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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  
catalyst 

Heterogeneous 
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 TiO2, Fe2O3, CeO2, 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. 

 

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. 

 

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 CO2 and aromatic amines. Mechanisms of C-H carboxylation 
reactions will be discussed in Chapters 3 and 4. 
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1.2  TiO2-based catalysts 

Titanium dioxide (titania or TiO2) 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 TiO2 mainly depends 
on their Lewis acid-base pairs which occur due to the presence of Ti4+ (Lewis acid) 
and O2- (Lewis base) on the surface. The Brønsted acid (H+) can also be introduced 
to the surface of TiO2 via the dissociation of H2O or H2 [11-14]. In addition, the 
deposition of metal nanoparticles on TiO2 results in the formation of new active 
sites and, consequently, the changes in the activity and stability of the supported 
metal/TiO2 catalyst. All these features are essential to creating highly complex 
multifunctional ensembles on the surface of TiO2-supported metal catalysts, as 
schematically illustrated in Figure 1.2. The presence of Brønsted acid, Lewis acid, 
and Lewis base sites on TiO2 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 TiO2 affect the catalytic properties of titania-based systems [11-14]. 
TiO2 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 
TiO2 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 TiO2, 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 TiO2. 
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Figure 1.4 The bulk crystal structures of (a) anatase, (b) brookite, and (c) rutile TiO2. 

The structure, stability and reactivity of anatase TiO2 have been studied 
extensively over decades. The anatase TiO2 has a tetragonal lattice (P42/mnm) with 
four TiO2 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 (Ti5C, 
Ti6C) and 2- and 3-coordinated O atoms (O2C, O3C). This surface has a sawtooth-like 
appearance, featuring alternating rows of Ti5C and O2C along the [010] direction. 
For the (100) surface (Figure 1.5b), O2C, O3C, and Ti5C atoms are exposed on the 
outermost layer, while Ti6C and O3C 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 O2C, O3C, and Ti5C centers [22],  
as illustrated in Figure 1.5c. An alternative surface structure featuring O2C and Ti4C 
exposed atoms was proposed by another literature based on the add-molecule 
model (ADM) method [23]. 
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Figure 1.5 The surface morphology of anatase TiO2 (a) (101), (b) (001), and (c) (100) surfaces. 

The exposed Lewis acid-base pairs (Ti4+-O2-) are commonly considered to 
contribute to the surface reactivity of pristine TiO2. It was reported that the Lewis 
acidity of Ti4+ sites on (101) is slightly higher than those on the (001) surface, while 
the Lewis basicity of O2- 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 H2O molecule 
dissociatively adsorbs on the (001) and (110) surfaces, while the molecular 
adsorption mode is observed on the (101) surface [14]. CO2 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 TiO2 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 Ti4+ sites are reduced to two Ti3+, 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 TiO2 (101) surface was 
found to be more active than the perfect one for the reduction of CO2 [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 TiO2 
containing oxygen vacancies [26]. 
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Because of the unique and tunable properties of titania, TiO2-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/TiO2 is an exceptional catalyst for the hydrogenation 
of various organic substrates with molecular H2 [28]. Au/TiO2 exhibited remarkable 
performance for the O2 activation and the oxidation of organic molecules [29, 30]. 
Ru/TiO2 is a promising candidate for the Fisher-Tropsch synthesis [31]. Re/TiO2 [32] 
as well as related bimetallic catalysts such as Ni-Re/TiO2 [33] and Pt-Re/TiO2 [34] 
catalysts enabled highly selective reductive transformations of challenging ester 
substrates. Re/TiO2 [35], Mo/TiO2  [36], various metals promoted Co/TiO2 [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  CO2 conversion to chemicals 

CO2 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 CO2 concentrations in the atmosphere. The 
utilization of CO2 can be divided into the following categories: production of 
chemicals, production of fuels, enhanced biological utilization, and technological 
utilization that does not require CO2 conversion [38]. Among them, the conversion 
of CO2 to chemicals provides comprehensive benefits to the chemical industry [39]. 
Table 1.2 represents some of the chemicals that can be produced from CO2. The 
efficient conversion of CO2 to chemical products is challenging because of its high 
thermodynamic stability. As illustrated in Figure 1.6, the Gibbs free energy of the 
CO2 is lower than its reduction products, such as CO, CH3OH, and CH4, which can 
directly be utilized in various downstream applications [38, 40]. Thus, the 
conversion of CO2 always requires energy input through the reaction with more 
energetic reagents [41]. Among various reactive agents used for the conversion of 
CO2, H2 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 CO2 with various reductants. 
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Figure 1.6 Gibbs free energy of the CO2 compared with other chemicals. 

