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Abstract

The role of hydrogen in future net-zero energy emissions is beyond doubt, both in the
transport sector and stationary power generation. As the storage and transportation of
hydrogen still present a huge challenge, methanol as a hydrogen carrier and portable
hydrogen production have been proposed. However, the hydrogen produced by methanol
through the catalytic reaction is inevitably mixed with carbon monoxide as a by-product.
To ensure the purity of the hydrogen, the by-product carbon monoxide is usually
controlled by the water-gas shift reaction. Thus, the development of water-gas shift
catalysts at low temperatures is very important. Recently, the Pt atom doped molybdenum
carbide with a face-centred cubic structure (Mi/fcc MoC) has shown great catalytic
potential for the low-temperature water-gas shift reaction. However, the Pt-doped fcc
MoC catalyst exhibits different crystalline facets that show different physiochemical
properties. More importantly, the surfaces can evolve to different surface phase structures
under the H2/H>O atmosphere due to the thermodynamic stability. Therefore, the reaction
mechanism of water-gas shift at different crystal faces and the phase structures of Pti/fcc

MoC remains controversial.

This work has therefore focused on systematic mechanistic studies on low-temperature
water-gas shift reaction of Pt doped fcc MoC catalysts, considering the evolution of
surface phase structure and different facets, based on first-principles methods including
density functional theory and ab initio thermodynamics while different reaction pathways

were evaluated through turnover frequencies (TOFs) calculated by the energetic span



model (ESM) which is more appropriate for the catalytic cycles. The species, including
OH*, O*, and H*, were all readily formed on the (001) surface according to the reaction
rate constants, but the comprehensive investigation showed that the H,O*, OH*, and O*
species tended to cover the (001) surface instead of H*, justifying the importance of the
evolved surface in the water-gas shift reaction. Disregarding the evolution of the surface
phase structure, the WGS reaction on the Pti/(111)-Mo surface occurred mainly through
the redox mechanism, whereas on the Pt;/(001) surface, it occurred mainly through the
associative mechanism. However, considering the evolution of the surface phase structure,
the predicted results for the WGS reaction were quite different. The Mo—O monolayer
phase enabled redox and H»O-assisted associative mechanisms to predominate on the
Pt1/(111)-Mo surface, whereas the associative mechanism still predominated on the

Pt1/(001) surface.

From a macro perspective, the original (111)-Mo surface cannot compete with the original
or the evolved (001) surfaces in the WGS reaction. However, with the original (111)-Mo
surface evolved to the thermodynamically more stable Mo—O monolayer phase, catalytic
efficiencies of the redox route and the H>O-assisted associative route could increase
sharply to a level comparable with those of (001) surfaces. Thus, the (111)-Mo and (001)
surfaces exhibit similar catalytic efficiencies for the WGS reaction, although through

different surface phase structures and pathways.
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Chapter 1 Introduction

1.1 Background

Energy demand has dramatically increased as a result of the continued economic and
urbanisation growth [1] and mainly met by fossil fuels, leading to huge environmental
problems, especially global warming, that the world is facing today [2, 3]. In energy
transition period, versatile sources and widespread applications make hydrogen a desired,
sustainable, and promising energy, also known as the hydrogen economy [4-8]. It can be
produced not only from fossil fuels, but also from nuclear energy, biomass, wind and solar
energy [9-12]. Nowadays, hydrogen has already been used in the chemical processes at
around 80 Mt per year as shown in Figure 1.1, while it can also supply electricity or power

via fuel cells, combustion engines etc. with zero or near-zero emissions [13-19].

Natural gas | 196 Mt 38 Mt

Refining

31 Mt | Ammonia

Coal [HERS
Hydrogen pool <0.01 Mt. Transport
Oil 53 A Other
Electricity 12 Mt
fother "~ 2M Losses | Methanol

4 Mt Direct Iron

" Reduction
By-product 48 Mt H, of which <0.3 Mt
YP) H, produced with
hydrogen renewables 26 Mt | Other e.g. heat

Figure 1.1 Sankey diagram of the hydrogen in 2018 (adopted from [20]).

Hydrogen fuel cell technologies can generate electricity with better efficiency and lower

noise than combustion-based technologies [21] in the transport sector [22, 23] or in



stationary power generation applications [24] through an electrochemical mechanism
without the restriction from the Carnot cycle. Especially the proton exchange membrane
fuel cell (PEMFC) has a solid and flexible electrolyte that is hard to leak or crack and low
operating temperature of only ~80°C. As tested by Argonne Lab [22], the performance of
commercial PEMFC supplied by Toyota has an average efficiency of 40—-50% and a peak
efficiency of around 66% [22]. Another frequently mentioned advantage of hydrogen is
high gravimetric energy density (GED), typically around 120.2 MJ/kg (lower heating
value), which is 2.7 times that of gasoline, while the GED of batteries is only around 250
Wh/kg (i.e. 0.9 MJ/kg) [25]. However, the volumetric energy density (VED) is a more
important indicator as the limited fuel storage capacity, while hydrogen has a VED of
only 10.81 MJ/m? at ambient temperature and pressure, compared to 32317 MJ/m> for
gasoline [26]. Therefore, the storage and transport method for hydrogen must be carefully
chosen as greater market acceptance could only be attained by the achieving the same
level of convenience as petrol and diesel [27]. Currently, many efficient and reliable
hydrogen storage and transport technologies has been developed or are under research
[28]. Besides the physical-based methods, which require special physical conditions for
storage [29-31], chemical hydrogen carriers [15] store hydrogen in chemical compounds
that contain hydrogen at near ambient conditions, including methanol, ammonia, efc [32,
33]. Of these, methanol is seen as a potential solution to both the carbon capture/recycling
and hydrogen energy supply problems [34-37]. Firstly, methanol can be synthesised from

various sources, such as methane, coke oven gas, coal, biomass, and captured CO., efc



[36, 38-40]. Secondly, it is a colourless, odourless, water-soluble liquid with a boiling
point of 64.6 °C, a freezing point of —=97.8 °C and a density of 0.80 g/cm?, by which it
means that although it could be lethal if ingested, but these physical properties ensure that
it does not evaporate at ambient conditions. There are already 12 Mt of hydrogen in use
worldwide for methanol production, signifying the mature supply chain and distribution
network [41]. This eliminates the extra costs for additional transport and equipment,

significantly reducing the cost of supplying hydrogen [35, 42].

Table 1.1 Comparison of hydrogen storage methods and release conditions.

Storage method ~ Condition ~Hydrogen density (kg H»/m?®) H, release conditions

H> Gas Ambient 0.3 Direct release
35 MPa 28 Pressure release
CGH»
70 MPa 40 Pressure release
LH> 20.28 K 71 Evaporation
Methanol Ambient 99 Catalytic T >200 °C

As can be seen from Table 1.1, methanol has high hydrogen density compared to physical
storage methods at same volume. The key step is how to release the hydrogen from the
methanol through catalytic reactions, and this generally could be achieved either by direct
decomposition or by steam reforming [15]. Direct methanol decomposition produces the

syngas consisting of CO and H> endothermically as CH;OH—CO + 2H,. Methanol

steam reforming (MSR) uses a mixture of methanol and water as feedstock, usually with



a theoretical 1:1 molar ratio of methanol to water, producing carbon dioxide and hydrogen
as CH;0OH + H,0—CO, + 3H, . However, there is an inevitable by-production of CO
in the MSR reaction. Thus, the mechanism of steam reforming is also sometimes
explained as a multi-step reaction in which a decomposition reaction takes place followed
by a water-gas shift reaction. So additional processes need to be implemented to reduce
the CO concentration to obtain high purity hydrogen [43]. Thus, the water-gas shift (WGS)
reaction is particularly important in the methanol-to-hydrogen process to control the CO

content in the products [44], represented by equation (1-1).

Water-gas shift: CO +H,0=—=CO, +H, AH =-41.2kJ/mol (1-1)

The WGS is a reversible and exothermic reaction, while lowering the reaction
temperature is thermodynamically favourable, but the kinetic limitation would slow down
the reaction [45]. The development of catalysts that retain the activity but operate at lower
temperature (< 200°C) is necessary, which could mitigate this conflict [46]. In recent
studies, metal-doped fcc molybdenum carbide (MoC) catalysts have shown excellent
low-temperature performance [47, 48]. However, fcc MoC has different crystal facets
showing different reaction properties and that surface evolution in a steam reforming
atmosphere that containing water and hydrogen, leads to differences in reaction
performance, necessitating an insight into the evolution of surface species and their

influence on the water-gas shift reaction routes.



1.2 Aims and objectives

This research aims to give an insight into the reaction route of the Pti/fcc MoC catalysts
on low temperature water-gas shift reaction under HoO/H; atmosphere by a series of first-
principles methods, providing guidance for understanding the catalytic performance

resulting from differences in surface structures.

The specific objectives of this thesis are:

(1) To understand the evolution of surface phase structure of (001) surface of fcc MoC

considering the formation and configuration of various species under H2O/H> atmosphere.

(2) To study the catalytic efficiency of the water-gas shift reaction on the original (111)-
Mo and original (001) surfaces considering various reaction routes, using the density

functional theory and the energy span model.

(3) To further investigate the catalytic efficiency of WGS on the evolved surfaces and

discuss the influence of the surface phase on it.

1.3 The layout of the Thesis

This thesis comprises seven chapters:

Chapter 2 summarises the research progress and outlines the main challenges and

controversies relevant to this thesis.

Chapter 3 then introduces the theories and methodologies used in this thesis including



density functional theory, ab initio molecular dynamics, ab initio thermodynamics, and

energetic span model as well as the computational details used in this thesis.

Chapter 4 presents the results and discussion of the surface phase structure evolution on

the (001) surface of fcc MoC.

Chapter 5 gives the results and discussion of the water-gas shift reaction on the original
surface of the Pti/fcc MoC under H2/H20O atmosphere considering the crystal facets and

different reaction routes.

Chapter 6 provides the results and discussion of the water-gas shift routes on the evolved
surface of the Pti/fcc MoC under Ho/H>O atmosphere considering the crystal facets,

different reaction routes, and the surface phase structure evolution.

Chapter 7 summarises the main conclusions and provides recommendations for the future

work.



Chapter 2 Literature Review

2.1 Mechanism of water-gas shift reaction

The water-gas shift reaction was first discovered in 1780 by the Italian scientist Felice
Fontana while quenching red-hot coal with water in a glass bell jar, and the composition
of water gas was subsequently determined by Lavoisier [49, 50]. The produced water-gas
is a mixture of hydrogen and carbon monoxide, which is currently known as syngas in
the chemical industries. The overall chemical equation of WGS reaction is depicted as
equation (1-1). In industrial scale WGS, the WGS reaction is achieved by means of two-
stage units with different temperatures, where the high-temperature shift (HTS) operates
from 320 to 450°C and the low-temperature shift (LTS) from 150 to 250°C. But what we
are currently talking about is the control of CO content in a portable methanol-to-
hydrogen device. The steam reforming of methanol occurs at temperatures in the range
0f 200 to 300°C. For overall system efficiency considerations, the operating temperature
of the low-temperature water-gas shift reaction can be better coupled with the outlet

temperature of the steam reforming [48, 51, 52].

However, until now, there is still no clear answer to the mechanism of the water-gas shift
reaction [45, 53]. Especially for the LTS, the reaction mechanism is more complicated
while the different types of catalysts give rise to different microscopic mechanisms [53].
Two primary mechanisms have been proposed and are widely accepted in low-
temperature water-gas shift reactions, namely the redox (or regenerative) mechanism and

the associative mechanism [45]. These two mechanisms are described next.



The reactants of water gas shift reaction are CO and H>O, so the earliest steps are

adsorption of the reactants as follows:

CO + * — CO* (2-1a)
H,O0* + * — H* + OH* (2-1¢)

Here and later in the text, the asterisk (*) indicates a vacant surface site on the catalytic

surface while the species with the asterisk (X* ) means an adsorbed species.

In the redox (or regenerative) mechanism, the catalyst undergoes oxidation and reduction
cycles during the reaction [54]. The adsorbed H>O (2-1b) or adsorbed OH* (2-1c) can
dissociate into O* species. Then, the adsorbed CO* can be oxidised by the surface

adsorbed O* to form surface adsorbed CO>*. This mechanism involves following steps:

OH* + * — O* + H* (2-22)
OH* + OH* —» H,0* + O* (2-2b)
CO* + 0* — CO% 4 * (2-2¢)

Finally, the adsorbed CO.* and H* species would form the products CO; and Ha.

CO% —CO, + * (2-3a)

H* + H* — H, + 2* (2-3b)

The original description of the redox mechanism came from Armstrong and Hilditch in

1920, based on the oxidation and reduction of iron [55]. It was not until 1949 that Kulkova



and Temkin provided a clearer expression taking into account kinetic data [56]. At low
water contents in the feed, the dissociation of water (2-1b) is the rate limiting step. In

contrast, at high the water contents, the CO oxidation (2-2c¢) is the rate limiting step.

In the associative mechanism, the CO interacts with surface OH* generated by
dissociative adsorption of water, leading to the formation of the intermediate, such as
carboxyl (COOH*) or formate (HCOO**). Taking the carboxyl as an example, this

mechanism involves following steps after (2-1a) to (2-1c) and before (2-3a) and (2-3b):

CO* + OH* — COOH* + * (2-4a)

COOH* + * — CO35 + H* (2-4b)

If there is the formate intermediate in the associative mechanism, the similar chemical
equation can be obtained by replacing COOH* in equation (2-4a) and (2-4b) with
HCOO**. In 1920, Armstrong and Hilditch firstly proposed the associative mechanism
based on the copper catalyst [55]. They summarised that formic acid tends to decompose
into CO; and Ha, and thus formate was considered to be the intermediate. Many studies
prior to 2007 presented formate as the intermediate and some researchers also pointed out
the unimportance of the carboxyl intermediate in the low temperature water-gas shift
reaction [57, 58]. In 2008, Grabow et al. [59] and Gokhale ef al. [60] investigated the
mechanism of the low temperature water gas shift reaction on platinum and copper
respectively through density functional theory (DFT) calculations. They proposed that the

carboxyl species is the important intermediate during the WGS reaction, while also



concluded that the formate acts as a spectator species [61]. Fu et al. [62] also prudently
excluded the formate as the intermediate by experiment. Nelson et al. [63] addressed this
controversy combining comprehensive experimental and computational studies and
determined that the carboxyl is the primary intermediate during the (r)WGS. Later, they
confirmed that on the oxide-supported atomically dispersed transition metal catalysts, the
formate intermediate can be eliminated [64, 65]. Metal carbide supported noble metal
catalysts have recently been reported as highly active for the WGS reaction at low
temperatures [47, 48, 66-70]. It was reported that COOH species is the intermediate in
the low-temperature WGS reaction over the MoC [48, 71]. Therefore, in the catalytic
system based on molybdenum carbide for WGS, only the reaction pathway related to the

COOH intermediate could be considered.

2.2 Molybdenum carbide based catalysts

In recent years, molybdenum carbides have been receiving significant attention in the
field of hydrogen production [67, 72-77] due to its unique chemical and surface properties,
which can be used for methanol steam reforming [78, 79], methanol decomposition [80]
and water-gas shift reaction (WGS) [81]. Lin et al. [48] reported that the Pti/a-MoC
catalysts exhibited high catalytic activity, a result that is more than 5 times higher than
the commercial Cu/ZnO/AlO3 and Cu-Al spinel catalysts [82-84] and even 18 times
higher than the Pt/NiAl,O4 catalyst [85]. These fully demonstrated the great potential of

MoC-based catalysts in these types of reactions.
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In molybdenum carbide, carbon atoms occupy interstitial sites in the molybdenum metal,
resulting in longer metal-metal bonds and the presence of three types of bonding: metallic,
covalent and ionic [86]. As aresult, it is able to exhibit catalytic properties similar to those
of platinum group metals (Pt, Pd, Ru, efc.) [87, 88]. Various types of molybdenum
carbides (6-MoC, a-MoC, B-Mo,C, y-MoC and n-MoC are synthesised and explored [89-
92]. However, there are differences in the naming conventions used by research groups
or research areas, which may be confusing when reviewing relevant references. To avoid
any confusion, molybdenum carbides can be classified based on crystal structures,
namely into lattices with face-centred cubic (fcc), hexagonal closed packed (hcp), and
simple hexagonal (hex) structures [93]. The 6-MoC or a-MoC has a face-centred cubic
structure (i.e. NaCl type) with hexoctahedral crystal structures [94, 95]. Generally
speaking, the term of a-MoC is commonly found in experimental studies and the term of
0-MoC is commonly found in computational studies [96]. The B-Mo2C has a hexagonal
closed packed structure and the y-MoC has a simple hexagonal structure (i.e. WC type).
In this thesis, the term fcc MoC is used, but when citing reported references, the notation

retains the original form of the references to make it easier to trace the source.

Among different types of MoCs, the fcc MoC surfaces loaded with certain dispersed
metals show exceptional catalytic properties in low temperature hydrogen production
reactions. The extremely strong metal support interaction (SMSI) effect, together with
excellent O—H activation ability [75] and H>O dissociation capabilities [97], allows the

fcc MoC to outperform other MoCs, especially in the low temperature water gas shift or
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steam reforming for hydrogen production reactions. The experimental results by Dong
and Bao et al. [97] clearly demonstrated the SMSI effect between highly dispersed Au
over-layers and the fcc MoC, where the strong charge transfer through the Au-carbide
interfaces endows the Au/MoCx with excellent low-temperature WGS reactivity. As a
milestone, Lin and Ma et al. [48] reported that the Pti/a-MoC presented extraordinary
reactivity of methanol aqueous phase reforming in the low temperature. The authors
found that generation and molar proportional increase of B-Mo2C phase in the fcc MoC
would seriously suppress the reactivity of Pti/a-MoC. Using the cheap and abundant Ni
instead of the noble Pt, another work by Lin and Ma et al. [68] indicated that the Ni;/fcc
MoC performed better than Pt/Al2O3 and Cu/ZnO/ALO; catalysts. However, the reaction
temperature required by Nii/fcc MoC was higher than that of Pt;/fcc MoC (513 vs. 463
K), meanwhile the atomic turnover frequency of Nii/fcc MoC is much lower (1805 vs.
4134 h™'). As other breakthroughs in low-temperature hydrogen production, Au/fcc MoC
[66] and (Pti-Pt,)/fcc MoC [47] prepared by Ma et al. exhibited excellent WGS reactivity
at ultra-low temperatures (< 423K) surpassing those of Pt/p-Mo>C, Au/pB-Mo,C and noble
metals catalysts supported on oxides. The experiments by Rodriguez and Illas et al. [98]
also confirmed the superiority of the Au/fcc MoC catalyst over the Au/B-MoC catalyst
in the WGS reaction. Besides, Wang and Sun et al. [70] demonstrated that Iri/a-MoC (fcc
MoC) has high activity in the water-gas shift reaction at 423 K, and the reaction rate was
one to two order magnitudes higher than those on Ir1/FeOx and Iri/Al2Os. These studies

have illustrated the excellent catalytic performance of fcc MoC for the low-temperature
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water-gas shift reaction, especially with the loading of highly dispersed Pt particles. The
excellent activity of fcc MoC towards water would also complicate the active species on

the catalytic surface during the reaction, leading to different mechanistic interpretations.

2.3 Surface phase structure of fcc MoC

As metal-doped fcc MoC catalysts have shown unprecedented reactivity in the low-
temperature WGS reaction, thus it is of great significance to explore and clarify the origin
of its high performance. Besides, the WGS reaction is also considered as part of reaction
route in the steam or aqueous phase reforming of methanol, where the dehydrogenation
of methanol first forms CO and Ha, then the CO reacts with H>O resulting in CO2 and
further H» release (WGS) [99-101]. In these reactions, fcc MoC plays an important role
in the activation of water to surface OH* or further surface O* [48], giving the oxidation
capability to the surface phase of fcc MoC which is then reduced by CO or other reactants
in the reduced state. For water-gas shift reactions, water activation would affect the entire
reaction. The activity of the catalyst surface is maintained by the constant oxidation-
reduction cycle of oxygen-containing species on the fcc MoC surface. However, once this
surface cycle is broken, the surface accumulates excess O* species. Consequently, the
SMSI effect and the ability to dissociate water are affected, indicating catalyst
deactivation [47, 66, 97]. The interaction between the O* species and the fcc MoC surface
should be neither too strong nor too weak, which is what is known as the Sabatier
principle [102-105]. Analysing the species on the catalyst surface is particularly important

for developing catalysts and elucidating the reaction mechanism, as different surface
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structures produce different catalytic behaviour due to different physicochemical
properties. For example, Mo- and C-terminated surfaces of Mo,C (001) displayed
significantly distinct catalytic performances with respect to the accumulation of surface

O* species [106].

The results of characterisation techniques including the high-resolution transmission
electron microscopy (HRTEM) showed that the prepared fcc MoC mainly exposed two
crystalline planes, (111) and (001) facets [91]. There is still some controversy about the
catalytic role played by these two facets. Ma and co-workers, through a series of
experimental and computational works, claimed the importance of the Mo-terminated fcc
MoC (111) surface for the water gas shift reaction [66] and the methanol aqueous phase
reforming reaction [48, 68]. In comparison, Sun and Lin et al. [70] claimed that the fcc
MoC (001) surface is predominantly exposed in the water-gas shift reaction, which was
also supported by the computational results of DFT carried out by Politi and Illas et al.,
showing high stability of the fcc MoC (001) surface [107]. Later, Posada-Pérez and Illas
et al. [98] demonstrated the highly active low-temperature reactivity of the Au/fcc MoC

(001) surface by combining the experiments with DFT calculations.

