e.g.,
chemical potentials and temperature) becomes more realistic from the bottom to
the top of the figure. At the same time, the development of computational
methods results in the increased complexity of the catalytic system from left to
right. Following such information, global optimization techniques are performed to
screen candidate structures and search for stable active site formation. The ab
initio thermodynamics can determine the thermodynamic stabilities of different
active sites ensembles under varying reaction conditions, while the ab initio MD
can identify the dynamic structures in environments with an explicit solvent or high
reactant concentrations. Microkinetic modeling provides kinetic information from
the known intermediates and reaction pathways that build up the reaction network
[48, 53]. In addition, machine learning (ML) techniques can be used to assist in
catalytic modeling, discovery, and prediction of chemicals with desired properties
and prediction of reaction pathways without human biases [54-56].
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In this thesis, the DFT calculations were employed together with the
microkinetic modeling (MKM) to understand the catalytic processes. The MKM was
used to reduce the complexity of the DFT-computed reaction networks and
translate the atomistic details of molecular mechanisms into experimentally-
measurable kinetic parameters, as schematically illustrated in Figure 1.9.
Combining those two methods can identify the optimal reaction conditions so that
the desired reaction pathway is enabled, resulting in the enhanced selectivity of
the overall catalytic process. The general concepts and basics of each of these
methods are briefly described in the following sections.
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Figure 1.9 A principle scheme of the hierarchical modeling strategy within this thesis

1.4.1 Density functional theory (DFT)

Computational modeling based on density functional theory (DFT) has been a
powerful research tool for analyzing spectroscopic data, modeling catalysts, and
studying reaction mechanisms. By applying DFT, the electronic properties of a
many-electron system (atoms, molecules, and materials) are determined by using
functionals of the electronic charge density, which can be written as [57]:

p(r) =N [[ - [1p(ry, 1y 1y)|? ds dxy - dxy (1)

where p(r) is the total electronic density and Y (1, 1, -+ 1) is the N-electron wave

function.

The foundation of the DFT has been layed by the seminal work of Hohenberg
and Kohn [58], which demonstrated formally that any ground state property of a
system is a function of its electron density. Howerver, this approach is not sufficient
to calculate the actual electronic motion state. Kohn and Sham [59] extended this
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theory to practice by using the electron-electron interaction potential of the
density functional to obtain the lowest energy and the corresponding molecular
orbitals and orbital energies. The overall energy functional can be written as
follows:

Elp]l = EX[p] + EV[p] + E/[p] + E*“[p] (2)

where EX[p] is the kinetic energy of the electrons, EV[p] is the nuclear-electron
attraction energy, E/[p] is the electron-electron repulsion energy, and EX¢[p] is
the exchange-correlation potential energy (electron-electron interaction).

Based on this approach, the exact energy of the system could in principle be
obtained from the exact electron density. Unfortunately, the exact form of the
exchange-correlation functional is not known, and various approximations and
fitting procedures have been proposed to derive different practically approximated
DFT methodologies. Various approximate exchange-correlation functionals such as
local density approximation (LDA), generalized gradient approximation (GGA),
metal-GGA (mMGGA), and hybrid-GGA (hGGA) have been applied for the density
functional development. These methods have been described in detail elsewhere
[ref]. In computational catalysis, the GGA is preferred over the LDA due to its minor
errors of +20 kJ/mol for adsorption and reaction energies [60, 61]. Among the GGA
family, the mGGA produces much better electron densities, and hGGA shows the
best performance in terms of accuracy [62].

1.4.2 Potential energy surface (PES)

Modeling the mechanism of chemical reactions requires the analysis of
energetic and structural information of reactants, products, and intermediates
occurring during the reaction. In that regard, the concept of potential energy
surface (PES), a hyperdimensional energy surface as a function of geometric
coordination [63], has been applied to the DFT calculations for studying the
reaction mechanisms. A simple schematic PES is illustrated in Figure 1.10, similar
to a hilly landscape composed of valleys, mountain passes, and peaks. Compared
to a chemical reaction, the mountain passes are the reaction pathways. The valleys
or minimum points are reactants, products, or intermediates, while the peaks or
saddle points are transition state structures of the reaction. Thus, the shortest
mountain pass between two valleys corresponding to reactant and product is the
most preferred reaction pathway of the overall reaction.
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Figure 1.10 Model potential energy surface (PES) showing minima, transition state, a second-order
saddle point, and reaction path.

Typically, the exploration of PES for any catalytic process involves the following
steps: (1) identify/propose the active site(s), (2) predict/propose reaction
mechanisms, (3) optimize candidate structures and calculate their electronic
energy, (4) identify stationary points on the PES and locate the local minima and
transition states connecting them to form reaction pathways, and finally (5) include
temperature and pressure effects for obtaining the Gibbs free energy [49].

1.4.3 Microkinetic modeling (MKM)

The very high mechanistic complexity is one of the key challenges in closing the
gap between the theoretical models and the experimental operando
characterization of the catalytic systems. In practice, even the simplest catalytic
process involves complex networks of competing and parallel multistep reaction
channels taking place at different sites. The overall catalytic behavior is defined by
the relative rates of each of the pathways leading to various intermediates and
products, which in turn, are determined both by the intrinsic properties of the
reactive ensembles and the conditions of the catalytic reactions. The DFT
calculations enable the direct calculations of the rate constant of the individual
reaction steps with sufficiently high accuracy. The resulting fine mechanistic details
need to be further reduced to bridge the microscopic insights into the elementary
steps and the macroscopic kinetics and measurable parameters of the catalytic
processes.
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The first principle-based kinetic modeling can be used to predict the activity of
catalysts. Such models link the detailed microscopic insights into the catalytic
reaction obtained from various computational approaches with the observable
macroscopic kinetics of the reaction process. By reducing the mechanistic
complexity, such kinetic models allow to point out computationally the abundant
reaction intermediates or the composition of the catalyst under the specific
reaction conditions. The resulting information on the preferred reaction pathway
and the influence of the reaction conditions on catalyst behavior can be used for
the in silico design of improving practical catalyst systems [48, 52]. The most
popular approach to such kinetic models is the mean-field microkinetic modeling.
In this approach, the reaction kinetics is described by using a macroscopic rate
equation in which the surface state is represented by the coverage vector, as
shown in the following equation

(% = 2 vijtifj (61, o) 91v)> (3)

i=1-N

where, 6; is the surface coverage of species / at time t, v;; is the stoichiometric
coefficient for species i in step j, 1; is the rate of reaction j and f; is a function of
several coverages involved in step j. The adsorbates are assumed uncorrelated.
This system of differential equations effectively describes all chemical processes
taking place in the catalytic system. However, this approximation does not include
the effect of spatial correlations in the distribution of reactants on the catalyst
surface as well as the lateral interactions among adsorbates. The kinetic Monte
Carlo method can be performed to solve that problems, but beyond the scope of
my study.

The transition state theory (TST) and the DFT data can be applied to equation
(3) for obtaining the rate constant, as shown in equation (4)

_ —AEa)
ko = Acexp (T (4)
where the prefactor A, accounts for the entropic changes between the initial and
transition state of the elementary reaction and AE, is the corresponding intrinsic
activation energy barrier.

Besides, the apparent activation energy (Egp) can be computed from the
following equation:
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ol
E%PP = k,T? (—';(T”))P (5)

In addition, the rate constant of the adsorption reaction can be calculated by
the Hertz-Knudsen equation [64]:

PA

kogs = =——=S
ads J2mmkyT

where kags is the rate constant of adsorption reaction, P is the partial pressure of
the adsorbate in the gas phase, A is the surface area of the adsorption site, m is the
mass of adsorbate, kj is the Boltzmann constant, T is the temperature, and S is the
sticking coefficient.

(6)

The desorption reaction is calculated by the following equation:

~Eges
kpT3 A(2rmkyp) ( T )
= _— b
kdes n3 00t e (7)
whare kges is the rate constant of desorption reaction, h is the Plank’s constant, o
is the symmetry number of a molecule, 6.t is the rotational temperature of a

molecule, and Eges is the desorption energy.

The differential equations are constructed using the rate constants and the set
of elementary reaction steps. For each of the M components in the kinetic network,
a single differential equation is in the form:

. vf
= Z?IZI (k]'UL] I]gl=1 Ckk) (8)

where 71; is the rate reaction, kj is the elementary reaction constant, vi] is the
stoichiometric coefficient of component i in elementary reaction step k and ¢, is
the concentration of component k on the catalytic surface.

The rate-determining step of the overall reaction can be identified by using the
degree of the rate control (DRC) parameter as shown in the following equation [65-
67]:

_ [0In(ry)
Xrei = [6ln(ki)

9)

]kj:tirKi

The DRC is a weighing factor that directly relates such macroscopic rate
parameters as the apparent activation energy and reaction orders and the
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microscopic characteristic as the elementary reaction rates and activation barriers
for elementary steps.

1.5 Scope of the thesis

The aim of this thesis is to investigate the role of multifunctional ensembles on
the catalytic behaviour of TiO,-supported catalysts by means of DFT calculations.
Particular emphasis is placed on the catalytic reactivity at the perimeter of metal-
TiO; interface. Here, CO; reduction and nitrile hydrogenation are selected as the
model representative and industrially relevant catalytic processes. Furthermore, |
try to extend the DFT calculations from classical computational methods, based on
inspection of the potential energy surface at 0 K and low reactant concentrations
(OK/UHV model) towards the operando conditions by using the microkinetic
modeling (MKM).

Chapter 2 investigates computationally the CO, hydrogenation to CH;OH on a
Cd4/TiO; catalyst. This catalyst system has been discovered by our experimental
collaborators as a highly selective and exceptionally active CO; reduction catalyst.
This chapter is devoted to rationalizing the unique reactivity of this system. The
main aim of my computational work was to explore the multiple-site cooperation
effects on the mechanism and energetics of various CO, reduction paths to
construct a detailed molecular-level picture of the complex reaction pathways on
the catalyst surface. The resulting mechanistic insights were used to construct an
MKM that was used to analyze the reaction networks at the relevant experimental
conditions and construct the direct links with the experimental findings.

Chapter 3 discusses the mechanistic role of K,CO3 dispersed over defective TiO;
support (K,COs3/TiO,) for the esterification of benzene with CO, and CHs;OH,
recently discovered experimentally. DFT calculations specifically addressed the role
of the adsorbed K,COs for CO; activation and the fast deactivation of bare defective
TiO,. Animportant message in this chapter resonating with some of the conclusions
from Chapter 2 is that catalyst enhancement can be achieved through inhibition of
some thermodynamically highly favourable reaction channels giving rise to the
formation of resting states and effective surface poisoning rather than promoting
the desirable chemical conversions. Minimizing side reactions and deactivation
pathways is at least as promising strategy as the more common reactivity
enhancement towards the desirable ones for catalyst development and
optimization.
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Chapter 4 builds up on the mechanistic study of the Chapter 3 and analyses
whether this exciting catalytic chemistry enable by non-critical metal-based
catalysts only can be used to convert more challenging and abundant substrates.
Based on the excellent performance of K,CO3/TiO, catalyst in the carboxylation of
the C-H bonds in benzene, we hypothesized that a similar mechanism could
potentially be realized when using CH,4 as an alternative reactant. Potentially, this
reaction could provide a route for the efficient valorization of natural gas and
simultaneous CO; utilization. The DFT calculations presented in this chapter focus
on providing insight into the mechanistic challenges associated with such a
transformation and highlight the differences in reactivity of benzene and CH,,
particularly for the key C-C coupling reaction with CO,.

Chapter 5 further explores the models and mechanistic concepts developed in
the preceding chapters for providing a mechanistic explanation for the high
reactivity and selectivity of Au/TiO, catalyst for the direct hydrogenation of
benzonitrile to benzylamine, recently discovered by our experimental
collaborators. To rationalize the experimental observations, the reaction
mechanism was studied in detail by using Auis clusters supported on a rutile TiO;
surface as a model. The effect of Auis cluster geometries on the catalytic reactivity
is discussed. This study highlights the critical role of the multifunctional reaction
environment at the metal-support interface for establishing a highly selective and
efficient reduction of this challenging biomass-derived substrate. The proposed
reaction mechanism consists of heterolytic H, dissociation at the Au-TiO, interface
and the subsequent four consecutive H* and H™ transfer reaction steps involving the
additional nitrile substrate activation by the Lewis acidic sites of the TiO, support.
This chapter emphasizes and clarifies the role of each reactive center and their
cooperation within the catalytic ensemble formed at the Au-TiO; interface.
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Supported metal catalysts have shown to be efficient for CO, conversion due to
their multifunctionality and high stability. Herein, we have combined density
functional theory calculations with microkinetic modeling to investigate the
catalytic reaction mechanisms of CO, hydrogenation to CH;OH over a recently
reported catalyst of Cd,/TiO,. Calculations reveal that the metal-oxide interface
is the active center for CO, hydrogenation and methanol formation via the
formate pathway dominates over the RWGS pathway. Microkinetic modeling
demonstrated that formate species on the surface of Cds/TiO; is the relevant
intermediate for the production of CHsOH, and CH,O" formation is the rate-
determining step. These findings demonstrate the crucial role of the Cd-TiO;
interface in controlling CO; reduction reactivity and CH;OH selectivity.

This chapter has been published in ChemCatChem 2022, 14, e202101646.
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2.1 Introduction

The increase of CO; concentration in the atmosphere is one of the major
factors in global climate change. CO, capture and valorization have been
considered as promising strategies to mitigate this problem [1, 2]. Using CO; as a
feedstock to produce valuable chemicals not only can help to decrease dramatically
the amount of CO, emitted into the atmosphere but also provide economic
benefits [2, 3]. Alarge number of value-added chemicals can be produced from CO,
via platform molecules such as CO, CH4, and CH3OH [4, 5]. Among these, CH3OH is
highly desirable because it is an important fuel as well as a starting feedstock for
the production of more valuable chemical compounds [6]. Recently, two different
approaches for CO, hydrogenation to CHs;OH have received a lot of attention: (1)
electrochemical reduction and (2) thermochemical reduction [7]. The
electrochemical CO; reduction offers the advantage that product distribution can
be controlled by adjusting electrolyte, electrocatalyst, and applied voltage [8-11].
However, the selectivity, energetic efficiency, and electrode lifetime restrict its
large-scale applications [10, 11]. Therefore, using the thermochemical approach to
synthesize CHsOH from CO; hydrogenation is more practical for potential industrial
applications compared to the alternative electrochemical CO; reduction. It offers
an opportunity to develop sustainable technologies and environmentally benign
chemical processes since H,, a reducing agent, can readily be obtained from
renewable energy resources [1, 3].