The hydrogenation of CO2 can be used to produce a variety of chemicals with 
important downstream applications. In particular, the valorization of CO2 to 
valuable C1 building blocks such as CO, CH4, HCOOH, and CH3OH attracts much 
attention from researchers in industry and academia [43, 44]. The catalytic 
conversion of CO2 to such C1 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 TiO2-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 CO2. 

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 CH2O* should be stabilized on the active site to facilitate their 
further reaction. In contrast, the CH3O* should be destabilized to allow its 
hydrogenation to form CH3OH. 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 CHxO species, which competes with the hydrogenation process, is a critical step 
for the production of side-product (CH4).  
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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 (0K/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.  
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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 0K/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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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. 







C h a p t e r  1    19 
 
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 TiO2-supported catalysts by means of DFT calculations. 
Particular emphasis is placed on the catalytic reactivity at the perimeter of metal-
TiO2 interface. Here, CO2 reduction and nitrile hydrogenation are selected as the 
model representative and industrially relevant catalytic processes. Furthermore, I 
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 
(0K/UHV model) towards the operando conditions by using the microkinetic 
modeling (MKM). 

Chapter 2 investigates computationally the CO2 hydrogenation to CH3OH on a 
Cd4/TiO2 catalyst. This catalyst system has been discovered by our experimental 
collaborators as a highly selective and exceptionally active CO2 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 CO2 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 K2CO3 dispersed over defective TiO2 
support (K2CO3/TiO2) for the esterification of benzene with CO2 and CH3OH, 
recently discovered experimentally. DFT calculations specifically addressed the role 
of the adsorbed K2CO3 for CO2 activation and the fast deactivation of bare defective 
TiO2. An important 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 K2CO3/TiO2 catalyst in the carboxylation of 
the C-H bonds in benzene, we hypothesized that a similar mechanism could 
potentially be realized when using CH4 as an alternative reactant. Potentially, this 
reaction could provide a route for the efficient valorization of natural gas and 
simultaneous CO2 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 CH4, 
particularly for the key C-C coupling reaction with CO2. 

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/TiO2 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 Au13 clusters supported on a rutile TiO2 
surface as a model. The effect of Au13 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 H2 dissociation at the Au-TiO2 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 TiO2 support. 
This chapter emphasizes and clarifies the role of each reactive center and their 
cooperation within the catalytic ensemble formed at the Au-TiO2 interface. 
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2 
CO2 hydrogenation to methanol over 

Cd4/TiO2 

 

 

 

Supported metal catalysts have shown to be efficient for CO2 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 CO2 hydrogenation to CH3OH over a recently 
reported catalyst of Cd4/TiO2. Calculations reveal that the metal-oxide interface 
is the active center for CO2 hydrogenation and methanol formation via the 
formate pathway dominates over the RWGS pathway. Microkinetic modeling 
demonstrated that formate species on the surface of Cd4/TiO2 is the relevant 
intermediate for the production of CH3OH, and CH2O# formation is the rate-
determining step. These findings demonstrate the crucial role of the Cd-TiO2 
interface in controlling CO2 reduction reactivity and CH3OH selectivity. 

 

 

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

The increase of CO2 concentration in the atmosphere is one of the major 
factors in global climate change. CO2 capture and valorization have been 
considered as promising strategies to mitigate this problem [1, 2]. Using CO2 as a 
feedstock to produce valuable chemicals not only can help to decrease dramatically 
the amount of CO2 emitted into the atmosphere but also provide economic 
benefits [2, 3]. A large number of value-added chemicals can be produced from CO2 
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 CO2 hydrogenation to CH3OH have received a lot of attention: (1) 
electrochemical reduction and (2) thermochemical reduction [7]. The 
electrochemical CO2 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 CH3OH from CO2 hydrogenation is more practical for potential industrial 
applications compared to the alternative electrochemical CO2 reduction. It offers 
an opportunity to develop sustainable technologies and environmentally benign 
chemical processes since H2, a reducing agent, can readily be obtained from 
renewable energy resources [1, 3]. 