As can be seen from the above summary, the controversy over the two facets (111) and
(001) arises mainly from the physicochemical properties of the different crystalline planes.
Different facets have different reactivity, which leads to variation in the composition of
the surface phases during chemical reactions. Furthermore, the structure of the surface

phase species becomes more complex due to the thermodynamic and kinetic differences
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of the various species (H,O*, OH*, O* and H*) on different facets of fcc MoC under the
reaction atmosphere. Recently, Chu and Liu et al. used a series of first-principles methods
including DFT calculations, ab initio thermodynamics, and ab initio molecular dynamics,
to study the evolution of the surface phase structure of the Mo-terminated fcc MoC (111)
surface under a steam reforming atmosphere (H>O/H> mixture) [108]. They found that the
surface OH* phase was easier to form than the surface O* phase at the early stage of the
reaction, resulting in the highly active reactivity of the Mo-terminated fcc MoC (111)
surface. However, the catalytic surface was predicted to deactivate quickly after several
cycles of the reaction because the surface O* has a higher thermodynamic stability,
leading to the accumulation of the inert O* phase [108]. The evolution of surface phase
structure over time is closely influence the behaviours of MoC type catalysts. Cai ef al.
[79] found that in the steam reforming on Zn-Pt/MoC catalysts, the methanol conversion
and the H» production rate gradually decreased with the increase in the running time of
the experiments, especially at high steam concentration. They concluded that this was due
to the high steam concentration which accelerated the oxidation of the (001) surface in

the catalyst.

Therefore, revealing and understanding the structure and evolution of the surface phase
on different facets ((111) vs (001)) of fcc MoC under steam reforming atmosphere
(H20/H>) is essential before studying the mechanism and reaction pathway of the water
gas shift reaction. There is already a framework for research on the Mo-(111) surface of

fcc MoC, and there is still work to be done on the (001) surface of MoC.
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2.4 Low temperature water gas shift reaction via fcc MoC

As mentioned above, the WGS reaction using various supported metal catalysts usually
proceeds via two routes, namely, the redox route and the associative route [71]. In the
redox mechanism, the carbon monoxide is directly oxidised by surface O* atom generated
by the successive dehydrogenation of H>O on the substrate [109, 110]. In the associative
mechanism, the CO first combines with one OH group of H2O to form a surface carboxyl
HO-CO* intermediate, and then further dehydrogenation leads to CO> [59, 60, 111]. This
means that on the catalyst surface, the adsorption and reaction of reactants at the active
sites will take place in a different order. The different routes arise mainly from the

adsorption energy, thermodynamics and kinetic states of the species on the surface.

Due to the existence of (111) and (001) facets of fcc MoC, there is controversy not only
about which surface plays the dominant role in the WGS reaction but also about which
kind of mechanism is preferred by different surfaces. By DFT calculations, Posada-Pérez,
Rodriguez and Illas et al. [98] explored the WGS reaction routes on a (001) surface model
of fcc MoC with or without a supported Aus cluster. Based on the energy barriers of
certain elementary reaction steps, they argued that the Aus/fcc MoC (001) surface
preferred the redox route to the associative route, while it was just the opposite on the un-
doped fcc MoC (001) surface. The recent research conducted by Prats and Illas et al. [112]
exhibited the WGS reaction mechanisms on the Aus/fcc MoC (001) surface using the
kinetic Monte Carlo method, which could take the effects of reaction kinetics into account.

Contrary to the conclusions based only on the energy barriers of elementary reaction steps,
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their results showed that the associative route was the predominant mechanism on the
Aus/fecc MoC (001) surface responsible for 99.8% CO2 molecule formation. More recently,
Li, Lin and Wang et al. performed DFT calculations on the WGS reaction catalysed by a
series of single-atom catalysts where Rhi, Pdi, Pt; and Au; are supported on fcc MoC
(001) surface [113]. With the associative mechanism considered only in their study, they
found that the Rhi, Pdi, and Pt; sites served as single-atom promoters to enhance the
reactivity of the (001) surface of fcc MoC rather than participating directly in the reaction,
while the Aui not only acted as a promoter but could also directly participate in the
reaction as a site for CO adsorption. In contrast, other research groups claimed that the
(111)-Mo terminated surfaces of fcc MoC were the predominant surfaces in catalysing
the relevant reactions. Ma and co-workers proposed a double-hydroxyl associative
mechanism for the WGS reaction on a Aujs/fcc MoC (111) surface model by DFT
calculations, where the formation of HO—CO* intermediate from CO reacting with the
first OH* and its subsequent dehydrogenation to CO; assisted by the other OH*
proceeded in one elementary reaction step [66]. Similarly, the double-hydroxyl
associative mechanism was also considered in the WGS reaction constituting the route

for methanol reforming with a Pti/fcc MoC (111) surface model [48].

Besides the studies on the effects of different crystal facets of fcc MoC on the WGS
reaction, the surface phase structural reconstructions, particularly with chemical changes
arising from interactions between the 'fresh' surface and the reactants or products, are

more closely related to the intrinsic reactivity of heterogeneous catalysts [114-117].
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Recently, Chu et al. systematically investigated the surface phase structural evolutions of
the MoC (111)-Mo surface under the HoO/H> environment using combined ab initio-
based methods [108]. It was found that due to the fast O—H cleavage kinetics of H>O, the
(111)-Mo surface is readily covered by a layer of OH groups, and with the passage of
time, it is prone to be covered by a layer of O* atoms instead of OH* due to the
thermodynamic stability of the Mo—O layer. As a contrast, the case of the MoC (001)
surface is discussed in this thesis. More recently, employing the oxidised surface model
constructed by covering a layer of O* atoms on the ‘fresh’ surface, Tian, Tong and Xu et
al. [118] proposed a water-assisted associative mechanism of WGS on the Au/fcc
MoC,(111)O,(OH)., where the CO adsorbed on Au directly abstracted OH from the
physically adsorbed H>O molecule to form the HO—CO* intermediate, meanwhile the
leftover H of H>O bonded with the O* atom of the oxidised substrate. They argued that
by avoiding the difficulty of OH* or O* detachment from the substrate during HO—-CO*
formation, the CO conversion rate on the Mo—O layer phase could be significantly
accelerated. For the recently reported Pt/y-Mo2N of excellent reactivity and stability in
WGS reaction, Jia and co-workers [119] proved that the actual active phase of y-Mo2N
was the highly distorted MoOy surface layers constrained by the y-MozN lattice, the O
vacancies of which could dissociate H>O to OH* and be regenerated by the reaction of

CO with OH*.

2.5 Summary of the literature review

Based on the literature review and previous studies, we conclude that the catalytic
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performance of metal doped fcc MoC is affected by the exposed crystal surfaces and
closely related to the surface phase structure under the working environment. More
specifically, the factors include different crystal facets ((111) vs. (001)), different surface
phase structures (original or 'fresh' surface vs. MoC(H20)(OH),(O). surface), and
different reaction routes (redox route, associative route or water-assisted associative route)

in the water-gas shift reaction.

As far as we know, previous DFT studies on the above factors are relatively scattered and
far from comprehensive and lacked effective evaluation methods for the kinetics of
different reaction routes. One desired concept for the kinetic evaluation is the turnover
frequency (TOF) [120] of catalytic cycles on a specific active site, which can be obtained
from the DFT-computed potential energy profile using the energetic span model [121].
This model makes use of the fact that the highest transition state or a single elementary
reaction step only could not always determine the efficiency of a catalytic cycle [122,
123]. Instead, the energy span model identifies two states possessing the largest degree
of control on the TOF, known as TOF-determining transition state and TOF-determining

intermediate. The theories and methods are presented in detail in the next chapter.

In conclusion, as the excellent performance of Pt-doped fcc MoC as a catalyst in the low-
temperature water-gas shift reaction for hydrogen production has been recently reported,
the existence of different facets in fcc MoC, i.e. the (001) and (111) surfaces, requires
further investigation into the reaction mechanism, especially considering the influence of

surface phase evolution, under the real reaction environment. The evolution of the phase
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structure on the MoC (111)-Mo surface has been reported, so a similar idea can be used
to study the MoC (001) surface. Based on this, the water-gas shift reaction of Pti/fcc MoC
can be systematically studied by combined ab initio methods. For comprehensive and
systematic studies of Pt doped fcc MoC catalysts on low-temperature water-gas shift
reaction under steam reforming atmosphere, it is necessary to examine the possible
reaction routes of the water-gas shift reaction on the Pti/fcc MoC (111) and (001) surfaces,
where the various surface phase structures existing under the typical HoO/Hz environment
were considered, after investigating the phase structure of the MoC (001) surface. Then,
the energetic span model was employed to evaluate and compare the TOF of different
catalytic cycles on the various surface phase structures of fcc MoC (111) and (001) facets.
Finally, a comprehensive discussion on the structure-performance relationship of the

Pti/fcc MoC model system was presented.
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Chapter 3 Theories and methodologies

Aiming to investigate the water dissociation on fcc MoC as well as the water-gas shift
reaction occurring on Pti/fcc MoC at lower temperatures under a hydrogen-rich
atmosphere, this thesis will provide detailed calculations of the system through first-

principles methods and confirm them with experimental results from the literature.

First-principles methods, also known as ab initio methods ("ab initio" is Latin for "from
the beginning"), are a class of computational and quantum chemistry techniques based on
quantum mechanics that do not rely on any empirical data or parameters, but instead, they
derive properties and behaviours directly from the fundamental laws of physics [124],
providing a powerful and nuanced approach to understanding chemical phenomena at the
molecular and atomic levels [125]. By employing quantum chemistry, researchers can
delve into the intricate details of the reaction mechanism on heterogeneous catalyst
surfaces, identifying reaction pathways, transition states and energy barriers, unveiling a
comprehensive view of how reactants interact with the catalyst, how bonds are formed
and broken, and how reaction kinetics are governed, while also facilitating catalyst
optimisation by predicting how structural or electronic changes affect catalytic activity
and selectivity [126]. In the context of the WGS reaction, these methods not only enhance
the fundamental understanding of the reaction, but also guide the development of more
efficient and sustainable catalytic processes [60]. Its ability to bridge theoretical
calculations with tangible applications underscores the indispensable role of first-

principles methods in modern chemical research and technology.
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This chapter focuses on an introduction to the theories and methodologies used in this
thesis including density-functional theory (DFT), ab initio molecular dynamics (AIMD),
ab initio thermodynamics (AIT) and the energy-spanning model (ESM). DFT is used to
construct the potential energy surfaces of the reaction paths, AIMD is used to perform the
evolution of specific surface structures in the kinetic aspect, AIT calculates the stability
and builds the surface thermodynamic phase diagrams based on DFT results, and ESM is
used to perform the turnover frequency (TOF) by using the DFT results as well. The

specific setup, validation and testing of these methods will be described in the next chapter.

3.1 Fundament for quantum chemistry

3.1.1 Time independent Schrodinger equation

In the realm of classical physics, the deterministic behaviour of systems is well-described
by Newtonian mechanics. However, as we delve into the microscopic world of atoms and
subatomic particles, classical descriptions falter, unable to capture the inherent
probabilistic nature of quantum systems. Herein lies the significance of the Schrodinger
equation, introduced by Erwin Schrodinger and published in 1926 [127]. Schrodinger
equation serves as the cornerstone of quantum mechanics, providing a mathematical
framework to describe the evolution of quantum states over time. Unlike classical
equations of motion, which yield definitive trajectories, the Schrodinger equation yields
wave functions, encapsulating all possible outcomes and their associated probabilities
[128]. We can get the wave function for a single nonrelativistic particle by solving the

Schrédinger equation as follows:
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in %\P(m)z HY (1) (3-1)

Here, i is the imaginary unit (i =+/-1), % is the reduced Planck constant (% = h/2x,
while % is original Planck constant), W(r,z) is the wave function where r is the
position vector in three-dimensional space and ¢ is time. A is the Hamiltonian
operator corresponding to the total energy of a system in quantum mechanics. One word
more, such a symbol with a hat represents an operator, which is particularly important in
quantum mechanics, and an operator acts on a function or a value to produce another
function or value. But it should be noted that the notion H¥ means the Hamiltonian

operation is to be performed on ¥, instead of A times ¥.

Hamiltonian operator can be expressed as the sum of the kinetic and potential energies as

A 2 A A
H:—zh—v2 Y V() =T4V
mn potential energy (3 _2)

kinetic energy operator
operator

inwhich m is the mass of the particle, V> is the Laplacian operator that can be written
as V= a%xz + az/ayz + 62/622 in three dimensions using Cartesian coordinates.
Thus, the Schrodinger equation can be rewritten from (3-1) to following time-dependent

Schrodinger equation (TDSE) form as

e R I -
ZhE‘I’(I‘,Z)— _ﬁv +V(rt) |¥(r1) (3-3)

describing a system evolving with time. Once having determined wave function, the
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probability density function can be defined as Pr(r,7)=|¥(r,¢)|”. If the potential
energy is assumed that does not evolve with time, the V is uniquely a function of location
r as V(r). For stationary state, the wave function W(r,7) can be separated as the

product of W (r) and ¢(z) =e ", thus the probability density is

W (r)|?=¥* ()P (r)e™ e ™" =|¥(r)|’ (3-4)

which is time independent. In classical physics, this phenomenon is referred to as a
standing wave. Here, according to above stationary state assumption, we can obtain the

time independent Schrédinger equation (TISE) as

HY (r)= —%Vzﬂ-V(r) Y(r)=EW¥(r) (3-5)

where E is the total energy of the system. In this form, the wave function is an
eigenfunction of the Hamiltonian operator with corresponding eigenvalues £ . There are
some basic features of the wave function at stationary states: (1) time independent
physical properties, (2) time independent probability densities and expectation values, (3)
statistically certain value of total energy, and (4) the general solution of this separable

Schrédinger equation is a linear combination of the stationary states.

3.1.2 Many-body Schrodinger equation

For many-body system, it becomes much more complicated. Considering a system

containing M nuclei and N electrons while R,, and ry are the coordinates of

nuclei and electrons respectively. Then the Hamiltonian operator (3-2) can be expanded
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as a many-body form:

A~

H=T

_|_
h? h? &
:"72 ; T%ZV?JF

Nuclei kinetic energy Electron kinetic energy

T = kinetic energy terms

v (3-6)
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Nuclear — Nuclear Nuclear — electron Electron — electron
repulsion attraction repulsion

V = potential energy terms

where M, is the mass of nuclei, m, is the electron mass.

One can imagine the interaction of nuclei and electrons in the system, the motions of the
elections and nuclei are coupled. The mass of a nucleus is much greater than the mass of
an electron (more than 1000 times), and consequently nuclei move much more slowly
than do the electrons. Thus, for electrons, the nuclei are fixed, and further, the coordinates
of the nuclei in the system can be approximated as fixed. The lowest energy state of
electrons, i.e. ground state, can be found for a given set of electrons moving in the field
of a set of nuclei. This is called the Born-Oppenheimer approximation, which was
proposed by Max Born and J. Robert Oppenheimer [129]. The contribution of nuclei to
the kinetic energy can be neglected and we can treat the ion-ion interaction classically.

The Schrédinger equation can be separated into one electronic equation and one nuclear

equation [130]. Once the position of nuclei is specified (R ), the ground energy state of
these can be determined as E(R). This function gives the adiabatic potential energy

surface of atoms. The lowest energy can specify the lowest energy configuration of the
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atom, and the highest energy point along the minimum energy path is a saddle point,
which is sometimes identified as the transition state. The terms related to the nuclear
position can be regarded as parameters, the term for nuclei kinetic energy can be deleted,
and the Schrédinger equation is

HY =T +V+U|¥=EY

PR N N (3-7)
== D Vit D V) + ) > U(nr)|¥
¢ i=1 i

i=1 j<i

Despite above simplifications, obtaining an exact solution of the Schrodinger equation
for electrons is still an impossible task. To find accurate approximations, several
techniques have been developed. Wavefunction-based methods and density-based
methods are the two main categories of methods. Wavefunction-based methods, such as
the Hatree-Fock method, are useful and accurate enough for small molecules, but for the
larger system, such as heterogeneous catalysts, they have a high computational cost.
Solving the many-body Schrodinger equation required significant computational
resources, limiting the size and complexity of systems that could be studied. Different
methods were often tailored to specific types of systems or properties, lacking a universal
approach that could be broadly applied. With respect to the computational cost and

accuracy, density functional theory gives a well compromising solution.
3.2 Density functional theory

3.2.1 Hohenberg-Kohn theorems

Shortly after the introduction of the Schrédinger equation, the Thomas-Fermi (TF) model,
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named after Llewellyn Thomas [131] and Enrico Fermi [132], was developed for the
electronic structure of many-body systems. Unlike wave function theory, the Thomas-
Fermi model is formulated in terms of the electronic density alone by simplifying the
many-body problem to a homogeneous electron gas, making it a precursor to modern
density functional theory, suggesting that within an atom, electrons are distributed

uniformly in small volume elements, though the overall electron density can vary.

The probability density n(r) thatany ofthe N electrons is at the position r is called

the particle density and is therefore given by

n(r)=N/‘P* 72y, rn) P (170, . ry) A3rdirs . diry (3-8)

Obviously, the integration of the above is the number of particles:
/n(r)d3r =N (3-9)

In the Thomas-Fermi model, the total energy can be expressed by:

Erp[n(r)]=CF/n5/3(r)dr—Z/ n(r)d + //n(r)n(r drdr’ (3-10)

lr —

where C isafactor equal to 2.871, Z isthe charge of nucleus, and the terms represent
the kinetic energy of electrons, electrons-nuclei interaction, and electron-electron
interaction, respectively. Although such a model lacks in electron exchange and
correlation energies, and subsequent complementary models still suffer from large errors,

the importance of this model lies in that the electron density is used as a variable, which
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established the foundation for the emergence of DFT.

In 1964, Hohenberg and Kohn put forward and proven two simple and ingenious
Hohenberg-Kohn (HK) theorems which are seen as the theoretical foundation and a

milestone of density functional theory [133].

The first Hohenberg-Kohn theorem is the proof of existence that indicates the ground
state properties of a system are uniquely determined by its electron density. In other words,
the external potential ¥ (r) is uniquely determined by the ground state electron density
n(r). From basic quantum mechanics, the calculation pathway is V (r) ~ H =y, —n,
while according to the first HK theorem, it can be further concluded that n —V (r) — H

Wy, ¥1,...,¥y. The second Hohenberg-Kohn theorem emphases variational theorem

that the energy of the true electron density is always less than the energy of any other

density. Once we use the density define a universal functional for the energy E[n], the
exact ground state is the global minimum value of this functional. Thus, the total energy

can be expressed using electron density as

E[n(r)]=/n(r)der + Fux [n(r) ] (3-11)

where Ve (n(r;)) is an external potential indicating the Coulomb interaction between
electron and the i nucleus. The Fyx[n(r)] is the Hohenberg-Kohn functional and

usually formulated as

Fux [n(0)]=T[n(r)]+ Ee[n(r)] (3-12)
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where T.[n(r)] is the kinetic energy of electrons and E.[n(r)] is the electron-
electron interaction. In above expression, the external potential energy due to the nuclei-

electron attraction is system dependent, and the HK functional is universally valid.

However, Hohenberg-Kohn theorems do not give a way to calculate the ground state

energy using the electron density, since the expression for Fyk [1n(r)] is unknown, nor

do they tell us how to obtain the electron density in the absence of a wave function.
3.2.2 Kohn—Sham equations
In 1965, Walter Kohn, along with Lu Jeu Sham, formulated the Kohn-Sham equations,

mapping the real system of interacting electrons onto a system of non-interacting particles

with the same electron density [134].

For equation (3-12), the electron-electron interaction E..[n(r)] can be furthermore

separated into two parts:

0= 4 [ 0" 4 4 B0

:J[n(r)]+ E.aln(r)]

(3-13)

where J[n(r)] is the classical Coulomb part, which is already well known, and the
E..[n(r)] isthenon-classical contribution to the electron-electron interaction including

all the effects of self-interaction correction, exchange and Coulomb correlation.

The universal HK functional for a realistic system can be written as a separated form:
Fuk [n]=T[n] + J [n] + E\ [n] (3-14)
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where E,.[n] is the exchange-correlation energy, defined by comparing with equation

(3-12) and (3-14):

E[n]=(T.[n] = Ti[n]) + (Ee.[n] — J [n]) (3-15)

Then, the exchange-correlation potential V.. (r) can be formulated as

OE[n(r)]

(3-16)

Kohn and Sham assumed a non-interacting electron system where the electrons behave
as particles without Coulomb repulsion, and the electron density of a non-interacting
system and that of a realistic system are equal (7, (r) = n, () ). This leads to an expression

for the kinetic energy containing the single particle wave function ¢, :

¢i> (3-17)

The wave function ¢,(r) is the Kohn-sham orbital, and the electron density in this

system is n(r)= ZZN lp:(r)|*. Considering the single electron, the Hamiltonian here

can be written as the Kohn-Sham equation in the form:

h2
 2m

V(D)) + <r>]¢, () = 6,0, (1) (3-18)

Here, the V' is also appeared in Schrodinger equation (3-7), the V,; is the Hartree

n(r)

potential which is defined by Vy (r)=e? / P d ’r’ . Until now, the exchange-

correlation potentials are unknown and need to be estimated by an appropriate way. It was
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possible to solve this equation self-consistently because of Kohn-sham second theorem,
by using a variational approach and a suitable expression for the exchange term. The key
to solving the Kohn-Sham equation therefore lies in finding suitable exchange-correlation

functionals [135, 136].

