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ABSTRACT

Studies of propane dehydrogenation (PDH) yielding propylene and side reactions
such as C-C bond cracking and deep dehydrogenation on bare and doped Ni surfaces
have been theoretically investigated using density functional theory (DFT) to understand
the insight mechanisms of PDH and side reactions on bare Ni and Ni doped with Au and
Sn surfaces. Moreover, the effects of Au and Sn on doped Ni surfaces on selectivity
improvement of propylene production, coke inhibition, and reactivity change are also

systematically investigated.

The first part of this study is mechanistic exploration of all possible PDH and side
reactions on pure Ni catalyst to investigate the cause of low selectivity of propylene
production. The Ni(111) surface was modeled to represent the Ni catalyst. Based-on the
adsorption energies, propane is physisorbed whereas propylene is chemisorbed on
Ni(111) surface, supported by electronic charge analyses after adsorption. For PDH
reaction, propane can be transformed to propylene via two possible intermediates; 1-
propyl and 2-proply. The PDH reaction through 1-propyl intermediate is more kinetically
favorable than 2-propyl intermediate. For side reactions, the C-C bond cracking during
PDH process is more difficult to occur than PDH reaction. The deep dehydrogenation
after PDH process is easier to take place than propylene desorption. Hence, the Ni(111)
surface is a good candidate for PDH reaction but low selectivity for propylene

production.



The second part of this research is a design better Ni(111) to improve the selectivity
of propylene production. Two concentrations of Au are doped on the Ni(111) surface to
construct models of low Au concentration of NisAu/Ni(111) and high Au concentration of
Ni2Au/Ni(111). The calculated results of propane and propylene adsorptions on Ni-
AU/Ni(111) surfaces reveal that doping of Au has no effect on propane adsorption but
significantly reduces adsorption energy of propylene when the concentration of Au is
increased. For the reaction mechanisms, increment of Au concentration decreases reactivity
of catalyst for both PDH and C-C cracking reaction. Additionally, doping of Au on Ni(111)
surface reduces the interaction between propylene and Ni-Au/Ni(111) surfaces leading to
decreasing of propylene desorption barrier, which enhances the selectivity of propylene
production.

The final part of this research is about the effect of Au and Sn doping on coke
formation which leads to deactivation of catalyst. In this section, C atom adsorption on
NizAu/Ni(111), Ni2Au/Ni(111) NisSn/Ni(111) and Ni2Sn/Ni(111) surfaces are
comprehensively compared to Ni(111) surface. The investigation of C atom adsorption
shows that the C atom prefers to adsorb on hcp hollow site between three Ni atoms.
Introduction of Au and Sn dopants weakens the interaction between C and hcp sites of three
Ni atoms on NizAu/Ni(111) and NisSn/Ni(111) surfaces, supported by electronic charge
analyses. Weakening of C atom adsorption inhibits of coke formation on modified Ni(111)
surface. Moreover, increment of Au and Sn concentrations changes the favorite adsorption
site of C atom from hcp to bridge site between two nearest Ni atoms causing reduction of
number of bond formation between C atom and catalyst surface. Comparison of different
Au and Sn dopants on coke formation reveals that the Sn dopant shows more positive effect

than Au on coke inhibition.

Although doping Au and Sn can improve the selectivity of propylene production and
inhibit coke formation on Ni catalyst surface, the catalytic reactivity is reduced. Therefore,
choosing any elements to dope on Ni catalyst, researcher should take the compromising
between the enhancement of propylene selectivity and lowering catalytic reactivity for

PDH reaction into the developed Ni.
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STATEMENTS OF ORIGINALITY

PDH reaction, a promising process to transform propane to propylene as a value-
added product for precursor in various chemical processes, can conventionally take
place on the Pt based catalyst. However, the cost of Pt has limited it for large scale
use. Thus, development of Ni based catalyst, which is highly reactive for PDH

reaction and cheaper than Pt, has recently been gained more attention.

Understanding the complete PDH mechanism and side reactions on Ni surface using
DFT method is very important since the detailed reaction mechanisms occurring on
the surface catalysis are not easily obtained by experiment alone. The theoretical
study could provide the useful information for development of the efficient Ni-based

catalyst for PDH process.

The results of experimental study of doping Au into Ni surface show the
improvement of propylene selectivity; however, the role of Au is not completely
understood yet. Therefore, by using DFT method to investigate the detailed
mechanism, the role of Au on the increasing propylene selectivity is expected to be

obtained.

Coke formation causing catalytic deactivation can occur on the pristine Ni surface by
creating a strong bond formation of C on catalyst surface and doping of inactive Au
and Sn might reduce the coke formation. So, the role of dopants (Au and Sn) is very
important information to understand the anti-coking process on the Ni surface doped
with Au and Sn. By carrying on a fast screening using DFT method based-on
adsorption and desorption of C atom on doped Ni surfaces, the important information
on how coke formation being reduced will be given.



CHAPTER 1

Introduction

1.1 Propylene

Propylene or propene, an unsaturated organic compound, is the colorless fuel gas
with a pungent smell like petroleum. It is a liquefied gas under storage pressure and can
be soluble in water. Generally, a propylene gas is created by the burning of fossil fuels,
wood and foliage and is also present in cigarette smoke and automobile exhaust.
Moreover, it is given off naturally from garlic oil, some pine trees and certain seeds such
as bean and corn. The chemical structure of propylene is consisted of three carbon (C)
and six hydrogen (H) atoms with one double bond (unsaturated) between the first and
second C atoms. These C atoms connect with six H atoms as shown in 2D and 3D
structures in Figure 1.1. The existence of double bond between C* and C? elucidates that
propylene molecule can be transformed to many chemical products upon further
chemical reactions. Hence, propylene is commonly used as an essential commercial

precursor to further produce other chemicals used in various applications.

1
LCZ  cw,

Figure 1.1 Chemical structure of propylene in (a) 2D and (b) 3D views
1.2 Applications of Propylene

Since beginning of the modern petroleum and foundation of the natural gas industry,
propylene has been gained more attention in many industries because its unsaturated
double bond can be easily initiated to form other compounds including polypropylene,
propylene oxide, acrolein, acrylic acid, acrylonitrile, oxo alcohols and cumene [1, 2]. The

compounds derived from propylene are shown in Figure 1

1
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Figure 1.2 Chart of propylene consumption in many applications [3-12]

For propylene oxide, it is the important reactant in the manufacture of polyether
and polyols for urethane production. Moreover, it can be employed to synthesize
propylene glycols which is used as precursor for unsaturated poly ester resins, heat
transfer fluid, anti-freeze and aircraft deicing fluids [9].

For acrolein and acrylic acid [4, 10], acrolein is produced by vapor phase oxidation
of propylene. The main usage of acrolein is the essential precursor of acrylic acid
production, while acrylic acid is used as superabsorbent polymers, water treatment

chemicals and the raw material for acrylic esters production (60% of global demand).

For acrylonitrile, it is manufactured by ammoxidation of propylene [5]. It has
numerous demands from many applications such as acrylic fiber (to produce sweaters,
blankets, scarves, hats, rugs hand knitting yarn, toys, wigs and furnishings), acrylonitrile-
butadiene-styrene (ABS) [12] and acrylonitrile-styrene (SAN) [7] (to produce TVs,
phones, computers, vehicles toys, etc.), nitrile rubber (NBR) [3, 6] (to produce
automobile parts, cables, rubber gloves, hoses and conveyor belts), polyacrylamide [13,
14] (using in water treatment and enhanced oil recovery applications) and carbon fiber
[11, 15, 16] (to produce auto motive parts of aircraft military, racing car, passenger car,

wind turbine etc.).

For cumene [8], it is synthesized from alkylation reaction of propylene with
benzene. The crucial application of cumene is the essential precursor to synthesize phenol

and acetone which are the useful chemical reagent to produce phenolic resins, nylon



intermediates, epoxy resins, polycarbonates, methyl methacrylate (MMA) and the

solvents in many chemical processes.

For oxo alcohols [17], they are conventionally synthesized via hydroformylation
of propylene by addition of carbon monoxide and H to form an aldehyde. Then, the
aldehyde is reduced to form many kinds of alcohols. The oxo alcohols which are
produced from propylene are applied in many industries for example, using of 2-ethy
hexanol to be the intermediates for acrylic surface coating, the additives for diesel fuel
and oil lubricant and plasticizer for flexible poly (vinyl chloride) (PVC), using of n-
butanol and i-butanol to be the reagents for water-based coating formulation, textile
production, the modifier for rigid PVC, the plasticizer for amino resins and butylamines
and the solvents for purification of olefins, and using of iso-propyl alcohol to be the

common ingredients in chemical solvent as well as anti-bacterial solution [18].

Moreover, propylene is the necessary monomer to produce polypropylene which
is the useful polymer for automotive part, textile, furniture, clothing, tube, and packaging
applications [19, 20]. Around 40% of propylene productions is PP because of the
advantages of high chemical and bacterial resistance, good weldability, outstanding in
mechanical properties, light weight, non-toxic, excellent optical clarity as well as low
moisture transmission [21]. Polypropylene is commonly used in many industries such
as packaging [22] including food packaging, automotive [23], fiber and fabric [20],
medical [24], film and sheet [25] applications.