Many studies have been devoted to creating new tailor-made CO2 conversion 
catalysts with improved activity and selectivity to methanol, of which Cu/ZnO/Al2O3 
catalyst has been industrialized [12, 13]. However, the disadvantages of low CH3OH 
selectivity and the sintering of Cu and ZnO motivated the development of new Cu-
based catalysts such as Cu/ZnO [14, 15], Cu/ZrO2 [16, 17], and Cu/CeO2 [18]. In 
these catalytic systems, it was found that H2 molecule is dissociated at the Cu site 
and CO2 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 CO2 hydrogenation to CH3OH. 
For instance, Au [19-21], Pd [22-25], Re [26], ZnO [27], and In2O3 [28, 29] supported 
on oxides were reported to be active toward the production of CH3OH 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 CO2 to CH3OH: (1) the reverse water-
gas shift (RWGS) pathway and (2) the formate pathway. In the RWGS reaction, CO2 
is hydrogenated to form CO* intermediate, which is then further hydrogenated to 
form CH3OH. 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/TiO2, Cu/ZrO2, and  Cu/CeOx, CH3OH 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/TiO2 and CdTiO3 catalysts in CO2 hydrogenation to methanol [36]. 
It was found that Cd/TiO2 catalyst exhibits a much higher catalytic CO2 
hydrogenation activity than the CdTiO3 mixed oxide. To further identify the 
detailed reaction mechanism catalyzed by Cd/TiO2 and clarify the functionalities of 
different types of active sites in this system, we constructed a Cd/TiO2 model 
catalyst and investigated its catalytic activity towards CO2 conversion to methanol 
with H2 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 10-5 eV. Geometries were assumed to be converged 
when forces on each atom were less than 0.05 eV/Å. 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 TiO2 unit cell in the phase of anatase was firstly fully optimized. The 
optimized lattice vectors of a = 3.799 Å b = 3.799 Å c = 9.716 Å have a good 
agreement with the experiment parameters [40]. For Cd4/TiO2 model, 1x3 and 2x4 
supercells of anatase TiO2 (101) surface with a vacuum space of 15 Å were built for 
investigation of the reaction mechanism of H2 dissociation and CO2 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/TiO2 model rationalization 

A cluster containing 4 Cd atoms (Cd4) was selected as representative of the 
supported Cd nanoparticles on the TiO2 surface since it was reported as the 
smallest Cd cluster featuring a magic number of Cd atoms [43]. In order to model 
the Cd4/TiO2 catalyst, two possible configurations of isolated Cd4 cluster, i.e., a 
tetrahedron (Td) and planar rhombus (C2V) [44] were firstly optimized in the vacuum 
by using a large unit cell of 15x15x15 Å, as shown in Figure 2.1. Then the so-
obtained Cd4 clusters were deposited and optimized on the (101) surface of 
anatase TiO2. It is found that the most stable configuration of the supported Cd4 
cluster on the (101) TiO2 surface is a deformed planar geometry even though the 
tetrahedron is more stable in the gas phase. As shown in Figure 2.2, the Cd4 (C2V) 
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 Cd4 over the surface 
is calculated to be -1.05 eV indicating a strong interaction between the metal 
cluster and the support of TiO2. Bader charge analysis demonstrates that the entire 
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Cd4 cluster is +1.48|e| charged, which indicates that the electrons are transferred 
from Cd4 cluster to TiO2 surface through metal-support interaction. 

 

Figure 2.1 The optimized Cd4 clusters: (a) planar rhombus and (b) tetrahedron. The clusters represent 
in top view (top) and side view (bottom). 

 

Figure 2.2 (a) Top view and (b) side view of Cd4/TiO2(101) slab model. The O2c and O3c are twofold 
coordinated and threefold coordinated oxygen atoms, and the Ti5c and Ti6c are fivefold coordinated 
and sixfold coordinated titanium atoms on the surface of TiO2, respectively. (c) The electron density 
different plots upon the adsorption of Cd4 cluster on TiO2 surface. The orange and green regions 
represent electrons depletion and accumulation, respectively (isosurface value  = 0.05 e/Bohr3). 