3.2.3 Exchange-Correlation functional

The essence of the DFT calculation is to first transform the multi-electron problem into
multiple non-interacting single-electron problems without interaction, and then represent
all the resulting deviations with a single exchange-correlation functional, which is taken
out and analysed separately. The form of the exchange correlation functional E,. isvery
important in finding the theoretical solution. However, since the actual form of this item
is not known in practice, it is necessary to give its approximate form in each case. Perdew
et al. constructed a concept of Jacob’s ladder to describe the exchange-correlation

functional [137, 138], as shown in the figure below.
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Figure 3.1 The Jacob's ladder describing the hierarchy of the exchange-

correlation functionals. Remodified from references [137, 138].

The local density approximation (LDA) is the simplest approach to the functional, which

introduces the uniform electron gas as the local electron density:

V)ECDA [n] — Vf(l:ectron gas [n(r)] (3_19)

The exchange-correlation energy of a uniform electron gas can be accurately obtained
from quantum Monte Carlo or other methods. As the uniform electron gas approximation
suggests, LDA is more accurate for materials with slowly varying valence charge
densities, such as metals, but LDA tends to underestimate the exchange energy and

overestimate the correlation energy, indicating that LDA is not satisfying in chemistry.

Considering the realistic interactions between electrons and nuclei, we can imagine that

the electron density gradient would be the largest near nuclei and the electron density
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gradient would approach zero far from nuclei. Thus, the next useful approximation to the
functional is generalised gradient approximation (GGA) based on this idea, which
includes information on the variation of electron density [139]. So the exchange-

correlation functional can be expressed as

Vot nl=Vln(r),Vn(r)] (3-20)

As can be seen that more physical ingredients are included in the GGA functionals.
Perdew—Wang 91 (PWO91) functional [140] and the Perdew—Burke—Ernzerhof (PBE)
functional [141] are two widely used nonempirical GGA functionals. Other methods on
the higher rung of the Jacob’s ladder may be more accurate, but they tend to cost more
computational resources to calculate. The meta-GGA functionals are defined by including
the second derivative of electron density V?n(r) or including the kinetic energy density
7(r) [142]. The hybrid functionals combine the HF approximation and DFT methods
such as B3LYP, B3PWO1, etc [143, 144]. This thesis mainly includes the discussion about
transition mental carbide, and the comparison [107, 145] showed that the PBE functional

is sufficient for this system.

3.2.4 van der Waals (vdW) correction
The conventional DFT approach could not provide information about weak van der Waals
(vdW) interactions in either LDA or GGA since these methods have no term to account

for dispersion. However, for a chemical system, the weak interactions have negligible

contributions, especially for the layered materials or surface adsorption system. It is
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useful to add a correction term to conventional DFT methods for considering the
contribution from vdW, sometimes called DFT+D methods. The most popular vdW
correction schemes are DFT-TS [146] (designed by Tkatchenko and Scheftler), DFT-D2

[147], and DFT-D3 [148] (later two are all designed by Stefan Grimme).

In this thesis, a modified version of DFT-D3 using Becke-Johnson damping, namely DFT-
D3(BJ), is chosen to use a simple correction term representing the dispersion. The details

would not be discussed here.

3.2.5 Bloch theorem and plane-wave method

For heterogeneous catalysis, a system contains not only the reactants and products, but
also catalytic surfaces. Usually, we assume that the catalytic surface is homogeneous by
applying the periodic boundary condition. The Kohn-sham orbitals can be expanded as a
linear combination of basis functions. For periodic boundary conditions, a plane wave
approach is more suitable for the system. Employing Bloch theorem together with plane

waves for a periodic system [149], the wave function can be expressed as

0. (r)= ;Ce"("*(;)'r (3-21)

where G is the reciprocal lattice vector, and k is a vector in k-space to the first

Brillouin Zone. Each wave function in this case is characterised by a plane wave with a

wave vector k in the first Brillouin zone of the supercell. The sampling of k-points is

usually conducted by the method proposed by Monkhorst and Pack [150], which is used
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in present thesis. The more k-points selected, the more accurate the calculation is expected
to be, but also the more computationally intensive. Thus, to ensure convergence, it is

necessary to test the size of the k-point mesh.

Such a simplification solves the problem of the infinite plane; however, the number of
basis functions still limits the computation efficiency. To overcome this problem, the
electronic potential is described using a pseudopotential [151], assuming that the valence
electrons of each nucleus play key physical and chemical roles. In this thesis, the
pseudopotential is implemented by the projector-augmented wave (PAW) method
developed by Blochl [152]. To make the computations feasible, one cannot include an
infinite number of plane waves. Instead, a finite number is used, and this number is
determined by the cutoff energy. In practical calculations, the choice of the cutoff energy
is crucial. It is common practice to perform convergence tests, where calculations are
repeated with increasing cutoff energies until the desired property (e.g., total energy,

atomic forces) converges to a stable value within a specified tolerance.

3.2.6 Transition state theory

For catalytic reactions, it is crucial to analyse chemical kinetics, reaction rates, and energy
barriers. Transition State Theory (TST) is a cornerstone in the realm of chemical kinetics,
offering a theoretical framework to understand the rates of chemical reactions, proposed
independently by Henry Eyring [153], Meredith Gwynne Evans, and Michael Polanyi

[154] in the 1930s. The theory posits that molecules must pass through a high-energy
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configuration, known as the transition state, before a reaction can proceed. This
ephemeral state, which exists for an infinitesimally short duration, is neither a reactant
nor a product but a unique configuration representing the highest energy point along the
reaction coordinate. By employing statistical mechanics, TST quantifies this rate, yielding
the famous Eyring equation, which relates the rate constant of a reaction to temperature,

activation energy, and other molecular parameters [155].

Within the DFT framework, the transition state is located by seeking the saddle point on
the potential energy surface, corresponding to a maximum along the reaction coordinate
and minima in all other orthogonal directions. Various algorithms, such as the nudged
elastic band (NEB) and the climbing image NEB (CI-NEB) proposed by Henkelman et
al., have been developed to efficiently locate this saddle point, ensuring that the transition
state adheres to the geometric and electronic criteria. NEB constructs a series of "images"
or replicas of the system between the reactant and product states, and these images are
then optimised to trace out the minimum energy path connecting them. This results in a
detailed energy profile of the reaction, highlighting the transition state as the energy
maximum [156]. To enhance the efficiency and accuracy of the NEB, the CI-NEB was
introduced, while once the highest energy image (closest to the transition state) is
identified during the NEB iterations, it is allowed to "climb" up the energy surface
towards the exact transition state, ensuring a more precise characterisation of the saddle
point. Once the transition state accurately determined, TST is then employed to compute

the reaction rate.
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The elementary reaction rate constant k , including temperature dependence, was

calculated using harmonic transition state theory (hTST) [157].

kT qrs,vib < E, )
k= ——"">"¢ - -
h  qs.viv P ksT (3-22)

where k, stands for Boltzmann constant (1.381x1072 J/K), & denotes Plank constant,
T represents reaction temperature, FE, is the energy barrier for elementary reaction with
zero-point energy correction calculated by DFT calculation, grs ., and gs.ip, represent

the vibrational partition functions of the initial states and the transition states respectively,

each the vibrational partition function (g.;, ) can be calculated with the following equation:

1
g =11, 1 —exp (- hv;/ksT) (3-23)

where v; denotes the vibrational frequency of each vibrational mode of the surface
adsorbing species derived from DFT harmonic frequency calculation. In this work, the
frequencies lower than 50 cm™! were varied to 50 cm™! to remove the error due to low

frequency.

3.2.7 Bader charge analysis

When a molecule adsorbs onto a catalytic surface, there is a redistribution of electron
density between the molecule and the surface. This redistribution can influence the
strength and nature of the adsorption, which can affect the subsequent reaction steps.
Bader charge analysis [158], based on the Atoms in Molecules (AIM) theory proposed by
Richard Bader, offers a rigorous approach to understanding the electronic structure of
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systems, including those involved in surface adsorption processes in catalysis. Bader
charge analysis divides the electron density of a system into discrete atomic basins,
allowing for the assignment of charges to individual atoms. This partitioning is based on
the topology of the electron density, with boundaries defined by zero-flux surfaces in the
electron density gradient [158]. Thereby, the oxidation or reduction characteristics of the
surface adsorption can be determined by comparing the variation of the partitioned charge
before and after adsorption. The detailed derivation of the equations will not be reviewed
here, as the software package developed by Henkelman has access to information on
valence electrons [159]. In this thesis, the degrees of surface oxidation by adsorbates at

different coverages are calculated based on Equation (3-24) [108]:

n

n n
— atom, clean atom, ads atom, clean
OXatom - ( § val, i - § Zval,i )/ § Zval,i (3'24)
i=1 i=1

i=1

where n is the number of Mo or C atoms in the topmost layer (7= 9 in Figure 4.1), and
Zuomads and ZEomee are the numbers of valence electrons possessed by each Mo or
C atom of the topmost layer in the clean model and the model with adsorbates,

respectively. The number of valence electrons was computed using Bader charge
partitioning. [158, 159] A positive OX,,, value means electron loss while a negative

OX ..om value stands for electron gain.

3.3 Ab initio molecular dynamics

Molecular adsorption, as molecules adhere to surfaces, plays a pivotal role in the

heterogeneous catalysis. Understanding dynamics, energetics, and mechanisms of
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molecular adsorption at the atomic and electronic levels is crucial for harnessing and
optimising these catalysts. Based on the DFT calculations, ab initio molecular dynamics
(AIMD), as a computational method, has revolutionised our ability to "probe" molecular
adsorption phenomena [160, 161]. Particularly for the water-gas shift reaction studied in
this thesis, the molecular adsorption location on the a-MoC surface is well worth
discussing since the adsorption sites for surface species (OH*, O*) are controversial.
Excluding unstable adsorption sites in advance can drastically reduce the computational
effort and lead to useful conclusions. Unlike classical molecular dynamics, which relies
on predefined empirical potentials, AIMD derives forces directly from quantum
mechanical calculations, typically using DFT. Due to their small mass, electrons respond
much more quickly to changes in their environment and exhibit quantum behaviour over
the length scales and timescales of molecular dynamics simulations. In contrast, as Born-
Oppenheimer approximation, nuclei move more slowly, and their motion can often be
well-approximated using classical physics over these scales. The motion of the nuclei is

governed by Newton's second law:

d’R,
dt?

M, =— Vg E (3-25)

where M, is the mass of nucleus /, R; is the position of nucleus 7/, E is the total
energy of the system, which is in terms of the electron density and can be calculated by
DFT. These forces are then used to update the atomic positions and velocities using a

suitable integration algorithm, such as the Verlet algorithm [162]. At each time step, the
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positions of the nuclei are updated based on these forces. However, before the forces can
be computed, the electronic structure must be determined for the current nuclear

configuration. This is where the iterative procedure comes into play:

Step 1 — Initialization: Begin with an initial guess for the electron density, n” (r).
Step 2 — Solve for Electronic Structure: With the initial guess, solve the Kohn-Sham
equations to obtain the electronic wavefunctions w; (r).

Step 3 — Update Electron Density: The electron density is updated to n¥ " (r)
based on the obtained wavefunctions.

Step 4 — Convergence: Determine the difference between the updated electron density

and the previous iteration: An = / |[n V() — ™ (F)|dr . If An is below a

predefined threshold, the electronic structure is considered converged for this time step.
Step 5 —Move Nuclei: With the forces derived from the converged electronic structure,
the positions of the nuclei are updated using the Verlet algorithm.

Step 6 — Repeat: For the next time step, return to step 2, using the updated nuclear

positions and the converged electron density from the previous time step.

This iterative procedure ensures that at each time step of the molecular dynamics
simulation, the electronic structure is consistent with the positions of the nuclei, allowing
AIMD to capture dynamic processes involving changes in electronic structure. The
correct time step selection, such that the phase space is efficiently sampled, is an

important question in molecular dynamics. In practical implementations, the chosen time
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step should be capable of capturing the shortest period of motion in the system, which is
usually about one-tenth of the motion period, as a general rule of thumb. Maximum
vibrational frequencies in a system containing hydrogen are in the range of 10! Hz,

suggesting that a 1 fs (=107 s) time step is appropriate.

When AIMD simulations are performed under conditions where the temperature needs to
be maintained constant, the canonical ensemble becomes relevant [163]. However, due to
the deterministic nature of classical dynamics and the quantum mechanical calculations
for the forces, without any external intervention, the system would not naturally sample
the canonical ensemble. This is where thermostats used, and specifically those compatible
with AIMD, come into play. Thermostats in AIMD are algorithms designed to ensure that
the system remains at a constant temperature, effectively simulating the presence of a heat
bath and allowing the system to sample from the canonical ensemble. Given the quantum
nature of the forces in AIMD, not all classical thermostats are suitable. Thermostats like
the Nosé—Hoover [164, 165] or the Langevin are often employed in AIMD to ensure the
system samples the canonical ensemble while accounting for the quantum-derived forces.
In this work, a canonical ensemble with Nosé—Hoover thermostats with the time step of

1 fs was implemented to carry out the AIMD.

3.4 Ab initio thermodynamics

In heterogeneous catalysis, the catalyst and reactants are in different phases. Thus

understanding the intricate details of catalytic reactions at the molecular levels under
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realistic conditions is crucial for the chemical engineer. In this context, Reuter and
Scheffler developed a framework called ab initio thermodynamics (AIT) to predict the
stability of different adsorbed structures, reaction intermediates, and phases on surfaces
under a given environment at finite temperature and pressure of gas phase [116, 117, 166-
168], combining first-principles calculations such as DFT with classical thermodynamics
to predict the thermodynamic properties. This method assumes that the catalytic surface
is in thermodynamical equilibrium with the gas phase environment. The stability of
different structures is then assessed by comparing thermodynamic potentials. For a
system under constant temperature and pressure, the Gibbs free energy (G ) is the relevant
thermodynamic potential. The Gibbs free energy of entire system can be broken down

into three parts as follows:

G = Gsolid + Ggas + A(;surf (3-26)

where Gyiq 1s the Gibbs free energy contributed by the solid phase, G, 1s that

contributed by the gas phase and AG,,; is that contributed by the adsorption process. In

thermodynamics, the most stable phase structure of the adsorption process would

minimise the surface Gibbs free energy AG,,;. We now can obtain following expression

upon the rearrangement of equation (3-26) [169]:

A(;surf - G - Gsolid - Ggas (3'27)

When the clean catalytic surface slab is adsorbed with adsorbates, the stability y(7,p)

of different surface phase structures consisting of i surface species (adsorbates) at
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temperature 7' and pressure p is defined as follow:
y(T,p) =G> (T,p) — G (Top) — >, (n: X 11;(T,p)) (3-28)

where the G (T,p) is the Gibbs free energy of the catalyst model with adsorbates,
G** (T,p) is the Gibbs free energy of the clean catalyst model and g, (7,p) is the
chemical potential of isolated specie i. A more negative y(7,p) denotes a more stable
surface structure. For the condensed phases, the vibrational energy and entropy
contributions to the Gibbs free energy usually cancel to a large extent in the subtraction
term G (T,p) — G, (T,p) . With considering only the thermal correction to the
adsorbates, the term G (T,p) — G, (T,p) can be replaced by E>*"*(0K) +
AG .o (T)—ES%,(0K), where E;i>*"F(0K) is the ZPE-corrected total energy of the
catalyst model with adsorbates, Eg i, (0K) is the total energy of the clean catalyst

model, AG,.(T) 1is the thermal correction to the adsorbates, which is calculated

according to the following equation as implemented in VASPKIT software [170]:

AG . (T) = — RTIn g*& (3-28a)

ads

where ¢y 1s the vibrational partition function for adsorbates and can be calculated as

(3-23). Please note that in some literature the R7 term may also be written as N kT ,

although they are equivalent. Thus, equation (3-28) can be simplified as below:

Y(T,p) = Ei>*"F (0K) + AG s (T) — Ed&, (0K) — Z; (n; X 1, (T, p)) (3-28b)

For the gas phase (assuming ideal gas), the chemical potential of species i depending

on temperature and pressure, can be expressed below:
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w: (T,p) = E (0K) + (T, p") + RTIn (pi/ p°) (3-28¢)

where E/""(0K) is the total energy of isolated species i with ZPE correction obtained
from DFT calculation, g (7,p°) isthe energy difference between the chemical potential
(temperature 7" and pressure 1 atm) and total energy at 0 K for species i, p, is the

0

partial pressure of species i, p° is the standard atmospheric pressure, g (7,p°)

values are taken from the JANAF thermochemical tables (https://janaf.nist.gov/) [171].

Combining equations (3-28b) and (3-28c), the following expression can be obtained:

y(T,p) = Esi>?"" (0K) + AG .4, (T) — E5%. (0K)
-2, (m X EZ* (0K)) — =, (n, X 1, (T, p°)) (3-28¢)
- RTZ, (ni X In (pi/po))

where the surface stability with i number gas phase species can be evaluated.

For the liquid phase, the chemical potential of species j depending on temperature and
pressure can be expressed below:

sat

w;(T,p) = E?** (0K) + &, (T, p°) + RTIn ’; +V,(p;— pi) (3-28d)

where p;* is the saturated vapour pressure of species j at temperature 7', V; isthe

unit volume of liquid phase ; at temperature 7.

Combining equations (3-28b) and (3-28d), the following expression can be obtained:
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Y(T,p) = Es> ™™ (0K) + AG.4 (T) — Edin (0K)
=% (n X EZFOK)) =20 (mi X iy (T,p°))
- RTZ,(m; XIn(p/p°)) — RTZ,; (n; X In (p;*/p°))
=X, (n, XV, (p;,— P3"))

(3-281)

where the surface stability with i number gas phase species and j number liquid phase

species can be evaluated.

When the energy terms are able to be calculated by DFT methods, we can naturally define

the average binding energies for different adsorbing species as follows:

EMNG " = 1/n X (E5># (0K) — E2h, (0K) —n X EZ*(0K)) (3-29)

where E/"(0K) is the ZPE-corrected total energy of isolated species i,and n isthe

number of adsorbing species 7.

3.5 Energetic span model

Researchers and industry professionals relied on varied and often non-standardised
methods to gauge catalytic activity for various catalysts, which makes it difficult to
compare results across different studies. Moreover, without a clear metric, it was
challenging to determine the effectiveness of a catalyst in accelerating a reaction,
especially when considering the role of active sites. The absence of a standardised
measure also hindered the optimisation of catalytic processes, as there was no clear

benchmark to aim for or measure against.

The introduction of the turnover frequency (TOF) can address these challenges head-on,
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offering a universal standard to assess the catalytic activity that could be applied across
various catalytic systems and conditions [172]. It is defined as the number of catalytic
cycles that each active site on a catalyst can complete per unit of time. Mathematically,

TOF can be represented as:

TOF — Number of product molecules formed

~ Number of active sites on the catalyst X Time (3-30)

Here, the number of product molecules formed is the total number of product molecules
produced in a given time, and the number of active sites refers to the number of
catalytically active sites available on the catalyst. Considering the entire catalyst, the TOF

can be rewritten as:

TOF — Rate of product formation

~ Number of active sites on the catalyst (3-31)

The concept of TOF not only facilitates a more accurate comparison of different catalysts
but also provides deeper insights into the intricacies of catalytic reactions. If we have the

kinetic rate of the reaction, we can express TOF as:

TOF = m (3-32)

where 7 is the kinetic rate of the reaction (e.g., moles of product formed per liter per
second, mol/Ls), [C] is the concentration of the catalyst (e.g., moles of catalyst per
liter, mol/L) and n, is the number of active sites per mole of catalyst (e.g., sites/mol).

The reaction rate in many catalytic reactions can be expressed using rate laws derived
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from the reaction mechanism as the function of reaction rate constant and concentrations
of reactants. However, the traditional model focuses on the energy barrier of the rate-
determining step to predict catalytic activity and it can sometimes oversimplify multi-step
reactions [120]. Many catalytic reactions involve multiple steps, each with intermediates
and transition states. For such reactions, the rate-determining step alone might not provide

a comprehensive picture of the overall reaction kinetics.

In organic chemistry, the concept of the reactivity-selectivity principle, also known as the
Hammond postulate, suggests that the structure of a transition state resembles either the
reactants or the products, depending on which is higher in energy. Sebastian Kozuch and
Jan M. L. Martin extended this idea to catalysis, suggesting that the entire reaction
pathway, including both forward and reverse barriers, should be considered. And they
proposed the Energy Span Model (ESM) in the context of understanding and predicting
catalytic activity [121]. This model employs the fact that neither the highest transition
state nor a single elementary reaction step could always determine the efficiency of a
catalytic cycle [122, 123]. They posited that the energetic span, defined as the energy
difference between the highest transition state and the most stable intermediate along the

reaction pathway, is a crucial determinant of catalytic activity.