1.3 Technologies of Propylene Production

Due to variety applications of propylene as well as versatile properties of the
derived products, demanding of propylene has been quickly enlarged [26, 27]. Indeed,
propylene consuming has been continuously increased since the 20" century [28]. Up to
date, all technologies of propylene production are summarized in to Figure 1.3.
Currently, the approaches for propylene production can be classified into two
technologies, which are the steam cracking (SC) of liquid feedstocks [29-32] and
catalytic cracking refineries in units (FCC) [29, 33].
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Figure 1.3 Technologies of propylene production

The most important technology for propylene production is SC. In this technology,
various feedstocks of hydrocarbon from light alkanes such as ethane and propane to
complex mixtures including naphtha and gas oil are introduced in the tubular reactor
[31]. Then, the temperature in the reactor is used to crack the hydrocarbon feedstock to
be smaller olefin gas in the hot reactor. After that, the hot gas is transferred to the cold
reactor where the gases will be cooled down and separated into different products. One

of these products is the propylene.

Another important technology for propylene production is FCC in which the
preheated oil is transferred into the reactor containing the catalyst powder. The oil vapor,
air and steam are used as the conveying media to transfer the inlet gas into the reactor.
Then, the temperature of reactor is raised up to heat the catalyst. When the preheated gas
enters to the hot fluidized reactor, the contacting of feeding gas and hot catalyst generates
cracking reaction of inlet oil gas into smaller gas products. Then, the gas products and
catalyst are separated in the separator vessel. The lighter gases are injected to the
separator while the heavier gases and catalyst as well as deactivated catalyst with the
coke deposition are separated to the next treatment unit before being regenerated to the
reactor [34].

According to the diverse applications of propylene, the faster growing propylene
consumption rate than the propylene production rate from the two important SC and FCC
processes leads to the gap between a high demand and a low supply of the global

4



propylene resulting in pushing up of propylene price in the global market [35]. To satisfy
the propylene gap [34], other on-propose technologies including olefin metathesis [36],
methanol to propylene (MTP), isobutyl alcohol to propylene, hydrogenation of acetic
acid and propane dehydrogenation (PDH) have been developed.

For olefin metathesis process [36, 37], the ethylene and n-butene are mixed before
disproportioning to provide the propylene. However, the prices of ethylene and n-butene
reactants are currently comparable to propylene, making this technique not widely
interesting. However, if propylene value is higher than ethylene, this technique may

become increasingly attractive.

For MTP process [36, 38, 39], the new technology to produce propylene from
methanol becomes the interesting method to manufacture propylene. Generally, the
methanol which is the typical produced from coal and natural gas resources is fed via the
porous of zeolite. Then, the methanol is reacted itself to form propylene. The abundant
yield of propylene production makes methanol overcome the historical barrier against
using natural gas or coal to make olefins. The products from this MTP process are
ethylene and propylene. However, the ratios of propylene and ethylene is still low [40,
41]. Thereby, establishing of MTP plant is still under developing and planning such as a
gas-based MTP plant in the United States [42].

Other newer on-proposed technologies for propylene production via isobutyl
alcohol to propylene [43] and hydrogenation of acetic acid [44] have been developed.
These technologies attempt to produce propylene from other sustainable resources such
as alcohols from fermented source and acetic acid from economically inexpensive natural
gas source. However, these technologies are still under development in terms of finding
effective catalyst and operating condition. Hence, filling the propylene gap via these
processes is still an ideal and needs more time and development to find the appropriate

operation conditions.

Another on-proposed approach which influences the satisfaction of the lacking gap
of propylene supply from the conventional technologies of SC and FCC is PDH in which
propylene is directly produced from propane [45]. Recently, the discovery of natural and
shale gas resources reveals that propane is the second rich gas production form these

alternative resources. Because of the very large amount of the propane generated from



the shale and natural gas resources, the inexpensive propane is great interest for the
energy and chemical markets [28]. Thus, transformation of cheap propane into be
propylene via has recently gained more attention and it is possible to have a large scale
of manufacture propylene [46]. From the chemical perspective, PDH reaction is
endothermic and taken place through hydrogen elimination of propane, resulting in
propylene as the main product while the detached H atoms can be transformed into H»

gas as a byproduct illustrated below:
C3Hy = C3Hs + H, AHjg=129¢eV

1.4 Propane Dehydrogenation Process

In 2011, a PDH process was first started in the United States and has been
continuously developed because of the increasing amount of propylene demand in the
market. And the production of propylene from the PDH process has increased and it tends
to continuously enlarge as one of the promising processes for propylene production in
the future [47]. Figure 1.4 shows proposed reaction mechanisms of PDH and side
reactions including C-C bond cracking and deep dehydrogenation of propylene [48]. The
PDH mechanisms can be classified into two possible pathways based on the order of
eliminated H position. One is through 1-propyl ("CH.CH,CHs) intermediate in pathway
A, in which one H of the primary C is eliminated first. Another is via 2-propyl
(CH3"CHCHz3) intermediate in pathway B, in which one H of the secondary C is
eliminated first. The side reactions of the C-C bond cracking of propane, propyl
intermediates and propylene, described in steps 1C, 2C, 2C" during PDH and 3C after
PDH, can be taken place [49-51]. Moreover, another side reaction namely the deep
dehydrogenation of propylene to 1-propenyl (CH;CHCH') and 2-propenyl (CH,CCH;)
via steps 3D and 3E leading to coke formation is also possible resulting in deactivation
on the active site of the catalyst surface. Thus, high effective catalysts with high
selectivity of propylene are very essential for PDH reaction with high selectivity of
propylene species on catalyst surface by inhibiting the side reactions of C-C bond
cracking and deep dehydrogenation. To transform propane to propylene by PDH process,
the high effective catalyst which can speed up the reaction as well as providing high
propylene production yield is needed.
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Figure 1.4 Proposed mechanisms of PDH and side reactions on catalytic surface
1.5 Conventional Catalyst for PDH Process

Generally, catalysts in chemical reactions can be classified into two types;
homogenous and heterogeneous catalysts. For the homogenous catalyst, the similar phase
of catalyst and chemical reactants well homogenize the catalyst and the reactant in the
reactor. However, the main disadvantage of the homogenous catalyst system is a difficult
separation of the products from the reactor after the reaction is complete leading to losing
of catalytic material during reaction process. For heterogeneous catalyst, the separation
of catalyst from a product is easy, leading to recovery of the heterogeneous catalyst.
Therefore, the heterogeneous catalyst has received more attention in the PDH industry
owing to its selective dehydrogenation to produce propylene and can accelerate the

reaction [52].

Many heterogeneous catalysts are available in the market including (1) metal
catalysts as non-oxidative dehydrogenation such as platinum (Pt) [53-57] and nickel (Ni)
[58, 59], (2) metal oxides as oxidative catalysts such as chromium oxide [60-63],
vanadium oxide [64-67], molybdenum oxide [67, 68] and gallium oxide [61, 69-71] and
(3) carbon-based materials such as carbon nanofibers [72], mesoporous carbons [73].
Among them, the metal-based catalysts especially Pt has been widely employed in
industries due to its high reactivity for C-H bond activation and low activity of C-C bond



cleavage which is appropriate for direct PDH suppressing side reaction of C-C bond

cracking.

In literature, the PDH reaction mechanisms in Pt-based catalyst have been
intensively investigated [48, 49, 74, 75]. Yang and co-workers [48, 74] studied activity
and selectivity of PDH reaction on different facets of Pt including Pt(111) and Pt(100),
and Pt(211) which represent flat and step surfaces of Pt catalyst, respectively. Among
different shapes of Pt surfaces, the flat surface of Pt(111) is less active for PDH reaction
than that of Pt(100), and Pt(211) surfaces. However, the selectivity of propane conversion
to form propylene by suppressing C-C bond cracking on Pt(111) surface is the highest.
Furthermore, the PDH mechanism and side reactions of C-C bond cracking and deep
dehydrogenation reactions have been studied on Pt(111) [48, 76]. During PDH process,
the selectivity of C-H activation was found to be higher than C-C cracking reaction on
Pt(111) supported by lower energy barrier. However, after PDH, the propylene was more
difficult to desorb than undergoing deep dehydrogenation causing coke formation
indicating low selectivity of propylene production on Pt(111) surface. Although Pt are
currently employed to be the conventional catalyst for direct PDH reaction, the main
drawback of coke formation on Pt surfaces leads to low selectivity of propylene
production. Moreover, existence of coke formation on Pt surface poisons the active site
of Pt surface leading to deactivation of the catalyst [53, 77]. Furthermore, the cost is also
very important for designing the new catalysts for large-scale industries. Consequently,
improvement better catalysts which provide higher performance as well as lower price

have been sought to replace Pt-based catalyst.
1.6 Improvement of Ni-Based Catalyst for PDH Process

Among various choices of reactive metal-based catalysts, Ni could be a good
candidate because it has been widely used in many applications such as stream reforming
process [78, 79], water gas shift reaction [80, 81], biomass gasification [82],
hydrogenation [83], dehydrogenation reaction of small alkane [84-86], and PDH [87-90].
Moreover, Ni has more advantages in term of lower cost than Pt [87]. However, the
undesired side reactions include the coke formation and fast deactivation on bare Ni
surface result in low selectivity of propylene production on bare Ni catalyst [58, 91-93].