Many studies have been devoted to creating new tailor-made CO; conversion
catalysts with improved activity and selectivity to methanol, of which Cu/ZnO/Al,0;
catalyst has been industrialized [12, 13]. However, the disadvantages of low CH;OH
selectivity and the sintering of Cu and ZnO motivated the development of new Cu-
based catalysts such as Cu/ZnO [14, 15], Cu/ZrO, [16, 17], and Cu/CeO, [18]. In
these catalytic systems, it was found that H, molecule is dissociated at the Cu site
and CO; is activated at the oxide surface, while the interface between Cu and metal
oxide supports plays a crucial role for the stabilization of the reaction intermediate
for CH3OH formation [16, 17]. Besides Cu-based catalysts, various other materials
have also been reported as promising catalysts for CO, hydrogenation to CH;OH.
For instance, Au [19-21], Pd [22-25], Re [26],Zn0O [27], and In,03 [28, 29] supported
on oxides were reported to be active toward the production of CH3;OH under
moderate conditions. Although many different types of catalysts have been
reported, all of the active sites involved in the reaction have a common feature of
multifunctionality in nature. Efficient cooperation between active sites of different
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catalytic natures coupled in one heterogeneous catalyst plays a key role in eventual
selective CH3OH formation.

Regarding the reaction mechanism, typically, two different reaction pathways
have been proposed for the hydrogenation of CO, to CHsOH: (1) the reverse water-
gas shift (RWGS) pathway and (2) the formate pathway. In the RWGS reaction, CO,
is hydrogenated to form CO* intermediate, which is then further hydrogenated to
form CHsOH. For the formate pathway, CH3OH is produced via the formate
(HCOO*) intermediate [30, 31]. Most studies have suggested that the formate
pathway is preferred over the RWGS pathway [13, 22, 32-35]. The main reason is
that the binding strength of CO* intermediate on these catalysts is quite weak,
leading to the desorption of CO to the gas phase. However, on some other
catalysts, such as Cu/TiO, Cu/ZrO,, and Cu/CeO,, CHsOH was produced through
CO* intermediate due to the strong enough interaction between CO* and catalyst
[17, 18]. Therefore, the specific reaction pathway dominating methanol formation
is system-dependent and should be investigated individually.

Recently, our experimental collaborators have discovered a promising
reactivity of Cd/TiO, and CdTiO3 catalysts in CO, hydrogenation to methanol [36].
It was found that Cd/TiO, catalyst exhibits a much higher catalytic CO,
hydrogenation activity than the CdTiO; mixed oxide. To further identify the
detailed reaction mechanism catalyzed by Cd/TiO; and clarify the functionalities of
different types of active sites in this system, we constructed a Cd/TiO> model
catalyst and investigated its catalytic activity towards CO, conversion to methanol
with H; as a reductant. The key objective of this study is to explore the multiple-
site cooperation effects on the catalyst reactivity by combining DFT calculation with
microkinetic modeling.

2.2 Computational details

All DFT calculations have been performed using the Vienna Ab Initio Simulation
Package (VASP) [37, 38]. The generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional was used to
account for the exchange-correlation energy [38, 39]. The kinetic energy cutoff of
the plane wave basis set was set to 400 eV. The threshold for energy convergence
for each iteration was set to 10° eV. Geometries were assumed to be converged
when forces on each atom were less than 0.05 eV/A. Gaussian smearing of the
population of partial occupancies with a width of 0.10 eV was used during iterative
diagonalization of the Kohn-Sham Hamiltonian.
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The bulk TiO; unit cell in the phase of anatase was firstly fully optimized. The
optimized lattice vectors of a = 3.799 A b = 3.799 A ¢ = 9.716 A have a good
agreement with the experiment parameters [40]. For Cd/TiO, model, 1x3 and 2x4
supercells of anatase TiO, (101) surface with a vacuum space of 15 A were built for
investigation of the reaction mechanism of H; dissociation and CO; hydrogenation,
respectively. These slab models contain six titanium layers with the bottom three
layers fixed while the rest was allowed to relax during the geometry optimization.
The lattice parameters were fixed throughout the surface calculations. The
nudged-elastic band method with the improved tangent estimate (CI-NEB) was
used to determine the minimum energy path and to locate the transition state
structure for each elementary reaction step [41]. The maximum energy geometry
along the reaction path generated by the NEB method was further optimized using
a quasi-Newton algorithm. Vibrational frequencies were calculated by determining
the second derivatives of the Hessian matrix using the density functional
perturbation theory as implemented in VASP 5.3.5. Transition state was confirmed
by showing a single imaginary frequency corresponding to each reaction
coordinate. Bader charge analysis was visualized by VESTA software [42]. Mean-
field microkinetic modeling (MKM) is applied based on the DFT calculations of all
elementary reaction steps. All MKM results are simulated by a home-made script.

2.3 Results
2.3.1 Cd4/TiO; model rationalization

A cluster containing 4 Cd atoms (Cds) was selected as representative of the
supported Cd nanoparticles on the TiO; surface since it was reported as the
smallest Cd cluster featuring a magic number of Cd atoms [43]. In order to model
the Cd4/TiO, catalyst, two possible configurations of isolated Cd, cluster, i.e., a
tetrahedron (T,) and planar rhombus (Czv) [44] were firstly optimized in the vacuum
by using a large unit cell of 15x15x15 A, as shown in Figure 2.1. Then the so-
obtained Cds clusters were deposited and optimized on the (101) surface of
anatase TiO,. It is found that the most stable configuration of the supported Cd,
cluster on the (101) TiO, surface is a deformed planar geometry even though the
tetrahedron is more stable in the gas phase. As shown in Figure 2.2, the Cds (Cav)
cluster is slightly distorted upon the adsorption with one of the Cd atoms lying
above the plane of the other three. The adsorption energy of Cds over the surface
is calculated to be -1.05 eV indicating a strong interaction between the metal
cluster and the support of TiO,. Bader charge analysis demonstrates that the entire
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Cd, cluster is +1.48 | e| charged, which indicates that the electrons are transferred
from Cd. cluster to TiO; surface through metal-support interaction.

(a) (b)

Figure 2.1 The optimized Cd, clusters: (a) planar rhombus and (b) tetrahedron. The clusters represent
in top view (top) and side view (bottom).

(b) (c)

Figure 2.2 (a) Top view and (b) side view of Cd4/TiO,(101) slab model. The O, and Os. are twofold
coordinated and threefold coordinated oxygen atoms, and the Tis. and Tis. are fivefold coordinated
and sixfold coordinated titanium atoms on the surface of TiO,, respectively. (c) The electron density
different plots upon the adsorption of Cds cluster on TiO, surface. The orange and green regions
represent electrons depletion and accumulation, respectively (isosurface value =0.05 e/Bohr3).

2.3.2 H; dissociation and H spillover

Many studies have proposed that activation and dissociation of an H, molecule
take place at the metal-oxide interface [45-47]. In this work, six possible active sites
of Cd./TiO, catalyst for the activation and dissociation of H, molecule was
systematically studied. As shown in Figure 2.3, site A is on top of the supported Cd,4
cluster. Site B, C and D are at the interface of Cd4/TiO; (Cd---Oy). Site E is located
between two nearest O, atoms and site F is on top of bridging Ti5c and O, atoms
of TiO, surface. From Figure 2.3, it can be seen that heterolytic H, dissociation at
the interface of Cd/TiOz is more preferable than the other sites. Among all interface
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sites considered, H; dissociation over site C has the lowest activation barrier (0.39
eV). Homolytic dissociation of H, molecule over site A needs to overcome an
activation barrier of 0.88 eV and generates two hydrides on the supported Cd,
cluster. On the TiO, surface, both homolytic (site E) and heterolytic dissociation
pathways (site F) exhibit very high activation barriers (1.74 and 2.25 eV), indicating
that TiO; surface site is inactive for H, activation. This is in agreement with a
previous theoretical study of H, dissociation on TiO; surfaces [48].
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Figure 2.3. Activation energy (Ea) and reaction energy (AEn) for H; dissociation at all possible active
sites of Cd,/TiO; catalyst.

After we figured out the most favorable active site for H, dissociation, the
spillover process of the so-formed H* on the surface of the Cd4/TiO, is further
studied. As shown in Figure 2.4, the migration of the H* generated by H,
dissociation at the interface (site C) from Oy site to its neighboring Os. site has an
activation barrier of 0.73 eV. The other H* species on the Cds cluster can also
spillover to the surface of TiO, with an activation barrier of 0.71 eV. H* on Oxs, site
can also hoop to another Oy site next to it by overcoming a barrier of only 0.42 eV.
The overall reaction is slightly endothermic. These results indicate that the
activated H* on the surface of the Cd4/TiO; catalyst is rather dynamic and hydrogen
migrations among different surface sites is thermodynamically and kinetically easy
processes.
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Figure 2.4 The reaction energy profiles for the H; dissociation followed by H migration and H
spillover on Cd4/TiO, catalyst

2.3.3 CO2 hydrogenation to HCOOH and CO

In this section, the hydrogenation of CO, on Cd,/TiO> catalyst will be discussed.
Two main reaction pathways of CO, hydrogenation which have been intensively
debated in the literature were studied: (1) methanol formation via the
intermediate of HCOOH*, and (2) methanol formation via the reversed water-gas
shift (RWGS) pathway with CO as an intermediate. Note that the species with
asterisk (*) and hash sign () are species that interact with TiO; surface and Cds
cluster of the Cd,/TiO, catalyst, respectively.

Formate pathway: The reaction mechanisms of CO, hydrogenation to formate
(HCOO*) and formic acid (HCOOH*) are shown in Figure 2.5. After heterolytic
dissociation of H; at the interface of Cd4/TiO;, a hydride coordinated to Cd (H¥) and
a proton bonded to Oy site (H*) are produced. CO, is adsorbed over the Tis. site
nearby both H* and H* species. The adsorption energy is calculated to be -0.14 eV.
Then CO; can be hydrogenated by the transfer of H* from Cd, cluster to the C atom
of CO; forming formate intermediate of HCOO*. The activation barrier for this step
is only 0.26 eV. Further protonation of HCOO* to form formic acid (HCOOH*) can
be realized via two different reaction routes, either by protonation of monodentate
HCOO* intermediate to form cis-HCOOH* (gray line in Figure 2.5), or protonation
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of bidentate HCOO** intermediate which can be formed by structure
rearrangement to form trans-HCOOH*# (orange line in figure 2.5). The activation
barriers of proton transfer for both routes are relatively low (0.22 and 0.41 eV),
however, the configurational transformation of HCOO* from monodentate
coordination to bidentate coordination with both Tisc and Cd before protonation
reaction is dramatically favorable. Another possible pathway for HCOOH*
formation is also identified with a small activation barrier of 0.15 eV, the so-called
concerted reaction mechanism with CO, hydrogenation by both H* and H* in one
step (green line in Figure 2.5).
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Figure 2.5. Reaction energy profiles for the CO, hydrogenation to HCOOH* on Cd4/TiO, catalyst.
Green line is the concerted pathway. Gray line is the stepwise pathway via monodentate HCOO*.
Orange line is the stepwise pathway via bidentate HCOO*#. The species with asterisk (*) and hash sign
(¥) are species that interact with TiO; surface and Cd, cluster of the Cd4/TiO; catalyst, respectively.
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RWGS pathway: The RWGS reaction mechanism is initiated by CO;
hydrogenation to form a carboxylate intermediate (HOCO*), from which CO is
produced and can be further converted into methanol by continuous
hydrogenation reactions. As shown in Figure 2.6, the reaction starts with the
adsorption of CO, at the perimeter site of Cds cluster after hydrogen spillover
process. Then, the CO, can be protonated by the H* on TiO; surface forming
HOCO¥? It is found that this reaction cannot occur directly due to the long distance
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between CO, and H* (4.93 A). However, it can proceed with the assistance of an
H>O molecule which acts as a proton shuttle between H* and CO, (blue line in
Figure 2.6). The activation energy in this case is calculated to be 0.42 eV indicating
that this process is feasible. Subsequent hydrogenation of the HOCO” intermediate
at its terminal OH group with the breaking of C-O bond produces CO* and H,O*.
This process requires overcoming an activation barrier of 0.35 eV. Finally, CO and
H,O0 can be desorbed from the catalyst with desorption barriers of 0.13 and 0.19
eV, respectively.
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Figure 2.6 Reaction energy profiles for the CO, hydrogenation to CO on Cd4/TiO; catalyst (RWGS
pathway). Blue line is the reaction with the assistance of H,O molecule.

Due to the unfavorable adsorption of CO, on the supported Cd, cluster, we also
explored the CO, adsorption on a separate TiO; surface site without interaction
with the Cd. cluster. The mechanisms of RWGS reaction on the TiO, surface are
shown in Figure 2.7. In this case, this reaction starts with the adsorption of CO, on
the TiO; surface after hydrogen spillover process. The adsorption energy of CO; is
calculated to be -0.45 eV which is relatively stronger than that on supported Cd,
cluster. The bent CO, geometry can be formed on the TiO, surface with an
activation barrier of 0.44 eV. Then the adsorbed CO,* is directly hydrogenated to
form HOCO* without the H,O mediator. The activation energy for this step is
calculated to be 0.74 eV. The diffusion of the second H* to the Os. site close to the
OH group of HOCO* needs to overcome an activation barrier of 0.76 eV. After that,
the cleavage of the C-O bond of HOCO* intermediate to generate CO* and OH*
species on the TiO; surface is rather difficult with an activation barrier of 1.86 eV.
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However, the presence of H,O molecule can again decrease this activation barrier
to 0.94 eV with C-O bonding breaking and OH group hydrogenation occurring

simultaneously.
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Figure 2.7 Reaction energy profiles for the CO, hydrogenation to CO on clean TiO; surface (RWGS
pathway). Blue line is the reaction with the assistance of H,O molecule.