The primary assumption of the ESM is that reactions with a smaller energetic span are
generally more catalytically active, leading to higher TOFs. This is because both the
forward and reverse barriers (from the stable intermediate to the transition state and vice

versa) play a role in determining the overall reaction rate. If the energetic span is
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minimised, the barriers to both forward and reverse reactions are reduced, leading to faster
reaction rates and higher TOFs. The ESM identifies two states, TOF-determining
transition state (TDTS) and TOF-determining intermediate (TDI), possessing the largest
degree of control on TOF. The TDTS and TDI are not necessarily the highest and lowest
states among the many states in the catalytic cycle, nor do they always appear within one
single step. The TDTS-TDI energy difference and the reaction energy of the catalytic
cycle define an energetic span which determines TOF. Originally developed for organic
metal complexes (OMCs), the applications of ESM in single atomic catalysts (SACs)
have increasingly progressed owing to the structural and conceptual similarities between
the ligand-bond transition metal centre of OMCs and the support-bound atomic site of

SACs [173-175].

The efficiency of explored reaction routes can be evaluated by TOFs, which were
calculated from their respective free energy profiles using the ESM. The TOF expression

of the ESM within the steady-state assumption is as follows:

B kBT e*AG,/RT -1

TOF = T,—1,— 3G, )/RT 3-33
By el (3-33)

where kz, h and R are Boltzmann, Planck and gas constants, respectively; 7 is the
reaction temperature; AG, is Gibbs free energy of reaction at given temperature and

™ transition state and ;™

pressure; 7; and [; are the free energies of the i
intermediate, respectively. The value of J6G,; depends on the ordering of 7, and /;

along the N-step catalytic cycle. If 7, appears after /,, then J0G,; takes the value of
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AG, , otherwise 0.

AG, if i=j
oG, = : -
7 { 0 ifi<jy (3-34)
For many cases, only one transition state and one intermediate among the many states in
the catalytic cycle determine the TOF, namely, the TDTS and the TDI. These key states
can be located by assessing the normalised degree of TOF control ( X or ) as follows:

(1,—1,- G, ;)/RT (r,—1,—-09G, ,)/RT
3 e

X - T,—I,—5G RT; X L T.—1.—6G. )/RT 3-35
TOF, T, Zije(' o6, TOF, 1, Z e(’ o6, ( )

i

The normalised Xtorr and Xror,; are both in the range of [0, 1]. Only state with
significant X ror value (usually approaching 1) can be identified as TDTS or TDI. Once

determined, the energetic span JF is defined as:

SE :{ Trors — Itor if TDTS appears after 7DI (3-36)

Trprs — Itpr — AG,. if TDTS appears before TDI

3.6 Computational details

The overall methodology was based on DFT calculations with several appropriate
numerical corrections. Then, the surface phase evolution of the catalytic surface under
the Ho/H20 atmosphere was simulated based on ab initio thermodynamics and reaction

rate constants (kinetics). Finally, the TOF derived from ESM was calculated for yielding
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the reaction route on different surfaces.

3.6.1 Electronic structure calculations

Periodic density functional theory (DFT) calculations were carried out employing the
plane-wave-based Vienna ab initio simulation package (VASP) code [176, 177]. The
influence of ionic cores on the valence electrons was accounted for by the projector
augmented wave (PAW) method, as implemented by Kresse ez al. [152, 178]. The residual
Hellmann-Feynman forces on the atoms converged to 0.02 eV-A™! in the atomic structure
relaxations to obtain the energies and geometries of the most stable configurations, while
the total energy converged to 10~* eV in the electronic minimisation. The Perdew-Burke-
Ernzerhof functional of generalised gradient approximation (GGA-PBE) [141], which
was broadly recognised to be well suited for the molybdenum carbides catalysts, was
selected to depict the exchange and correlation of electrons [48, 66, 98, 108, 113, 118,
179]. The Kohn-Sham equations were solved using a plane-wave basis with an energy
cut-off of 415 eV, the value of which was validated to be appropriate to get converged
calculations for the catalysis on carbides [107, 114] and was also validated in the later
section. A 10x10x10 I'-centred Monkhorst-Pack [150] mesh grid was used in bulk fcc
MoC optimisation for the first Brillouin zone k-point sampling. The Gaussian electron
smearing method with a smearing width ¢ of 0.05 eV was used to ensure energy errors

within 1 meV per atom.
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3.6.2 Transition state calculations

The structures of transition states were mainly located via the dimer method [180, 181],
and occasionally, the climbing image nudged elastic band (CI-NEB) [156, 182] method
was also used. The dimer method and CI-NEB have been incorporated in to the VASP as

VTST (Transition State Tools for VASP).

The harmonic frequencies of adsorbates and isolated molecules were calculated by the
central difference method. All frequencies of the local minimum were real, whereas one
imaginary frequency emerged in each transition state, which was further confirmed to

vibrate in the desired direction as visualised by the Jmol software [183].

3.6.3 Correction of calculations

The vdW correction [148] with Becke-Johnson damping [184] (DFT-D3(BJ)) was

implemented in order to consider van der Waals interactions by adding the corrected terms

to the electronic energies.

Zero-point energy (ZPE) corrections were added to the electronic energy at 0 K, while
the entropy corrections were also included for higher temperatures. Both the ZPE and
entropy corrections were calculated using VASPKIT [185] software based on the

harmonic frequencies.

3.6.4 Convergence test

Although there is already a large amount of literature on similar systems or even the same
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system giving cutoff values for the valence electron wavefunction basis set during
calculations, this thesis cautiously validated the choice of energy cutoff. Energy-cutoff
testing for fcc MoC with the adsorption energy of OH* and H>O* under different energy-

cutoff calculations was carried out.
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Figure 3.2 Energy cut-off testing for the binding energy of OH* on fcc MoC.
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Figure 3.3 Energy cut-off testing for the binding energy of H20* on fcc MoC.
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From the above results, it can be seen that the selection of energy cut-off in this thesis

(415 eV) provides a better balance between accuracy and computational cost.
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Chapter 4 Results and Discussion (l): Surface phase

evolution

Metal-doped fcc MoC catalysts recently showed unprecedented reactivity in the low-
temperature water-gas shift reaction for H, production. However, the structure-reactivity
relationship was still obscure due to the complexity of the surface chemistry, and the
synthesised fcc MoC often exhibited both (111) and (001) facets [48, 66, 68, 91]. The
situation is even more complicated due to the surface phase structure evolving during the

reaction, leading to distinct performances from the original surfaces.

As reviewed in Chapter 2, the surface phase on the (111)-Mo surface under the H>O/H>
atmosphere has an influence on the physicochemical properties of the surface and
consequently on the relevant reactions (WGS, MSR, etc.) [108]. A parallel study of the
(001) surface is a prerequisite for comprehensive studying of low temperature water-gas

shift reactions on Pt;/fcc MoC.

In this chapter, the surface phase evolution on the (001) surface in an H>O/H»-rich
atmosphere is studied from kinetic and thermodynamic aspects. The stable configurations
of surface species (H.O*, OH, O*, H>*, and H*) at various levels of coverage and their
formation rates considering coverage effects were investigated on the (001) surface. The
DFT and the transition state theory were employed to calculate the energy profiles and
reaction rates, respectively, while the ab initio atomistic thermodynamics were employed

to identify the stable configurations of the surface phase. The detailed method and model
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have already been clearly illustrated in the previous Chapter 3. At the end of this chapter,
we will summarise that how the surface species evolved on the (001) surface under the
mixture of H20O and H». Unless otherwise mentioned, the results of (111)-Mo cited from
ref. [108] for the purpose of comparison between (001) and (111)-Mo, while such
comparison is necessary for the later comprehensive studies in Chapters 6 and Chapter 7

of the WGS reaction through Pt-doped fcc MoC.

4.1 Model setup

4.1.1 fcc MoC (001) surface

A periodic supercell slab model, referenced and adjusted from an optimised bulk structure
by Jimenez-Orozco et al. [114], was constructed to simulate the fcc MoC (001) surface.
This slab model contains six layers of atoms and was verified in similar systems,
including the adsorption energies with slab thickness on (001) [114] and the hydrocarbon

interaction on tungsten carbide [186].

Top three
layers relaxed

10.7

6.1A

Bottom three
layers fixed

(b)

Figure 4.1 Surface slab model of fcc MoC (001) in (a) side view and (b) top view

(green balls represent Mo atoms; grey balls represent C atoms).
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As shown in Figure 4.1, the three bottommost atomic layers were fixed to provide an
appropriate environment for the other fully relaxed atomic layers in the employed
supercell. There are 9 Mo atoms and 9 C atoms in each layer, and a vacuum gap of 15 A
was created between the periodic slabs to avoid interactions with the neighbour slab in
the direction perpendicular to the surface. The first Brillouin zone of this slab model was

sampled using a 4x4x1 I'-centred Monkhorst—Pack mesh grid [150].

4.1.2 Simulation conditions

Ab initio thermodynamics was used to calculate the (001) surface phase diagram. The
calculated phase diagram pressures were from 1071° to 10 MPa for the H; partial pressure
and from 10~ to 10 MPa for the H,O partial pressure, where 1.553 is the critical point for
the gas-liquid phase of water. The temperature of 473.15 K was used to construct the
phase diagram to facilitate comparison with the reported experiments and to provide a

more reliable investigation.

4.2 Results and discussion of molecular H.O adsorption

No matter the mechanism, the dissociation of water is the most important first step in the
water-gas shift reaction, giving the surface oxygenated species. There are nine possible
sites for the adsorption of water molecules on the (001) surface. The most stable
configurations of H>O adsorption on the (001) surface at different monolayer (ML)
coverages from 1/9 to 1 ML were illustrated in Figure 4.2. The parenthesis below each

subfigure noted the average binding energy (eV) of water with ZPE correction and surface
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oxidation degree (%) of Mo sites and C sites, respectively.

1/9 ML 2/9 ML 1/3 ML
(-0.90 eV, 0.19%, 0.36%) (—0.84 eV, 0.68%, 0.14%) (—0.75 eV, 0.39%, 0.34%)

4/9 ML 5/9 ML 2/3ML
(-0.75 eV, 0.81%, 0.16%) (-0.74 eV, 0.82%, 0.20%) (-0.72 eV, 0.84%, 0.18%)

7/9 ML 8/9 ML 1ML
(-0.71 eV, 0.95%, 0.23%) (-0.71 eV, 0.97%, 0.17%) (-0.70 eV, 1.00%, 0.27%)

Figure 4.2 The H20 adsorption configurations on the fcc MoC (001) surface.

The O atom of the first adsorbed water molecule (n = 1, 1/9 ML) coordinated with the
Mo atom with a distance of 2.33 A while the two O—H bonds were parallel to the two
Mo—C bonds, similar to the Mo/C mixed (101) surface of hexagonal Mo,C [187]. The H
atoms had a slight negative charge, preferring approaching positively charged Mo sites
(averagely at +1.193e), and the O atom had a slight positive charge, preferring
approaching the negatively charged C sites (averagely at —1.193¢). With the adsorption
of H>0, the Mo site was oxidised as the charge of the Mo site increased by 0.166e. The

average binding energy of the first water molecule on the (001) surface of fcc MoC is
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—0.90 eV, which was close to that on the molybdenum-terminated (111) surface of the fcc
MoC (—0.87 ¢V) [108] and that on the MXene (0001) surface of the M0.C (—0.92 eV)
[188], but it showed more stability than the mixed Mo/C (101) surface of hexagonal Mo,C
with a binding energy of —0.52 eV [187]. The configuration of water adsorption while the
coverage increased no more than 1/3 ML was similar to that of 1/9 ML coverage, except
for the formation of weak hydrogen bonds between water molecules. The hydrogen bond
formed had average lengths 0of 2.27 A at 2/9 ML and 2.25 A at 1/3 ML. In contrast, it was
found [108] that the average hydrogen bond length on the (111)-Mo surface was 1.88 A
at 2/9 ML and that was 1.85 A at 1/3 ML, which indicated the formation of stronger
hydrogen bonds on the (111)-Mo surface than those on the (001) surface. As the surface
continued to adsorb H>O, the role of hydrogen bond interactions gradually became
apparent. As the coverages increased from 4/9 ML to 1 ML, the average hydrogen bond
lengths ranged from 1.78 A to 1.95 A, significantly stronger than those of the coverages

from 1/9 ML to 1/3 ML.

As shown in Figure 4.2, the average adsorption energies decreased as the increase of
adsorbed H>O on the MoC (001) surface. By contrast, those on the (111)-Mo surface
displayed a volcano curve as the rising of adsorbed H>O coverage [108]. Also, the average
adsorption energy on (111)-Mo is smaller than on the (001) surface, suggesting that the
absorption strength on the (001) surface is slightly weaker. The water-adsorbed surfaces
were oxidised to varying degrees. The more water adsorbed, the more the oxidation of

the Mo sites increased, but there was no linear pattern in the oxidation of the C sites.
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4.3 Results and discussion of surface phase species

4.3.1 Formation of surface OH* via H20% dissociation

(1) Different levels of H2O* coverage

The H>O* dissociation on the (001) surface, considering the coverage level of HoO*, was

studied based on the most stable configurations of the adsorbed water on the (001) surface.
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Figure 4.3 Energy barriers and reaction energies for H20*dissociation with n

H20* adsorption.

Figure 4.3 presents the Boltzmann averaged energy barriers and reaction energies [189]
with adsorbed H2O* coverage levels from 1/9 ML to 1 ML. The H>O adsorption states

were selected as the reference. The Boltzmann averaged energies were calculated by
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E=>" [Eexp(- E/RT)]/> " lexp(- E/RT)], where E, is the energy barrier
or reaction energy of one water dissociation site, and there are m different sites at a
specified coverage. The results including the potential energy profile and the detail

energetic aspects are summarised in Figure S1 and Table S1.

On the (001) surface, the activation of the O—H bond in H,O* was mainly occurred by
the Mo—C pair site while the H* adsorbed on the C site and the O* adsorbed on the Mo
site, respectively (Figure S1). The average length of O—H bond of the adsorbed water
molecule was 1.33 A in the transition state, and the average distance of C~H was 1.36 A,
indicating the formation of the C—H bond (Table S1). The dissociated H atom adsorbed
on the C site had an average distance of 1.11 A while the OH* group remained on the Mo

site with an average Mo—OH bond length of 2.14 A.

The H,O* dissociation was kinetically facile on the (001) surface at 1/9 ML, with an
energy barrier of only 0.22 eV, whereas that on the (111)-Mo surface was 0.33 eV [108].
Besides, the reaction energy on the (001) surface was 0.01 eV, exhibiting an exothermic
process, but that on the (111)-Mo surface was —1.01 eV [108]. When the coverage of
H>O* on the (001) surface rose from 1/9 to 1 ML, the energy barriers increased within
the range of 0.22 to 0.62 eV in a staged trend. In contrast, those on the (111)-Mo surface
showed a rapid decrease from 0.33 to 0.08 eV as the coverage raised to 1/3 ML and then
a slow decrease to 0.03 eV as the coverage was raised further [108]. Averaging the energy
barriers over the whole range of different coverages, the averaged energy barrier on the
(001) surface is significantly higher than on the (111)-Mo surface (0.44 eV vs. 0.12 eV)
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(Table S1) [108]. On the other hand, the reaction energies on the (001) surface were with
values between ~0 and —0.2 eV, showing weak exothermicity. However, those on the

(111)-Mo surface exhibited obvious exothermicity, ranging from —1.0 to —2.0 eV [108].

As described, both the (001) surface and (111)-Mo surface could dissociate adsorbed
water molecules easily to form surface OH* species, while the OH* species were more

facile to be generated on the (111)-Mo surface.

2) Different levels of OH* coverage
( g

The adsorbed H,O* can also be dissociated on the (001) surface with formed OH*.
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Figure 4.4 presented the Boltzmann averaged energy barriers and reaction energies over
those of H,O* dissociation at various OH* coverages from 1/9 ML to 8/9 ML. The H.O
adsorption states were selected as the reference. The results including the potential energy

profile and the detailed energetic aspects are summarised in Figure S2 and Table S2.

The activation mode of an adsorbed water molecule on the (001) surface with OH* was
similar to that on the surface with HO* discussed previously. The main events in this
activation were breaking the O—H bond and forming the C—H bond. However, breaking
the O-H bond had a longer average length when interacting with OH* species (1.41 A)
than when interacting with H>O* (1.33 A) during the transition state, as illustrated in
Table S1 and Table S2. This inspired the possibility that the reaction would become more
difficult due to the larger structure change during the transition states. Comparing the
results in Figure 4.3 and 4.4, it can be seen that the transition states for the H.O*
dissociation with OH* adsorbed have higher energy barriers for activation of the O—H
bond than the case with HoO* adsorbed. As the OH* coverage increased, the energy
barrier of the HoO* dissociation also increased, and it would be greater than 1 eV when
the OH* species coverage was greater than 1/3 ML. In this case, it can be concluded that
the high OH* coverage makes the HoO* dissociation on the (001) surface kinetically
difficult. Moreover, the increasing reaction energy from 0.33 to 1.41 eV also indicates
that the dissociation of HoO* on the (001) surface was thermodynamically unfavourable

as the OH* coverage increased.

The energy barrier and reaction energy displayed in Figure 4.4 were processed by
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Boltzmann-averaging over several possible configurations with different interactions
between H>O* and OH*. As a matter of fact, the HoO* dissociation was affected by the
interactions between dissociating H>O* and adsorbed OH* species due to different
numbers and strengths of hydrogen bonds. The discussion of hydrogen bonds is out of
the main line of this thesis and will not be discussed here; details can be found in the

published literature [179].

4.3.2 Configurations of surface OH*

There are top sites and bridge sites of Mo atoms on the (001) surface where the OH* can
theoretically be adsorbed, while only adsorption on the top site was stable, forming a Mo—
O bond with an average length of 1.98 A in the direction perpendicular to the surface.
During the optimisation of the DFT calculations, the OH* adsorbed on the bridge site was
unstable and eventually transferred to the top site. Therefore, the calculations in this

chapter only discuss OH* at the top sites.

At each coverage level, various configurations of OH* adsorption might have different
stabilities. Thus, possible configurations in a total number of 76 were calculated as shown
in supplementary information Figure S3. Only the most stable configurations are depicted
in the figure below. In a similar way to the process during the dissociation of the water
molecule, hydrogen bonds play an important role in stable configurations at different
coverages. In the case of OH* at 2/9 ML coverage, the most stable configuration had a

hydrogen bond with a length of 1.61 A between two OH* species (Figure S3(b)(1)),
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which shows the lower value of the average binding energy of 0.32 eV than that of the
configuration without hydrogen bond (Figure S3(b)(3)). For the 1/3 ML coverage, there
were two hydrogen bonds with the lengths of 1.64 and 1.62 A, respectively in the most
stable configuration (Figure S3(c)(1)), reducing the surface energy by 0.57 eV compared
to weak interactions between OH* groups (Figure S3(c)(6)). Likewise, when the OH*
coverage was 4/9 ML, the presence of two hydrogen bonds with lengths of 1.65 and 1.84
A reduced the surface energy by 0.70 eV, as shown in Figure S3(d)(1) and (9). The
strength and number of hydrogen bonds broken affect the HoO* dissociation to different

extents.

1/9 ML 2/9 ML 1/3 ML
(-0.48 eV, 0.90%, 0.72%) (—0.47 eV, 1.87%,0.97%) (—0.37 eV, 2.45%, 1.27%)

4/9 ML 5/9 ML 2/3 ML
(—0.39 eV, 2.94%, 1.49%) (—0.36 eV, 3.50%, 1.60%) (—0.37 eV, 4.14%, 1.87%)

7/9 ML 8/9 ML 1ML
(—0.29 eV, 4.41%, 2.18%) (—0.25 eV, 4.78%, 2.57%) (—0.21 eV, 5.49%, 2.60%)

Figure 4.5 Configurations of OH* adsorbed on the fcc MoC (001) surface.
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Figure 4.5 illustrates the configurations on the (001) surface adsorbed with different
numbers of OH* species, with coverage ranging from 1/9 to 1 ML. From left to right,
each subfigure shows the average binding energy of OH* and the surface oxidation
degrees of Mo sites and C sites, respectively. The energy references were the gaseous

H>0 and Ho.

The surface binding energy of OH* increased from —0.48 to —0.21 eV as the OH*
coverage on the (001) surface increased. With a similar trend, that increased from —1.65
to —1.31 eV with increasing OH* coverage on the (111)-Mo surface [108], showing a
relatively stronger binding strength than that on the (001) surface. The reactive top-site
OH* on the (001) surface had an average surface binding energy of —0.48 eV at 1/9 ML,
while at the same coverage, the reactive top-site OH* on the (111)-Mo surface had an
average binding energy of —1.02 eV [108], showing stronger binding strength. Comparing
the binding energies between H.O* species (Figure 4.2) and OH* species (Figure 4.5),
the H2O* species showed a higher binding strength on the (001) surface at each coverage,
whereas in contrast the OH* species showed a higher binding strength on the (111)-Mo
surface [108]. As the OH* coverage increased, the oxidation degree of the sites on the
MoC (001) surface gradually increased while similarly that of the (111)-Mo surface

gradually increased [108].

4.3.3 Formation of surface O* via OH* dissociation

In the previous section, the configurations of OH* adsorbed on the (001) surface were
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discussed, and the most stable configurations at each coverage were given, as shown in
Figure 4.5. Based on the formed OH*, the formation of surface O* involves two pathways:

direct deprotonation and hydroxyl disproportionation, as depicted in Figure 4.6.