Yan and co-workers [58] experimentally studied PDH reaction on Ni supported by SiO>



(Ni/SiO2). They found that the reaction rate of propane conversion is very high (about
1x10* molecule-s* at 523 K). The high propane conversion refers to high reactivity of
Ni/SiO2. The comparison of reactivity of Ni-based catalyst for methane (CH4) conversion
is higher than that of Pt-based catalyst [76, 94, 95]. Although the reactivity of propane
conversion on Ni/SiOz is very high, CH4 as the main product from the C-C bond cracking.
This predominant side reaction leads to low selectivity of PDH in this catalyst [58].
Moreover, the deactivation of Ni/SiO, from coke formation induced by deep
dehydrogenation causing low propylene production was also reported [58]. The
selectivity of propylene production might be the interrupted from C-C bond cracking of
propane during PDH process because Ni is also the high reactive catalyst for cracking
reaction of alkane [91]. Moreover, Ni-based catalyst has been reported as the high
reactive catalyst for deep dehydrogenation leading to creation of coking on Ni surface
[92, 93]. To prevent occurrence of cracking and low selectivity of propylene production
during PDH process on bare Ni catalyst, modification of the Ni for improving its
selectivity and activity for PDH reaction is needed for producing propylene from
propane. Recently, promoting gold (Au) into Ni has been reported [96-99] to improve
selectivity of PDH reaction by inhibiting the cracking reaction and deep
dehydrogenation. Yan and co-workers [96] experimentally studied production of
propylene from propane via PDH process on bare Ni and Ni-Au catalysts. They found
that the bare Ni catalyst is more reactive than the Ni-Au catalyst measuring from the
reaction rate of propane transformation at 523 K. However, this reaction rate of propane
transformation tends to decrease when amount of Au increases. Moreover, the selectivity
of propylene which is the wanted product from PDH process tends to increase as a
function of Au loading. In addition, Yan and Goodman [58] also experimentally
investigated the effect of Au doping for the side reaction of C-C bond cracking on the Ni
surface. They found that doping of Au into Ni catalyst can retard amount of CHa
production, which refers to decrease C-C bond cracking but facilitate PDH pathway on
the Ni surface.

1.7 Roles of Computational Chemistry on Catalytic Design

Nowadays, computational calculations have become a powerful tool to locate the
elementary configurations and investigate reaction mechanisms of heterogeneous

catalyst systems in the atomic scale which are not easily accessible by experiments [100].
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This tool provides the information of electronic structure properties of surface and
adsorbate, interaction between surface and adsorbate molecule in terms of physisorption
and chemisorption as well as reaction mechanism which are important to predict the
reactivity and selectivity of catalytic system for investigated reactions from simple model
such as metal, or single crystal surface to more complex catalyst model of bimetallic
catalyst, alloys as well as supported catalysts [101, 102]. Moreover, the computational
calculations also describe the nature of an active site, which is the key concept of
designing the new effective catalyst. In addition, the advance microkinetic modeling is
very useful technique to extend theoretical calculations to predict the results of complex
chemical reactions under various conditions. The reaction rate constants of elementary
steps which is determined through computational calculations can be further converted
to the turnover rate under calculated condition. Moreover, applying linear correlation of
activation energy and other descriptors can describe the activity and selectivity of catalyst

in chemical process.

Furthermore, the information from microkinetic calculation can be used to explain
the reaction rate in many calculated conditions which are useful for designing the new
catalyst as well as predicting the reaction conditions such as pressure and temperature
based on the certain reaction. Barghi and co-workers [103] combined both of
experimental and theoretical studies of PDH on platinum-tin (Pt-Sn) catalyst to develop
the appropriate kinetic model. In the experimental section, the small amounts of water or
methanol were detected when the PDH reaction was carried out under atmospheric
pressure in the temperature of 575 - 620 °C. In the theoretical part, the kinetics model of
the main dehydrogenation reaction as well as the effects of presented water and methanol
on coke deposition and catalyst sintering were described to explain the observed
optimum level in the amount of added oxygenated compounds. The results from the
prediction model were in good agreement with experimental data. Hook and Celik [104]
predicted the suitable promoter for enhancing high the ethane dehydrogenation pathway
and retarding the coke formation pathway. Metals from groups 7 to 15 are considered to
understand the reduction of carbon formation on catalyst surface and enhanced selectivity
during ethane dehydrogenation. From this study, platinum-lead (Pt-Pb) and platinum-
antimony (Pt-Sb) alloys show the most promise at low and high alloy coverages resulting

to selection of lead and antimony promoters to investigate more in the experimental part.
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1.8 Research Objectives

In this work, the dehydrogenation reaction in Ni-based catalysts has been studied.
The detailed mechanisms of PDH and side reactions including deep dehydrogenation, C-
C bond cracking during and after PDH process, and coke formation on Ni-based catalysts
are investigated. From previous experimental studies, the improvement of Ni catalyst
was observed by adding dopants. Therefore, this work determines role of doping Au and
tin (Sn) elements on the performance of the Ni catalyst. The mechanistic investigations

of PDH and side reactions on those Ni-based catalysts are divided into three parts.

The first part is involved the explorations of PDH and side reactions including deep
dehydrogenation and C-C bond cracking on bare Ni(111) comparing with Pt(111) surface
to find that what factors suppress the selectivity PDH reaction on Ni(111). The results
from this section is useful for improving the better Ni(111) catalyst for increasing the

selectivity of propylene production as described in Chapter 3.

The second part is about the effect of Au doping on catalytic reactivity on PDH
reaction as well as enhancing the reactivity of propylene production. Moreover, the
effects of Au concentrations for reactivity changes of Ni(111) and selectivity change of
propylene production are investigated. In addition, the roles of Au dopant for increasing
the selectivity of propylene production and suppressing the unwanted side reactions are

also explored as given in Chapter 4.

The last part focuses on investigation coke formations on Ni(111), Ni-Au/Ni(111)
of NisAu/Ni(111) and Ni2Au/Ni(111) as well as Ni-Sn/Ni(111) of NizSn/Ni(111) and
Ni>Sn/Ni(111) surfaces. The roles and compositions of Au and Sn dopants and the

composition for the coke inhibition on Ni-based catalysts are reported in Chapter 5.

The information from all investigations in this thesis provide the models for
exploring the intrinsic nature of Ni atom on Ni(111), Ni-Au/Ni(111) and Ni-Sn/Ni(111)
surface for PDH reaction. Moreover, the information of Au and Sn dopants for improving
the Ni(111) surface is essential for designing and developing the efficiency of Ni catalyst
by increasing the reactivity of propylene desorption and inhibiting the side reactions of

C-C bond cracking, deep dehydrogenation and coking reaction.
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CHAPTER 2

Theory and Computational Detail

2.1 Computational Chemistry

Computational chemistry, a subfield of chemistry focuses on solving the chemical
problems such as molecular structures, electronic properties, chemical properties, and
reaction pathways [105-107] by using theoretical methods and mathematic calculations.
Recently, development of theoretical and mathematical methods, the improvement of
computational algorithms, and the development of computer lead to advances of solving
important chemical questions. The computational chemistry has become well accepted
as a powerful tool to study systems in various field such as chemistry, physics, material
science and biochemistry since Nobel Prize in Chemistry in 1998 which was given to
Walter Kohn and John Pople who developed the methods in computational physics and
computational chemistry, respectively. After that, the computational chemistry has
obviously proved again as the currently powerful tool for even bigger systems in
biological science when Nobel Prize in Chemistry in 2013 was awarded to Martin
Karplus, Michael Levitt, and Arieh Warshel who were successful in development hybrid
quantum mechanics/molecular mechanics (QM/MM) for the multiscale models of
complicated chemical systems. Nowadays, computational chemistry is a useful and
popular tool to assist both theoretical and experimental chemists for understanding the
chemical phenomena which could be complementary to the experiment results.
Moreover, the calculated results of computational chemistry can help chemists to make
predictions before doing actual experiments or prediction the properties of unknown
chemical compounds and to reduce the laboratory cost particularly in chemical synthesis.
Furthermore, the calculated results can be used to explain and reasonable well-known
observations or reactions in chemistry as well as to explore new or controversial reactions

and properties of on new catalytic materials [105].
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2.2 Quantum Mechanics

Generally, the motion of macroscopic objects such as spacecraft, planets, stars, and
galaxies can be correctly described by classical mechanics [106] However, the classical
mechanics theory cannot correctly explain the behaviors of microscopic particles leading
to development of quantum mechanics (QM). QM is fundamental knowledge for
studying the nature particle, atom and molecule to understand the microscopic
phenomena involving the electron motion in the atoms and the molecules. The theory of
QM is more complicated than that of classical mechanics, but it can provide the accurate
results microscopic systems especially about the phenomena involving electron motion
of where classical mechanics fails to explain. Currently, QM defined as Schrddinger
equation in computational chemistry has been employed in all branches of chemistry to
investigate many interested systems for example physical chemistry (kinetics and
thermodynamic calculation using statistical mechanics), organics chemistry
(understanding the reaction pathway via reaction mechanism simulation) and material

science (electronic properties and catalytic activity).
2.3 Schrodinger Equation

QM is the mathematical function which can explain how the electrons behave in
both particle-like and wave-like characteristics. The QM was developed by Werner
Heisenberg [107] which is used the matrix approach to give the exact solution and Erwin
Schradinger which is proposed about partial differential equation was developed. The
partial differential equation shows clearer physical meaning of the classical wave
equation applied to describe duality behavior of particle. The Schrédinger equation, an
eigen function, contains all information of any molecular system. By solving eigen value
problem normally in the time-independent Schrédinger equation, one can get the total

energy of any system as shown in equation 2.1.
HY =FE¥ (2.1)

where H is the Hamiltonian operator, and P is the wave function, which is a function of
the positions dependent of all electrons, and E is the total energy of electrons in the
system. Normally, H is the kinetic (T) energy of all particle in a considered system

combining with the potential (V) energy defined as:
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H=T+V (2.2)