It is found that H,O molecule plays an important role as a proton shuttle to
promote the most difficult reaction steps during the RWGS reactions taking place
at both the interface and TiO, surface of Cd4/TiO; catalyst. The hydrogenation
reaction of CO; is the most difficult step for the reaction that occurred at the
interface, while the C-O bond cleavage of HOCO* carboxylate intermediate is found
to be the most difficult step for the reaction occurred at the TiO, surface. The
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highest activation energy of the RWGS reaction that occurs at the interface of Cd,
and TiO; surface (TS-R1w) is about two times lower than that of the other reaction
route on the TiO, surface (TS-réw). Therefore, it is concluded that the most
preferable active site for the RWGS reaction is the interface of Cd4/TiO, catalyst.
Therefore, in the next section, the discussion of CH;OH formation via CO* will only
focus on the reaction route at the interface.

2.3.4 CH3OH formation

In this section, we will discuss the reaction mechanism of CH3OH formation
from HCOOH* as well as CO* intermediates generated from the formate and the
RWGS reaction pathways. The results are shown in Figure 2.8. Totally four
elementary hydrogenation reaction steps are involved for CH3;OH formation from
CO i.e. CO*>HCO**, HCO**>CH,0*, CH,0*->CH;0* and CH;0*->CH;OH. The
activation barrier for CO hydrogenation to form HCO*# is 0.32 eV by H* on Cd,4
cluster. The next step of dissociative adsorption of H, on top of HCO*#
intermediate generating CH,O* and H* species has an activation barrier of 1.10 eV.
Subsequent CH;0* formation by CH,O* hydrogenation is a barrierless process with
a reaction energy of -1.40 eV. Finally, the CHsOH is formed by hydrogenation of
CH30* intermediate with an activation barrier of 0.48 eV. In addition, CH30H can
be produced by the hydrogenolysis of CHs;0* (green line in Figure 2.8). The
activation energy of this step is only 0.04 eV lower than that of the CH3;O*
hydrogenation step. These results imply that both CH30* hydrogenolysis and
CH30* hydrogenation coexist in the formation of CH30H.

Alternatively, CH3OH can also be formed from HCOOH* (blue line in Figure 2.8).
The initial step is the hydrogenation of HCOOH* to produce formaldehyde (CH,0%)
and an OH* species (CH,O*+OH*+H*). The activation energy of this step is
calculated to be 0.65 eV. Then, the OH* is protonated to form H,O and regenerate
a vacant interfacial active site on the surface. In the next step, after another H;
molecule is dissociated at the interface, the CHsOH can be formed by two
successive hydrogenation steps from CH,O*, which is the same process as the
reactions via the RWGS pathway.
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Figure 2.8 Reaction energy profiles for the production of CH30H from CO and HCOOH.

To summarize, Figure 2.9 gives a schematic representation of the whole DFT
reaction mechanism identified in this work, and the whole reaction pathways of
CO; hydrogenation to CH3;OH on Cd./TiO, catalyst are shown in Figure 2.10. It can
be seen that the formate pathway dominates over the RWGS pathway for the
production of CH3;0OH from CO; and H,. The formation of CH,O* intermediate is
found to be the most difficult reaction step for CH30H production from both RWGS

and formate reaction routes.

2
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Figure 2.9 A schematic representation of the whole reaction mechanism for CO, hydrogenation to
CH30H on Cd,/TiO; catalyst. Numbers in parentheses represent activation energies in eV. Solid lines

and dash lines represent reactions at the interface and TiO, surface, respectively.
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2.3.5 Microkinetic modeling

All considered elementary steps of the CO, hydrogenation to CH3OH on the
interface sites of the Cd4/TiO; catalyst, and corresponding activation energies are
listed in Table 2.1. The MKM is performed using a dual-site model representing TiO;
(*) and Cd (*) sites on Cd4/TiO; catalyst, respectively. The ratio between the number
of * and * sites is 0.5:0.5. The reaction rate, surface coverages, and degree of rate
control (DRC) are calculated under the following steady-state reaction conditions:
total pressure = 2MPa., H,/CO, = 3:1, temperature = 270-310°C. The apparent
activation energy (Eapp) is determined from the slope of the Arrhenius plot, as
shown in Figure 2.11a. The E,pp for the CH30H formation is calculated to be 1.46
eV, while that for the CO formation is computed at 4.10 eV, which is due to the
incomplete representation of the catalyst system in the MKM model. Our
calculations suggest that the direct RWGS can take place over TiO; surface with a
barrier of around 2 eV, whereas the presence of H,0 in the system can help
establish the lower-energy path for the CO formation at the interface sites.
However, in the simulations, the water coverage at such sites was very low,
resulting in negligible CO formation and, as a result, the unrealistically high
apparent activation barrier. The introduction of additional H,O in the system
reduced the barrier for the RWGS path to the expected value of 0.77 eV that is
close to the overall barrier for the CO desorption via the H,0-assisted reaction
path. The presence of water did not affect the kinetic parameters for CHs;OH
production. The latter path dominated all MKM simulations in line with the
experimental observations of the high selectivity to methanol over Cd/TiO, catalyst
[36]. Therefore, we focused specifically on the methanol production path in further
analysis of the MKM simulation results.
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Table 2.1 Summary of elementary reaction steps and activation energies from DFT calculations used
for microkinetic modeling. Ea-f and Ea-b are activation energy for forward and backward reactions,
respectively. * and # represent TiO; and Cd sites on Cd,/TiO, catalyst.

Elementary reaction step Ea-f (eV) Ea-b

H, dissociation RO: [H2] + [*] + [*] €& [H2**] 0.00 0.02
R1: [Ho*#] <> [H*] + [H#*] 0.39 0.38

R2:  [HY]+[*] & [H*]+[*] 0.71 0.78

Formate pathway R3: [CO,] + [H*] + [H#] ¢ [CO,_H*H#] 0.00 0.01
R4:  [CO,_H*H*] &> [HCOOH*] + [] 0.15 0.49

R5: [CO,] + [*] + [H¥] > [COy*_HH*] 0.00 0.14

R6: [COx*_H#*] <> [HCOO*] + [#] 0.26 0.35

R7: [HCOO*] + [H*] <> [HCOOH*] + [*] 0.22 0.34

R8:  [HCOO*] + [*]¢> [HCOO*#] 0.00 1.04

R9:  [HCOO**] + [H*] <> [HCOOH**] + [*] 0.41 0.12

R10: [HCOOH*#] <> [HCOOH*] + [#] 0.63 0.00

R11: [HCOOH*] + [H#] > [CH,0"] + [OH*] 0.65 0.33

R12:  [CH,0"] + [*] <> [CH,0*] + [*] 0.00 0.44

R13:  [OH*] + [H*] <> [H,0*] + [*] 0.18 0.63

R14:  [H20] +[*] > [H20%] 0.00 0.57

CH3OH formation R15: [CH,0*] + [H*] ¢ [CH30*] + [#] 0.00 1.40
R16: [CH3O*] + [H*] + [¥] <> [CH3OH*#] + [*] 0.48 0.61

R17:  [CH3OH] + [*] + [*] ¢> [CH30H*#] 0.00 0.73

RWGS pathway R18:  [H,0] + [H*] > [H,0_H*] 0.00 0.26
R19: [CO,] + [H,0*] + [H,0_H*] & 0.00 0.06

R20: [CO,_H,O_H*]+[*]¢> [HOCO*] + 0.42 0.37

R21:  [H,0] + [*]¢> [HOH*] 0.00 0.19

R22: [HOCO] + [H*] <> [CO*] + [HOH*] 0.35 0.20

R23: [COJ+ [*]¢> [CO¥] 0.00 0.13

R24: [COJ]+[*] <> [CO*] 0.00 0.03

R25: [CO*] + [H¥] > [HCO*#] 0.32 0.77

R26: [HCO*#] + [H,] <> [HCO** H,] 0.00 0.01

R27: [HCO**_H,] ¢ [CH,0*] + [HY] 1.10 1.67

CH3;0* to CH3OH* R28: [CH3O*] + [Ha] + [*] <> [CH3OH*] + [H¥] 0.44 0.34

R29:  [CH30H] + [*] ¢ [CH30H*] 0.00 0.46
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Figure 2.11b shows that the HCOO*# has the highest surface coverage (o = 0.5),
indicating the formation of this intermediate is the resting state of the overall
reaction. This result is consistent with the experimental in-situ IR observation [36].
DRC analysis (Figure 2.11c) shows that the conversion of HCOOH* to CH,0" (R11),
the most difficult reaction step of the formate pathway, is also the rate-
determining step. This result demonstrates that formate pathway dominates over
RWGS pathway for the CO, hydrogenation to CH3;OH on the surface of Cd/TiO,
catalyst. In addition, it was found that the H; dissociation reaction step (R1in Table
1) has only a minor influence on the overall reaction rate. The effect of H, and CO,
partial pressure on the reaction rate is also investigated by MKM, as shown in
Figure 2.11d. These results indicate that increasing H, partial pressure can
significantly enhance the methanol production rate, which, in turn, is not affected
by the CO; partial pressure.
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Figure 2.11 Results of the microkinetic modeling for the CO, hydrogenation on Cd/TiO, catalyst. (a) is
product formation rates as a function of temperature (T=270-310°C) and the calculated apparent
activation energy (EJ). (b) is surface coverages of major surface intermediates at 270-310°C. (c) is
degree of rate control analysis at 270-310°C. (d) is the partial pressure dependence of the CH30H
formation rate at 290°C. The partial pressure of another reactant is fixed as 1MPa.
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2.4 Conclusion

In summary, the reaction mechanisms of CO; hydrogenation to methanol over
TiO,-supported Cd catalyst have been investigated computationally by a
combination of DFT and MKM modelling approaches. It is proposed that the
interface between the Cds cluster and the support of TiO; plays a key role for H,
dissociation as well as preactivation of CO,. H, dissociation and CO; activation are
energetically more favorable at the Cd-TiO; interface than that at bare TiO; surface
and Cd cluster. Both CO;, hydrogenation reactions to formate and CO are
remarkably facilitated by the synergy between H on Cd and H* on TiO, surface
(Figure 2.5, formate pathway; Figure 2.6, RWGS pathway). In contrast, CO;
conversion to CH3OH on bare TiO, is very difficult compared to the Cd/TiO,
interface. Cd-TiO; interface is crucial for stabilizing various reaction intermediates
and promoting the rate-determining step of formaldehyde formation identified by
DFT and MKM. All these mechanism results indicate that the multifunctionality of
Cd/TiO; interface, including Lewis acids of metals and Lewis base of surface oxygen,
is of great importance accounting for the outstanding catalytic activity of Cd/TiO>
material. Water molecules produced from the reaction or present in the reaction
system can dramatically facilitate the most difficult reaction steps of RWGS
reaction. However, formate is identified to be the relevant intermediate for CO,
hydrogenation to methanol, with formaldehyde formation being the rate-limiting
reaction step. Our results demonstrate that Cd/TiO, can be a promising candidate
for valorization of CO, to produce methanol and the multifunctionality of the
metal-support interface is a crucial aspect for rational design of CO; hydrogenation
catalyst.
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3

Mechanistic investigation of
benzene esterification with CO»
and CH3;0OH by K,CO3/TiO:

K,CO,/TiO,

Potassium carbonate dispersed over defective TiO; support (K.CO3/TiO;) is an
efficient catalyst for benzene esterification with CO, and CHs;OH. Density
functional theory calculations reveal that this unique catalytic reactivity
originates from the cooperation of the Ti**/K* surface sites. K,COs promotor
steers the stabilization of surface intermediates thus preventing catalyst
deactivation.

This chapter has been published in ChemComm, 2021, 57, 7890-7893.
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3.1 Introduction

CO; conversion into valuable chemicals has received much attention due to the
environmental concerns associated with the growing atmospheric concentrations
of greenhouse gases. Many efforts have been invested to develop a carbon-neutral
economic system by recycling the carbon resource of CO; from industrial emissions
to the production of chemicals [1-3]. The carboxylation of aromatics by CO; is one
of the attractive routes for the valorization of CO,, because the produced aromatic
carboxylic acids and their derivatives can serve as important chemical feedstocks
[4, 5]. Conventionally, such a carboxylation coupling reaction is carried out in the
presence of strong base or Lewis acids such as NaH [6], AlCl; [4], and AlBr; [7]. The
strong base is needed to cleave the C-H bond of arene to form a nucleophilic carbon
atom which can further interact with the weak CO; electrophile. The role of the
Lewis acid is to activate the CO; molecule before the arene C-H bond carboxylation
[8]. However, both these strategies usually provide rather low yields of the target
products due to the low electrophilicity of CO, and side reactions caused by
excessive reactivity of the mediators [7, 8]. Therefore, the development of
alternative catalytic procedures avoiding the usage of strong base or acid is highly
desired but also represents one of the great challenges for this reaction.

Recently, Kanan et al. reported that alkali carbonates (K,CO3 and Cs,COs) finely
dispersed over TiO, support could promote the two-step cycle of benzene
esterification with CO; and CH3OH to produce methyl benzoate with both high yield
(80%) and high selectivity (100%) in the absence of stoichiometric additives [9]. It
is important to note that bare TiO, can also promote the first step of benzene C-H
bond carboxylation, however, the catalyst became deactivated after just one
catalyst recycling. In contrast, no carboxylation products were observed when
K,COs or Cs;CO; powders as the only component was used. Thus, it was
hypothesized that dispersing alkali carbonate over TiO, would engender catalytic
carboxylation activity towards hydrocarbon substrates because of the disruption
of the bulk alkali carbonate structure. However, the mechanistic aspects of this
system, such as the nature of the active site and the exact role of the different
catalyst components, remained moot. Especially for the initial C-H bond
carboxylation with CO, many possible mechanisms have been proposed [8]. This
inspired us to carry out a comprehensive mechanistic study of benzene
carboxylation with CO, and subsequent methylation by CH30H over the K»CO3/TiO»
catalyst by periodic density functional theory calculations. Our main objective was
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to identify the role and function of each catalyst component and to propose the
origin of the deactivation of bare TiO; catalyst.