2.3.2 H2 dissociation and H spillover 
Many studies have proposed that activation and dissociation of an H2 molecule 

take place at the metal-oxide interface [45-47]. In this work, six possible active sites 
of Cd4/TiO2 catalyst for the activation and dissociation of H2 molecule was 
systematically studied. As shown in Figure 2.3, site A is on top of the supported Cd4 
cluster. Site B, C and D are at the interface of Cd4/TiO2 (Cd···O2c). Site E is located 
between two nearest O2c atoms and site F is on top of bridging Ti5c and O2c atoms 
of TiO2 surface. From Figure 2.3, it can be seen that heterolytic H2 dissociation at 
the interface of Cd/TiO2 is more preferable than the other sites. Among all interface 
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Figure 2.4 The reaction energy profiles for the H2 dissociation followed by H migration and H 
spillover on Cd4/TiO2 catalyst 

2.3.3 CO2 hydrogenation to HCOOH and CO 
In this section, the hydrogenation of CO2 on Cd4/TiO2 catalyst will be discussed. 

Two main reaction pathways of CO2 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 TiO2 surface and Cd4 
cluster of the Cd4/TiO2 catalyst, respectively. 

Formate pathway: The reaction mechanisms of CO2 hydrogenation to formate 
(HCOO*) and formic acid (HCOOH*) are shown in Figure 2.5. After heterolytic 
dissociation of H2 at the interface of Cd4/TiO2, a hydride coordinated to Cd (H#) and 
a proton bonded to O2c site (H*) are produced. CO2 is adsorbed over the Ti5c site 
nearby both H* and H# species. The adsorption energy is calculated to be -0.14 eV. 
Then CO2 can be hydrogenated by the transfer of H# from Cd4 cluster to the C atom 
of CO2 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 Ti5c 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 CO2 hydrogenation by both H* and H# in one 
step (green line in Figure 2.5). 

 

Figure 2.5. Reaction energy profiles for the CO2 hydrogenation to HCOOH* on Cd4/TiO2 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 TiO2 surface and Cd4 cluster of the Cd4/TiO2 catalyst, respectively. 

RWGS pathway: The RWGS reaction mechanism is initiated by CO2 
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 CO2 at the perimeter site of Cd4 cluster after hydrogen spillover 
process. Then, the CO2 can be protonated by the H* on TiO2 surface forming 
HOCO#. It is found that this reaction cannot occur directly due to the long distance 
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between CO2 and H* (4.93 Å). However, it can proceed with the assistance of an 
H2O molecule which acts as a proton shuttle between H* and CO2 (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 H2O*. 
This process requires overcoming an activation barrier of 0.35 eV. Finally, CO and 
H2O can be desorbed from the catalyst with desorption barriers of 0.13 and 0.19 
eV, respectively. 

 

Figure 2.6 Reaction energy profiles for the CO2 hydrogenation to CO on Cd4/TiO2 catalyst (RWGS 
pathway). Blue line is the reaction with the assistance of H2O molecule. 

Due to the unfavorable adsorption of CO2 on the supported Cd4 cluster, we also 
explored the CO2 adsorption on a separate TiO2 surface site without interaction 
with the Cd4 cluster. The mechanisms of RWGS reaction on the TiO2 surface are 
shown in Figure 2.7. In this case, this reaction starts with the adsorption of CO2 on 
the TiO2 surface after hydrogen spillover process. The adsorption energy of CO2 is 
calculated to be -0.45 eV which is relatively stronger than that on supported Cd4 
cluster. The bent CO2 geometry can be formed on the TiO2 surface with an 
activation barrier of 0.44 eV. Then the adsorbed CO2* is directly hydrogenated to 
form HOCO* without the H2O mediator. The activation energy for this step is 
calculated to be 0.74 eV. The diffusion of the second H* to the O3c 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 TiO2 surface is rather difficult with an activation barrier of 1.86 eV. 
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However, the presence of H2O molecule can again decrease this activation barrier 
to 0.94 eV with C-O bonding breaking and OH group hydrogenation occurring 
simultaneously. 