The first term, T, is calculated by summation of Laplacian (V?) with respect to x, y and z

components over all particles in molecule given by:

T=-£Z~lv2 where V2 = £+ 21 2 (2.3)
gm2 <y 1 N A '

where h is the Planck’ s constant and m is the mass of particle (electron or nucleus).
Another term, V, is calculated by the Coulomb repulsion between each pair of charge
entity (electron-electron, nuclear-nucleus and electron-nucleus interactions) which is

defined as:

ejek
Arjk

!
V= EZEZ}KJ (2.4)

where g is the permittivity of free space, rik and ej and ex are the charge of electron i and

j, respectively. Therefore, the full A corresponding T and V can be written as:

h

~ Iy W ley 1
H=-—=%i~Vi - o525, Vi~ 7 ik

27 4! & 277
4me Tik 4me

Zi<ja +Zk<[

2
87'52 147 (25)
where i and j refer to electrons, k and | refer to nucleus, m and M are the mass of electron
and nucleus, respectively. e is a charge of electron, Z is an atomic number and ry is the
distance between particles k and I, respectively. The simple form of A can be rewritten

as:
H\: Te(r) + TN(R) e VeN(r:R) + Vee(r) + VNN(R) (26)

where the T,(r) and Ty (R) are Kinetic energy operators of electron and nucleus,
respectively, the ¥,y (»,R) represents the potential energy operators of electron-nucleus,
V,.(r) is potential energy electron-electron and ¥y (R) is the potential energy between

nucleus-nucleus.

The Schrédinger equation proposed in equation (2.6) can be solved for only one-
electron systems such as H atom, He* and Li%*. For the complex systems having many-
electrons, it is too complicated to solve the Schrddinger equation. Therefore, a new
approximation regarding the motions of nuclear and electron is proposed to this

complicated mathematical equation.
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2.4 Born-Oppenheimer Approximation

The Born-Oppenheimer approximation (BOA) is a fundamental approximation
that separately considers the motions of nuclear and electron because the mass of nucleus
is too much greater than that of electron (about 1,000 times). Moreover, the velocity of
nucleus is much slower than that of electron. By this assumption, the Ty (R) and Vyy(R)
are omitted from the H leading to the new H,, form consisting of only the motion of

electron written as:
ﬁel = Te(r) + VeN(r’R) + Vee(r) (27)

The electronic Schrédinger equation under BOA can be defined as:

H,; + Vi) Vai(@,9,) = Ea¥Ve(q,9,) (2.8)

where g, and g, represent the electronic and nuclear coordinates, respectively. The

solution of the electronic Schrodinger equation is electronic energy (£,;). Because the
Vyy is a constant, the Schrodinger equation can be solved without the Vyy so the
eigenvalue is called the pure electronic energy. Furthermore, by adding Vyy to this
eigenvalue, it can be recognized as the total energy of a given system. In addition, the
numerical methods for solving the electronic Schrodinger equation have intensively been
developed to use in computational chemistry consisting of ab initio, density functional

theory and higher level of calculations.
2.5 Ab Initio and Hartree-Fock

The word of “ab initio” is the Latin word which means “from the first principles”
or “from the beginning”. The ab initio methods consider nucleus and electrons as the
basis particles and describe event in a subatomic world. The basis for ab initio method is
solving the differential equation of Schrodinger equation based on the BOA to obtain the
approximate solution without reference to experimental information. The results of the
electronic Schrodinger equation solution through ab initio methods yield the useful
information such as the electron densities, the energies and the other properties of the
interesting systems. The simplest type of ab initio method is the Hartree-Fock (HF)
which is the good example to be starting calculation for many types of ab initio

calculations.
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HF method is the simplest wavefunction-based calculation beginning with
assumption of independent-particle model that the motions of each electron are
independent from others in the systems. Hence, the V,,(r) value can be accounted as an
average value called mean-field approximation in the HF method. The total
wavefunctions of each electron which are accounted by HF model called the Hartree

product (Wyp), Which can be written as:
Pup(r 72, 001) = ¢1(”1)¢2(”2)"'¢N(FN) (2.8)

The Wy does not satisfy the antisymmetry principle of Pauli [108]. It states that
the wave function describing electrons must be antisymmetric with respect to the
interchange of the space-spin coordinates set. Hence, the antisymmetric wavefunction
can be modified in terms of a Slater determinant [109] for N electron systems neglecting

the spin variable is defined as:

Xl(Xl) XQ(XI) XN(XI)
lPO(x]:XZ, ---,xN) = \/% XlE(XZ) X2§X2) XN(XZ) (29)
X (Xn) X (xn) - XN(XN)

The HF approximation demonstrates that the W, is the wave function approximated

by an antisymmetrized product of n orthonormal spin orbitals x;(x) and 1/+/N! is the

normalization factor for N electron systems.
2.6 Density Functional Theory

Unlike HF method with treating electron as wave function, the density functional
theory (DFT) method proposed by Kohn and Sham [106] defines the electron in the
system as the electron density. The electron can be divided to be core electrons densities
close to the nucleus and valence electrons densities diffusing around the nucleus. If the
electron density can be adopted to be the single variable for the electronic calculation, it
will be more realistic and convenient than the wave function-based treatments. In
addition, the computational effort for DFT calculation is drastically decreased for the

calculation.

The combination of the theorems by Kohn and Sham generates the final expression

of E including four energy terms in the DFT framework:
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E= ki(izn_i_Vext + EH + Exc (210)

where T7;" is the kinetic energy of non-interacting n electrons (ideal system), V,,, is the
external field, £ is the classical Coulomb energy and E|. is the exchange correlation
energy. Nevertheless, the last term of E .. is still controversial for accepting in the DFT

formalism leading to approximation of E..
2.7 Exchange Correlation Approximation

As shown in equation 2.10, the first three terms are relatively easy to calculate. For
the n-electron system, the last term of E£,. which consists of all quantum effects is exactly
unknown. Hence, the approximation of this £, term takes the electron correlation effect
into account which is missing in HF method. The exchange correlation approximation
terms include the local density approximation (LDA) and generalized-gradient
approximation (GGA). Brief detail for each approximation is given in the following
sections. In this work, the GGA approximation proposed by Perdew, Burke, and
Ernzerhof (PBE) given in section 2.7.2 is employed for all DFT calculations using the

Vienna ab initio simulation package (VASP) program.
2.7.1 Local Density Approximation

One simple way of accounting for the varying electron density in the system by
assuming that the density can be treated locally as a uniform electron gas in which the
exchange correlation energy in each point of system is the same as the electron density
called LDA. This approximation was originally introduced by Kohn and Sham [110]. As
aforementioned, the LDA becomes exact only in homogenous gas or very slowly varying
density. In practical calculations, the values of local exchange correlation energy per
electron with electron density (¢22"[p(r)]) per volume of constant electron density (p) of
homogenous gas are parameterized before multiplying with local electron density and

integrating over the space as:

EX2 ()] = Ip(eiemp(m1dr (2.11)

The limitation of using LDA is that the real systems are far from the homogenous
electron gas. So, the LDA works well when the charge density slowly varied such as in
the covalent system and simple metals. Furthermore, the typical drawbacks of LDA

include overestimating of cohesive energy and bulk modulus of solid, the calculated
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adsorption energy (Eags) is too high and diffusion energy is too low, incorrect describing
the transition metal or strong correlation systems and unsuitable for working in materials
that involve weak hydrogen bond or Van der Waals attraction. Therefore, the

development of better approximations is indispensable for material field.
2.7.2 Generalized-Gradient Approximation

An incompletely homogeneous electron with varying density landscape in the real
systems makes the deviation of calculated results far from the actual systems. Hence, the
more accurate of exchange correlation of GGA which captures both local and semilocal
information is introduced. In principle, GGA should provide better results with the

general formula with density gradient as an additional variable:

EZ p()] = lp(ei [p(r), p(r)dr (2.12)

where the £¢94 is the exchange correlation energy per electron and p(r) is the
generalized-gradient electron density. In fact, there is no simple functional form of
ES%[p(r)]. Therefore, the general form of GGA is expressed based on modification of

LDA energy with an additional enhancement factor F(s):
EZp(r),s] =16t [p()] p(AF (s)dr (2.13)
where, the F(s)can be calculated by:
F(s) = (1+1.295+145*+0.25%) V15 (2.14)
when, the s factor depends on both electron gradient and its density:

p()]
p4/ 3 (r)

s=C (2.15)

In the solid system, the typical range of electron density s is in the range of 0 to 3
corresponding with the F(s) from 1.0 to 1.6. the GGA approximation works very well
giving structure properties. The various GGA forms have been continuously proposed
such as Perdew-Wang 91 (PW91) which was developed in 1992 [111]. This functional
is popular in material science because it provides the reasonable accuracy with cost
effectiveness. It is based on the constrains of exchange correlation hole using the data
from the uniform electron gas and keep a nonempirical system. However, the main

limitation of this functional is tendency to provide wiggles in exchange correlation
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potential at high and low electron densities which leads development of new functional,
PBE developed by Perdew, Burke and Ernzerhof. Based on PW91, PBE shows the
simplified GGA version with no empirical elements. The PBE functional includes
features of local electron density and its gradient and second order to enhance the factors
of F(x) and F(c). The PBE function has proven to be higher accuracy and better than the
previous PW91. Now, the PBE is the most frequently used because it does not show
wiggles in exchange correlation potential at high and low electron densities. Therefore,
using of PBE is better off with pseudopotential.