3.2 Computational details

In this work, all calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) 5.3.5 [10, 11]. DFT calculations were carried out using
PBE functional based on the generalized gradient approximation (GGA) [12].
Grimme’s DFT-D3 method with Becke-Jonson damping was used to account for the
dispersion interactions [13]. The DFT+U method was applied to the 3d orbitals of
Ti to correct the on-site Coulomb interactions. The U value used in this work is 4.2
eV [14]. The energy cutoff and convergence criteria used in this study were 400 eV,
10° eV, and 0.05 eV/A for the electronic and ionic loops, respectively. Transition
states were determined by the nudged-elastic band method with the improved
tangent estimate (CI-NEB) and subsequent frequency analysis. The model of
K2CO3/TiO, catalyst was built following the experimental evidence of the very fine
dispersion of K,CO3 on the surface of TiO, [9]. Figure 3.1 shows the catalyst model
featuring the K,COs; species deposited on the defective anatase TiO; (101) surface.
We hypothesized that the interface of coordination-unsaturated surface Ti site
(Ti%*) together with the adjacent K,COs cluster form the reactive ensemble because
neither the bulk crystalline K;,COs nor the pristine TiO, surface are active [9, 15].
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Figure 3.1 Optimized structure of K,CO; supported on defective anatase TiO, (101) surface
(K2C0O3/Ti0,). (a) and (b) are top view and side view, respectively
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3.3 Results

3.3.1 Benzene activation and deprotonation

The experimental study hypothesized that the benzene carboxylation
mechanism could proceed via benzene deprotonation followed by rapid reaction
with CO; to produce a surface-bound carbonate [1]. K;COs; should then be
responsible for the deprotonation reaction, as observed in other hydrocarbon
carboxylation reactions promoted by homogeneous catalysts [2, 3]. An alternative
mechanism involves a direct C-H bond carboxylation via electrophilic attack by pre-
activated CO,, which has also been considered in a number of earlier studies as a
viable reaction path [4, 5]. Herein, both reaction pathways were considered by DFT
calculations and the respectively computed energetics are shown in Figure 3.2. We
found that the deprotonation of C¢Hs (Figure 3.2a) is an endothermic reaction with
a rather higher activation barrier (AEx, = 1.07 eV, Ea = 1.41 eV). The alternative
reaction starts with a much more favourable addition of an activated CO,* to CgHs
(AExn = 0.46 eV, Ea = 0.72 eV) followed by an exothermic C-H bond dissociation
(Figure 3.2b) (AEmn =-1.37 eV, Ea = 1.19 eV). A similar trend is also observed in the
case of bare defective TiO, (Figure 3.2c and Figure 3.2d). These results indicate that
the CsHs deprotonation that Kanan et al.[9] proposed as an initial reaction step for
the benzene carboxylation is both thermodynamically and kinetically less
favourable than the direct carboxylation route facilitated by K,CO3/TiO,, which is
in line with the substantial carboxylation activity of the carbonate-free TiO;
catalyst.
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(a) C.H, deprotonation on K,CO,/TiO, (b) CO,*-mediated C H, deprotonation on K,CO/TiO,
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Figure 3.2 The comparison of computed reaction energy diagrams for C¢Hg deprotonation and CO,*-
mediated C¢Hs deprotonation on K>COs/TiO, and bare defective TiO,. (a) C¢Hs deprotonation on

K,CO3/TiO;. (b) CO,*-mediated C¢Hg deprotonation on K,COs/TiO,. (c) CsHe deprotonation on bare
defective TiO,. (d) CO,*-mediated C¢Hs deprotonation on bare defective TiO,.
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CH,OH

Scheme 3.1 Proposed mechanism of benzene esterification with CO, and CH3OH on K;COs5/TiO>
catalyst. The A + CO, + C¢Hg = D conversion involves the carboxylation of benzene with CO; via the
one-step direct (dashed) or stepwise indirect (solid path) mechanisms to yield the adsorbed benzoic
acid. The latter is methylated with CH;OH (D + CH30OH - F + CsHsCOOCH;3) to yield methyl benzoate
product and the adsorbed water. Subsequent desorption of H,O by-product (F > A + H,0)
regenerates the catalytic surface ensemble.

3.3.2 Esterification of benzene with CO; and CH30H on K>CO3/Ti0>

Scheme 3.1 presents a proposed reaction mechanism for the esterification of
benzene with CO, and CH3OH by the K,CO3/TiO, catalyst. The computed reaction
energy profile is shown in Figure 3.3. The previous section showed that the C-H
carboxylation of benzene with activated CO; is preferred over the alternative
mechanism initiated by the CsHs deprotonation. Thus, we proposed that the
reaction starts with the adsorption of CO; through bidentate coordination with the
interface Ti**and K* sites. It should be noted that the presence of K,COs prevents a
bidentate adsorption mode of CO, with two Ti* surface atoms, which occur on the
bare defective TiO; surface. In the next step, the C-C bond formation between the
co-adsorbed benzene and CO," generates the CsHsCOO* intermediate (CsHs_CO2*
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- CgHsCOO*). This step is endothermic with AE., = 0.46 eV and proceeds with
activation energy (Ea) of 0.72 eV.

Next, the C-H bond of the activated CsHs fragment is cleaved to form benzoic
acid (CeHsCOOH*) or benzoate (CeHsCOO*) surface intermediate. The former is
formed via a direct intramolecular H-transfer from the CsHgs moiety of CsHsCOO* to
terminal O of the carboxylate moiety. The computed activation barrier for this step
is 1.31 eV. An alternative path involves a two-step surface-assisted H*-transfer,
upon which the CsHsCOO* intermediate is first deprotonated by the vicinal basic
surface O sites (Ea = 1.19 eV) followed by the CsHsCOO* and H* recombination (Ea
= 1.19 eV). The highest activation energy of the indirect route is only ca. 0.10 eV
lower than that of the direct pathway, indicating that both reaction routes can
contribute to the catalytic reaction. The hydrogen transfer from the CsHsCOO* to
form CsHsCOO* is predicted to be more difficult than the initial coupling of CO; and
benzene, which is consistent with the experimentally observed kinetic isotopic
effect results [9]. The electronic analysis further indicated that effective charge
transfer between intermediates and the defective catalyst surface facilitates the C-
C coupling and deprotonation reaction processes (Figure 3.4-3.5). The desorption
of benzoic acid to regenerate the catalytic interface is endothermic by 0.95 eV.

The closure of the catalytic cycle can be facilitated in the presence of methanol,
which reacts with the surface benzoate intermediate (CH3OH_CsHsCOOH*) to
produce methyl benzoate product (CeHsCOOCHs* HO* H*). During the
methylation process, a CH;OH molecule is added to the system and co-adsorbed at
the neighboring surface oxygen atom of benzoic acid. Then, the methyl benzoate
is generated by the formation of the C-O bond between CH3OH and benzoic acid.
The simultaneous deprotonation of CH;0H* and cleavage of the C-OH bond of
CeHsCOOH* result in the generation of two hydroxyl groups on the surface. This
concerted step is slightly exothermic and proceeds with an activation energy of
0.73 eV. In the next step, the methyl benzoate product is desorbed from the surface
with AE of 0.30 eV. The last step is the recombination of surface OH groups to form
H.O and regenerate the catalytic interface sites (HO* _H*O, - H,0%*). This
dehydration step is barrierless but proceeds with a barrier of 0.93 eV associated
with the surface migration of H*. Overall, the hydrogen transfer step following the
C-C bond formation in the carboxylation process is the most difficult step along the
reaction path, with an activation barrier of 1.31 eV.
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Electronic structure analysis of CsHsCOO*: For the 1% step, which represents
carboxylation of benzene with CO, forming benzoic acid, the CsH¢COO* is proposed
as the first intermediate. The formation of the meta-stable CsH¢COO* species on
the surface of the catalyst is facilitated by the interaction of the CO, moiety with
the Ti** and K* species ( with two Ti** in the case of bare TiO,). As shown in Figure
3.4, the reaction is formally a nucleophilic aromatic substitution reaction, which is
facilitated by the increased nucleophilicity of CO, adsorbed to the defect Ti®* sites.
This mechanistic proposal is supported by the anionic nature of the CsHsCOO*
intermediate on K>CO3/TiO, and bare TiO, catalysts as follows from the charge
density difference plots.

(a) CH,COO* onK,CO/TiO, (b) CH,COO* onTiO,

Figure 3.4 Charge density difference plots of C¢HsCOO* adsorbed on (a) K,CO3/TiO, and (b) bare
defective TiO,. The green and yellow regions represent enriched and depleted electron density,
respectively. The isosurface values are 0.005 e/Bohr3.
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(a) K,CO/TiO, (b) TiO,

Figure 3.5 The spin density difference of (a) K,CO3/TiO,, (b) defective TiO,, (c) CsHsCOO* on
KzCOg/TiOz, (d) CsHsCOO* on TiOZ, (e) C6H5COO* on KzCOg/TiOz, and (f) CsH_r,COO* on TiOZ.
Isosurface values are 0.01 e/Bohr3.

Figure 3.5 illustrates the spin density difference that occurred during the C-H
carboxylation of benzene with CO,. Figure 3.5a-b show that the unpaired electron
is localized on Ti* site for both bare TiO, and K,COs/TiO, catalysts. When CsHsCOO*
intermediate was formed (Figure 3.5c-d), redistribution of the unpaired electrons
on the benzene ring indicated the formation of a sigma complex. In the next step,
Hydride transfer from the benzene ring to the surface, forming CsHsCOO*
intermediates leading to spin density relocalized to the surface (Figure 3.5e-f).
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3.3.3 Esterification of benzene with CO; and CH3OH on bare Ti10>

Previous experimental studies [9] showed that the carbonate-free defective
TiO; can also promote benzene carboxylation, but it loses the activity already after
the first reaction cycle. We therefore hypothesized that the reaction intermediates
or the reaction products (e.g. methyl benzoate or water) might block the active site
of the bare TiO; catalyst, while the presence of K,COs species protects catalyst from
such poisoning. To check this hypothesis, the DFT analysis was extended to the
mechanism of benzene carboxylation followed by methylation on the bare and
defective anatase TiO, (101) surface. Figure 3.6 presents the respective DFT-
computed reaction energy diagram. In this case, the C-C bond formation between
CO; and benzene is thermodynamically and kinetically more favorable than on the
interface site (AEx, =-0.63 eV, Ea =0.12 eV). However, the subsequent H* transfer
to directly form adsorbed benzoic acid is, in this case, 0.3 eV higher than over the
K2CO3/TiO2. A much more favorable reaction is the benzoate formation via the
hydroxylation of the TiO, surface. This step has a barrier of 1.1 eV and stabilizes the
system by AEn, of -1.3 eV. Almost identical energetics was observed for the
K2CO3/TiO, catalyst. For the subsequent concerted benzoic acid methylation
reaction, the activation energy over defective TiO, is 0.36 eV higher than that of
K2CO3/TiO, catalyst reaction (Ea(TS_B5) = 1.09 eV vs Ea(TS_K5) =0.73 eV).

The comparison of the reaction profiles in Figures 3.3 and 3.6 reveals that the
activation energies of all elementary steps (except the initial CO; coupling with
benzene) over the defective TiO; surface and K,COs-promoted TiO; are quite close
and comparable suggesting that indeed both catalysts can enable the esterification
reaction of benzene with CO; and CHsOH to form methyl benzoate. However, we
find that most of the reaction intermediates on the defective TiO, surface are
significantly more stable than those on KyCOs/TiO,. The energies of all reaction
intermediates on the defective TiO, surface are in the range of 0.00 to -3.00 eV,
while those on K,CO3/TiO; catalyst fall in the range of +1.00 to -2.00 eV relative to
the reactant state. The stronger binding interaction on the bare TiO; surface
impedes the desorption of the products and regeneration of the active site for the
next catalytic cycle. Specifically, the desorption energies of methyl benzoate and
H,O on the defective TiO, surface are 0.39 and 0.32 eV higher than that on
K2CO3/Ti0,, respectively (Eges(CsHsCOOCH;): 1.37 eV vs 0.98 eV; Eges(H20): 0.62 eV
vs 0.30 eV).
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Electronic structure analysis of CsHsCOOCHs* and H,O*: The electron density
difference plots for CcHsCOOCH; and H,O adsorption on K,CO3/TiO, and defective
TiOz are shown in Figure 3.7. Upon adsorption, it can be seen that electron transfer
takes place between the adsorption sites (Ti>* and K*) and the oxygen atoms of the
adsorbates (CsHsCOOCHs and H,0). For the adsorption of CsHsCOOCHS3, it is obvious
that the electron transfer between CsHsCOOCH; and TiO; is much more significant
than that between C¢HsCOOCH; and K,COs/TiO,, accounting for the stronger
interaction and higher desorption barrier. For the adsorption of H,O on defective
TiO,, the accumulation of electrons is observed at both Ti3*-Owz0 bonds. In the case
of H,0 adsorbed on K>COs/TiO,, the accumulation of electrons on the surface is
only observed at Ti** site, while that on K* is negligible. These results indicate the
stronger interaction of CsHsCOOCH; and H,O on the defective TiO,, which is in
agreement with the calculated desorption energy.