 

Figure 2.7 Reaction energy profiles for the CO2 hydrogenation to CO on clean TiO2 surface (RWGS 
pathway). Blue line is the reaction with the assistance of H2O molecule. 

It is found that H2O 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 TiO2 surface of Cd4/TiO2 catalyst. The hydrogenation 
reaction of CO2 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 TiO2 surface. The 
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Figure 2.8 Reaction energy profiles for the production of CH3OH 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 
CO2 hydrogenation to CH3OH on Cd4/TiO2 catalyst are shown in Figure 2.10. It can 
be seen that the formate pathway dominates over the RWGS pathway for the 
production of CH3OH from CO2 and H2. The formation of CH2O* intermediate is 
found to be the most difficult reaction step for CH3OH production from both RWGS 
and formate reaction routes. 
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Figure 2.9 A schematic representation of the whole reaction mechanism for CO2 hydrogenation to 
CH3OH on Cd4/TiO2 catalyst. Numbers in parentheses represent activation energies in eV. Solid lines 
and dash lines represent reactions at the interface and TiO2 surface, respectively.
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2.4  Conclusion 

In summary, the reaction mechanisms of CO2 hydrogenation to methanol over 
TiO2-supported Cd catalyst have been investigated computationally by a 
combination of DFT and MKM modelling approaches. It is proposed that the 
interface between the Cd4 cluster and the support of TiO2 plays a key role for H2 
dissociation as well as preactivation of CO2. H2 dissociation and CO2 activation are 
energetically more favorable at the Cd-TiO2 interface than that at bare TiO2 surface 
and Cd cluster. Both CO2 hydrogenation reactions to formate and CO are 
remarkably facilitated by the synergy between H- on Cd and H+ on TiO2 surface 
(Figure 2.5, formate pathway; Figure 2.6, RWGS pathway). In contrast, CO2 
conversion to CH3OH on bare TiO2 is very difficult compared to the Cd/TiO2 
interface. Cd-TiO2 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/TiO2 interface, including Lewis acids of metals and Lewis base of surface oxygen, 
is of great importance accounting for the outstanding catalytic activity of Cd/TiO2 
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 CO2 
hydrogenation to methanol, with formaldehyde formation being the rate-limiting 
reaction step. Our results demonstrate that Cd/TiO2 can be a promising candidate 
for valorization of CO2 to produce methanol and the multifunctionality of the 
metal-support interface is a crucial aspect for rational design of CO2 hydrogenation 
catalyst. 
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3 
Mechanistic investigation of 

benzene esterification with CO2 
and CH3OH by K2CO3/TiO2 

 

 

 

 

 

 

 

Potassium carbonate dispersed over defective TiO2 support (K2CO3/TiO2) is an 
efficient catalyst for benzene esterification with CO2 and CH3OH. Density 
functional theory calculations reveal that this unique catalytic reactivity 
originates from the cooperation of the Ti3+/K+ surface sites. K2CO3 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 

CO2 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 CO2 from industrial emissions 
to the production of chemicals [1-3]. The carboxylation of aromatics by CO2 is one 
of the attractive routes for the valorization of CO2, 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], AlCl3 [4], and AlBr3 [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 CO2 electrophile. The role of the 
Lewis acid is to activate the CO2 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 CO2 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 (K2CO3 and Cs2CO3) finely 
dispersed over TiO2 support could promote the two-step cycle of benzene 
esterification with CO2 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 TiO2 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 
K2CO3 or Cs2CO3 powders as the only component was used. Thus, it was 
hypothesized that dispersing alkali carbonate over TiO2 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 CO2 many possible mechanisms have been proposed [8]. This 
inspired us to carry out a comprehensive mechanistic study of benzene 
carboxylation with CO2 and subsequent methylation by CH3OH over the K2CO3/TiO2 
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 TiO2 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, 
10-5 eV, and 0.05 eV/Å 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/TiO2 catalyst was built following the experimental evidence of the very fine 
dispersion of K2CO3 on the surface of TiO2 [9]. Figure 3.1 shows the catalyst model 
featuring the K2CO3 species deposited on the defective anatase TiO2 (101) surface. 
We hypothesized that the interface of coordination-unsaturated surface Ti site 
(Ti3+) together with the adjacent K2CO3 cluster form the reactive ensemble because 
neither the bulk crystalline K2CO3 nor the pristine TiO2 surface are active [9, 15]. 