Reactant Transition state Product Reactant Transition state Product

(a) direct deprotonation (b) hydroxyl disproportionation
nOH* — (n —1)OH* 4+ H* 4+ O* nOH* — (n—2)OH* + H,O0* 4+ O*
Figure 4.6 Diagram of surface O* formation via (a) direct deprotonation and (b)

hydroxyl disproportionation.

Table 4.1 and 4.2 illustrate the energy barriers and reaction energies for the two pathways,
respectively. The detailed results of potential energy profiles and structures were shown

in Figure S4 and Figure S5.

Table 4.1 The energy barrier and the reaction energy of the O* formation from

surface OH* via the direct deprotonation.

n AE o AEZ, AE, o AE, dé.n
1 0.72 0.85 0.01 0.03 1.334
2 1.00 1.13 0.44 0.46 1.365
3 1.36 1.52 0.65 0.68 1.344
4 1.34 1.50 0.63 0.67 1.342
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n AE%ts,ZPE AE7s AE, 7k AE, dd...u

5 1.43 1.58 0.78 0.83 1.330
6 1.84 2.00 1.23 1.28 1.431
7 1.62 1.77 0.89 0.92 1.400
8 1.54 1.67 0.74 0.75 1.380
9 1.52 1.65 0.98 1.00 1.330
Average 1.37 1.52 0.71 0.74 1.362

Note: AE{szpe and AE, ,p are the energy barrier and the reaction energy with zero-

point correction in units of eV while removing the subscript ZPE indicates the values
without zero-point correction. The O—H bond length in the transition state is denoted by

dd..y in the unit of A.

In the direct deprotonation pathway, the main step is breaking the O—H bond in OH* and
forming the C—H bond on a Mo—C pair site. The calculated results showed that the average
angle of Mo—O—H decreased from 110° to 83°, indicating an apparent O—H bond bending
towards the C site (Table 4.1 and Figure S4). The average length of the O—H bond was
1.00 A in the initial state and increased to 1.36 A in the transition state accompanied by
a decrease in the distance between the H and C sites from 2.75 A to 1.35 A. Finally, the
O* was generated on the top-site Mo site with an average distance between the O and Mo
sites of 1.72 A. The energy barriers were between 0.72 and 1.84 eV with an average of

1.37 eV, while the reaction energies ranged from 0.01 to 1.23 eV with an average of 0.71
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eV. This high energy barrier and endothermicity revealed that the formation of O* via the
direct deprotonation pathway on the (001) surface was unfavourable in both the kinetics
and the thermodynamics. In contrast, the energy barrier was averaged at only 0.80 eV on

the (111)-Mo surface, while the reaction energy was averaged at —0.90 eV [108].

Table 4.2 The energy barrier and the reaction energy of O* formation from

surface OH* via the hydroxyl disproportionation.

n AEZs 7vp AE7s AE, /g AE, dé..u
2 0.00 0.02 —0.13 —0.18 1.135
3 0.00 0.06 —0.03 —0.06 1.185
4 0.00 0.04 —0.23 —0.24 1.153
5 0.00 0.05 —0.17 —0.20 1.164
6 0.03 0.13 —0.12 —0.13 1.196
7 0.00 0.03 —-0.27 —0.29 1.130
8 0.00 0.01 —0.35 —0.40 1.105
9 0.00 0.04 0.04 —0.33 1.133
Average 0.00 0.05 —-0.16 —-0.23 1.150

In the hydroxyl disproportionation pathway, a proton is transferred between two
neighbouring hydroxyl groups to form the top site O* and H,O*. The results, as seen in
Table 4.2 and Figure S5, showed that the formation of the O* was kinetically more

favourable than that in the direct deprotonation pathway due to low energy barriers and
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mild exothermicity with an average value of —0.23 eV. In the hydroxyl disproportionation,
the transition state structure was only slightly changed compared to the reactants and the
length of the O—H bond was only stretched by 0.15 A, while this value was 0.36 A in the
direct deprotonation pathway, which can be seen as the cause of the low energy barriers.
In addition, the presence of the hydrogen bonds in the hydroxyl disproportionation
pathway could promote the proton transfer between the neighbouring OH* species, but
this would hinder the deprotonation of OH* directly to some extent. A similar
phenomenon can also be found in reference [187] that the hydrogen bonds played
analogous role in the formation of the O* via disproportionation on the (101) surface of

hexagonal Mo:C.

In addition, based on this discussion, it can be learnt that the disproportionation pathway

is the main source of O* obtained on the MoC (001) surface.

4.3.4 Configurations of surface O*

As mentioned in the previous section and in Tables 4.1 and 4.2, the primitively generated
O* usually occupied the top site of the Mo atom. Here, additional studies of the structural
evolution of the generated surface O* species was required by using the AIMD method.
The evolution of the O* species at the coverage of 1/9 ML with time up to 3700 fs at
473.15 K was calculated as shown in Figure 4.7 while the initial configuration was a top-

site O* configuration with the Mo—O bond directly normal to the (001) surface.
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Figure 4.7 Structural evolution of top-site O* on the (001) surface at the

coverage of 1/9 ML and temperature of 473.15 K.

The results showed that, except for a few small fluctuations, the O* remained at the top

site after a calculation of 3700 fs, which implies a stable configuration for the top site Mo.

The most stable configurations at each coverage level of the adsorbed O* species on the
(001) surface were shown in Figure 4.8. The average binding energy of O* (eV), the
degree of oxidation of the Mo sites and the C sites are shown below each sub-figure. The

gaseous H>O and H»> were used as reference.
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1/9 ML 2/9 ML 1/3 ML
(—0.22 eV,1.145, —0.04%) (—0.02 eV, 2.52%, 0.34%) (0.06 eV, 4.47%, 0.07 %)

4/9 ML 5/9 ML 2/3 ML
(0.17 eV, 5.07%, 0.00 %) (0.23 eV, 6.36%, 0.62%)  (0.31 eV, 6.65%, 0.53%)

7/9 ML 8/9 ML imL
(0.38 eV, 8.27%, 0.34%) (0.43 eV, 8.64%, 0.80%) (0.50 eV, 8.69%, 0.01 %)

Figure 4.8 Configurations of O* species adsorbed on the fcc MoC (001)

surface.

An increasing trend in the average binding energy with increasing O* coverage. When
the coverage of the O* species exceeded 2/9 ML, the average binding energy values
became positive, indicating a weak surface binding strength of O* and the

thermodynamically unfavourable formation of O*.

To give a brief summary of the O-containing species (H>O*, OH*, O*), the order of the
surface binding strength on the (001) surface was H,O* (—0.76 eV) > OH* (-0.35 eV) >
O* (0.20 eV), while that on the(111)-Mo surface was O* (—1.58 eV) > OH* (—-1.50 eV) >

H>O* (—0.94 eV) [108], where in brackets are the surface binding energies averaged over
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the coverages. Overall, the (001) surface exhibited significantly weaker surface binding

strength with respect to O-containing species than the (111)-Mo surface.

4.3.5 Formation of surface H* species via H2* dissociation

The generated H* species would bond with a Mo site or a C site on the (001) surface in
the form of Mo—H* or C—H*. It should be noted that the (001) surface has the potential
for further generation of CHx species, but this is beyond the scope of this thesis. In this
work, it was considered the assumption that the H* species originate only from C-H*
species and Mo—H* species, which was based on the study of the hydrogenation reaction
on the fcc MoC (001) surface carried out by Jimenez-Orozco et al. [114]. Their studies
also revealed that the H* coverage could strongly influence the reaction. Prats et al. [190]
investigated the Ho* dissociation on the (001) surface of fcc MoC but did not consider
the coverage effects. On the other hand, due to the presence of a reforming atmosphere
(H2/H20), the catalytic surface inevitably needs to take into account the already present

H>* species.

As depicted in Figure 4.9, the dissociation of H>* species on the (001) surface involved
two elementary reaction steps. The breaking of the H-H bond in H>* to form the Mo—H*
and C—H* species occurred in the first step (R1—-TS1—P1), followed by the formation
of another C—H* species by migration of the H* in the Mo—H* species to a bare nearby

C site (P1->TS2—P2).
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Figure 4.9 Elementary reaction steps in H2* dissociation

For different H>* coverages, this process can be concluded by the following formula to

form C-H* species:

Step 1 Step 2

nH3 —— (n—1)H3 + Mo-H* + C-H* ——2C-H* with n=1-9.
And for different H* coverage, the first step can be written as the following formula:
nC-H*+H; = (n+1)C-H* + Mo-H* with ,—=1-8.

For each elementary reaction step above, Table 4.3 shows the energetic aspects of surface
H* formation by H>* dissociation at different H>* and H* coverages. In this table, the
energy barriers for steps 1 and 2 with ZPE correction are denoted as AE?SL zpe and
AETs 2,2PE , respectively while the reaction energies for steps 1 and 2 with ZPE correction
are denoted as AE,| zpg and AE,, zpg, respectively with the unit of eV. The reference
states for steps 1 and 2 are the H> adsorption state and the intermediate products (Mo—H*
+C—H*) respectively. The dissociating H-H bond length in H>* dissociation is given in

A denoted as dfi..u.
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Table 4.3 The energy barrier and the reaction energy of H* formation through H2* dissociation at various H2* and H* coverage.

n At different Ho* coverages At different H* coverages
Ho*/H*  AEfs) zop AE, zee dfi..u AEfs; zpe AE,> zee AEfs) e AE. 7o dfi..u
1 0.22 —0.10 1.066 0.31 —0.78 0.27 —0.12 1.040
2 0.43 0.11 1.065 0.31 —-0.79 0.53 0.22 1.139
3 0.56 0.011 1.132 0.18 —0.75 0.78 0.30 1.139
4 0.54 0.00 1.120 0.18 —0.83 0.67 0.24 1.157
5 0.49 —0.04 1.053 0.20 —-0.72 0.68 0.38 1.188
6 0.47 —0.06 1.055 0.20 —-0.72 0.97 0.54 1.081
7 0.50 —0.01 1.031 0.34 —0.70 0.56 0.20 1.109
8 0.47 —-0.09 1.053 0.22 —0.67 0.62 0.27 1.119
9 0.48 —0.06 1.053 0.21 —0.68 — — —
Average 0.46 —0.03 1.070 0.24 —-0.74 0.64 0.25 1.122
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As shown in Table 4.3, in the first step of H>* dissociation, as the H>* coverage increased
from 1/9 to 1/3 ML, the energy barriers increased from 0.22 to 0.56 eV, and then
fluctuated and became stable as the H>* coverage increased further. This is supported by
calculations by Prats et al. [190], who calculated an energy barrier of 0.39 at 1/8 ML
coverage, a value between the present work at 1/9 ML coverage of 0.22 eV and 2/9 ML
coverage of 0.43 eV. The dissociation of H>* species to the Mo—H* and C—H* species
was almost in equilibrium as the reaction energies were close to zero with an average
value of —0.03 eV. Then, the generated Mo—H* species was easily transformed into a C—
H* species because the average energy barrier was only 0.24 eV and exothermic with an
average reaction energy of —0.74 eV. As demonstrated in Figure S6, on the (001) surface,
the generated H* species preferentially occupied the C sites and then the Mo sites. For
the effect of the Hy* dissociation with adsorbed H*, the average energy barrier was

increased by 0.18 eV and the average reaction energy was increased by 0.28 eV.

4.4 Results and discussion of surface phase structure evolution

4.4.1 Kinetic aspects

As found in previous sections, the formation and configuration of the surface phase on
the (001) surface were different from those on the (111)-Mo surface [96]. Here, the

evolution of surface species on the (001) surface was investigated. The results are shown

in Table 4.4, calculating the reaction rate constants (4 ) for surface species at different

coverages (@) from 1/9 to 1.
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Table 4.4 The reaction rate constants of elementary reactions at 473.15 K.

Surface OH* formation Surface O* formation Surface H* formation

n OH* disproportionation

0 n HO* n OH* n OH* deprotonation n Ho* n H*
kforward kreverse

1/9  6.4x10° 2.3x108 6.0x10* — — 1.8x10'°  4.7x10°
2/9  4.5x108 5.6x10° 1.0x10? 5.3x10"? 4.7x10" 3.4x107  3.6x10°
1/3 6.4x10% 1.0x10° 4.0x1072 6.2x10"? 3.6x10!? 1.4x10°  6.0x10%
4/9  7.3x107 5.7x10° 5.2x1072 7.0x10"? 4.1x10'° 3.5x10°  3.6x10°
5/9 1.5x108 1.4x10! 1.1x1072 8.4x10"? 1.3x10" 9.9x10°  6.4x10°
2/3 1.6x107 3.1x107° 2.1x1077 2.3x10"? 9.5x10'° 7.4x107  3.5x10°
7/9  2.2x108 2.3x107° 2.5x107° 6.3x10"? 1.9x10'° 1.8x107  1.1x10°
8/9 1.2x107 7.6x1073 2.5x107* 8.4x10"? 3.9x10° 5.5x107 1.9x10*
1 8.7x10° — 1.1x1073 3.0x10"? 7.1x10° 6.5x107 —
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In the calculation of the vibrational partition functions, frequencies below 50 cm™! were
shifted to 50 cm™! to eliminate errors associated with low frequency modes. The reaction

pathway with the lowest energy barrier was selected for each coverage.

The OH* formation rate constants via HO* dissociation on (001) surface were in the
order of 10° to 10° s™', but those with co-adsorbed OH* showed a drastic decrease from
108 to 107 s7!. In contrast, as reported in the literature [108], the reaction rate constants
for OH* formation on the (111)-Mo surface were in the order of 10° to 10'? 57!, exhibiting

higher reaction rates.

The surface O* can be generated from the formed OH* species by either deprotonation
or disproportionation, as discussed previously in Section 4.3.3. From the data in Table 4.4,
the disproportionation reaction calculated significantly higher reaction rate constants than
the direct deprotonation reaction, and even 3 to 6 orders of magnitude faster than the OH*
formation via H,O* dissociation. Notwithstanding this, the reverse disproportionation
reaction (H2O*+O*—20H*) also had high reaction rate constants that are 1 to 3 orders
of magnitude lower than those of the forward reaction and are 1 to 3 orders of magnitude
higher than those of OH* formation via H>O* dissociation. It means that once H>O* is
converted to OH* species and then quickly disproportionated to O* species, at the same
time, the surface O* species can be reduced into OH* by the reverse disproportionation
at comparable reaction rates. The reverse disproportionation reaction in this work had an

average energy barrier of 0.17 eV, which was comparable to the reported energy barrier
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on the hexagonal Mo>C (101) surface at 0.15 eV [187].

The molecular H> and molecular H>O would compete for the same Mo—C pair site on the
(001) surface, influencing the catalytic performance. Therefore, it is important to compare
the relative stability of the dissociated H* and the generated O-containing species. It can
be seen from Table 4.4 that the rate constants of the H* formation at different Ho*
coverages were of comparable magnitude to those of the OH* formation at different HoO*
coverages, indicating that it was easy to form the H* species. Although the reaction rate
constants obviously decreased when the surface was covered with the H* species, their

orders of magnitude were still not negligible (higher than 10°).

From a kinetic point of view, the species, including OH*, O*, and H*, were all readily
formed on the (001) surface and were present in large quantities. Besides this kinetic
consideration, the relative stabilities governed by thermodynamics would also influence
the composition of the species that existed on the (001) surface under the H.O/H>
atmosphere. On the one hand, this composition would affect the reaction properties. For
example, it has been found by Jimenez-Orozco ef al. [114] that the (001) surface of MoC
with higher H* coverage facilitated the hydrogenation of ethylene, while we can naturally
conclude that this surface is unfavourable for the water-gas shift reaction. The reaction
mechanism could be influenced by the surface species, which is determined by the
relative stabilities of these species. Therefore, it is important next to discuss the

thermodynamic aspects of surface phase evolution.
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4.4.2 Thermodynamic aspects

The (001) surface of fcc MoC readily forms OH*, O* and H* species under the H>O/H»
atmosphere, with OH* and O being favourable for the water-gas shift reaction. Ab initio
thermodynamics were implemented to obtain the relative stabilities of possible species
formed on the (001) surface under the HoO/H> atmosphere, which were displayed in the

surface phase diagram.

For the construction of the phase diagram, the most stable configurations of HoO*, OH*,
O* and H* discussed earlier and the most stable surface mixed species, e.g. [H2O*+OH*],
[H20*+OH*+0*], [H2O*+OH*+H*], were all considered. Referring to the experimental
data in studies [47, 48, 66-68, 191], a pressure of H ranging from 107° to 10 MPa and a
pressure of H,O ranging from 107> to 10 MPa at a temperature of 473.15 K were used in
this computational study. The saturation vapour pressure of water is 1.55 MPa at a
reaction temperature of 473.15 K and the vapour will condense to the liquid water if the

pressure is increased further.
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Figure 4.10 The fcc MoC (001) surface phase diagram at 473.15 K.

The constructed surface phase diagram has been summarised in Figure 4.10, which shows
the stabilities of the surface species on the (001) surface in a HoO/H» environment, with
the configurations of the different phase structures at the bottom. As there were nine sites
on the (001) surface where the mixture of surface species could be adsorbed, the
expression '4OH_4H>0O 10' denotes 4 OH*, 4 H,O*, and 1 O* on the (001) surface, the

same below.
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The (001) surface species were mainly the O-containing species, a mixture of HoO*, OH*
and O* species. When the H, pressure was less than 3x107% MPa, the constitution of the
surface phase was mainly of 4OH 4H>O 10, 30H 3H»>O 10 and 30H 4H,O 20. It
indicates that the surface phase structure at the start of the water-gas shift reaction, has
both OH* and O* species existing on the surface. With the increase in hydrogen pressure,
the surface OH* composition increased as the decrease in the surface O* composition
(30H_4H20 20 — 40H 4H>O 10). It also means that as the hydrogen production
reaction proceeds, the surface is gradually covered with more OH* species. When the
hydrogen pressure exceeded 10”7 MPa, the surface O* species disappeared completely
(40H_4H>0 10 — 40H _5H;0), while it can be inferred that the O* species were first
reduced to the OH* species and then the OH* formed the H>O*. A further increase in H»
pressure would convert the surface OH* species to surface H.O* (4OH _5H,O —
30H_6H>0). Keeping the H> pressure constant and reducing the H>O pressure could
result in a decrease in O-containing species. For example, with fixed Hz pressure close to
107> MPa, the (001) surface phase structure would be converted from 40H_5H,0 to
30H_3H,0 by decreasing H>O pressure from 10 to 107> MPa. The surface started to
present H* species when the H,O pressure was close to 107> MPa and the H» pressure
was above 1072 MPa, and the further increase in H» pressure would lead to an increase in

the coverage of the H* species.

In view of the above, the formation of the OH* or O* species was easier than that of the

H* species on the (001) surface, signifying the important catalytic role of the (001)
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surface. The Sabatier principle states that the binding strength between the catalyst
surface and the intermediates should be neither too strong nor too weak [102-105]. The
order of the surface binding strengths of OH* and O* species at 1/9 ML coverage on fcc
MoC can be obtained by combining the results in this chapter for the (001) surface with
those in the literature [108] for the (111)-Mo surface, as follows: O* on (111)-Mo (—1.78
eV) > OH* on (111)-Mo (cavity site, —1.65 eV) > OH* on (111)-Mo (bridge site, —1.40
eV) > OH* on (111)-Mo (top site, —1.02 eV) > OH* on (001) (—0.48 eV) > O* on (001)
(—0.22 eV). The OH* and O* species on the (001) surface showed relatively lower
binding strengths, suggesting that the (001) surface may have qualitatively better
reactivity. However, the specific reaction pathways in water-gas shift reactions are still

not negligible, and this will be further clarified and compared in later chapters.

4.5 Summary

This chapter systematically calculated the surface phase structure evolution on the (001)
surface of fcc MoC in an HoO/H; environment. Based on the DFT method, we first carried
out the investigation of the dissociation of H2O*, OH* with different coverages and the
configuration of the dissociated OH*, O* to study the most stable configurations of the
species. During the study of the O* configuration, the ab initio molecular dynamics
method was additionally implemented for confirmation purposes. Following these
analyses, the surface phase structure evolution in kinetic aspects was performed to
investigate the possible species on the (001) surface. Finally, the ab initio

thermodynamics was used to obtain the phase diagram at 473.15 K to consider the relative
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stabilities of these species in the thermodynamic aspects.

It was found that the species including OH*, O*, and H* were all readily formed on the
(001) surface according to the reaction rate constants, but the comprehensive
investigation showed that the H,O*, OH*, and O* species tended to cover the (001)
surface instead of H*, justifying the importance of the evolved surface in the water-gas

shift reaction.
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Chapter 5 Results and Discussion (llI): WGS on original
surface of Pti/fcc MoC

In the previous chapter, a detailed study of the (001) surface demonstrated results that
were quite different from those in the literature for the (111)-Mo surface [108]. While the
(111)-Mo surface is prone to be covered by an O* layer or OH* layer, the evolution of
the (001) surface could lead to a surface phase mixed with H>O, OH and O* species.
There are controversies on which surface plays the dominant role in water-gas shift
reaction and which kind of mechanism is preferred by different surfaces. In this chapter,
different routes (the associative route, the redox route, and the water-assisted associative
route) for the WGS on original Pt; doped fcc MoC catalysts were presented, considering
the difference between (111) and (001) facets. Then, the energetic span model evaluated

and compared the TOF of different catalytic cycles on different facets.