2.8 Periodic Boundary Condition

The periodic boundary condition is a set of boundary condition which is selected
to represent a large (infinite) system of solid by constructing a small unit cell. All unit
cells are just duplicated in all directions surrounding the primary unit cell as illustrated
in Figure 2.1. Based on periodic boundary condition, the actual calculation can be taken
place only in single unit cell to represent image in super cell. The super cell under
periodic boundary condition can be extended to many systems such as bulk, atom, slab
and cluster. Therefore, the actual solid behaviors can be effectively simulated via the

periodic boundary condition.

€ o € € &€ &
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Figure 2.1 Schematic representation of the ideal of periodic boundary condition [112]
2.9 Pseudopotential Approach

Pseudopotential (PP) is an important method of treating core electrons in the solid
catalytic model system because the core electrons are not particularly essential for

defining chemical bonding and other physical characteristics of materials while these
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properties are dominated by the valence electrons in reaction of solid catalytic system.
Therefore, the electron density of core electrons is replaced with smoothed density called
frozen core model. Exclusion of the core electrons from the calculation affects smaller
number of total energy differences leading to more accuracy of total energy calculations

and reduce computational time.
2.10 Plane Wave Based DFT Method

Plane wave is one of basis wave functions which is the simplest and frequently
used for solid model. The plane wave basis set (@py(x)) equation can be written by the

combination of cosine and sine mathematic forms as:

@py(x) = cos(kx)+i sin ( kx)=exp(ikx) (2.16)

Plane wave basis set for free electron satisfies the Bloch condition representing the
smoothly varying function. The systematic improvement of convergence and accuracy is
possible with increasing the size of basis set. Moreover, the plane wave basis set is ionic
position independent due to the nonlocal nature. Hence, the calculation can be
accomplished without avoiding the atomic-centered basis set. These advantages effect
that plane wave basis set is commonly adopted in the DFT codes.

2.11 Treating Solid Model using Periodic Boundary Condition

For any solid model, a number of electrons are introduced into the solid system of
varying the potentials and identified the result. Then the formulation of Kohn-Sham
equations in terms of Fourier coefficient which is an important property of solid is
created. However, two issues are firstly resolved: one is the number of electrons become
infinite and another is the number of atoms in solid. In practical, the large number of
electrons can be treated by the PP methods. Normally, the three common types of PP are
normconserving PP, ultrasoft PP and PAW. However, the PAW potential provides the
results that are in good agreement with all-electron calculations and gives more reliable
results than other PP methods for materials which have strong magnetic moments or large

difference in electronegativity.

The PAW potential can be used to provide the accurate results as the all electron
full-potential approach with much less computational effort. Moreover, this method can

provide all electron charge density if valence orbitals cannot be obtained by other
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standard PP methods. Then, the data from a small number of atoms are involved to
periodic boundary condition and supercell schemes to physically represents real material

in the concept of periodic nature of solid.
2.12 Procedure of Calculation in this Work

In this dissertation, the plane wave based DFT method as the suitable method for
surface calculation is selected for investigating of the PDH mechanisms and side
reactions on Ni-based catalysts with different dopants. Detailed procedure is given in the

following sections.
2.12.1 Geometry Optimization

All periodic boundary calculations in this thesis were performed by a plane wave-
based DFT [110] using VASP [113, 114] program. The PAW method [115, 116] with
the GGA refined by PBE [117] was employed. The geometry optimization was obtained
by minimizing the Hellman-Feynman forces with the conjugate-gradient algorithm until
the forces between atoms were below 0.01 eV/A and the criterion for electronic self-
consistent field iteration was 1.0x10° eV/atom. The k-point grid of 3x5x1 was generated
by Monkhorst-Pack scheme [118] and the cut-off value for plane wave basis set was 400
eV. The electron occupancies were determined by using Methfessel-Paxton scheme
[119] with smearing energy of 0.2 eV. The Van der Waals dispersion correction was
applied using DFT-D3 method proposed by Grimme [120].

2.12.2 Adsorption Energy Calculation

The Eags Values of each adsorbed molecule (i.e. propane and propylene) on both
Ni(111) and Ni-Au/Ni(111) surfaces presented in Chapter 3 and Chapter 4, and C atom
on Ni(111), Ni-Au/Ni(111) and Ni-Sn/Ni(111) surfaces given in Chapter 5 are calculated

as follows:

Eads = Emolecule, C/surface ~ Fsurface = “molecule, C (217)

where Emolecute, crsurface 1S the total energy of adsorbate molecule and C atom on the
substrate compleX, Esurface IS the total energy of a clean Ni(111), Ni-Au/Ni(111) and Ni-
Sn/Ni(111) surfaces, and Emotecule, c iS the total energy of isolated molecule and C atom
in vacuum. A negative Eags indicates energetically favorable adsorption.
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2.12.3 Reaction Mechanism Calculation

To explore the PDH mechanism as well as side reactions of C-C bond cracking and
deep dehydrogenation of propylene on Ni(111) and Ni-Au/Ni(111) surfaces, the TS
calculation was systematically carried out by using a climbing image nudged elastic band
(CI-NEB) method [121] and refined using DIMER method [122-124]. The force
tolerance of 0.05 eV/A and the energy convergence of 1.0x10°" eV/atom were used as the
criteria for searching TS in each elementary step. The attained TS structures were

confirmed by a single imaginary frequency in vibrational analysis.
2.12.4 Partial Atomic Charge Calculation

The partial charge difference (Ad) of atom i before and after adsorption process

was calculated from:

Ag L 5;1&1’5‘ _ 5§solate/clean (2.18)

5?615 5§solate/clean

where is the partial charge of atom i of stable configuration and is the

partial charge of atom i of isolate gas species or clean surface.
2.12.5 Free Energy and Reaction Rate Constant

The DFT calculations were performed to provide the energies and frequencies
which are the important input parameter for thermodynamic and microkinetic
investigations. For the adsorption and desorption of gas species (propane and propylene),
the Gibbs free energy (4G;) of isolated gas i is calculated according to:

where Eo is the total energy of gas species i, p. is the partial pressure of gas species i, R

is the gas constant 1.43x102 eV-K1-mol™ and T is the temperature in Kelvin (K). For

the adsorbed system the Gibbs free energy is given by:

AGZ' :E0+EZPE-RTanvib (220)
where Ezpe is the zero-point energy of adsorbed system, O . is the total vibrational
partition function of adsorbed system.

The collision theory was employed to determine rate constants for adsorption and

desorption processes which are calculated as followed:
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P (2.21)
ads ,/2nmAkBT l

where A is the area of catalyst surface in angstrom (A), ks is the Boltzmann constant
(8.62 x10° eV-K1) and mx is the molecular weight of the species. Moreover, the rate
constants for dehydrogenation and deep dehydrogenation reactions are typically

calculated using transition state theory. The forward rate constant (ki) is given as:

kgT -AG
k= % exp( ETf (2.22)

where h is the Planck’s constant (4.14x1071° eV.s). The AGt is the activation free energy
of forward reaction in the temperature range of 500 to 1200K. The forward and reverse
rate constants (ks and kr) and the equilibrium rate constant (Keq) are linked through the

following relation:

Ky 35 (2.23)
where the Keq is given as:
467 48° AH’
K, = exp (— ﬁ) = exp (E) exp (- ﬁ) (2.24)

where AGP is the change in standard Gibbs free energy, AS° denotes the standard state
difference of entropy and AHC is the enthalpy change which is deviated from standard

state.
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CHAPTER 3

Theoretical Insight into Catalytic Propane Dehydrogenation on
Ni(111)

In the literature [58, 96], the bare Ni which is the high reactive catalyst for alkane
reaction is not the appropriate catalyst PDH reaction due to low selectivity of propylene
production. To explore the cause of low propylene selectivity, the insight into
mechanisms of PDH as well as side reactions of deep dehydrogenation, C-C bond
cracking during and after PDH process as well as coke formation on Ni-based catalysts
are investigated. The information from this calculation can be used determine that what
is the limitation of Ni catalyst in the low selectivity of propylene production. Moreover,
the suitable method to improve the batter Ni catalyst for increasing yield production of

propylene during PDH process is also investigated.
3.1 Slab Information

For a slab model, a 6x4 Ni(111) slab with a dimension of 14.73 A x 8.51 A x 21.02
A was constructed. As illustrated in Figure 3.1a and 3.1b, four Ni layers consisting of
107 Ni atoms is separated by ~15 A of vacuum region along the z-axis to avoid
interactions between periodic images. The two bottom layers of Ni(111) slab were fixed
to their bulk lattice positions, while two top layers and adsorbed species were allowed to
fully relax during the calculation. The possible active sites of Ni(111) slab are exhibited
in Figure 1c; there are atop site of Ni atom (atop site), bridge site between Ni-Ni atoms
(bridge site) and three-fold hollow sites (hcp- and fcc-sites).
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Figure 3.1 Structure of Ni(111) slab projected along (a) the (010)-direction, (b) (100)-
direction, and (c) the possible active sites on the Ni(111) surface

3.2 Results and Discussion
3.2.1 Adsorption of Propane and Propylene on Ni(111)

The interaction of a reactant and a product of PDH reaction on Ni(111) surface is
discussed in this part. The possible adsorption configurations of propane and propylene
were optimized by varying location of the adsorbates (i.e. propane and propylene), which
are atop, bridge and fcc and hcp sites of Ni(111) (see Figure 3.1c). The optimized
structures of all possible configurations of propane and propylene adsorption on Ni(111)

and Eags in eV are given in Figure 3.2 and Figure 3.3, respectively.
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Figure 3.2 All possible configurations of propane adsorption on Ni(111) and Eags in eV
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Figure 3.3 All possible configurations of propylene adsorption on Ni(111) and Eags in eV