 

Figure 3.1 Optimized structure of K2CO3 supported on defective anatase TiO2 (101) surface 
(K2CO3/TiO2). (a) and (b) are top view and side view, respectively 
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Figure 3.2 The comparison of computed reaction energy diagrams for C6H6 deprotonation and CO2*-
mediated C6H6 deprotonation on K2CO3/TiO2 and bare defective TiO2. (a) C6H6 deprotonation on 
K2CO3/TiO2. (b) CO2*-mediated C6H6 deprotonation on K2CO3/TiO2. (c) C6H6 deprotonation on bare 
defective TiO2. (d) CO2*-mediated C6H6 deprotonation on bare defective TiO2. 
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Electronic structure analysis of C6H6COO*: For the 1st step, which represents 
carboxylation of benzene with CO2 forming benzoic acid, the C6H6COO* is proposed 
as the first intermediate. The formation of the meta-stable C6H6COO* species on 
the surface of the catalyst is facilitated by the interaction of the CO2 moiety with 
the Ti3+ and K+ species ( with two Ti3+ in the case of bare TiO2). As shown in Figure 
3.4, the reaction is formally a nucleophilic aromatic substitution reaction, which is 
facilitated by the increased nucleophilicity of CO2 adsorbed to the defect Ti3+ sites. 
This mechanistic proposal is supported by the anionic nature of the C6H6COO* 
intermediate on K2CO3/TiO2 and bare TiO2 catalysts as follows from the charge 
density difference plots. 

 

Figure 3.4 Charge density difference plots of C6H6COO* adsorbed on (a) K2CO3/TiO2 and (b) bare 
defective TiO2. The green and yellow regions represent enriched and depleted electron density, 
respectively. The isosurface values are 0.005 e/Bohr3. 
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Figure 3.5 The spin density difference of (a) K2CO3/TiO2, (b) defective TiO2, (c) C6H6COO* on 
K2CO3/TiO2, (d) C6H6COO* on TiO2, (e) C6H5COO* on K2CO3/TiO2, and (f) C6H5COO* on TiO2. 
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 CO2. Figure 3.5a-b show that the unpaired electron 
is localized on Ti3+ site for both bare TiO2 and K2CO3/TiO2 catalysts. When C6H6COO* 
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 C6H5COO* 
intermediates leading to spin density relocalized to the surface (Figure 3.5e-f). 
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Electronic structure analysis of C6H5COOCH3* and H2O*: The electron density 
difference plots for C6H5COOCH3 and H2O adsorption on K2CO3/TiO2 and defective 
TiO2 are shown in Figure 3.7. Upon adsorption, it can be seen that electron transfer 
takes place between the adsorption sites (Ti3+ and K+) and the oxygen atoms of the 
adsorbates (C6H5COOCH3 and H2O). For the adsorption of C6H5COOCH3, it is obvious 
that the electron transfer between C6H5COOCH3 and TiO2 is much more significant 
than that between C6H5COOCH3 and K2CO3/TiO2, accounting for the stronger 
interaction and higher desorption barrier. For the adsorption of H2O on defective 
TiO2, the accumulation of electrons is observed at both Ti3+-OH2O bonds. In the case 
of H2O adsorbed on K2CO3/TiO2, the accumulation of electrons on the surface is 
only observed at Ti3+ site, while that on K+ is negligible. These results indicate the 
stronger interaction of C6H5COOCH3 and H2O on the defective TiO2, which is in 
agreement with the calculated desorption energy. 

 

Figure 3.7 Charge density difference of (a) C6H5COOCH3 adsorption on K2CO3/TiO2, (b) C6H5COOCH3 
adsorption on defective TiO2, (c) H2O adsorption on K2CO3/TiO2, and (d) H2O* adsorption on defective 
TiO2. Green region indicates electron accumulation whereas yellow region indicates electron 
depletion. Isosurface values are 0.005 e/Bohr3. 
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