5.1 Model setup

5.1.1 Pt doped fcc MoC (111)-Mo surface

The clean and Pt doped (111)-Mo surface of fcc MoC was represented by a periodic p(3%3)
supercell slab model as the side and top views in Figure 5.1 (a) and (b). The five layers
of Mo atoms and five layers of C atoms were alternatively stacked, with each layer
consisting of 9 atoms in a 3x3 arrangement with a total thickness of 11.3 A. The vacuum
gap between the adjacent periodic slabs in the direction perpendicular to the surface was

set to 15 A for the (111)-Mo models to avoid artificial interactions between the periodic
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slabs. The top six layers of the Pt;/(111)-Mo slab model (including Pt) were relaxed in

structure optimisation with the bottom four layers fixed. A 4x4x1 I'-centred Monkhorst-

Pack [150] mesh grid was used for the first Brillouin zone k-point sampling for this slab

model.

—  Top six
layers relaxed

| Bottom four
layers fixed

(111)-Mo
side view

'« fee
hcp

(111)-Mo
top view

(a)

113

bottom four
layers fixed

Pt,/(111)-Mo
side view

Pt,/(111)-Mo
top view

(b)

Figure 5.1 Surface slab models of (a) clean fcc MoC (111)-Mo surface and (b)

Pt-doped (111)-Mo surface (Green balls: Mo; grey balls: C; blue balls: Pt; only

the two topmost layers were presented in top view for clarity).

The lattice parameter was validated as structure as the calculated value was 4.34 A in this

work, and the experiment value was 4.27 A in reference [192]. The distance between

adjacent Mo atoms was also validated as the calculated value in this work was 3.07 A

while the calculation result from Lin et al. was 3.06 A [48]. It can be seen from the top



view in Figure 5.1 (a) that there are two sites for Pt doping, namely, the hcp site
(hexagonal closed-pack) and the fcc site (face-centred cubic). The calculation showed
that the Pt anchored on the hep site has a 0.2 eV higher stability than that on the fcc site,
and the energy barrier of Pt migration from the hcp site to the fce site was 0.32 eV. Thus,
the Pti/(111)-Mo slab model was constructed with Pt anchoring on the hcp site, which

was also supported by the results of Li et al. [193].

5.1.2 Pt doped fcec MoC (001) surface

The clean and Pt-doped (001) surface was represented by a periodic p(3%3) supercell slab
model as the side and top views in Figure 5.2 (a) and (b). The (001) surface slab model
possessed six layers with a total thickness of 10.9 A, where each layer was constituted by
a mixture of 9 Mo and 9 C atoms. Three topmost layers of the Pt;/(001) slab model
(including Pt) were relaxed in structure optimisation with the bottom three layers fixed.
The vacuum gaps between the adjacent periodic slabs in the direction perpendicular to
the surface were both set to 15 A for the (001) model to avoid artificial interactions
between the periodic slabs. A 4x4x1 I'-centred Monkhorst-Pack [150] mesh grid was used

for the first Brillouin zone k-point sampling for this slab model.
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Figure 5.2 Surface slab models of (a) clean fcc MoC (001) surface and (b) Pt-
doped (001) surface (Green balls: Mo; grey balls: C; blue balls: Pt; only the two

topmost layers were presented in top view for clarity).

Similar to the (111)-Mo surface, the lattice parameter and the distance between adjacent
Mo atoms were validated with the reference [48, 192]. The Pt atom directly replaced one
surface C atom resulting in the Pt coordinating to 4 nearest Mo atoms at a distance of 2.7
A, the model of which was in accord with that used by Wang et al. [113] and energetically
more favourable than the Pt replacing one surface Mo atom or adsorbing on the (001)

surface.
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5.1.3 Simulation conditions

Detailed studies of WGS reactions performed on Pti/fcc MoC used a gas phase
composition that has been experimentally reported. Unless noted otherwise, all Gibbs free
energy changes of the catalytic cycles are calculated at 423.15 K and 1 atm pressure with
full reformate gas phase composition (26% H>O, 11% CO, 26% Ha, 7% CO2 and 30% N>)

[47, 66].

5.2 Results of the original Pt1/(111)-Mo surface

5.2.1 The associative route

In the associative mechanism, the CO first reacts with one OH group of adsorbed H>O to
form a surface carboxyl intermediate (HO—CO%*), and then the further dehydrogenation
of HO-CO* species leads to CO; and H». The free energy profile of this route has been

calculated and is shown in Figure 5.3.
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Figure 5.3 Free energy profile for the associative route on the original Pt1/(111)-

Mo surface.

The activation of the O—H bond in H>O leading to the surface OH* group (IM2 — TS1
— IM3) is a necessary step in the associative route. The energy barrier for O-H cleavage
of H,0 was 0.44 eV with an O-H distance of 1.38 A, showing an excellent ability of H.O
activation. The reaction energy of —0.87 eV was fairly exothermic, indicating strong
hydrophilicity of the fresh (111)-Mo terminated surface. It should be noted that the OH*
generated by H>O activation was the top-site type (IM3), where the OH* resided on top
of a Mo site forming one Mo—O bond. As shown in ref. [108], the configuration of the
top-site OH* made its O atom highly exposed and reachable by other molecules such as
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CO. In the second step, CO combines with the top site OH* to form a HO-CO*
intermediate (IM3 — TS2 — IM4) with an energy barrier of 0.73 eV. The C—(OH) bond
length of the resulting HO—-CO* intermediate (IM4) is only ~0.05 A shorter than that of
the transition state (TS2). Meanwhile, the energy barrier of the C—(OH) bond cleavage
was negligibly small (0.04 ¢V), showing that the formed HO-CO* intermediate could
readily dissociate back to CO and OH*. Otherwise, the highly unstable intermediate HO—
CO* may also have the chance of dehydrogenation to CO; via O—H bond cleavage (TS3),
whereas its reaction rate was about 107 times slower than that of the C—(OH) bond
cleavage leading to CO and OH*. The final step was the binding of two chemisorbed H*
atoms (IM6), leading to H> (IM7), which was kinetically and thermodynamically
unfavoured. In contrast, the H-H bond cleavage of H; leading to surface chemisorbed H*
overcame only a small barrier (0.02 eV) and released significant energy (0.90 eV),

signifying a strong H-affinity of the fresh (111)-Mo terminated surface.

Among the many intermediate states of the free energy profile, the energy positions of
IM3 (H/OH/CO co-adsorption) and IM6 (H adsorption) were rather too low, indicating
that the (111)-Mo terminated surface had a too strong binding strength towards H, OH
and CO species. The degree of TOF control (X 7or) of IM3 was ~1.00, with those of other
intermediates negligible, while the HO-CO* dehydrogenation (TS3) had the largest
Xror 0f ~1.00. Thus, IM3 was identified as the TOF-determining intermediate (TDI) and

the TS3 was identified as the TOF-determining transition state (TDTS). The energetic

span (SE ) determined by TS3 and IM3 formed the largest ‘energy barrier’ in the direction
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of the forward reaction (equations (3-35) and (3-36)). The energy difference between the
transition state of highest energy (TS3) and the intermediate of lowest energy (IM6) was
1.55 eV, whereas the effective ‘energy barrier’ was significantly reduced to 0.85 eV due
to the compensation by the reaction energy (AG, ) shown in Figure 5.3 and equation

(3-36).

5.2.2 The redox route

In the redox mechanism, the CO is oxidised directly by surface O* species to form CO:
generated through the dehydrogenation of H2O on the substrate. The free energy profile

of this route has been calculated and is shown in Figure 5.4.

91



0.00 >
\
-0.26\
IML A
\ AG,=-0.70
\ TS1 ~
\ -0.95 TS3 )/
\ = -1.03 /
\ AN TDTS =
/ s
vy \ Ts2 /0 114

O-H:1.27 H-H: 1.04

Figure 5.4 Free energy profile for the redox route on the original Pt1/(111)-Mo

surface.

The formation of surface O* species by complete H,O dehydrogenation was an important
step. The activation of the first O—H bond in H>O was kinetically and thermodynamically
favourable with an energy barrier of 0.44 eV (IM2 — TS1) and a reaction energy of —0.63
eV (IM2 — IM3). The generated OH* was a cavity-site type (adsorbing at the Acp or fcc
site), where the O atom of OH* is bonded to three surface Mo atoms of triangular
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arrangement. According to the research by literature [108], the cavity-site OH* with a Tg-
like symmetry was more prone to dehydrogenate rather than react with other molecules
due to its large steric hindrance around the O atom. The dehydrogenation of OH* to form
surface O* was accompanied by a H-H bond formation (TS2), where the surface H*
resulted from H>O activation bonded with the H atom of OH* to produce one H> molecule
and one surface O* (IM4). The H-assisted OH* dehydrogenation crossed an energy
barrier of 0.61 eV (TS2) and was nearly thermodynamically neutral. The final step was
the oxidation of adsorbed CO by surface O* to produce CO2 (IM5 — TS3 — IM6). The
CO adsorbed at the Pt—-Mo interface with its C atom bonding to the Pt and Mo sites (IM5).
The distance of Pt-C increased from 2.07 A in IMS5 to 2.87 A in TS3, whereas C-O
distance decreased from 3.25 A in IM5 to 1.70 A in TS3, and finally to 1.37 A in the CO»
molecule. The energy barrier of the CO oxidation step was 1.25 eV, whereas its reverse
reaction, i.e., dissociation of COz to form CO and O*, could readily occur with a small
energy barrier of 0.11 eV. With atomic arrangement equivalent to the (111)-Mo surface
here, the MXene Mo,C (0001) surface was also predicted to possess excellent CO>

dissociation ability [194].

The TDTS and TDI happened to be in one elementary reaction step — the CO oxidation
step, which was usually considered as the rate-determining step in the WGS reaction [71].
Thus, the energetic span was equal to the energy barrier of the CO oxidation step in this

case shown in Figure 5.4.
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5.2.3 The H20-assisted associative route

The H>O-assisted associative route in the WGS reaction was recently proposed by Tong
and Xu ef al. [118]. This route is characterised by how CO combines with the OH group
to form the HO—CO* intermediate compared to the associative route. In this route, the
OH group of the HO-CO* intermediate was not from the surface-bonded OH*, but
directly from physically adsorbed water molecules. Thus, O* species were usually already
available on the surface before this reaction step occurred. Using the reconstructed surface
models of fcc TiCy(111)O,(OH). and MoC«(111)O,(OH)., they showed the steps of HO-
CO* formation and its further dehydrogenation to CO2 and H*. However, the surface
dehydrogenation step results were not supplied, which was necessary to restore the
substrate. Thus, they could not accurately compare the efficiency of the H>O-assisted
associative route with those of redox or associative routes, but only via certain elementary

reaction steps.

Here, as shown in Figure 5.5, the Pti/(111)-Mo surface model doped with one surface O*
was used, while the efficiency of the full Mo—O layer surface model was further

considered and compared in the later chapter.

94



IM1 IM2 TS1 IM3
C-0:1.64 0O1-H:1.20
02-H:1.21

TS4
0-H:1.33 H-H:1.04 O-H:1.26

Figure 5.5 Free energy profile for the H20-assisted associative route on the

original Pt1//MoC (111)-Mo surface.

In the H>O-assisted associative route, CO adsorbed on top of the Pt site, while the H,O
weakly interacted with the surface O* via a hydrogen bond of 1.85 A (IM2). The physical
adsorption of H>O via the hydrogen bond elevated the free energy position by ~0.43eV,
which was due to the fact that the weak van der Waals interaction could not compensate
the entropy reduction effect at the WGS temperature (423.15 K). In the subsequent HO—

CO* formation step (IM2 — TS1 — IM3), the surface O* captured one H atom from the
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physiosorbed H,O molecule, while the retained OH group combined with CO. The energy
barrier of this elementary reaction step was 0.72 eV, which was significantly lower than
that of the redox route (1.25 eV, IM5 — TS3 — IM6 in Figure 5.4) and comparable with
that of the associative route (0.73 eV, IM3 — TS2 — IM4 in Figure 5.3). The formed
HO-CO* intermediate was highly unstable, which would easily decompose back to CO
and H,O with negligible energy barrier. Besides, the HO—CO* intermediate could also
directly transfer its H atom to the Mo site, which led to CO; and surface H* atom with an
energy barrier of 0.33 eV (TS2). Similar to the redox route in Figure 5.4, the H> molecule
was produced via the H-assisted OH* dehydrogenation, where the surface H* atom

combined with the H atom of OH* to form one H, molecule (TS3).

The energy barrier of this step was 0.73 eV and almost thermodynamically neutral. The
CO adsorption state (IM1) was identified as the TDI, while the HO—CO* dehydrogenation

(TS2) was identified as the TDTS. The energetic span was 1.51 eV.

5.3 Results of the original Pt1/(001) surface

5.3.1 The associative route

Wang et al. [113] proposed two possible pathways of the associative route for the WGS
reaction on the original Mi/fcc-MoC (001) surface model (M; referred to Rhi, Pdi, Pty

and Aui), namely, the Mi-site pathway and the Mo-site pathway.

In the M-site pathway, the doping metal atom directly participated in the reaction acting

as a site for CO initial adsorption and subsequent activation processes. In the Mo-site
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pathway, the Mo atom adjacent to the doping metal atom acted as the active site for the
WGS reaction, with the doping atom as an electronic promoter enhancing the reactivity
of the Mo site. However, they did not strictly establish the complete catalytic cycles, only
considering certain elementary reaction steps. Their comparisons are for the different
metal-doped (001) surface models based on the energy barriers of selected elementary
reaction steps. Thus, in order to systematically and strictly compare the catalytic
efficiencies of the original (001) surface with that of the (111) surface, the complete
catalytic cycles on the (001) surface model should be established as requested by the ESM

model.

(1) Mo-site pathway

As depicted in Figure 5.6, the adsorption of H2O on the (001) surface was 0.12 eV
endothermic, whereas it was 0.26 eV exothermic on the (111)-Mo surface (Figure 5.3),

signifying less hydrophilicity of the (001) surface than that of the (111)-Mo surface.

The O—H cleavage of H>O on the (001) surface was also facile with an energy barrier
slightly higher than that on the (111)-Mo surface (0.57 vs. 0.44 eV), whereas the reaction
energy of H>O activation on the (001) surface was endothermic at 0.38 eV compared to
that exothermic at 0.87 eV on the (111)-Mo surface, indicating a significant weaker H>O

chemisorption strength on the (001) surface.

97



TS3 - TDTS

11577 X
TS2 /' \
o1 0.79 , \
0’.291 //,—~\‘-‘I N '
RN ,/ 074 145\ 1.00
)/ e ’ M4 \ | o5
012 , 0.5 ~‘0-4{0 \ 0.28
"\ﬁl' M2 M3 “ —*— ’a-\\
DI » | I/ \
e i O A 0.06\ ' . , Y
0.00 M5 \ A, TS y :
(. - 048 v
N 7T TN My -
i -0.36
‘b IM8
0.55
IM6 AG,=-0.70
el 680
00000 °°° (4 OOO © 00000 0.0&0 0’00 0&0
000 -0,6:0-6.6.0-0,0.0-0.6.0-6,09 .0,00
000 000 000 000 000 000 000
M1 Ts1 M2 M3 TS2 M4
0-H:1.39 C-H: 1.29 C-0:173

00" %00 C 000,00 G0

o0 000 000 00 0600 000 ©0
TS3 IM5 IM6 TS4 M7 TS5 IM8

C-H:1.28 O-H:1.35 C-H: 155 Pt-H: 1.81 H-H: 1.24

Figure 5.6 Free energy profile for the Mo-site pathway of associative route on

the original Pt1/MoC (001) surface.

In the Mo-site pathway, CO adsorbed on the Mo atom adjacent to the formed Mo—OH*
group (IM3), and the subsequent combination of CO with the OH* formed the HO-CO*
intermediate (IM4) with a small energy barrier of 0.39 eV. The formed HO-CO*
intermediate was highly unstable and could readily dissociate back to CO and OH* with
an energy barrier of only 0.05 eV. Though the elementary step of HO-CO*
dehydrogenation to CO> was also kinetically and thermodynamically favourable (IM4 —
TS3 — IM5), the first two steps (TS1 and TS2) were all endothermic, which pushed up
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the energy position of TS3, thus making the dehydrogenation more difficult to occur than
it looked like. After the desorption of CO> in IM5, two H* atoms remain on the surface,
which would desorb as one H> molecule. One of the two H* atoms first migrated from
the C site to the Pt—Mo interfacial site, forming a Pt—H bond of 1.80 A and overcoming
an energy barrier of 0.28 eV (IM6 — TS4 — IM7). Then, the combination of the two H*
atoms in IM7 resulted in one H> molecule accompanied by the breaking of the C—H and
Pt—H bonds. The energy barrier of the latter step was significantly larger than that of the

H-migration step (0.76 vs. 0.28 eV).

The HO—CO* dehydrogenation transition state (TS3) was identified to be the TDTS, and
the energetic span was 1.15 eV. The energy difference between TS3 and IM6 was as large
as ~1.70 eV, but the actual hindrance formed by them was much smaller due to the

compensation of the reaction energy (AG,., Figure 5.6).

(2) Mi-site pathway

In the Mi-site pathway, CO adsorbed on the Pt site (IM3 in Figure 5.7) instead of the
adjacent Mo site (IM3 in Figure 5.6) after H>O activation. The adsorption strength for CO
on the Pt site was significantly stronger than that on the adjacent Mo site (—0.73 vs. —0.1
eV), indicating a stronger electron-donating ability of Pt. The H>O activation to form
surface OH* appeared to be easier at the Pt—-Mo interface (TS1 in Figure 5.7) than that on
the more distant Mo site (TS1 in Figure 5.6), and the resulting surface OH* bonded to Pt

(2.26A) and Mo (2.13 A) sites at the Pt—Mo interface, while only a Mo—O bond (2.01 A)
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formed on the more distant Mo site. The combination of CO with OH* on the Pt site had
an energy barrier larger than that on the Mo site (0.72 vs. 0.39 eV), which showed a similar
trend supported by Wang and co-workers [113]. The formed HO-CO* intermediate on
the Pt site (IM4 in Figure 5.7) seemed to be more stable than that on the Mo site (IM4 in
Figure 5.6), where the C—O dissociation barrier of HO—CO* on the Pt site was larger than
that on Mo site (0.23 vs. 0.05 eV). The following HO—CO* dehydrogenation (TS3), H*
migration (TS4) and combination of surface H* atoms (TS5) had comparable energy

barriers with those in the Mo-site pathway.
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Figure 5.7 Free energy profile for the M1-site pathway of associative route on

the original Pt1/MoC (001) surface.

100



The HO-CO* dehydrogenation transition state (TS3) was the TDTS same as that of the
Mo-site pathway, whereas the CO adsorption state (IM3) was located as the TDI due to

the significant adsorption strength of CO on the Pt site.

5.3.2 The H20-assisted associative route

By analogy with the H>O-assisted associative route on the original (111)-Mo surface

(Figure 5.5), a similar route on the original (001) surface model was also explored and

established, as shown in Figure 5.8.
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Figure 5.8 Free energy profile for the H20-assisted associative route on the

original Pt1//MoC (001) surface.

Adsorption of CO on the Pt site was followed by one H20 anchoring to a nearby C site
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through a weak hydrogen bond of 2.16 A (IM2). Adsorption of CO lowered the free
energy position by ~0.70 eV, whereas the co-adsorption of H>O via hydrogen bond
elevated the free energy position by ~0.22eV due to the entropy reduction effect at 423.15
K. In the subsequent HO—CO* formation step (IM2 — TS1 — IM3), the surface C site
captured one H atom from the physiosorbed H>O molecule, while the CO combined with
the leftover OH group to form the HO—CO* intermediate. The energy barrier of the HO—
CO* formation step was significantly larger than that on the MoC (111)-Mo surface (1.24
vs. 0.72 eV), which may be ascribed to the less efficiency of the H transfer between C
and O on the MoC (001) surface (Figure 5.8, TS1) than that between both O atoms on the
MoC (111)-Mo surface (Figure 5.5, TS1). The subsequent dehydrogenation of HO—CO*
to CO2 occurred via the H transfer between the HO—CO* and another C site overcoming
an energy barrier of 0.46 eV. After CO2 desorption, the surface dehydrogenation steps

were all the same with those of the associative route (Figure 5.6).

The HO-CO* intermediate formation (TS1) was the TDTS, while the CO adsorption state
(IM1) was the TDI. The energetic span was 1.46 eV, notably larger than the associative

routes (Figure 5.6 and Figure 5.7).

5.4 Discussion of WGS on the original Pti/fcc MoC surface

The catalytic efficiencies of the specific surface phase structures were evaluated and
compared via their respective turnover frequency (TOF), which could be determined by

the energetic span model (ESM) [121]. The ESM model breaks the limitations of the
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elementary reaction step as the ‘primitive unit’ in the catalytic cycle. Instead, the actual
‘energy barrier’ or the energetic span (equations (3-35) and (3-36)) depends on all the
permutations between intermediates and transition states of a catalytic cycle, thus
incorporating much more comprehensive kinetic information. In most cases, the ESM
model showed that conclusions based only on the energy barriers of elementary reaction

steps or on the single rate-determining step could not reflect the actual situation.