(a) CH.COOCH,* on K,CO,/TiO, (b) C,H,COOCH,* on TiO,

Figure 3.7 Charge density difference of (a) CsHsCOOCH3 adsorption on K,CO3/TiO,, (b) CeHsCOOCH3
adsorption on defective TiO,, (c) H,0 adsorption on K»,CO3/TiO,, and (d) H,O* adsorption on defective

TiO,. Green region indicates electron accumulation whereas yellow region indicates electron
depletion. Isosurface values are 0.005 e/Bohr3.
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3.4 Conclusion

In this work, we conclude that both bare TiO, with oxygen vacancy and
K2CO3/TiO, catalysts are able to activate CO, and benzene to form benzoate
products. However, the excessive reactivity of the surface sites in the former
results in surface poisoning by the reaction products/by-products. The presence of
potassium carbonate species partially deactivates the reactive sites on the titanium
surface to facilitate the product desorption and the regeneration of the catalytic
interface sites. Although the K,COs species cannot act as an active site alone for
this reaction, it steers the local structures of the transition states and reaction
intermediates, and thus facilitates the products desorption and catalyst
regeneration. These insights shed light on the role of multicomponent reaction
environments on the catalytic surface for efficient CO, valorization. They can form
a base for further development of efficient and stable catalysts for the direct
carboxylation with CO, of other more challenging hydrocarbon substrates such as
ethane, methane, and ethylene.
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The catalytic activity of K,COs/TiO, for the two-step cycle of CH, esterification
with CO; and CH;OH was investigated computationally and compared with the
reaction of C¢Hs. Even though the theory predicts that the K,CO3/TiO, can catalyze
the carboxylation of CH, with CO; and the subsequent methylation by CH;OH, the
reaction is not selective. The formation of side product (CO) competes with the
CH, carboxylation, while it is not the case for the carboxylation of C¢He.
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4.1 Introduction

CO; and CH,4 are the primary greenhouse gases that cause the global warming
crisis. The development of an effective approach for converting these greenhouse
gases into fuels and chemicals is of great importance to environmental
sustainability as well as economic benefits. However, using CO, and CH4 as co-
feedstocks is still challenging because of their high stability. To date, most studies
have focused on the dry reforming of CH,; with CO; to produce syngas (CO and H,),
followed by either CH30OH synthesis or Fischer-Tropsch processes [1]. Nevertheless,
the high energy demand and the deactivation of catalysts are the drawbacks of
producing syngas.

Besides the syngas synthesis, the production of CH;COOH by the direct C-C
coupling of CHs and CO, has gained attention due to the 100% atomic efficiency
and relatively mild conditions [2]. The CH3COOH is an important industrial
feedstock to produce value-added chemicals such as vinyl acetate, cellulose
acetate, and acetic anhydride [3, 4]. Another advantage of CH;COOH production
over traditional dry reforming is that it requires much lower enthalpy of the
formation (AH®), as shown in equations (1) and (2) [5, 6]. However, the high stability
of the substrate molecules in this process remains a challenge.

CH4+CO, €5 2CO +2H,,  AH® = 247 kJ/mol (1)
CHs + CO; € CHsCOOH,  AH® =35 kJ/mol (2)

So far, many catalysts have been developed to promote the activation of the
challenging CHs and CO; substrates for the direct CH3COOH synthesis. The
promising catalyst should be able to activate CHs and CO; simultaneously as well
as stabilize the CHs* species to prevent coke formation from the dehydrogenation
process [6]. Thus, using multifunctional heterogeneous catalysts can achieve
efficient production of CH3COOH. Pd/SiO, [7], Rh/SiO, [7], Fe/ZnO [8], Zn/Ce0, [1],
and Co/Pd-based TiO, [9] are the metal oxide catalysts that have been used for the
direct conversion of CO; and CH4 to CH3;COOH. The overall conversion process
contains four elementary reaction steps: (1) the dissociation of CHs4, (2) the
activation of CO,, (3) the C-C bond coupling, and (4) the protonation of acetate
forming acetic acid [1, 8, 10, 11]. The mechanistic studies by experiments and DFT
calculations reveal that this reaction can occur via either the Langmuir-
Hinshelwood (LH) or Eley-Rideal (ER) mechanism depending on the types and
nature of active sites [2]. The LH mechanism is defined as the reaction of two
surface species (CO;* and CHs;*) forming acetate intermediate, while the ER
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mechanism represents the reaction between adsorbed species and gas-phase
molecules. In most cases, the insertion of gas-phase CO; into CHs* is proposed [1,
10, 11], while the direct interaction between adsorbed CO,* and gas-phase CH, is
rarely reported. Three possible reaction pathways for the conversion of CO, and
CH4 to CH3COOH are summarized in Scheme 4.1.

Langmuir-Hinshelwood mechanism Eley-Rideal mechanism

CH,COO* + H* «—— CO,* + CH,* + H* CH,* + CO, — CH,* + H* + CO,

CH,COOH CO,* + CH,* €O, +C CH,COO* + H* CH,COOH

H,
CO,* + CH, 4|

Scheme 4.1. Three possible pathways for the direct conversion of CHs and CO, to CH;COOH.

Considering the active site of catalysts, it was found that the ER mechanism
usually occurs on the metal sites, while the LH mechanism dominates on the oxide
surfaces. Generally, a Lewis acid-base pair on metal oxide catalysts is responsible
for the heterolytic C-H bond dissociation of CHs and the activation of CO; [2]. In
some cases, the oxygen vacancies (Oy) on the surface can serve as an active site for
activating CH4 and CO.. For instance, the O, site of Zn-doped CeO; can facilitate CH,4
activation [12]. The Oy of In,03 in ZnO/In,03 catalyst was found to be an active site
for adsorption and activation of CO;[13]. In addition, additives such as alkali or
alkali earth metals can influence the reactivity of CO,. For example, the addition of
alkalis was found to promote the CO, methanation activity of Ru/TiO, catalyst [14,
15]. The modifications of rutile TiO, with MgO, Ca0O, and BaO were found to
promote the activation of CO,, forming tridentate carbonate-like species [16].
However, the role of active sites and the mechanisms may change due to the type
and nature of catalysts. Therefore, identifying active sites and understanding their
role in each elementary reaction step is essential for improving catalytic
performance.

Recently, Kanan and co-workers [17] reported the new efficient K,COs/TiO;
catalyst for the two-step cycle of benzene esterification with CO, and CH3OH. The
first cycle is the benzene C-H bond carboxylation with CO,, while another is the
methylation of benzoate with CH3;OH forming methyl ester. Our DFT calculations
described in the previous chapter revealed that the K,CO3 species could prevent
catalyst poisoning, whereas the O, surface site significantly affects the catalytic



68 Chapter 4

activity. The interfacial atoms at the proximity of O,, such as Ti**-K* and Ti**-0%, are
responsible for binding the reactive intermediate [18]. In this chapter, we applied
those finding to explore the catalytic potential of K,COs/TiO, for a similar reaction
but using CH, instead of benzene. We expect that the understanding through this
study will be useful in the rational design of oxides-based catalysts for the effective
direct conversion of CHs and CO; to produce C,. chemicals.

4.2 Computational details

All calculations were performed using the Vienna Ab Initio Simulation
Package (VASP) 5.3.5 [19, 20]. DFT calculations were carried out using PBE
functional based on the generalized gradient approximation (GGA) [21].
Grimme’s DFT-D3 method with Becke-Jonson damping was used to account
for the dispersion interactions [22]. The DFT+U method was applied to the
3d orbitals of Ti to correct the on-site Coulomb interactions. The U value used
in this work is 4.2 eV [23]. The energy cutoff and convergence criteria for the
electronic and ionic loops were 400 eV, 10° eV, and 0.05 eV/A, respectively.
Transition states were determined by the nudged-elastic band method with
the improved tangent estimate (CI-NEB) and subsequent frequency analysis.
The model of K,CO3/TiO> catalyst was built as described in our previous work
[18] following the experimental evidence of the very fine dispersion of K,CO;
on the surface of TiO, [17]. The catalyst model featuring the K,CO3 species
deposited on the defective anatase TiO; (101) surface as the same as shown
in Chapter 3 (Figure 3.1). We hypothesized that the interface of coordination-
unsaturated surface Ti site (Ti3*) together with the 2-coordinated O surface
site (O2c), and the adjacent K;COs cluster form the reactive ensemble because
neither the bulk crystalline K;COs nor the pristine TiO; surface are active [17,
24].

4.3 Results and Discussion
4.3.1 The dissociative adsorption of CH4

Both Eley-Rideal (ER) and Langmuir-Hinshelwood (LH) mechanisms were
proposed for the coupling of CHs and CO,, depending on the types and nature of
catalysts (Scheme 4.1) [2]. In the first case, a common mechanistic picture involves
the dissociation of CH4 on the catalyst surface followed by the C-C coupling with a
gas-phase CO,, as shown in the route @ in Scheme 4.1. When taking place on metal
oxides, the oxygen vacancy site can promote the adsorption and activation of CO,,
facilitating thus the coupling of a gas-phase CH, over an activated CO, (@ in Scheme



Chapter 4 69

4.1). In the case of LH mechanism, the product of CH3COOH is formed via the C-C
coupling of two surface species, CO,* and CHs*, as shown in route ® in Scheme
4.1. We, therefore, first considered the dissociative adsorption of CHs on the
K2CO3/TiO, model surface. The respective computed reaction energy diagrams and
optimized structures of the key intermediates and transition states are shown in
Figure 4.1. Upon adsorption (AEagscua = -0.22 eV), CH4 coordinates weakly to the
open Ti** surface site and forms additional weak CH---O interactions (r = 2.20 A)
with surface oxygen atoms (Figure 4.2a). Next, the C-H bond, which points to the
adjacent Oy site, is dissociated to form CHs* on the Ti** site and leaves its H on the
Oy site as a Brgnsted acid. The formally heterolytic C-H cleavage of methane is
predicted to be a kinetically difficult (Ea = 1.76 eV) and thermodynamically
unfavorable process (AE = 0.54 eV).

s
3 TS_H-CH,
> 1.54
o aamn
= P s
Q
c
w
1.0 —
! [1.76] \
! v 0.32
CH4+ 1: * *
K,CO,TiO, H CH,*+H
0.0 == 1
. 022 | |
S —
CH*

(a) (b)

Figure 4.2 Electron density difference plots of (a) CH4*, and (b) CO,* structures on K,CO3/TiO,. The
green and yellow regions represent enriched and depleted electron density, respectively (isosurface
value = 0.001 e/Bohr3).
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For the alternative reaction pathway following ER mechanism (@ in Scheme
4.1), the COzadsorption is considered as the initial step. The adsorbed CO; interacts
with Ti**and K* sites through its O atoms. The O-C-O angle is 177.6° implying CO> is
activated. The adsorption energy of CO is calculated to be -0.40 eV, which is about
two times stronger than that of CHa. This result is also reflected by a large electron
accumulation between O of CO, and Ti** surface site, as shown in Figure 4.2b. The
electron density plot also indicates the transfer of electrons from CO, to the
surface, resulting in the electrophilicity of adsorbed CO,. Hence, we hypothesize
that the carboxylation of CHs with CO, on the K,CO3/TiO, starts with the CO,*
rather than the CH,* due to the strong adsorption energy of CO, and the high
activation energy of CH, dissociation. In addition, the difficulty of CH4 dissociation
implies that the LH mechanism (® in Scheme 4.1) is not the preferred reaction
pathway for the coupling of CO; and CH4 on the K,CO3/TiO; catalyst.

4.3.2 CHj carboxylation with CO; to CH3COOH

As described in the above section, we propose that CH3COOH can be produced
on the K,CO3/TiO; catalyst by the C-C coupling of activated CO, and gas-phase CHa.
The reaction mechanism and energy profiles are shown in Figure 4.3. The reaction
starts with the adsorption of CO, at the interface Ti** and K" sites, followed by the
physisorption of CH, at the nearby Oy site (CH4_CO*). Then the C-C coupling of
CO2* and CH4 occurs simultaneously with the breaking of one C-H bond of CHa,
forming the CH3;COO* intermediate and H* on the surface. This reaction is
exothermic with an activation barrier of 1.22 eV, which is about 0.50 eV lower than
that of the direct C-H bond dissociation of CH,; on the catalyst. This indicates that
CO,* can facilitate the C-H bond activation of CHs, which is similar to the C-H
carboxylation of CsHg with CO; discussed in Chapter 3.

In the next step, the proton migration might occur before the protonation of
CHsCOO* due to a long distance between CH3:COO* and H* O, (3.40 A). The
activation energy of the proton migration from the O, to the Os site is about 1.00
eV. After that, the CH;COO* is protonated by the H* O3, forming CH;COOH* with
an activation barrier of 0.32 eV. The alternative reaction pathway is a direct H-
transfer from CH, to the terminal O of CO,* (concerted route). We found that the
activation energy of this step is extremely high (Ea = 2.45 eV), indicating this
reaction route is not feasible. It should be noted that this result differs from our
previous study in that the carboxylation of CsHe with CO; on the same catalyst can
proceed via both stepwise and concerted manners with a small difference in
activation energy (AEa = 0.1 eV).
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4.3.3 CH3COOH methylation with CH;0H to CH3COOCH3

In this section, the esterification of CH3COOH with CH3;OH by K>COs/TiO,
catalyst is investigated, as shown in Figure 4.3. Similar to the esterification of
benzoic acid in Chapter 3, CH30H weakly interacts with the O, surface site and the
—OH moiety of acetic acid through its OH group forming CH;COOH*_CHsOH
complex. Then, the esterification is occurred by forming a C-O bond between the C
atom of CH;COOH* and the O atom of CHsOH. At the same time, the C-OH bond of
CH3COOH* cleaves accompanied by the deprotonation of CH3;OH producing
CH3COOCH;3* and two hydroxyl groups on the surface (CHsCOOCHs* HO* H*). This
process is slightly exothermic and proceeds with a small activation energy (E. = 0.36
eV). Then, CH3COOCHS; can desorb from the catalyst with a barrier of 0.74 eV. For
the last step, the two hydroxyl groups on the surface can form H,0 and the catalytic
active site is regenerated (HO*_H*Os. - H,0%*). This reaction is barrierless,
however, H* migration on the surface needs to overcome a barrier of 0.92 eV
before H,O formation. The desorption energy of H,0 is calculated to be 0.98 eV.
Overall, the C-C coupling of CO, with CH, is identified as the most difficult step of
the reaction, with the highest activation barrier of 1.22 eV along the reaction
coordinate.

4.3.4 Product selectivity and comparison between CH4 and benzene

We also studied the dissociation of CO,* to CO* because this reaction might be
a competitive pathway to the production of CH3COOH. As shown in Figure 4.4, the
dissociation of CO; occurred by the C-O bond cleavage forming CO, while a leaving
0 atom from CO; occupies the unsaturated Ti** surface site. This process is slightly
endothermic, with an activation energy of 1.16 eV. The moderate activation energy
indicates that the direct dissociation of CO, to CO on K,CO3/TiO; is possible.