The most stable configurations of propane and propylene on Ni(111) surface are

shown in Figure 3.4a and Figure 3.4b, respectively. The calculated Eags values and

selected interatomic distances of propane and propylene on Ni(111) are summarized in

Table 3.1.

side view

side view

Figure 3.4 Top and side views of the most stable configurations of (a) propane and (b)

propylene on Ni(111) surface

Table 3.1 Adsorption energies (Eags) in eV and interatomic distances (d) in A of

propane and propylene on Ni(111) surface

Adsorbate T Favored site deni (A) dini (A) dec (A) dew (A)
(eV)
CL.Ni'=323 HL-Nit=234 C-C*=152 cipyi=111
propane  -0.61 atop C2.--Ni?=3.15 H%--Ni2=214 C+C?=152 czp2=112
C3--Ni¥=3.25 H3--Ni®=2.36 C:-H¥=1.11
CLNii=223 H--Ni'=200 C-C’=144 CLH'=112
CLNP?=217 H>-Ni2=189 C>-C’=150 CLH2=113

ropylene -1.39 fcc and ato
Propy P CLNi#=2.11

C%Ni*=1.99
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For propane adsorption, propane prefers to adsorb on atop sites of Ni(111) surface
as shown in Figure 2a. The adsorbed propane interacts with Ni(111) surface by H-Nit,
H2-Ni? and H3-Ni® interactions. The equilibrium adsorption height of propane from the
Ni(111) surface is 2.14 A measured from the nearest distance between H? atom of
propane and atop of Ni2 The Eags of propane on Ni(111) surface is -0.61 eV. The
undistorted of the adsorbed propane structure and the low Eags value indicate the
physisorption of propane and Ni(111). It is worth mentioning that this value is more
negative than that on Pt(111) (-0.42 eV) [49] suggesting the stronger adsorption of
propane on Ni surface than Pt surface.

For propylene adsorption, the propylene prefers to adsorb on Ni(111) surface on
two adsorption sites; fcc and atop sites as illustrated in Figure 3.4b. The C! atom of
propylene binds to Ni!, Ni? and Ni® atoms at the hollow site of Ni(111) while C? of
propylene binds to atop of Ni®. The adsorption height of propylene from Ni(111)
calculated from the bond length between C? and Ni® atoms is 1.89 A. The strong bond
formations between propylene and Ni(111) surface causes the elongation of the C!=C?
bond of propylene from 1.34 A to be 1.44 A. The Eags value of -1.39 eV and the distorted
structure of the adsorbed propylene molecule signify that interaction between propylene

and Ni(111) surface is chemisorption.
3.2.2 Electronic Charge Property
3.2.2.1 Charge Density Difference and Bader Charge Analysis

To understand the interaction between propane/propylene and Ni(111) during
adsorption process, electronic charge properties are elucidated herein. The charge density
differences of the most stable adsorption configurations of propane and propylene on
Ni(111) are displayed in Figure 3.5a and 3.5b. Charge accumulation and charge depletion
are represented by green and red regions, respectively. In addition, charge transfer
between adsorbed molecules and Ni(111) surface were quantitatively analyzed by
performing Bader charge analysis [125]. The number of valence electrons of neutral
atom/molecule is used as a reference for calculating the Bader charge change. More
Bader charge information of individual atoms on the top layer of Ni(111) surface and
adsorbate such as Ni?, Ni? and Ni® atoms of Ni(111) and C and H atoms of propane and
propylene are reported in Table 3.2.
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Figure 3.5 Charge density differences (green for charge accumulation and red for charge
depletion) of (a) propane and (b) propylene adsorption on the Ni(111) surface with
isovalue of +0.003e A3

Table 3.2 Bader charge analysis of selected atoms of Ni(111), propane and propylene
before and during adsorption represented in Figure 3.4

Bader charge change (|e|)

] Adsorbed molecules
System Ni(111)
Propane Propylene
Total (0.000) Total (0.000) | Total | (0.000)
Subsurface
(-0.084) ct (+0.178)
layer
Top layer (-0.060) c? (-0.221)
cs (+0.162)
Nit (-0.026) H! (-0.048)
Isolated phase Ni2 (+0.046) H? (-0.047)
Ni3 (-0.150) H3 (-0.039)
Nit (-0.057) o (-0.109)
Ni2 (-0.041) c? (-0.102)
Ni® (+0.046) c? (-0.192)
H! (+0.134)
H? (-0.042)
Total (-0.264) Total | (+0.264)
Propane Subsurface
) (-0.027) ct (-0.097)
adsorption layer
Top layer (-0.236) c? (-0.206)
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Table 3.2 Bader charge analysis of selected atoms of Ni(111), propane and propylene
before and during adsorption represented in Figure 3.4 (continued)

Bader charge change (|e|)
(0% (-0.161)
Propane Nit (+0.129) H! (+0.272)
adsorption Ni? (+0.316) H? (+0.202)
Ni® (+0.072) H3 (+0.135)
Total (-0.545) Total | (+0.545)
Subsurface
(-0.643)
layer
Top layer (+0.303)
Propylene i
) Nit (+0.020) Ct! | (+0.013)
adsorption i
Ni? (+0.139) C? | (+0.085)
Ni® (-0.138) c? (-0.186)
H! | (+0.154)
H? | (+0.160)

For propane adsorption (see Figure 3.5a), the interaction can be observed from
charge accumulation and depletion between H? of propane and Ni? of the substrate. In
addition, the Bader charge analysis signifies electron transfer from Ni substrate to
propane approximately 0.26 |e| during the adsorption process. Figure 3.5b shows charge
density difference of propylene adsorbed Ni(111). There are four chemical bonds
between propylene and Ni(111) surface, which are three bonds of C* atom to Nit, Ni?,
Ni® and one C2---Ni? bond. Similar to the propane adsorption, the Bader charge result

indicates the charge transfer from Ni(111) to adsorbed propylene approximately 0.55 |e|.

At the same isosurface value of charge density difference, the electron density of
the propylene adsorbed Ni(111) system is more obviously changed than that of the
propane adsorbed Ni(111) system. Moreover, a greater number of electrons are
transferred from the substrate to propylene than propane. These evidences support that
the propylene adsorption is stronger than the propane adsorption. This aspect corresponds

well with the Eags results discussed in adsorption part.
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3.2.2.2  Density of State Analysis

The detailed information on interactions of propane/propylene and Ni(111) was
investigated by projected-density of states (PDOSs). The PDOSs of propane, propylene
and Ni(111) before and during adsorption processes are plotted in Figure 3.6a and 3.6b.
The Fermi level (EF) is set at 0 eV. The bonding and anti-bonding states are represented
in lower and higher regions from Er, respectively. The density of state (DOS) of C, H
and Ni atoms is projected into the p-state (p-DOS), the s-state (s-DOS) and the d-state
(d-DOS), respectively. In Figure 3.6, the PDOSs of isolated propane and propylene are
presented in panel I. The PDOSs of adsorbates when they are adsorbed on the Ni surface
are shown in panel 1l. Panel I11 presents PDOSs of Ni(111) of pre-adsorption and during

adsorption.

For the pre-adsorption condition, the overlapping of p-DOS peaks of C atoms and
s-DOS peaks of H atoms expresses the C-H bonds in propane and propylene molecules
(see panel | of Figure 3.6a and 3.6b). For bare Ni(111) surface, the d-DOS of Ni atoms
is demonstrated in panel 111 (blue peaks). The d-band center (&) of bare Ni(111) surface
is -1.43 eV which is similar to the result reported by Hammer and Ngrskov (-1.48 eV)
[126].

(a) Propane-Ni(111) system (b) Propylene-Ni(111) system
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For the propane adsorption, PDOS peaks of adsorbed propane are shown in panel
Il of Figure 3.6a. The interactions between H atoms of propane and Ni atoms of Ni(111)
surface can be explained by the s-DOS of H atoms of adsorbed propane and d-DOS of
Ni atoms of Ni(111) surface. The PDOS peaks from H and C atoms of adsorbed propane
are shifted and broadening compared with those of isolated propane in panel I of Figure
3.6a. However, no significant change of d-DOS of Ni(111) surface can be observed when
comparing red- and blue-peaks in panel 111 of Figure 3.6a. This aspect signifies the weak

physisorption of propane on Ni(111) surface.

For the propylene adsorption, the PDOS peaks of adsorbed propylene are depicted
in panel 11 of Figure 3.6b. As discussed in the adsorption part, propylene binds on the
Ni(111) surface via four chemical bonds (see Figure 3.4b). These interactions of
propylene on Ni(111) surface can be described by the overlapping of the p-DOS of
propylene (C! and C? atoms) and d-DOS of Ni(111) surface (Ni*, Ni?, Ni® atoms). The
redistribution of p-DOS signal of adsorbed propylene indicates bond formations of C*
and C? atoms of propylene to Ni atoms on Ni(111) surface. The d-DOS curve of Ni(111)
surface obviously changes after propylene adsorption (red peaks in panel Il of Figure
3.6b). The strong overlapping of d-DOS of Ni(111) surface with p-DOS of C* and C? of
adsorbed propylene at the range of -8.37 to -4.47 eV indicates d-p hybridization of C
atoms of propylene and Ni atoms of Ni(111) surface. In summary, PDOS results describe
the strong chemical bonding between propylene and Ni(111) and the weak interaction
between propane and Ni(111), which correspond very well with the Eags, charge density

difference and Bader charge results.
3.2.3 PDH Reaction on Ni(111) Surface

Detailed mechanisms of PDH on Ni(111) are discussed in this part. The mechanism
of PDH reaction of propane to propylene involves two dehydrogenation steps: the first
step is propane (CzHs) to propyl species (CzH7) and the second step is CsH7 to form
propylene (CsHs) as described in Figure 1.4. The propyl species from the first step can
be produced from two possible pathways; pathway A and pathway B. These two possible
pathways start from the same IS of adsorbed propane to yield the same final structure of

adsorbed FS of adsorbed propylene. As a result, the geometries of IS, transition states
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(TSA1L, TSA2, TSA-diff, TSB1, TSB2 and TSB-diff), intermediates (Int A-1, Int A and
Int B) and FS of pathways A and B are displayed in Figure 3.7a and 3.7b, respectively.