Taking the three reaction routes on the original Pt;/(111)-Mo surface as an example, the
energy barriers of ~0.44 to 0.88 eV in the associative route (Figure 5.3) and of ~0.35 to
0.73 eV in the HxO-assisted associative route (Figure 5.5) were obviously lower than
those of ~0.44 to 1.25 eV in the redox route (Figure 5.4). In the language of the ‘rate-
determining step’, the energy barrier for the rate-determining step of 0.88 eV in the
associative route (IM6—TS4 in Figure 5.3) and 0of 0.73 eV in the H>O-assisted associative
route (IM5—TS3 in Figure 5.5) were both lower than that of 1.25 eV in the redox route
(IM5—TS3 in Figure 5.4). Thus, one may conclude that the efficiency order of the routes
on the original (111)-Mo surface was H>O-assisted associative route > associative route >
redox route. However, using the energetic span (JE ) of the ESM model, which considers
all the energy states in a catalytic cycle (equations (3-35) and (3-36)), the efficiency order
was redox route (1.25 eV, Figure 5.4) > associative route (1.47 eV, Figure 5.3) ~ H>O-
assisted associative route (1.51 eV, Figure 5.5), which was opposite to that depending on

energy barriers of the elementary reaction steps.

Besides the comparisons among the efficiencies of different reaction routes, the concept
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of the rate-determining step could also mislead the structure—performance relationship
conclusion. For example, the energy barriers of the total five elementary reaction steps in
the Mo-site pathway of the associative route on the original Pt;/(001) surface (Figure 5.6)
were 0.57 eV (H20 activation, TS1), 0.39 eV (HO—CO* intermediate formation, TS2),
0.41 eV (HO—CO* dehydrogenation, TS3), 0.28 eV (H* migration, TS4) and 0.76 eV (H>
formation, TS5), respectively. Thus, from the concept of the rate-determining step, the Ho
formation step was the one most frustrating the catalytic efficiency. However, it would be
misleading for researchers to focus on how to improve the dehydrogenation ability of the
substrate for better catalytic reactivity. Instead, the HO—CO* dehydrogenation transition
state was the one mostly limiting the TOF according to the ESM method, where the HO—
CO* dehydrogenation state possessed a significantly larger normalised degree of TOF
control (Xror, €equation (3-35)) than the H> formation state (0.9997 vs. 0.0002) indicating
that finding new pathways of higher activity in HO—CO* dehydrogenation (TS3, Figure
5.6) could accelerate TOF to the maximum extent. It should be noted here that the
aforementioned argument based on the X;or holds true if only no obvious changes
occurred in the energy states of other intermediates or transition states when the energy

states of TDTS or TDI were changed.

Table 5.1 compares the TOF values and TOF-determining states of various WGS routes
on original Pt doped (111)-Mo and (001) surfaces, and in this table different routes are
replaced by abbreviations, A for the associative route, R for the redox route and WA for

the HyO-assisted associative route.
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Table 5.1 TOF values and TOF-determining states of various WGS routes on original Pt doped (111)-Mo and (001) surfaces.

TDI TDTS
Surface Phase Route TOF (h™")
(figure no., label) (figure no., label)

Pti/(111)-Mo A 1.18x10""  H/OH/CO co-adsorption (Fig. 5.3, IM3) HO-CO* dehydrogenation (Fig. 5.3, TS3)
Pti/(111)-Mo R 4.87x10! O/CO co-adsorption (Fig. 5.4, IM5) CO oxidation (Fig. 5.4, TS3)
Pti/(111)-Mo WA 3.21x1072 CO adsorption (Fig. 5.5, IM1) HO-CO* dehydrogenation (Fig. 5.5, TS2)

Pt1/(001) A(Mo-site) 6.21x10? gas phase CO and H>O (Fig. 5.6) HO-CO* dehydrogenation (Fig. 5.6, TS3)

Pt1/(001) A(Pt-site)  1.95x10° H/OH/CO co-adsorption (Fig. 5.7, IM3) HO-CO* dehydrogenation (Fig. 5.7, TS3)

Pt1/(001) WA 1.16x107! CO adsorption (Fig. 5.8, IM1) HO-CO* formation (Fig. 5.8, TS1)
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For the three reaction routes on the original Pti/(111)-Mo surface (Figures 5.3-5.5 and
Table 5.1), the redox route was the most efficient one with TOF of 48.7 h™! at 423.15 K,
the TOF of which was comparable with that of 1.72 h™! on Pt;/TiO2 [175] and of 3.64 h™!
on Pt;/MgO [195] at 298.15 K for the CO oxidation reactions. The TDTS and TDI of the
redox route (Figure 5.4) happened to be in one reaction step — the CO oxidation step,
whereas they were in different reaction steps on the other two routes (Figures 5.3 and 5.5).
By comparison, the catalytic efficiency of the original Pt/(001) surface was significantly
larger than that of the original Pti/(111)-Mo surface, where the TOFs of the associative
routes on the original Pt;/(001) surface were 1 to 4 orders of magnitude larger than the
redox route on the original Pt;/(111)-Mo surface (Table 5.1). The large discrepancy of the
catalytic efficiencies between the original Pt;/(111)-Mo and Pt;/(001) surfaces could be
explained by the principle of Sabatier [102-104], which claims that the surface binding
strength of intermediates should be neither too weak nor too strong, in other words, only
the moderate surface binding strength will lead to the most efficient catalytic cycle. Note
that both the associative route and the redox route belong to the Langmuir-Hinshelwood
[196, 197] category, where the reaction proceeds between CO adsorbing on the metal site
and H>O dissociative adsorption on the substrate. Thus, the catalytic efficiencies of the
associative or the redox routes cannot avoid Sabatier’s rule. The (111)-Mo surface of fcc
MoC was found to be much more hydrophilic than the (001) surface, where the surface
binding strength towards the O-containing species (H2O, OH* and O*) was much

stronger on the (111)-Mo surface than that on the (001) surface. Consistently, the
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energetic positions of the intermediates in the redox or the associative routes on the
original Pti/(111)-Mo surface (Figures 5.3 and 5.4) were significantly lower than those
on the original Pti/(001) surface (Figures 5.6 and 5.7), which greatly decelerate the
turnover speed of the intermediates on the original Pt;/(111)-Mo surfaces. Instead of
dissociative adsorption of H>O on the substrate like in the redox and associative routes,
the H>O to be reacted pre-adsorbed on the surface via a weak hydrogen bond (Figures 5.5
and 5.8) in the H>O-assisted associative route. Due to the low efficiency of H-transfer in
HO-CO* intermediate dehydrogenation (Figure 5.5, TS2) and HO-CO* intermediate
formation (Figure 5.8, TSI), both the original Pt;/(111)-Mo and Pt;/(001) surfaces
showed relatively lower TOFs of the H.O-assisted associative route compared with those

of the associative and the redox routes (Table 5.1).

5.5 Summary

This chapter presented DFT studies of the water-gas shift reaction on the original Pti/fcc
MoC surface considering the effects of different crystal facets ((111) vs. (001)) and
different reaction routes (redox route, associative route, and H>O-assisted associative
route). The catalytic efficiencies were quantified via the TOF calculated by the ESM. For
the original (111)-Mo surfaces, the redox route (4.87x10' h™') was more efficient than the
associative route (1.18x107! h™") and the H,O-assisted associative route (3.21x1072 h™).
Meanwhile, for the original (001) surfaces, the associative routes via the Pt-site pathways
(1.95x10° h!) showed significantly higher TOFs than the Mo-site pathways (6.21x10?

h™!) and the H,O-assisted associative route (1.16x107" h™1).
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Chapter 6 Results and Discussion (lIl): WGS on evolved
surface of Pti/fcc MoC

The catalytic performance of heterogeneous catalysts is closely related to the surface
phase reconstructions resulting from the interactions between the original surfaces and
the reactants/products. In the previous chapter, the evolution of the surface phase structure
of the (001) surface was systematically investigated, and the (001) surface exhibited
rather different evolution patterns compared to that of the (111)-Mo surface [108]. Under
the H2/H>O atmosphere, surfaces with different physicochemical properties were
expected to exhibit different surface phase structural evolution patterns. It was therefore
important to explore and compare the catalytic efficiencies of different surface phase
structures. The original (001) surface was mostly covered by a mixture of surface OH*
and H>O*. In contrast, the original (111)-Mo surface was readily covered with OH*
groups due to the fast kinetics of H>O activation. The surface OH* layer would gradually

dehydrogenate to form a more thermodynamically stable Mo—O monolayer.

In this chapter, different routes (the associative route, the redox route, and the water-
assisted associative route) for the water-gas shift on the evolved surface of Pti/fcc MoC
were presented, considering the difference between (111) and (001) facets. The energetic
span model, which was introduced in Chapter 3, is employed to evaluate and compare the

TOF of different catalytic cycles on different facets of Pti/fcc MoC catalysts.
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6.1 Construction of the evolved surface

The original surfaces exposed under the HO/H> atmosphere would quickly be covered
by formed species, leading to different reactive properties, which is also the important
basis for this thesis. In this section, the original surfaces covered with species such as
H>0*, OH*, and O* are denoted as (H20)x(OH)y(O), and reasonable covering surfaces

would be constructed for subsequent discussion, as shown in Figures 6.1 ~ 6.4.

Figure 6.1 Surface phase structure of Pt1/(111)-Mo(OH)s/4 ML (top view).

Figure 6.1 shows the top view of the surface phase structure with 3/4 ML OH* coverage,
denoted as Pti/(111)-Mo(OH)3/s mr. The Mo atoms highlighted in yellow constituted the
periodic surface of p(3x3) supercell model used in this study, and the six OH groups
labelled from a to f were the corresponding surface OH groups on this model. Here, green

balls represent Mo atoms, grey balls represent C atoms, blue balls represent Pt atoms, red
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balls represent O atoms, and white balls represent H atoms, only the top two layers were

presented in the top view for clarity (this notation is same in the following three figures).

There were three types of OH* in Pt1/(111)-Mo(OH)3/4 ML, which were called the top site
(a, b), bridge site (c, d) and cavity site OH* (e, f), depending on the number of bonds
formed between Mo and OH*. According to [108], the cavity site OH* is the only stable
configuration with surface OH* coverage (fon) < 4/9 ML, while the top site and bridge
site OH* will emerge on the surface structures with oy >5/9 ML, and the hydrogen bonds

contribute a lot to the stability of top site and bridge site OH*.

Figure 6.2 Surface phase structure of Pt1/(111)-Mo(O)1mL (top view).

Figure 6.2 shows the top view of the surface phase structure with 1 ML O* coverage,
denoted as Pti/(111)-Mo(O)1mL. The Mo atoms highlighted in yellow constituted the

periodic surface of p(3x3) supercell model used in this study. The cavity site O* is
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consistently the most stable configuration with surface O* coverage ranging from 0 to 1
ML. The DFT and AIMD results showed that the top site O* was highly unstable and
readily evolved into cavity site O* with strong surface binding strength. Furthermore, the
hep site O* was always more stable than the fcc site O*, which was also supported by the

DFT calculations by Xu ef al.
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Figure 6.3 Surface phase structure of Pt1/(001)-(H20)3/smL(OH)z/smL.

Figure 6.3 shows the top view of the surface phase structure with 3/8 ML H2O coverage.
The Mo atoms highlighted in yellow constituted the periodic surface of p(3x3) supercell

model used in this study.

The surface phase diagram of (001) surface in the previous chapter showed that stable
surface phase structures usually contained 1/3 to 4/9 ML OH* groups with other sites

vacant or adsorbed by H>O under most of the WGS gas phase compositions. The
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Pt1/(001)-(H20)3/8mL(OH)3/8mL surface phase structure was thus accordingly constructed.
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Figure 6.4 Surface phase structure of Pt1/(001)-(H20)3/smL(OH)3/8mL(O)1/8ML.

Figure 6.4 shows the top view of the surface phase structure with 1/8 ML O*, 3/8 ML
H>0 and 3/8 ML OH* coverage. The Mo atoms highlighted in yellow constituted the

periodic surface of p(3%x3) supercell model used in this study.

The surface phase diagram of the (001) surface in the previous chapter showed that the
(001) surface was usually covered by OH* groups and physiosorbed H>O molecules in
the typical WGS reaction conditions, whereas a small proportion of surface OH* could
further dehydrogenate to surface O* atoms at very low H pressures. Thus, the Pt;/(001)-
(H20)3/8mL(OH)3/8mL(O)1/8mL surface model was constructed according to the results of

the surface phase diagram.
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6.2 Results of the Pt1/(111)-(H20)x(OH)y(O), surface

According to the literature [108], the (111)-Mo surface was readily covered by surface
OH* in the initial stage of the WGS reaction, and the gradual dehydrogenation of surface
OH* would finally transform the Mo—OH surface layer into a Mo—O* surface layer, the
process being driven by thermodynamics. Therefore, both the Mo—OH surface layer and

Mo—O surface layer have been considered in this study.

6.2.1 The associative route

For the WGS mechanism on the Pt;/(111)-Mo(OH)34 ML surface phase (Figure 6.1), the
existence of surface OH* groups fostered the associative route, where the combination of
CO with OH* led to CO oxidation and surface OH* consumption. There were three types
of OH* on the (111)-Mo surface, called the cavity site, bridge site and the top site OH*,
depending on the number of bonds formed between Mo and OH* [108]. The top site OH*
was the most reactive one with the least steric hindrance around its O atom, and it could
exist stably on surfaces with OH* coverage of no less than 5/9 ML. Considering the OH
coverage in this case (> 5/9 ML), the top site OH* was selected to participate in the

reaction directly.
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Figure 6.5 Free energy profile for the associative route on the Pt1/(111)-

Mo(OH)s/4 ML surface phase.

As shown in Figure 6.5, the adsorption strength of CO on the Pt site (IM1) was still strong
compared with those on the original surfaces (Figure 5.3). Following the CO adsorption,
the combination of CO with two top-site OH* groups occurred, where the HO—-CO*
intermediate formation with the first OH* and its subsequent dehydrogenation to CO>
with the second OH* proceeded simultaneously (TS1). The energy barrier at 0 K with the
ZPE correction was 0.92 eV which was in accord with that of 0.91 eV calculated by Ma
et al. [48]. After COz desorption, one H>O adsorbed on the vacant Mo site previously

occupied by the OH* group (IM3). Then, two H>0 molecules existed on the surface (IM3),
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while one was generated in place during CO> formation, and the other was replenished
from the gas phase. Activation of the first H>O molecule resulted in a surface H* atom
and regeneration of a top site OH* (TS2). Desorption of the surface H* in IM4 was
assisted by a nearby cavity site OH* group, the H atom of which combined with the
surface H* to form a H, molecule with itself dehydrogenated to the surface O* atom
(TS3). Then, activation of the second H>O molecule led to the second top site OH*
regeneration and another surface H* formation (TS4). Finally, the migration of the surface

H* to the surface O* atom restored the cavity site OH* and the whole surface (TS5).

The CO adsorption state (IM1) was TDI, while the activation of H,O (TS2) was TDTS.
For the associative route, the energetic span showed that the catalytic efficiency of the
Mo—OH layer phase (1.39 eV, Figure 6.5) was comparable with that of the original surface

(1.47 eV, Figure 5.3).

6.2.2 The redox route

Figure 6.6 shows the redox route on the Mo—O monolayer phase. CO firstly adsorbed on
the Pt site with a significant adsorption energy of —0.82 eV. Then, the CO was oxidised
by an adjacent surface O* atom to form CO.. The distance of Pt-C increased from 1.93
A in IM1 to 2.02 A in TSI, whereas C-O distance decreased from 3.00 A in IM1 to 1.61

A in TS1, and finally to 1.33 A, forming a C-O bond.
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Figure 6.6 Free energy profile for the redox route on the Pt1/(111)-Mo(O)1mL

surface phase.

The energy barrier of the CO oxidation step on Mo—O monolayer of the MoC (111)-Mo
surface was lower than that on the original one (1.04 vs. 1.25 eV), which may be ascribed
to the weakened surface binding strength of O* with coverage increasing [108]. It should
be noted here that the corresponding reverse reaction, i.e. CO2 dissociation to CO and
surface O*, was facile with a negligible energy barrier of 0.03 eV. The spontaneous
desorption of the CO> left an O* vacancy (Oy) on the Mo-O monolayer surface (IM3)
with a free energy change of —0.1 eV. One H2O molecule then filled the Oy site near the
Pt site with an adsorption energy of —0.24 eV. During the subsequent O—H activation of

the adsorbed H>0O, the cleaved H atom transferred to the nearby Pt site forming a Pt-H
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bond, while the retained OH* filled the Oy site. The energy barrier of H>O activation on
the Pt—Oy site was only 0.12 eV, which was lower than those on the original (111)-Mo
(Figure 5.3 and Figure 5.4) and (001) surfaces (Figure 5.6 and Figure 5.7). After a
migration of the H* to a proper position on the Pt site (IM5—IM6), the combination of
two H* atoms from the Pt—-H* and the OH* formed a H> molecule with a negligible energy

barrier, and the desorption of the H> from the Pt site finally restored the Mo-O layer phase.

Similar to that on the original MoC (111)-Mo surface (Figure 5.4), the TDTS and TDI
happened to be the transition state (TS1) and reactant (IM1) in the CO oxidation step,
respectively. The energetic span of 1.04 eV on the Mo-O layer phase was smaller than

that of 1.25 eV on the original surface (Figure 5.4).

6.2.3 The H20-assisted associative route

Figure 6.7 shows the H>O-assisted associative route on the Mo—O monolayer phase. Same

with the associative route (Figure 6.5) or the redox route (Figure 6.6), the adsorption of

CO on the Pt site was an indispensable step, and the binding strength was also strong

(IM1).
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Figure 6.7 Free energy profile for the H20-assisted associative route on the

Pt1/(111)-Mo(O)1mL surface phase.

Following the CO adsorption, one H>O molecule was weakly attached to the Mo—O
monolayer through the hydrogen bond, which pulled up the free energy position by ~0.55
eV due to the relatively larger entropy reduction effect compared to the van der Waals
interaction. Then, one O* of the surface Mo—O monolayer abstracted one H atom from
the hydrogen-bonded H>O molecule, while the CO* bonded with the retained OH group
to form an HO-CO¥* intermediate. The energy barrier for the HO—CO* intermediate
formation was only 0.42 eV which was obviously lower than that of 0.72 eV on the
original (111)-Mo surface (Figure 5.5). The formed HO-CO* intermediate could readily

dehydrogenate to CO> with the cleaved H atom transferring to another O* site of the
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surface Mo—O layer (TS2). The energy barrier for the HO—CO* dissociating back to CO
and H,O was larger than its further dehydrogenation to CO2 (0.29 vs. 0.04 eV), which
could greatly accelerate the WGS reaction. After CO» desorption, the two surface OH*
formed should dehydrogenate to restore the surface Mo—O layer. Firstly, one of the two
OH* delivered its H atom to the nearby Pt site to form a surface Pt—H species (IM5 —
TS3 — IM6). Secondly, after a migration of the H* to the proper position on the Pt site
(IM6—1IM?7), the combination of the two H* atoms from Pt and the surface OH* formed

one Hz molecule (TS4), whose desorption finally restored the surface Mo—O layer.

Compared with the same route on the MoC (111)-Mo surface, the TDTS now changed
from the HO—CO* dehydrogenation (TS2 in Figure 5.5) to HO—CO* formation (TS1 in
Figure 6.7) due to the fact that multiple surface O* sites on Mo—O layer facilitated the
HO-CO* dehydrogenation, whereas the TDI were both the CO adsorption state (IM1 in
Figure 5.5 and Figure 6.7) indicating that the strong CO binding strength was

unfavourable towards the WGS reaction.

6.3 Results of Pt1/(001)-(H20)x(OH),(O), surface

According to the results and discussion in Chapter 4, the (001) surface of fcc MoC was
usually covered by OH groups and physiosorbed H>O molecules in the typical WGS
reaction conditions, while a small proportion of surface OH* could further dehydrogenate
to surface O* atoms at very low H» pressures. Thus, the surfaces covered with H,O/OH

and HoO/OH/O were considered here. Similar to the routes on the original MoC (001)
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surfaces, the Mo-site and Mi-site pathways of the associative route were established on
the evolved MoC (001) surfaces. Besides, the feasibility of the redox route was also
considered on the (001) surface covering with HoO/OH/O. The evolved Pti/(001)-

(H20)x(OH),(O): surface phases are shown in Figure 6.3 and Figure 6.4.

6.3.1 The associative route

(1) Mo-site pathway

For the Mo-site pathway of the associative route, as shown in Figure 6.8, the combination
of the adsorbed CO with the existing surface OH* group must surmount an energy barrier
of ~0.80 eV (TSI), which was larger than that of 0.39 eV on the original MoC (001)

surface (TS2 in Figure 5.6).
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Figure 6.8 Free energy profile for the Mo-site pathway of associative

mechanism on the Pt1/(001)-(H20)3/smL(OH)s/smL surface phase.