We further compared the coupling of CO,* and CH4 (Figure 4.5a) with the direct
conversion of CO,* to CO*. The results show that the activation energy difference
between both reactions is very small (AEa = 0.06 eV). Thus, CO might be observed
as a side product of the reaction, whereas the oxidation of Ti** to Ti** during this
process could deactivate the catalyst.

In the case of benzene (Figure 4.5b), the activation energy of C-H carboxylation
with CO; was calculated to be 1.19 eV. This energy is almost identical to the CO
formation (1.16 eV) and the C-H carboxylation with CO; in CH, (1.22 eV). So, it
seems that the formation of CO could compete with the production of benzoate.
However, the experimental results showed high selectivity to benzoate (88-91%).
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We hypothesize that the formation of metastable CcHsCOO* is a key to the high
selectivity of benzoate. As shown in Figure 4.5, the C-H carboxylation with CO; in
CH4 proceeds in one step without forming an intermediate, while benzene occurs
in two-step reactions via the CsHsCOO*. The formation of such metastable
intermediate is due to the aromaticity of benzene, as described in Chapter 3. This
process requires an activation energy of 0.72 eV, which is significantly lower than

the conversion of CO; to CO. Thus, this result can explain why the C-H carboxylation
of benzene with CO, dominates over the decomposition of CO..
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Figure 4.4. Reaction energy diagram for CO, dissociation on K,CO3/TiO,
(a) C-H carboxylation with CO, in CH,

(b) C-H carboxylation with CO, in benzene

3 " 3
B ) B
: E T
w w v _
10 51 10 — ¥ _
0.68
”' = t’ 'I
CH+CO+ T C,H,+ CO, + TS 1A inae
kcogmo, {1221 Y K.CO4TiO, 0.08 f
L : / ! i ' 7 H
: ; l ! \ ST 033 l /
1 ;' 1 l' ’} \— |l
0,54 ] /072 oo '. )
Ii *
10 - ¢ .\‘ a0 CH, CO, )
1-1.31 .
CH,CO0_Hoz: K2
> .70
20 | @ Z . 20 |

C,H,CO0_Hox

Figure 4.5. Reaction energy diagram for the C-H carboxylation with CO; in (a) CH4 and (b) benzene



74 Chapter 4

4.4 Conclusion

Our previous computational study [18] and experimental study from Kanan et
al. [17] showed that the K,COs3/TiO, is an efficient catalyst for benzene
esterification with CO, and CH3;OH. Hence, we further extend this system to study
other hydrocarbon carboxylation and further esterification. In this study, CH, is
used as a representative of non-aromatic compounds. The results indicate that
K2COs/TiO; is an efficient catalyst for the esterification of both benzoic acid and
acetic acid with CH3OH. For the carboxylation reaction, the K,CO3/TiO> can catalyze
both C¢Hg and CH,4 carboxylation with CO,. However, it is interesting to note that
the side reaction, which is the formation of CO, could compete with the CH,
carboxylation, while it is not the case for the CgHs carboxylation reaction.
Therefore, we expect the low selectivity of carboxylate when using a non-aromatic
compound as a reactant for the carboxylation with CO; on K,COs/TiO; catalyst. To
improve product selectivity, enhancing the Lewis basic strength of the O, site by
replacing Ti** with a lower-valence cation might be one of the strategies to facilitate
the C-H bond activation of CH4, which is the most difficult step of the reaction.
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S

Benzonitrile hydrogenation on
Au3/TiO:

Density Functional Theory is used to determine the reaction mechanisms of
benzonitrile hydrogenation to benzylamine on Aus; cluster supported on a rutile
TiO; (110) catalyst. An Au/TiO, interface is identified as an active site for the
dissociation of H; and the hydrogenation of benzonitrile. The CN moiety of the
benzonitrile substrate is polarized by the adsorption to Lewis acidic Ti center. The
generated hydride-proton pair is necessary for reducing the polar CN moiety,
facilitating the subsequent hydrogenation reaction.

This chapter is partially based on ACS Catal, 2021, 11(13), 7672-7684.
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5.1 Introduction

Benzylamine is an important chemical compound with widespread applications
in the textile, agrochemical, and pharmaceutical industries [1, 2]. There are three
main classical production paths of benzylamine summarized in Figure 5.1. The first
method is the chlorination of toluene to benzyl chloride, followed by the reaction
with ammonia to produce the target benzylamine compound [2, 3]. Despite its
simplicity, the use of toxic chlorine gas as the key reagent as well as the
accompanying non-selective conversion and generation of substantial amounts of
inorganic wastes render this method the least environmentally friendly. The
second route starts with the high-temperature ammoxidation of toluene to
benzonitrile followed by the catalytic hydrogenation to form benzylamine.
Alternatively, the selective oxidation of toluene can be used to generate
benzaldehyde, which is then converted to benzylamine via the reductive amination
reaction. Although the latter two methods are substantially more environmentally
friendly and efficient, there are some significant drawbacks. The ammoxidation of
toluene to benzonitrile is limited mostly to nonfunctionalized substrates due to the
high temperature and pressure used [4, 5]. Whereas the formation of
benzaldehyde can be performed under relatively mild conditions, it suffers from
overoxidation to benzoic acid [6].

Chlorination @_/CI Amination
Cly, light NH;
g?&log:gducts Benzyl chloride salt waste

=N Hydrogenation

o . H, (5-50 bar)
" \6'6“ Benzonitrile ~100°C
«
M0, NHs
~400°C Reductive
©/ Oxidation amlnatlon NH,
H, (5-50 bar
1A|2ro 155§aé Benzaldehyde I|qzu(|d NH, ) Benzylamine
Toluene z
S|de product(s) ~100°C 3.5 EUR/kg
This work A
Biomass ———— @4 @_‘/(
NH
Benzoic acid Benzamlde2

©\/OH Amination

H,, NH3 (1-10 bar)
Benzylalcohol 150 - 200°C

Figure 5.1 An overview of benzylamine synthesis methods [7].
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In the past decades, many studies have attempted to synthesize benzylamine
efficiently from green and renewable resources under milder conditions. An
attractive substrate for such a process is the biomass-derived benzyl alcohol that
can be converted to benzylamine via the direct amination reaction with yields
ranging between 66-86% [8-14]. An even more desirable substrate is benzoic acid
which is generally more abundant, cheaper, and readily obtained from renewable
feedstocks [15, 16]. Conventional routes from the benzoic acid or its derivatives to
benzylamine would require multistep synthetic procedures and/or the use of
stoichiometric reducing agents, inevitably resulting in selectivity losses and/or
substantial waste generation. A catalytic conversion path utilizing molecular H; as
the reducing and NHs as the amination agent is highly desirable for high atom- and
energy efficiency.

A /T'O benzylamine benzylamine-H
i u/ i —a—dibenzylamine dibenzylamine-H
100% Ag/TiO, 100% 2: (Simcivennis W Sl eri o
90% e 90% - itril ide-H
g 80% o 80% —e—benzamide
— L=
5 3
3 70% 70%
2 2
‘E 60% H 60%
5 5% T 50%
o a0% ‘g 0% -
5 0% 3 30%
2 0% E ao% ¢
a
10% 10%
0% - ——] 0%
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time [h] Time [h]

(a) (b)

Figure 5.2 Time profiles for the hydrogenation of benzamide with (a) Ag/TiO, and (b) Au/TiO,.
Reaction conditions: benzamide (2 mmol), 200 °C, 6 bar NHs, 30 bar H; (Au) or 50 bar H; (Ag), 1 mol
% Au (1 wt % Au catalyst) or 5 mol % Ag (2.5 wt % Ag catalyst), undecane (internal standard, 40 pL),
and CPME (20 mL). (Product names ending with “—H” have at least one aromatic ring that is
hydrogenated toward a cyclohexyl moiety.) [7]

Previous studies demonstrated that hydrogenation and reductive amination of
aliphatic amides and carboxylic acids could indeed provide a sustainable route to
amines [17, 18]. However, these methodologies based on noble metal catalysts
such as Ru, Rh, Pd, and Pt were not applicable to the conversion of aromatic
substrates because of their high reactivity towards the aromatic ring
hydrogenation. Very recently, the experimental studies by De Vos group at KU
Leuven identified Ag/TiO, and Au/TiO; as highly efficient catalysts for the reductive
amination of benzoic acid and its derivatives (e.g. benzamide) to produce
benzylamine by using only H, and NH; as the reagents [7]. In particular, the
experimental studies demonstrated high selectivity for conversion of benzamide to
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benzylamine in the presence of H, and NH; over TiO,-supported Au and Ag
catalysts. At the high conversion levels, the formation of dibenzylamine and N-
benzylbenzamide was observed, while no notable over hydrogenation activity of
the aromatic ring was detected (Figure 5.2). The optimized reaction conditions
allowed obtaining benzylamine in yields ranging 80-92%. The experimental analysis
has led to a mechanistic proposal for the direct catalytic conversion of benzamide
to benzylamine illustrated in Figure 5.3, in which the specific role of Au/TiO,
catalyst was ascribed to the highly selective and efficient hydrogenation of the
polar —CN moiety in the benzamide intermediate. However, the origin of this
unique reactivity and the role of the multifunctional interface in it were unclear. To
clarify these issues and provide mechanistic support to our experimental
collaborators from the de Vos group, | investigated the mechanism of benzonitrile
hydrogenation to benzylamine over a model Au/TiO; catalyst by periodic Density
Functional Theory (DFT) calculations.

benzamide N-benzylbenzamide

+H,

-H,0 ) R,
N H,0

NH, —=_ HN

-NH,

benzonitrile benzylamine

R, H, R dibenzylamine
Side reaction: —_—

Figure 5.3 Reaction scheme for the hydrogenation of benzamide to benzylamine [7].
5.2 Computational details

All periodic Density Functional Theory (DFT) calculations were carried out
using the Vienna Ab Initio Simulation Package (VASP) 5.3.5 [19, 20]. The generalized
gradient approximation (GGA) with PBE exchange-correlation functional was used
[21]. Grimme’s DFT-D3 method with Becke-Jonson damping was used to account
for the dispersion interactions [22]. The on-site Coulomb interaction was included
using the DFT+U method with a Hubbard parameter of U = 4.2 eV for the Ti atoms
[23]. The kinetic energy cutoff of the plane wave basis set was set to 400 eV. The
threshold for the energy convergence for each electronic optimization iteration
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was set to 10 eV, while the geometry optimizations were assumed to be
converged when forces on each atom were less than 0.05 eV/A.

The Gibbs free energy profiles were estimated by considering only the entropy
losses due to the adsorption of molecular species on the catalyst surface and the
formation of the adsorption complex (Gcomplex), which were calculated by:

Gcomplex = [Ecomplex - EAu13/Ti02 - Z(Eadsorbate + TSrot + TStrans)

where  Ecompiexs Eauis/riozs and Eqgsorpate are the electronic energy of
adsorption complex, bare Aui3/TiO, and the adsorbate, respectively. The
TS,o: and TS..q4ns are the rotational and translational entropy contribution to the
energy of the gas-phase adsorbate at the corresponding reaction temperature,
respectively. Note, that the zero-point energy (ZPE) is neglected in our calculations.

To construct the model of Au;3/TiO; catalyst, the rutile TiO; (110) surface with
a p(3x5) supercell size as the support following the experimental results. The Auis
cluster size was selected because it is small enough to be computationally feasible
and large enough to provide a hemispherical shape in contact with the substrate,
mimicking that seen in experiments [24]. In addition, the Auiz has been used as a
representative of supported Au particles on TiO, for the chemoselective
hydrogenation of nitroaromatic compounds [25]. Previous DFT study
demonstrated that the supported Ausis cluster could form either planar (2D) or 3D
structures on the TiO; (110) surface [26, 27]. Therefore, both configurations were
considered in this study. For the 3D Auis cluster supported on TiO,, three different
configurations (Figure 5.4) were constructed and deposited on the TiO, (110)
surface. These starting configurations were selected based on the literature data
[28, 29]. The DFT calculations revealed that the planar Aui3-2D/TiO, (Figure 5.5a) is
0.62 eV more stable than the most favorable 3D structure of Auis cluster on TiO,
(Au13-3D/TiO,, Figure 5.5b). Thus, both Aui3-2D/TiO; and Aui3-3D/TiO; structures
were considered as representative model catalysts in the mechanistic analysis of
the catalytic benzonitrile hydrogenation because the energy difference is not very
significant.
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(a) (b) ©

Figure 5.4 Optimized structures of Auj3-3D cluster with different geometry. (a) Auis cluster as
extracted from bulk Au, (b) octahedral Auys cluster, and (c) icosahedral Auis cluster.
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Figure 5.5 Structural configurations of Auis clusters deposited on the stoichiometric rutile TiO, (110)

surface. (a) top and side view of Au13-2D/TiO,. (b) top and side view of the most stable configuration
of AU13-3D/Ti02.
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Figure 5.6 DFT-computed reaction energy profiles of H, dissociation on (a) a TiO, site and (b)
interfacial sites of Au;3-3D/TiO,, and on (c) an interfacial site of Au;3-2D/TiO,
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5.3 Results and Discussion
5.3.1 H> dissociation on Aui3/Ti10»

Previous studies of H; dissociation on bare rutile TiO, (110) [30] and Au/TiO,
(110) [31, 32] found that the heterolytic dissociation is favored in comparison with
the homolytic H, activation. Thus, only the former mechanism, which is the H,
cleavage to produce a couple of proton (H*) and hydride (H’) was considered in this
study. The results in Chapter 2 also suggest that such a heterolytic H, cleavage can
be promoted both by the Lewis acid-base sites of the support itself or by the metal-
titania interface sites. Therefore, three alternative sites were considered for H,
dissociation by Au/TiO, (Figure 5.6), namely (a) the Tis--Oa pair site of the TiO,
support, as well as (b) the Au(3D)-O, and (c) Au(2D)-O,. interface sites for the 3D
and 2D supported Au cluster models, respectively. The DFT calculations show that
the heterolytic H, dissociation at the Au/TiO, interface site is exothermic, while
that reaction at the TiO, surface site is endothermic. The calculated activation
energy of H-H bond cleavage at the Tis.-O,. pair site (Ea = 0.46 eV) is about one time
higher than that over the Au-O,. pair sites (Ea = 0.29-0.28 eV). Therefore, our
calculations show that the H, dissociation at the interfacial Au-O, sites is both
thermodynamically and kinetically more favorable than at the Tis.-O2 pair site.
Furthermore, we found that the geometry of the supported Auis clusters does not
affect the activation and the reaction energy of H, dissociation. Both Au13-2D/TiO,
and Aui3-3D/TiO; show very similar catalytic activity for this step.