(a) Pathway A

IS TSB1 IntB TSB2

Int B-1 TSB-diff FS2

Figure 3.7 Geometries of initial state (IS), transition state (TS) intermediate (Int) and
final state (FS) structure for PDH reaction in (a) pathway A and (b) pathway B

The potential energy surfaces (PES) of both pathway A (black line) and pathway
B (blue line) are presented in Figure 3.8. Their corresponding activation energies (Ea)
and relative energies of each state of reaction on Ni(111) surface are summarized and
compared with PDH on Pt(111) surface [48, 74] in Table 3.3. The summation of total
energies of isolated propane and bare Ni(111) surface was set as the reference value for
relative energy calculation. For the pathway A (Figure 3.7a), the first dehydrogenation
(step 1A) of adsorbed propane (CHsCH2CHs) denoted as IS to form 1-propyl
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(CHsCH.CH>) intermediate denoted as Int A starts from C-H! bond stretching of
propane from 1.11 A to 1.63 A.
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Figure 3.8 Energy profiles of PDH for pathway A (==) and pathway B (==) (Relative

energies are displayed in the parenthesis and the E, barriers are denoted in the bracket)

Table 3.3 Activation energies (Ea) in eV unit for PDH, C-C cracking and deep
dehydrogenation reactions on Ni(111) and Pt(111) surfaces

Ea (eV)
Ni(111)
Reaction Elementary step (This Pt (111)
[48]°
work)
Step 1A CH;CH,CH; — CH;CH,CH, + H” 0.69 0.69
PDH Step 1B CH3CH,CH; — CH;CHCH; + H' 0.79 0.70
Step 2A  CH;CH,CH, — CH;CHCH, + H’ 0.09 0.73
Step 2B CH;CHCH; — CH;CHCH, + H' 0.05 0.70
Propylene .
desorption CH;CH CH; — CH;CHCH, 1.16 0.97
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Table 3.3 Activation energies (Eaz) in eV unit for PDH, C-C cracking and deep
dehydrogenation reactions on Ni(111) and Pt(111) surfaces (continued)

Ea (eV)
Reaction Elementary step Ni(111) Pt (111)
(This work) [48]
Step 1C  CH3CH,CH; — CH;CH; + CH; 2.39 2.44
Step 2C  CH;CH,CH; — CH;CH; + CH, 1.45 1.69
C-C cracking . . .
Step3C CH;CHCH, — CH;CH" + CH, 1.14 2.00
Deep Step3D CH;CHCH, — CH;CHCH + H 0.84 0.76
dehydrogenation Step 3E  CH;CHCH, — CH;CCH, + H' 0.85 0.77

8PDH on 3x3 Pt (111) surface calculated by PAW/PBE method implemented in VASP

At the TSAL1 state, H! is dissociated to the hcp site of Ni(111) to form Int A-1. The
E. of the first dehydrogenation is 0.69 eV. Then, the unstable detached H* atom diffuses
from hcp to more stable fcc site of Ni(111) surface (Int A). The Ea of H! atom diffusion
via TSA-diff is only 0.19 eV. The Ea of H atom diffusion from hcp to fcc sites on Ni(111)
surface in this study is in good agreement with the energy barrier of 0.15 eV reported by
Kristinsddttir and co-workers [127] For the second dehydrogenation step (step 2A), the
Int A can be activated to form propylene (CH;CHCHS,) denoted as FS by elongation of
C2-H? bond from 1.16 A to 1.43 A, leading to the strong adsorption of H? atom on the
hcp site of Ni(111) surface. The Ea of the second dehydrogenation via TSA2 is 0.09 eV.
This second step is a facile process. Therefore, the first dehydrogenation is the rate

determining step for PDH reaction in pathway A.

For the pathway B (Figure 3.7b), the first dehydrogenation (step 1B) of propane
(1S) starts from C2-H? bond activation of adsorbed propane at the secondary C atom to
produce H? adsorbed on the fcc site of Ni(111) surface and to form 2-propyl
(CH3CH;CH3) intermediate (see Int B in Figure 3.7b). Next, the activated C?-H? bond is
elongated from 1.12 A to 1.57 A at the TSB1 state, requiring energy of 0.79 eV to form
Int B. The H? atom of adsorbed Int B is strongly adsorbed on the preferred fcc site of
Ni(111) surface, so there is no diffusion to other sites. For the second dehydrogenation
(step 2B), the Int B is continuously dehydrogenated by elongation of C!-H* bond of Int
B from 1.12 A to 1.31 A on Ni(111) through TSB2. The E, of the second dehydrogenation
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for C1-H1 bond activation is 0.05 eV. Similar with step 2A, the second dehydrogenation
of pathway B occurs easily. Next, the detached H* atom is adsorbed on the hcp site of
Ni(111) surface before moving to the more stable fcc site on Ni(111) surface with
diffusion energy of 0.17 eV (Int B-1 to FS). The higher energy barrier of TSB1 than that
of TSB2 in pathway B indicates that the first dehydrogenation is also the rate determining
step for PDH reaction which is the same as in pathway A.

In addition, PDH on Ni(111) from this work is compared to that on Pt(111) reported
in literatures. The energy barriers of the first and second dehydrogenations on Ni(111)
and Pt(111) are given in Table 3.3. For the first dehydrogenation, the Ea of propane to
produce 1-propyl on Ni(111) in pathway 1A is the same to that of Pt(111) with the E, of
0.69 eV. While the E, of the first dehydrogenation of propane on Ni(111) in pathway 1B
is 0.79 eV, which is slightly higher than the Ea of 0.70 eV in Pt(111). For the second
dehydrogenation, the energy barrier of 1-propyl dehydrogenation to form propylene in
pathway 2A is 0.09 eV which is lower than that of Pt(111) (0.70 eV). Meanwhile the E,
of 2-propyl dehydrogenation in pathway 2B is only 0.05 eV, which is also lower than
that of Pt(111) (0.68 eV). These results indicate that Ni(111) is more active catalyst for
propyl species (1-propyl and 2-proply) dehydrogenation than Pt(111) surface.

From PES in Figure 3.8, pathway A is more thermodynamically favorable than
pathway A by comparing the stability of intermediates. The relative energy of Int A is -
0.55 eV which is more thermodynamically stable than that of Int B (-0.23 eV). By
considering the energy barriers of the rate determining step in both pathway A and
pathway B (see Figure 3.8), the first dehydrogenation of propane in pathway A is slightly
lower than that of pathway B. To indicate the kinetically favorable pathway for the main
PDH in the present study, we have compared the reaction rates of IS>TSA1 (k™) and
IS—>TSB1 (k™BY), which are the rate determining steps of pathways A and B. The details
of calculations are provided in Table 3.4. As a result, the calculated k™A/k™B? values in
range of 298K to 900K signify that pathway A is more kinetically preferable than
pathway B. Therefore, the PDH reaction in pathway A is a major contribution to the
formation of FS on Ni(111) surface.
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Table 3.4 Comparison of kTA/kTSB! gt different temperature

T (K) KTSAL/|TSBL
298 2.05x10*
400 4.87x10°
500 2.12x10°
600 1.23x10°
700 8.34x10?
800 6.24x10?
900 4.99x10?

Finally, desorption of propylene after PDH process has a positive effect on the
selectivity toward propylene production. The energy barrier of propylene desorption

(AEges) from Ni(111) surface after PDH reaction regarding from FS is calculated by:
AE o5 = Eps - Exu ic111)-Epropyiene

where Egg is the total energy of adsorbed propylene and two H atoms which are detached
from propane structure during PDH process on the Ni(111) surface despite, Eonmi(i1) iS
the total energy of Ni(111) surface with two detached H atom without propylene, and
Epropylene 1S the total energy of isolated propylene molecule. The energy barrier of

propylene desorption from Ni(111) surface is 1.16 eV.
3.2.4 Side Reactions on Ni(111) Surface

As mentioned in Chapter 1, the C-C bond cracking and deep dehydrogenation (i.e.
dehydrogenation of adsorbed propylene on surface catalyst) as side reactions can affect
the selectivity of propane conversion to form propylene on Ni(111) surface. Hence, these
two side reactions have been investigated and discussed in this part. The proposed
mechanisms of C-C bond cracking and deep dehydrogenation are described in Figure
1.4. The possible C-C bond cracking reactions of propane, 1-propyl, 2-propyl and
propylene are denoted as steps 1C, 2C, 2C’" and 3C, respectively. Herein, the structures
of C-C bond cracking reactions are displayed in Figure 3.9. The deep dehydrogenation

can be triggered through 3D and 3E to produce 1-proppenyl (CH;CH CH") and 2-
propynyl (CH3CCH;) as displayed in Figure 3.10. The obtained energy profiles are
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compared in Figure 3.11. The activation energies of C-C bond cracking and deep
dehydrogenation are summarized in Table 3.3.