The increased energy barrier was aroused by the weakening or breaking the hydrogen
bonds formed between the OH* and the surrounding H>O molecules during the
combination of CO with OH*. The lengths of hydrogen bonds between the OH* and the
surrounding H>O molecules increased from 1.78 and 1.53 A in the reactant (IM1) to 1.93
and 3.53 A in the transition state (TS1), respectively. By contrast, hydrogen bonds had no
such resistance on the original surface (TS2 in Figure 5.6). Once the HO-CO*
intermediate (IM2) is formed, its further dehydrogenation to CO> could readily occur via
H transfer between the HO-CO* and a second OH* group (TS2). With the aid of the

surface OH*, the dehydrogenation energy barrier was decreased from 0.41 eV on the
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original surface (TS3 in Figure 5.6) to 0.01 eV here. Until IM4, two OH* groups
participated in the CO conversion steps, one was consumed by its direct binding with CO
(TS1), and the other was hydrogenated to form an H,O molecule (TS2). After the
desorption of CO», the replenishment and activation of H>O to regenerate the two OH*
groups were necessary (TS3 and TS5), meanwhile the migration (TS4) and combination
(TS6) of H* atoms to form H, were also indispensable to finally restore the surface

structure.

Compared with the original surface (Figure 5.6), the TDTS has changed from the HO—
CO* dehydrogenation transition state to the HO—CO* formation transition state on the
Pt1/(001)-(H20)38mL(OH)3/8mL surface phase (Figure 6.8). It was because the energy
barrier of HO—CO* dehydrogenation could be significantly lowered with the assistance
of abundant OH* groups on the Pt1/(001)-(H20)38mL(OH)3/smL surface phase. Though the
energy barrier of the HO—CO* formation step was larger, the energetic span of 0.83 eV
on the Pti1/(001)-(H20)38m(OH)3/smL surface phase turned out to be lower than that of

1.15 eV on the original surface (Figure 5.6).

(2) Mi-site pathway

For the M-site pathway of the associative route (Figure 6.9), CO adsorbed on the Pt site
with an adsorption energy significantly larger than that on the Mo site (—0.69 vs. 0.03 eV).
However, the energy barrier for the combination of surface OH* and CO was almost the

same as that on the Mo-site pathway (0.79 vs. 0.80 eV).
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Figure 6.9 Free energy profile for the M1-site pathway of associative route on

the Pt1/(001)-(H20)a/smL(OH)3/smL surface phase.

The existence of multiple surface OH* facilitated the facile dehydrogenation of HO—CO*
intermediate to CO; (TS2), the energy barrier of which was lower than that on the original
(001) surface (0.16 vs. 0.46 eV in Figure 5.7). After the CO conversion to CO», the surface
coverage of OH* was decreased, one was consumed in the HO—CO* formation, and the
other transformed to H>O during HO-CO* dehydrogenation. The subsequent steps
consisted of the re-adsorption and activation of H>O molecules (TS3 and TSS5) to
replenish the surface OH* groups as well as the migration and combination of H* atoms

(TS4 and TS6) to produce H> molecules.

Due to the strong binding strength of the Pt site towards the CO molecule, the CO
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adsorption state (IM1) was identified as the TDI. Due to the approximate energy positions
of H>O activation (TS3 and TS5) and H* combination (TS6), their energy differences
based on IM1 as the reference point were close (1.00, 1.01 and 1.08 eV), which was also
revealed by their non-zero Xtor (0.07 for TS3, 0.11 for TS5 and 0.82 for TS6). The
energetic span was chosen to be 1.08 eV (TS6 as the TDTS), larger than that of 0.83 eV

via the Mo-site pathway (Figure 6.8).

6.3.2 The redox route

Similar to the situations of the associative route, two reaction pathways were considered

in the redox route on the Pt;/(001)-(H20)3smL(OH)3/smL(O)1/smL surface phase (Figure

6.4), where the CO oxidation occurred on the Mo site and Pt site were called Mo-site

pathway and Pt-site pathway, respectively (Figure 6.10).
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Figure 6.10 Part of free energy profile for the redox mechanism of Pt site (left)

and Mo site (right) on the Pt1/(001)-(H20)3/smL(OH)a/smL(O)1/8mL surface phase.

The Pt site had significantly stronger binding strength towards CO than the Mo site as
indicated by a larger CO adsorption energy (—0.33 vs. 0.03 eV). The CO oxidation by the
surface O* atom directly formed CO», the energy barriers of which were 0.85 (TS1) and
0.68 eV (TS1’) on the Pt and Mo sites, respectively. The desorption of CO> in IM2 and
IM2’ resulted in the same surface structure as IM3. Thus, the subsequent surface O*
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regeneration steps were the same (Figure 6.11).
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Figure 6.11 Free energy profile for the redox mechanism on the Pt1/(001)-

(H20)3/8mL(OH)3/8mL(O)1/8mL surface phase structures.

Based only on the CO oxidation step, the candidate energetic spans on the two reaction

pathways were 1.31 and 1.48 eV, respectively (Figure 6.11), which were already

significantly larger than those of the associative route (0.83 and 1.08 eV). The final

energetic span based on the whole catalytic cycle should be no less than 1.30 eV, showing

that the redox route on the (001) surface was much unfavourable.

6.4 Discussion of WGS on the evolved Pti/fcc MoC surface

The original Pti/(111)-Mo surface would quickly evolve to the Mo—OH layer phase

(Figure 6.1) under the WGS atmosphere [108], and the surface OH* was the key reactive

group fostering the associative route. The TOFs of the associative route on the Mo—OH
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layer phase (Figure 6.5, 6.71x107! h™!) showed a marginal increase compared with that
on the original surface (Figure 5.3, 1.18x107! h™!) and was still obviously lower than the
redox route on the original Pt;/(111)-Mo surface (Figure 5.4, 4.87x10' h™!). The Mo—OH
layer phase was unstable and would gradually dehydrogenate to form the
thermodynamically more stable Mo—O monolayer phase [108] (Figure 6.2), which was
more suitable for the redox route (Figure 6.6) and the H>O-assisted associative route
(Figure 6.7). For the redox route on the original surface and the Mo—O monolayer phase,
the TDTS and TDI were always the transition state and reactant of the CO oxidation step,
respectively. Thus, the energy barrier of the CO oxidation step equalled to the energetic

span (JE ) of the whole catalytic cycle, and it decreased when the original surface evolved

to Mo—O monolayer phase (1.25 vs. 1.04 eV, Figures 5.4 and 6.6).

Table 6.1 compares the TOF values and TOF-determining states of various WGS routes
on original Pt doped (111)-Mo and (001) surfaces, and in this table, different routes are
replaced by abbreviations, A for the associative route, R for the redox route and WA for

H>O-assisted associative route.
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Table 6.1 TOF values and TOF-determining states of various WGS routes on evolved Pt doped (111)-Mo and (001) surfaces.

TDI TDTS
Surface Phase Route TOF (h™")
(figure no., label) (figure no., label)
Pt1/(111)-Mo(OH)3/amL A 6.71x107! CO adsorption (Fig. 6.5, IM1) H>O activation (Fig. 6.5, TS2)
Pt1/(111)-Mo(OH)imL R 1.21x10* CO adsorption (Fig. 6.6, IM1) CO oxidation (Fig. 6.6, TS1)
Pt1/(111)-Mo(OH)imL WA 1.03x10° CO adsorption (Fig. 6.7, IM1) HO-CO* formation (Fig. 6.7, TS1)

Pt1/(001)-(H20)3/8mML(OH)3/sMmL
Pt1/(001)-(H20)3/sm(OH)3/smL
Pt1/(001)-
(H20)3/8ML(OH)3/8ML(O)1/8ML
Pt1/(001)-

(H20)3/8MmL(OH)3/8Mm1(O)1/8ML

A(Mo-site)  1.91x10° as phase CO and H>O (Fig. 6.8) HO-CO* formation (Fig. 6.8, TS1)
g g

A(Pt-site) 3.12x10° CO adsorption (Fig. 6.9, IM1) H> formation ? (Fig. 6.9, TS6)
p g

R(Mo-site) <7.48x102 _ _

R(Pt-site) <7.92 — —
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Consequently, the TOF of the redox route on the Mo—O monolayer phase increased by
about 3 orders of magnitudes compared with the original surface (1.21x10* vs. 4.87x10"
h™!, Table 6.1). The accelerated TOF of the redox route on the Mo—O monolayer was
attributed to the weakened surface binding strength of O* atoms, which decreased by
about 24% with O* coverage increasing from 1/9 ML to IML on the (111)-Mo surface
[108], thus facilitating its easier detachment from the surface in the CO oxidation step.
The TOF of the H2O-assisted associative route increased sharply by about 7 orders of
magnitudes when the original Pt;/(111)-Mo surface phase evolved to the Mo-O mono-
layer surface phase (3.21x1072 vs. 1.03x10° h™!, Table 6.1). The TDI was always the CO
adsorption state on the two surfaces, while the TDTS changed from the HO-CO*
dehydrogenation state on the original surface (Figure 5.5, TS2) to the HO—CO* formation
state on the Mo—O monolayer phase (Figure 6.7, TS1). The 0E on Mo—O monolayer
phase reduced by 0.54 eV compared with that on the original surface, where the HO-CO*
formation step contributed 0.18 eV to the JF reduction and the HO-CO*
dehydrogenation contributed the remaining 0.36 eV to the JE reduction. The increased
reactivity of O* atoms on the Mo—O monolayer facilitated the HO-CO* intermediate
formation (Figure 6.7, TS1), while the H transfer between both O atoms in the HO—CO*
dehydrogenation step on the Mo—O monolayer (Figure 6.7, TS2) was much efficient than

that between the O and Mo site on the original surface (Figure 5.5, TS2).
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Figure 6.12 Free energy profile for the associative mechanism on the MoC

(001)-(H20)3smL(OH)3/smL surface phase structures without Pt doping.

The surface phase diagram showed that the original MoC (001) surface would evolve to
the surface phase constituted of OH* groups and H>O molecules at most WGS
atmosphere conditions as described in the previous Chapter. The increased coverage of
surface OH* facilitated the dehydrogenation of HO—CO* intermediate in the associative
route, the energy barriers of which decreased from 0.41 eV (Mo-site pathway, TS3 in
Figure 5.6) and 0.46 eV (M;-site pathway, TS3 in Figure 5.7) to 0.01 eV (TS2 in Figure
6.8) and 0.16 eV (TS2 in Figure 6.9), respectively. Correspondingly, the TDTS of the
associative routes changed from the HO—CO* dehydrogenation on the original (001)
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surface (Figures 5.6 and 5.7) to HO—CO* formation (Figure 6.8) or the H, formation
(Figure 6.9). Both the original and the evolved (001) surfaces showed high TOFs of the
associative route (Table 5.1 and 6.1). It should be noted here that the TOF of the (001)
surface without Pt-doping was only 2.43x107> h™! (Figure 6.12), which was significantly
lower than that of 1.91x10° h™! (Table 5.1) on the corresponding (001) surface with Pt-
doping, showing the necessary involvement of noble metal atom for high catalytic
efficiency. Besides the OH* groups, the surface O* atoms were also predicted to have a
certain probability of emerging on the (001) surface at the WGS reaction condition [179].
Thus, the redox route was also considered on an H>O/OH/O mixed adsorbing surface
phase structure (Figures 6.11 and 6.40). Based only on the CO oxidation step and the rule
of energetic span definition, the actual energetic spans were predicted to be no less than
1.30 eV, which was much higher than those of the associative routes (Table 6.1). The
TOFs of the redox route on the (001) surface were several orders of magnitudes lower
than those of associative routes Table 6.1), signifying that the redox route played a minor
role in the WGS reaction compared with the associative route. The calculations by Illas
et al. [112] also showed that the associative route was actually the predominant
mechanism on the Aus/fcc MoC (001) surface, and the surface O* only occupied a minor

proportion of species on the (001) surface.

6.5 Summary

Based on the simulation conditions of the previous chapter, this chapter investigated the

water-gas shift reaction on the evolved surface of Pti/fcc MoC, considering the effects of
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different predominant crystal facets and different reaction routes by DFT and ESM.

For the evolved (111)-Mo surfaces, the H.O-assisted associative route (1.03x10° h™")
showed the best reactivity due to surface phase evolution to the Mo—O monolayer phase.
This phase structure evolution also significantly increased the TOF of the redox route
(1.21x10* h™") compared to the original surface (4.87x10' h™!). The associative route is

always kept at relatively low TOF values during the evolutions of surface phase structures.

For the evolved (001) surfaces, the associative routes via the Mo-site or the Pt-site
pathways consistently showed significant TOFs, whereas the redox route showed much
lower TOFs, signifying its minor role in the WGS reaction. Notably, the associative routes
via the Mo-site pathway (1.91x10% h™!) displayed an obviously increase in the TOF
compared to the original surface (6.21x10% h'!), even higher than the Pt-site pathway

(3.12x103 h™).

In summary, the original (111)-Mo surface cannot compete with the original or the
evolved (001) surfaces in the WGS reaction. However, with the original (111)-Mo surface
evolved to the thermodynamically more stable Mo—O monolayer phase, catalytic
efficiencies of the redox route and the H>O-assisted associative route could increase
sharply to a level comparable with those of (001) surfaces. Thus, the (111)-Mo and (001)
surfaces contributed comparably to the WGS reactions via different surface phase

structures and routes.
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Chapter 7 Conclusions and Further Research

7.1 Summary of the main conclusions

The fcc MoC decorated with highly dispersed Pt showed high reactivity in the low-
temperature WGS reactions. It is significant to explore and clarify the origin of its high
performance. Although many experiments have been reported recently for this type of
catalyst, it is important to explore and elucidate the source of the high activity. The two
active facets (111)-Mo and (001) of fcc MoC undergo evolutions of the surface phase
structure in the realistic water-gas shift reaction atmosphere, i.e., the Ho/H>O mixtures,
and thus exhibit different physicochemical properties. This work provided insights from

first-principles methods on the low-temperature water-gas shift reaction with Pt;/fcc MoC.
As a wrap-up, the following conclusions can be drawn:

(1) The species, including OH*, O*, and H*, were all readily formed on the (001) surface
according to the reaction rate constants, but the comprehensive investigation showed
that the HoO*, OH*, and O* species tended to cover the (001) surface instead of H*,

justifying the importance of the evolved surface in the water-gas shift reaction.

(2) Disregarding the evolution of the surface phase structure, the WGS reaction on the
Pt1/(111)-Mo surface occurred mainly through the redox mechanism, whereas on the
Pt1/(001) surface it occurred mainly through the associative mechanism on Pt site,
and Pt;/(001) was significantly more efficient than Pt;/(111)-Mo by comparing the

predicted TOFs (1.95x10° h™! vs. 4.87x10' h™Y).
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(3)

(4)

Considering the evolution of the surface phase structure, the predicted results for the
WGS reaction were quite different. The Mo—O monolayer phase on the (111)-Mo
surface enabled redox and H;O-assisted associative mechanisms to predominate,
with TOFs of 1.21x10* h™! and 1.03x10° h™!, respectively. Whereas on the (001)
surface, the associative mechanism still predominated, but the Mo site showed very

promising activity (1.91x10° h™!) compared to the Pt site (3.12x10° h™").

From a macro perspective, the original (111)-Mo surface cannot compete with the
original or the evolved (001) surfaces in the WGS reaction. However, with the
original (111)-Mo surface evolved to the thermodynamically more stable Mo—-O
monolayer phase, catalytic efficiencies of the redox route and the H>O-assisted
associative route could increase sharply to a level comparable with those of (001)
surfaces. Thus, the (111)-Mo and (001) surfaces exhibit similar catalytic efficiencies
for the WGS reaction, although through different surface phase structures and

pathways.

7.2 Recommendations for the future works

Although some interesting results have been discovered and discussed in this thesis,

several works are still worth further studying. They are listed as follows:

In this thesis, the (001) and (111)-Mo crystal facets were considered separately.
However, when fcc MoC crystals are prepared in practice, both facets would coexist

[91]. Further studies on the reaction mechanism under mixed crystalline facets should
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also be considered, in combining with the already reported experimental results of

structural characterisation.

As can be seen from the results of this thesis, the Pt atom loaded on the surface
changed the reaction route obviously. As a computational study, based on the
framework in this thesis, other possible dispersed metal atoms (e.g., Au, Ir, etc.)
should be more comprehensively considered so that more systematic insights can be
obtained. This would provide not only the interpretable information about the M/fcc
MoC catalysts already prepared, but also the opportunity to accelerate the

development of more efficient catalysts for low-temperature water-gas shift reactions.

The specific temperatures used in this thesis for the analysis of the surface phase
structure and the kinetic studies were used to be able to better validate with published
experiments. In addition to performing the analyses, further consideration of the

effects of variations in temperature is something that could be done in the future.
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Supplementary Information A: Figures
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Figure S1 The potential energy profiles with zero-point energy correction for the

H20* dissociation considering the coverage of H20*.
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Figure S2 The potential energy profiles with zero-point energy correction for the

H20* dissociation considering the coverage of OH*.
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Figure S3 Configurations of OH* coverages from 1/9 to 1 ML ((a) to (i)) and

surface binding energy without zero-point energy correction.
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Figure S4 The potential energy profiles with zero-point energy correction for

direct deprotonation of single OH* considering the coverage of OH*.
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hydroxyls disproportionation considering the coverage of OH*.
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1/9 ML(C) + 0 ML(Mo) 2/9 ML(C) + 0 ML(Mo) 1/3 ML(C) + 0 ML(Mo)
(—0.62 eV, —0.14%, 0.20%) (—0.61 eV, 0.07%, 0.83%) (—0.51 eV, 0.20%, 0.86%)

4/9 ML(C) + 0 ML(Mo) 5/9 ML(C) + 0 ML(Mo) 2/3 ML(C) + 0 ML(Mo)
(—0.43 eV, —0.15%, 1.38%) (—0.38 eV, —0.86%, 1.68%) (—0.36 eV, —1.27%, 2.31%)
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Figure S6 Configurations of H* species on fcc MoC (001) surface.
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Figure S7 Configurations of H2 adsorption coverage on fcc MoC (001) surface.
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Supplementary Information B: Tables

Table S1 Energetic aspects of surface H20* dissociation with n adsorbing H20*.

nH,0% — (n—1) H,0* + OH* + H*

n AEisue AE%  AE.ue  AE, ks déow  déom
1 0.22 0.38 0.01 0.07 1167 1.313 1.335
2-a 0.30 0.42 —0.26 —0.20 1291 1.257 1.416
2-b 0.50 0.65 0.28 0.34 1002 1.385 1.290
3-a 0.32 0.45 —0.46 —-0.44 1291 1.317 1.373
3-b 0.30 0.43 -0.39 -0.37 1296 1.297 1.390
3-c 0.32 0.46 —0.47 —0.45 1269 1.369 1.321
4-a 0.48 0.64 —0.26 -0.23 1286 1.357 1.350
4-b 0.41 0.55 0.00 0.09 1239 1.351 1.348
5-a 0.46 0.61 —0.08 0.01 1257 1.354 1.351
5-b 0.50 0.67 —0.10 —0.02 1203 1.284 1.372
5-¢ 0.44 0.63 —0.21 -0.14 1192 1.310 1.349
6-a 0.48 0.63 0.01 0.09 1235 1.357 1.347
6-b 0.49 0.64 —0.03 0.04 1173 1.303 1.353
7-a 0.33 0.48 —0.33 -0.27 1325 1.293 1.388
7-b 0.55 0.71 —0.05 0.01 1298 1.317 1.382
8-a 0.69 0.85 —0.14 —0.10 1379 1.358 1.355
8-b 0.52 0.67 —0.18 -0.12 1357 1.327 1.363
9 0.62 0.76 —0.02 0.04 1214 1.307 1.356

Note: n = 1-9, the energy barriers (AE{s zpe, 4E7s) and reaction energies (AE,. zpg,
AE,) were in the unit of eV, the bond lengths (dg..;;, d&..;;1) were in the unit of A, and

the frequencies (J+s) were in the unit of cm ™.
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Table S2 Energetic aspects of surface H20* dissociation with n adsorbing OH*.

nOH* + H,0*— (n + 1)HO* + H*

n AE# o6 AE%  AE, e AE, dis di.u  dE.u
1-a 1.00 1.15 0.71 0.78 1219 1354 1321
1-b 0.43 0.58 0.19 0.23 1020 1345  1.295
1-c 0.35 0.49 0.11 0.19 1169 1356  1.325
2-a 1.28 1.45 0.77 0.83 1232 1361 1311
2-b 0.72 0.86 0.33 0.36 985 1.405  1.267
2-c 0.46 0.60 0.15 0.18 1210 1330  1.334
3-a 1.02 1.17 0.75 0.77 1172 1368  1.301
3-b 0.96 1.11 0.73 0.79 1074 1335  1.302
3-c 0.68 0.83 0.21 0.26 1213 1377 1.351
4-a 1.53 1.69 0.91 0.98 897 1468  1.250
4-b 0.96 1.14 0.87 0.95 853 1458 1.260
4-¢ 0.82 0.99 0.61 0.68 1175 1371 1.308
5-a 1.41 1.57 1.13 1.19 1059 1429 1272
5-b 1.06 1.23 0.95 1.02 851 1464  1.260
5-c 1.02 1.19 0.77 0.85 914 1442 1.267
6-a 1.67 1.86 1.18 1.27 1212 1378  1.301
6-b 1.63 1.80 1.32 1.39 665 1.526  1.231

7 1.71 1.87 1.43 1.52 821 1486  1.231

8 1.35 1.53 1.41 1.49 942 1.444  1.266

Note: n = 1-8, the energy barriers (AE{s zpe, 4E7s) and reaction energies (AE,. zpg,
AE,) were in the unit of eV, the bond lengths (dg..;;, d&..;;1) were in the unit of A, and

the frequencies (J+s) were in the unit of cm ™.
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