Compared with the results of heterolytic H, dissociation on Cd/TiOz(anatase)
(Chapter 2), Au/TiOxutile) is more active for the dissociation of H, molecule. The
activation energy of H-H bond cleavage at the Au/TiO; interface site is about 0.1 eV
lower than that of the Cd/TiO; interface. In addition, this reaction at Au/TiO;
interface sites is exothermic (AExn@Au13-2D/TiO; = -0.13 eV, AE@Au13-3D/TiO,
=-0.21 eV) while that reaction at Cd/TiO, interface sites is endothermic (0.15, 0.02,
and 0.19 eV for sites B, C, and D, respectively). These results indicate that the
catalytic activity of metal/oxides depends on the type and nature of both metal
and oxide support.

5.3.2 Adsorption of benzonitrile on Au;3/TiO:

Next, the molecular adsorption of benzonitrile (PhCN) on the surface of Auis-
3D/TiO, was analyzed to identify the starting configurations for the catalytic
reaction. We considered ten different adsorption configurations resulting in the
optimized structures shown in Figure 5.7. Our DFT calculations indicate that PhCN
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preferentially binds to the Lewis acidic Tis. surface site of the support in an end-on
fashion rather than coordinating with the atoms of the supported Au cluster. The
metallic surface stabilizes the TiO,-adsorbed species through the interaction with
the 1 system of the aromatic ring. The coordination of PhCN to Tis. surface sites
shows adsorption energies in the range of -1.13 to -1.53 eV. Among adsorption
modes, the complexes PhCN_3D_Ti-1, PhCN_3D_Ti-2, and PhCN_3D_Ti-3 formed
near the supported Auis cluster are found to be the three most stable structures
(-1.37, -1.52 and -1.53 eV), which is ca. 0.2-0.4 eV more favorable than the
adsorption to the distant Tis. sites. This energy difference is close to the energy
values computed for PhCN physisorbed to Au sites (-0.23 —-0.59 eV). Note that the
most stable configuration, in this case, is obtained for the configuration featuring
PhCN physisorbed at the Au/TiO, interface, but with the basic —CN moiety pointing
opposite to the Lewis acidic Ti sites.

A similar analysis of PhCN adsorption to the Aui3-2D/TiO, model has provided
us with five distinct adsorption configurations summarized in Figure 5.8. In line with
the discussion above, the most favorable adsorption mode in the current case is
realized for the coordination of the CN group of PhCN in an end-on mode to the
surface sites with the preferential binding to the Lewis acidic Tis. site (PhCN_2D_Ti-
1 and PhCN_2D_Ti-2). The DFT computed adsorption energies for these modes are
in the range of -1.28 to -1.45 eV. In line with the higher stability of the Au3-2D/TiO;
structure compared to the Aui3-3D/TiO,, a somewhat weaker PhCN adsorption is
predicted for the former model. For other configurations, the parallel adsorption
of PhCN to the gold surface of the supported 2D Auis cluster is less favorable
(PhCN_2D_Au-1 and PhCN_2D Au-2) with the computed adsorption energies
of -0.55 and -0.63 eV, respectively. The alternative end-on adsorption mode of
PhCN to Au surface site (PhCN_2D_Au-3) gives rise to the least stable configuration
with the adsorption energy of -0.33 eV.

In summary, the DFT analysis of PhCN adsorption to Aui3-3D/TiO; and Auis-
2D/TiO, systems reveals that these species preferentially adsorb the PhCN
substrate to the Lewis acidic Tis. site at the Au/TiO; interface, which features the
Au-O, Lewis acid-base pairs necessary for the heterolytic H, cleavage. We propose
that such preferred coordination and polarization of the PhCN substrate near the
H, dissociation sites provide a favorable channel for further highly selective
reduction of the polar CN group. To probe this hypothesis, we further investigated
the catalytic reduction of PhCN, starting with the most stable adsorption
configurations for both Aui3-3D/TiO> and Au13-2D/TiO; structures.
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Figure 5.9 The proposed mechanism of benzonitrile hydrogenation at the Au/TiO; interface
5.3.3 Benzonitrile hydrogenation on Au;3/TiO:

The reaction mechanism of benzonitrile (PhCN) hydrogenation to benzylamine
(PhCH2NHs,) is schematically presented in Figure 5.9. The synergy of the Lewis acid
and base sites of the titania support and the metallic Au nanoparticle is proposed
to play an important role in the heterolytic cleavage of H, and subsequent selective
hydrogenation of the polar nitrile moiety. We propose that the hydrogenation of
PhCN proceeds in four consecutive hydride and proton transfer reaction steps,
forming PhCHN, PhCHNH, PhCH;NH, and the final product PhCH;NH,. Firstly, the
conversion of PhCN to PhCHN via a hydride transfer is studied on two different
catalytic models (Aui3-3D/TiO; and Aui3-2D/TiO,). Figure 5.10 shows that the first
intermediate PhCHN is easily generated on the Aui3-3D/TiO> with small activation
energy (Ea = 0.10 eV). In contrast, the same reaction on Au3-2D/TiO, requires
much higher activation energy (Ea = 1.36 eV). This result implies that the Auis-
3D/TiO; is the preferred catalytic model for the hydrogenation of PhCN even
though the supported Auis cluster with the 3D structure is less stable than the
planar structure. Hence, the full catalytic cycle is further determined by using only
the Aui3-3D/TiO, catalytic structure.
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3D/TiO; catalysts

The complete reaction energy profile of PhCN hydrogenation to produce
PhCH,NH; is illustrated in Figure 5.11. The end-on coordination of PhCN to the
Lewis acidic Tis. site polarizes and activates the CN moiety facilitating thus the
hydride transfer step. Indeed, once the H®...H® pair is generated at the interface
site, the subsequent PhCN hydrogenation is energetically favorable and proceeds
with small activation barriers of 0.10 eV and 0.26 eV for the hydride and proton
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transfer steps, respectively. Further reduction of the benzylimine intermediate
(PhCHNH) to benzylamine (PhCH;NH,) is barrierless. However, the desorption of
the PhCH;NH; product and the regeneration of the Lewis acidic Ti site is quite
endothermic by 2.25 eV. By accounting for the translational and rotational entropy
gains due to the product desorption at 200 °C, we estimate the Gibbs free energy
for this final step to be only 1.11 eV, as shown in Figure 5.12. These DFT results
indicate that the synergetic action of the multifunctional active sites at the Au-TiO,
interface is the key for selective nitrile hydrogenation.
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5.4 Conclusion

In summary, the catalytic activity of Aui3/TiO, for the benzonitrile
hydrogenation to benzylamine was investigated by using periodic DFT calculations.
We found that the Au/TiO; interface is the critical active site for the dissociation of
H,, while the benzonitrile tends to be adsorbed in the end-on configuration at the
interfacial Tisc site via its CN moiety. The generated hydride and proton from the
heterolytic cleavage of H, are essential for reducing the polar CN moiety,
facilitating the subsequent hydrogenation reaction. Furthermore, we found that
the geometry of the Auis cluster has a negligible effect on the activation energy of
H, dissociation but has a significant impact on the hydrogenation of benzonitrile.
The DFT calculations provide detailed mechanisms, while the descriptions of the
catalytic role of each functional component clarify the catalytic reactivity. This

information is useful for guiding the experiment and rationalizing the catalyst
design for selective nitriles hydrogenation.
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Summary

Computational chemistry provides powerful research tools for catalysis. It
potentially allows us to study the structures of the catalytic sites and reaction
mechanisms, which are difficult to observe only by experiment. This is particularly
true for supported heterogeneous catalysts, of which reactivity and catalytic
behavior are directly related to the presence of various functional groups and
reactive ensembles on their surfaces. Such surface heterogeneities give rise to the
formation of multifunctional reactive ensembles ready to convert substrate
molecules to the desired products efficiently. At the same time, the presence of
various reactive centers on the surface may contribute to undesirable conversion
paths. Understanding the role of the multifunctional reaction environments
established on the complex surfaces of supported heterogeneous catalysts is key
to formulating design rules for achieving control over their activity and selectivity.

However, the complexity of surface species and the associated chemistry make
it particularly challenging to get insights into the nature of the active site and the
reaction pathways during the catalytic processes. In this context, computational
chemistry provides a unique opportunity to unravel the detailed mechanistic
picture of the catalytic phenomenon and understand the specific role and potential
synergy between the different components of complex heterogeneous catalyst
systems. In this thesis, | applied density functional theory (DFT) calculations to
study the role of the multifunctionality of TiO,-based catalysts for the valorization
of CO, and biomass. The main focus lies on the reaction mechanisms, the role of
each catalytic component, and how they organically work together to facilitate the
specific reaction steps.

In Chapter 2, periodic DFT calculations combined with microkinetic modeling
(MKM) were performed to investigate the mechanisms of CO, hydrogenation to
CH3OH on Cds/TiO, catalyst. This catalyst, which was developed by our
collaborators, displayed highly selective towards CHsOH. Herein, we found that the
multifunctionality at the Cd-TiO, interface, including the Lewis acid of metal and
the Lewis base of surface oxygen, is essential for the outstanding performance of
Cd/TiO, catalyst. H, and CO, molecules prefer to be activated at the Cd-TiO,
interface rather than at the TiO, surface or Cd cluster. The detailed mechanistic
study indicates that the formate pathway dominates over the RWGS pathway for
the production of CH30H. In the RWGS pathway, the effect of the promotor, which
is H,0, was studied. We found that H,0 is needed to proceed the reaction via the
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RWGS pathway. The MKM analysis pointed to the formation of the formaldehyde
intermediate in the formate pathway as the rate-limiting reaction step. Surface
formate species are identified as the resting state of the whole reaction, which is
in line with the experimental observations. The strong binding of such species at
the surface is responsible for the high activation energy in the rate-limiting reaction
step. Thus, these results suggest that the interaction between support and the
metal nanocluster should be fine-tuned to further improve the catalyst
performance.

Besides the metal-support interface as a reaction center to activate reactant,
the additives of alkali carbonates dispersed on the surface of TiO; can also play as
promoters to facilitate CO, conversion and catalyst regeneration. In Chapter 3, we
studied the catalytic activity of K,CO3/TiO,, which was observed experimentally as
an efficient catalyst for the esterification of benzene with CO; and CH3;OH. The bare
defective TiO, was also investigated because it showed high efficiency but was
deactivated rapidly. Here, the effect of the inhibition from the high thermodynamic
stability of intermediates that was observed in the previous chapter was clarified.
In these catalytic systems, the introduction of oxygen vacancy on TiO, surface
generates Ti** as a new active site for the catalyst. The periodic DFT calculations
revealed that the catalytic reactivity originates from Ti**/K* and Ti3*/Ti®* pair sites
of K,CO3/TiO; and bare defective TiO,, respectively. The reaction mechanism of
benzene esterification with CO, and CH3OH is composed of two main reactions. The
first one is the carboxylation of benzene with CO,, while another is the methylation
with CH3OH to produce methyl benzoate. We found that both catalysts can catalyze
the reaction with similar activation energies. However, the too-strong binding of
products on the bare defective TiO, impedes the desorption and regeneration of
the active site for the next catalytic cycle. In the case of K,CO3/TiO,, the K,COs
species, which partially occupy oxygen vacancies, affect the lowering of the
product's adsorption strength and thus prevent catalyst poisoning. From this study,
we expect that the unigue multifunction of K,CO3/TiO, could be potential for the
direct C-C coupling reaction of CO, with other less reactive but more abundant
hydrocarbons such as CHs.

Therefore, to check our hypothesis, in Chapter 4, we extended the study of
Chapter 3 to investigate the catalytic activity of K,COs3/TiO, for the same
esterification reaction but using CH, instead of benzene as the substrate. One can
expect that this catalyst could be as active in the conversion of CH, as for benzene
because of the similarity in their C-H bond energies (AH293(CH4) = 105 kcal/mol,
AHa95(CsHs) = 113 kcal/mol). Direct activation and conversion of CH4 to chemicals
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is extremely challenging because of the high binding energy, high symmetry, and
low polarity of the C-H bonds. Moreover, the product is usually more reactive than
CH,4, making it difficult to control the selectivity and avoid over activation of the
desired products. Thus, the conversion of CHs has been a challenge in chemical
synthesis similar to CO,. This study highlights the difference in reactivity between
benzene and CHi. The side reaction of CO production was also investigated to
examine the product selectivity. The calculations revealed that, indeed, K,CO3/TiO,
could potentially catalyze the esterification of CH, with CO, and CH3OH. The
activation barriers of all elementary steps are similar to the esterification of
benzene, and the manners of reactants activation at the interface of K,CO3/TiO,
are also comparable between CH4 and benzene esterification.

However, in the initial step, the C-H bond carboxylation of CH, with CO,
proceeds in one step, while that of benzene occurs in two-step reactions with the
metastable CsHsCOO* as an intermediate due to the aromaticity of benzene. The
barrier of this step is 0.44 eV lower than the decomposition of CO, to CO. Thus, the
selectivity towards methyl benzoate is higher than CO formation, which is
consistent with the experimental observations. In contrast, in the case of CH,, a
low selectivity of methyl acetate was predicted because the activation energy of C-
H bond carboxylation with CO; in CH4 is 0.06 eV higher than that of CO formation.
This result implies that the formation of CO can compete with the CH,
carboxylation, which is not the case in the carboxylation of benzene. Thus, further
modification of this catalyst is required for selective C-H bond carboxylation of
methane. We propose that enhancing the Lewis basic strength of surface oxygen
atoms by replacing the neighboring Ti** with a lower-valence cation might be one
of the strategies to strengthen the interaction with CH, and facilitate the C-H bond
dissociation without accelerating the decomposition of CO,.

Chapter 5 presents the mechanistic study of benzonitrile hydrogenation on
Auy3/TiO,. This catalyst, which was developed by our experimental collaborators,
exhibited high reactivity and selectivity for the conversion of benzonitrile to
benzylamine. In our work, we applied the knowledge about multifunctional TiO-
supported catalysts to study the conversion of more complicated substrates. In this
catalytic system, the reactivity is due to the synergistic effect of Lewis acid and
Lewis base at the Au/TiO; interface. We also examined the geometrical effects of
the supported Auis cluster. The calculations reveal that the geometry of the Auis
cluster has a minor effect on the activation energy of H, dissociation but a
significant impact on the hydrogenation of benzonitrile.
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We have shown that multiple functionalities in heterogeneous catalysts are
responsible for both positive aspects, such as reactant activation and intermediate
stabilization; and negative aspects, such as catalyst deactivation, low product
selectivity, and undesired products. Therefore, understanding the role of each
function on catalysts can help us facilitate those desired aspects and prevent those
undesired phenomena by controlling the very complex chemical transformations
along low-energy reaction pathways. Designing the multifunctionality and
understanding how it helps the desirable conversions is a key to rational catalyst
design. The challenges are to learn how to construct these multifunctional
ensembles, ensure that they do not degrade during performing, and maintain their
performances over a prolonged period of time.

So far, most DFT studies have been performed to provide mechanistic details
of catalytic processes under ultra-high vacuum and 0 K conditions. However, over
the past decades, computational catalysis has evolved toward studying catalytic
processes under working conditions. In our works, combining DFT with MKM allows
us to convert microscopic reaction mechanism data into experimentally
measurable parameters such as key reaction intermediates and rate-limiting steps.
This is a practical way to bridge the gap between static DFT modeling and realistic
reaction under catalyst working conditions. We prospect that global optimization
methods and operando methodologies such as ab initio thermodynamics and
molecular dynamics would offer more options to further narrow the gap between
modeling and experiment by including reaction conditions in the simulation.
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Samenvatting

Computationele chemie levert krachtige onderzoekshulpmiddelen voor
katalyse. Dankzij computationele chemie kunnen we de structuren bestuderen van
de katalytische centra en reactiemechanismen, die met alleen experimenten
moeilijk waar te nemen zijn. Dit geldt met name voor gedragen heterogene
katalysatoren, waarvan de reactiviteit en het katalytisch gedrag direct verband
houden met de aanwezigheid van diverse functionele groepen en reactieve
ensembles op het oppervlak ervan. Zulke oppervlakteheterogeniteiten geven
aanleiding tot de vorming van multifunctionele reactieve ensembles die in staat
zijn substraatmoleculen efficiént om te zetten in de gewenste producten.
Tegelijkertijd kan de aanwezigheid van diverse reactieve centra op het oppervlak
bijdragen aan ongewenste omzettingsroutes. Inzicht in de rol van de
multifunctionele reactieomgevingen aan de complexe oppervlakken van gedragen
heterogene katalysatoren is essentieel voor het formuleren van ontwerpregels om
controle te krijgen over de activiteit en selectiviteit ervan.

De complexiteit van oppervlakte-entiteiten en de bijbehorende chemie maakt
het echter bijzonder uitdagend om inzicht te krijgen in de aard van het actieve
centrum en de reactieroutes tijdens de katalytische processen. In dit verband
levert computationele chemie een unieke mogelijkheid om het gedetailleerde
mechanistische beeld van het katalytische fenomeen te ontrafelen en de specifieke
rol en potentiéle synergie tussen de verschillende componenten van complexe
heterogene katalysatorsystemen te begrijpen. In dit proefschrift gebruikte ik
berekeningen volgens de dichtheidsfunctietheorie (DFT) om de rol te bestuderen
van de multifunctionaliteit van katalysatoren op basis van TiO, voor de valorisatie
van CO; en biomassa. De focus ligt vooral op de reactiemechanismen, de rol van
elke katalytische component en hoe die organisch samenwerken om de specifieke
reactiestappen mogelijk te maken.

In hoofdstuk 2 werden periodieke DFT-berekeningen in combinatie met
microkinetische modellering (MKM) uitgevoerd om de mechanismen van CO,-
hydrogenering tot CH3OH op Cd./TiO,-katalysator te onderzoeken. Deze
katalysator, die door onze samenwerkingspartners werd ontwikkeld, vertoonde
hoge selectiviteit voor CH;OH. Hierin vonden we dat de multifunctionaliteit aan het
Cd-TiO,-grensvlak, met inbegrip van het Lewis-zuur van metaal en de Lewis-base
van oppervlaktezuurstof, essentieel is voor de uitstekende prestaties van Cd/TiO»-
katalysator. H,- en CO,-moleculen worden bij voorkeur geactiveerd aan het Cd-
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TiO,-grensvlak in plaats van aan het TiOz-oppervlak of Cd-cluster. De gedetailleerde
mechanistische studie geeft aan dat de formiaatroute dominant is ten opzichte van
de RWGS-route voor de productie van CHsOH. In de RWGS-route werd het effect
van de promotor, die H,0 is, bestudeerd. We hebben gevonden dat H,O nodig is
om de reactie via de RWGS-route te laten verlopen. De MKM-analyse wees op de
vorming van het formaldehyde-tussenproduct in de formiaatroute als de
snelheidsbepalende reactiestap. Formiaat-entiteiten aan het oppervilak zijn
vastgesteld als de rusttoestand van de hele reactie, wat klopt met de
experimentele waarnemingen. De sterke binding van zulke entiteiten aan het
oppervlak zorgt voor de hoge activeringsenergie in de snelheidsbepalende
reactiestap. Deze resultaten suggereren dus dat de interactie tussen drager en het
metaalnanocluster nauwkeurig ingesteld zou moeten worden om de prestaties van
de katalysator verder te verbeteren.

Naast het metaal-drager-grensvlak als reactiecentrum om reactant te
activeren, kunnen de alkalicarbonaat-additieven die op het oppervlak van TiO,
gedispergeerd zijn, ook als promotor fungeren om de omzetting van CO, en de
regeneratie van katalysator te vergemakkelijken. In hoofdstuk 3 onderzochten we
de katalytische activiteit van K,COs3/TiO,, waarvan experimenteel werd vastgesteld
dat het een efficiénte katalysator voor de verestering van benzeen met CO; en
CH3OH is. Het kale defectieve TiO, werd ook onderzocht omdat het hoge efficiéntie
vertoonde, maar snel werd gedeactiveerd. Hier werd het in het vorige hoofdstuk
waargenomen effect van de remming door de hoge thermodynamische stabiliteit
van tussenproducten verhelderd. In deze katalytische systemen wordt door het
inbrengen van zuurstofvacature op het TiO,-oppervlak Ti* gegenereerd als een
nieuw actief centrum voor de katalysator. De periodieke DFT-berekeningen lieten
zien dat de katalytische reactiviteit voortkomt uit respectievelijk Ti®*/K* en Ti®*/Ti**-
paarcentra van K,COs3/TiO, en kaal defectief TiO,. Het reactiemechanisme van
verestering van benzeen met CO; en CH3OH bestaat uit twee hoofdreacties. De
eerste is de carboxylering van benzeen met CO; en de andere is de methylering
met CH3OH om methylbenzoaat te produceren. We hebben gevonden dat beide
katalysatoren de reactie met vergelijkbare activeringsenergieén kunnen
katalyseren. Echter, de te sterke binding van producten aan het kale defectieve
TiO, verhindert de desorptie en regeneratie van het actieve centrum voor de
volgende katalytische cyclus. In het geval van K,CO3/TiO, zorgen de K,COs-
entiteiten, die de zuurstofvacatures gedeeltelijk bezetten, voor verlaging van de
adsorptiesterkte van het product en wordt daarmee vergiftiging van de katalysator
voorkomen. Op basis van dit onderzoek verwachten we dat de unieke
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multifunctionaliteit van K,COs/TiO, potentie kan hebben voor C-C-
koppelingsreactie van CO, met minder reactieve, maar meer algemeen
voorkomende koolwaterstoffen zoals CH,.

Om onze hypothese te controleren, breidden we in hoofdstuk 4 daarom het
onderzoek van hoofdstuk 3 verder uit om de katalytische activiteit van K,CO3/TiO>
voor dezelfde veresteringsreactie te onderzoeken, maar dan met gebruik van CH,
in plaats van benzeen als het substraat. Het is te verwachten dat deze katalysator
even actief zou kunnen zijn bij de omzetting van CH, als voor benzeen, vanwege de
vergelijkbare C-H-bindingsenergieén ervan (AH293(CH4) = 105 kcal/mol, AH;08(CeHs)
=113 kcal/mol). Directe activering en omzetting van CH4 naar chemische stoffen is
extreem uitdagend vanwege de hoge bindingsenergie, hoge symmetrie en lage
polariteit van de C-H-bindingen. Bovendien is het product doorgaans reactiever
dan CH,, waardoor het moeilijk is om de selectiviteit onder controle te krijgen en
overmatige activering van de gewenste producten te vermijden. Daarom is de
omzetting van CH, in de chemische synthese een uitdaging, net als met CO,. Dit
onderzoek belicht het verschil in reactiviteit tussen benzeen en CHs. De
nevenreactie van CO-productie werd ook bestudeerd om de productselectiviteit te
onderzoeken. Uit de berekeningen bleek dat K,CO3/TiO, de verestering van CHy
met CO, en CH30OH inderdaad zou kunnen katalyseren. De activeringsbarriéres van
alle elementaire stappen zijn vergelijkbaar met de verestering van benzeen, en de
manieren waarop reactanten aan het grensvlak van K,COs/TiO, geactiveerd
worden, zijn ook vergelijkbaar tussen de verestering van CH, en die van benzeen.

Echter, in de eerste stap verloopt de carboxylering van de C-H-binding van CH,4
met CO; in één stap, terwijl die van benzeen in tweestapsreacties plaatsvindt met
het metastabiele CsHsCOO* als tussenproduct als gevolg van de aromaticiteit van
benzeen. De barriere van deze stap is 0,44 eV lager dan de ontleding van CO; tot
CO. Daarom is de selectiviteit voor methylbenzoaat hoger dan de vorming van CO,
wat klopt met de experimentele waarnemingen. Daarentegen werd in het geval
van CH; een lage selectiviteit voor methylacetaat voorspeld, omdat de
activeringsenergie van carboxylering van de C-H-binding met CO; in CH, 0,06 eV
hoger is dan die van CO-vorming. Dit resultaat impliceert dat de vorming van CO
kan concurreren met de carboxylering van CH,, wat niet het geval is bij de
carboxylering van benzeen. Daarom is verdere modificatie van deze katalysator
nodig voor de selectieve carboxylering van de C-H-binding van methaan. We stellen
voor dat verhoging van de Lewis-basesterkte van oppervlaktezuurstofatomen door
het aangrenzende Ti4+ te vervangen door een kation met een lagere valentie een
van de strategieén zou kunnen zijn om de interactie met CH4 te versterken en de
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dissociatie van de C-H-binding te vergemakkelijken zonder de ontleding van CO; te
versnellen.

Hoofdstuk 5 beschrijft de mechanistische studie van de hydrogenering van
benzonitril op Au3/TiO,. Deze katalysator, die door onze experimentele
samenwerkingspartners werd ontwikkeld, vertoonde hoge reactiviteit en
selectiviteit voor de omzetting van benzonitril naar benzylamine. In ons werk
pasten we de kennis over multifunctionele, op TiO, gedragen katalysatoren toe om
de omzetting van complexere substraten te onderzoeken. In dit katalytische
systeem is de reactiviteit het gevolg van het synergistische effect van Lewis-zuur
en Lewis-base aan het Au/TiO»-grensvlak. We onderzochten ook de geometrische
effecten van het gedragen Auis-cluster. Uit de berekeningen blijkt dat de geometrie
van het Auis-cluster een klein effect heeft op de activeringsenergie van H»-
dissociatie, maar een significante impact op de hydrogenering van benzonitril.

We hebben aangetoond dat meerdere functionaliteiten in heterogene
katalysatoren verantwoordelijk zijn voor zowel positieve aspecten, zoals activering
van reactanten en stabilisatie van tussenproducten, als negatieve aspecten, zoals
deactivering van katalysator, lage productselectiviteit en ongewenste producten.
Daarom kan inzicht in de rol van elke functie op katalysatoren ons helpen die
gewenste aspecten te verbeteren en die ongewenste verschijnselen te voorkomen
door de zeer complexe chemische transformaties via laagenergetische
reactieroutes te controleren. Het ontwerpen van de multifunctionaliteit en het
inzicht in hoe die gunstig is voor de wenselijke omzettingen is een sleutel tot
rationeel katalysatorontwerp. De uitdagingen liggen in het leren hoe deze
multifunctionele ensembles op te bouwen, te zorgen dat ze niet afbreken tijdens
het gebruik en hun prestaties gedurende langere tijd behouden.

Tot dusver zijn de meeste DFT-studies gedaan om mechanistische details van
katalytische processen onder omstandigheden van ultrahoog vacuim en 0 K te
leveren. In de afgelopen decennia is computationele katalyse echter geévolueerd
naar het bestuderen van katalytische processen onder werkomstandigheden. In
ons werk heeft de combinatie van DFT en MKM ons in staat gesteld gegevens over
microscopische reactiemechanismen om te zetten in experimenteel meetbare
parameters, zoals belangrijke reactietussenproducten en snelheidsbepalende
stappen. Dit is een praktische manier om de kloof te dichten tussen statische DFT-
modellering en realistische reacties onder werkomstandigheden van
katalysatoren. We verwachten dat algehele optimaliseringsmethoden en
operando-methoden zoals ab-initio-thermodynamica en moleculaire dynamica
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meer mogelijkheden zouden bieden om de kloof tussen modellering en
experimenten verder te dichten door reactieomstandigheden in de simulatie op te
nemen.
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