3.24.1 C-C Bond Cracking Mechanism on Ni(111) Surface

As presented in Figure 1.4, the first side reaction of step 1A and 1B is the C-C
cracking of propane represented by step 1C. In this C-C cracking step, the C*-C? bond of

propane can be cleaved to form methyl (CH3) and ethyl (CH;CH,) adsorbed on fcc and
atop sites of Ni(111), respectively (see Figure 3.9). The C*-C? is prolonged from 1.52 A
to 2.21 A in the TSC1. From Table 3.3 and Figure 3.11, the Ea of C*-C? breaking is 2.39
eV which is much higher than that of the first dehydrogenation of propane (about 0.70
eV). The high Ea value corresponds to the steric effect of H that obstructs the contact
points between C of propane and Ni atoms on the surface. This extremely high Ea
indicates that this cracking requires extremely high temperature. Therefore, the first
dehydrogenation of propane, step 1A, can proceed as the preferable process.

Step 1C

%:}i§;ll;

S ;} Jaj
%8«?% ) YT i G
S ‘

1

FSC1

Int A TSC2
Figure 3.9 Geometries of the C-C bond cracking reactions of propane (step 1C), 1-
propyl (step 2C), 2-proply (step 2C’) and propylene (step 3C)
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TSC3 FSC3
Figure 3.9 Geometries of the C-C bond cracking reactions of propane (step 1C), 1-
propyl (step 2C), 2-proply (step 2C’") and propylene (step 3C) (continued)

top view side view top view side view top view side view

=1

|
-,

on

TSE3 FSE3
Figure 3.10 Geometries of the deep dehydrogenation producing 1-propeny! (step 3D)
and 2-propeny!l (step 3E) on Ni(111) surface
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The next possible cracking is the C-C bond cracking of 1-proply (step 2C), the
cracking starts with the elongation of C1-C? bond of Int A from 1.53 A t0 2.17 A in TSC2
to form stable methylidene (CH,) and ethylene (CH;CHj) species on hcp and atop sites
of Ni(111) surface (FSC2), respectively. The Ea of C1-C? bond activation of 1-propyl on
Ni(111) is 1.45 eV which is higher than the energy barrier of the second dehydrogenation
(step 2A) on Ni(111) surface (0.09 eV). The C-C cracking along 2C is less preferable
than the 1-propyl dehydrogenation (step 2A). Another possible side reaction is the C-C
bond cracking of 2-propyl (step 2C’ in Scheme 1). This C-C cracking through 2C’ is the
side reaction of 2-propyl dehydrogenation (step 2B). As shown in Figure 3.9, the C-C
bond cleavage begins with stretching of C2-C3 bond of Int B from 1.52 A to 2.08 A in
TSC’2 to generate methyl (CH;) and ethylidene (CH;CH') which are adsorbed on fcc
and hcp sites of Ni(111) surface (FSC'2), respectively. In Table 3.3, the Ea of 2-propyl
cracking is 0.90 eV which is much higher than the energy barrier of the second

dehydrogenation (step 2B) on Ni(111) surface (0.05 eV). For the C-C bond cracking of
propylene (3C), the C1-C2 bond of propylene can be activated to form methylidene (CH)

41



and ethylidene (CH3CH*) adsorbed on the hcp sites on Ni(111) surface (FSC3). The
activated C*-C? bond of FS is prolonged from 1.43 A to 2.05 A with the E, of 1.16 eV.

From overall C-C bond cracking reactions along pathway A, the activation energies
of C-C bond cracking decrease in this following order: CH;CH,CH; > CH;CH,CH, >
CH,CH CH, which are in accordance with removal of H can enhance the interaction
between C and Ni atoms due to less steric effect. This feature leads to weakening of C-
C bond of adsorbed 1-propyl and propylene on Ni(111) surface resulting in lower
cracking barrier along PDH process [128, 129]. Although the energy barriers of C-C
bond cracking trend to decrease along PDH reaction to produce propylene, the lowest
energy barrier C-C bond cracking which is located as the competitive reaction with
desorption and deep dehydrogenation of propylene is still high (around 1.14 eV). Hence,
this work can confirm that the C-C bond cracking cannot be taken place during PDH
process. This result is in good agreement with C-C bond cracking on Pt(111) surface
[48]. The C-C bond cracking in Pt(111) is more favorable over the deep hydrogenation
after propyne formation.

3.2.4.2  Deep Dehydrogenation Mechanism on Ni(111) Surface

For the deep dehydrogenation, the strong adsorption of propylene on Ni(111)

surface causes the further reactions of deep dehydrogenation to form 1-propenyl
(CH,CH CH") and 2-propenyl (CH;CCH, ) via step 3D and step 3E, respectively. The
first deep dehydrogenation of FS initiates from C!-H; bond activation to form 1-
propyenyl (step 3D in Figure 1.4). As illustrated in Figure 3.10, the activated C-H; bond
of TSD3 is lengthened from 1.43 A to 1.76 A, requiring Ea of 0.84 eV. The detached H;
atom is adsorbed on fcc site on Ni(111) surface (FSD3). Another deep dehydrogenation
starts with C'-H, bond activation of propylene to form 2-propenly on Ni(111) surface
(step 3E). The activated C'-H, bond of TSE3 is elongated from 1.43 A to 1.62 A with

the E, of 0.85 eV. The detached H, atom is also adsorbed on fcc site of Ni(111) surface
(FSE3). Both deep dehydrogenations via step 3D and step 3E are possible because their
Ea values are less than 1 eV [130].

According to our PES results, step 1A and step 2A are Kkinetically and
thermodynamically favorable for PDH reaction on Ni(111) as summarized Table 3.3.
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This PDH pathway also preferable than the cracking side reaction via TSC1 and TSC2.
However, the Ea of propylene desorption (1.16 eV) are almost the same of the E, of
propylene cracking (1.14 eV) after PDH process. The Ea of C-C cracking comparable
with that of the product desorption. Moreover, the energy barrier of deep
dehydrogenation via step 3D and step 3E are 0.84 eV and 0.85 eV, respectively, which
are lower than that of propylene desorption and C-C cracking. Therefore, the adsorbed
propylene is preferable undergoing the deep dehydrogenation than desorption to wanted
propylene. These results describe the low selectivity of propylene production using
Ni(111) surface reported in previous experimental studies [58]. In Pt(111) surface, the Ea
of propylene desorption is 0.97 eV, which is higher than that of deep dehydrogenation
(about 0.76 eV) but lower than that of propylene cracking (2.00 eV) [48].

3.3 Summary

In summary, the insight mechanisms of PDH as well as side reactions of deep
dehydrogenation of propylene and C-C bond cracking on Ni(111) and Pt(111) can be
compared as follows:

i) Similar adsorption behavior of propane and propylene adsorption on Ni(111) and
Pt(111) can be observed. For instance, propane shows the physisorption interaction,
while propylene forms strong chemical interaction (chemisorption) with those catalyst

surfaces.

i) For the main PDH reaction, the C-H activation of propane to be 1- and 2-propyl
on Pt(111) are 0.65 and 0.75 eV, respectively proposed by Yang and co-workers [48]. In
contrast, the PDH reaction on Ni(111) via 1-propyl, pathway A, is obviously the most
kinetically and thermodynamically preferable. After the first H is dissociated, the second

dehydrogenation occurs easily with low Ea (< 0.1 eV).

iii) The C-C bond cracking is less preferable than the main dehydrogenation in both
Ni(111) and Pt(111). It is to be noted that the C-C cleaving processes (i.e. steps 1C, 2C,
2C"and 3C) on Ni(111) in this work require less activation energies than those in Pt(111)
[48].
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iv) After propylene formation, the deep hydrogenation is the most preferable process
compared to propylene desorption and C-C cracking in both Ni(111) and Pt(111). This

feature results in low selectivity of propylene production in both catalysts.

v) Zha and co-workers [102] proposed that the first C-H activation is the rate-
controlling step on Pt-based catalysts. They also suggested that propylene desorption
plays an important role the key roles on activity and selectivity of PDH on Pt-based
catalysts. The findings of this work also suggested similar conclusion that the first C-H
activation and enhancement of propylene adsorption are the key roles affecting on

activity and selectivity of PDH in Ni.

Therefore, suppressing propylene-Ni(111) interaction can enhance the selectivity
of propylene production. In literature, increment the H coverage on the catalyst surface
has been suggested for enhancing propylene desorption and also decrease the further
deep hydrogenation on Pt(111) [131]. Moreover, improvement of PDH in Pt can be
achieved by alloying Pt with other elements such as In and Sn [102]. In Ni catalyst,
improvement of propylene production was observed in Ni-Au [96]. The understanding
of PDH on the in Pt(111) surface serves as a good guidance for developing the efficiency

of Ni-based catalyst for PDH reaction.
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CHAPTER 4

Effect of Au Doping on Selectivity Improvement of Propylene

Production via PDH Reaction

To improve the efficiency of Ni-based catalyst, doping another metal is one of
simple method to increase the selectivity of propylene production is doping another
effective metal into bare Ni surface. Recently, Au doping shows interesting experimental
result of significant enlargement of propylene production on Ni surface proposed by Yan
and the coworkers [58, 96]. However, the role plays of Au doping for selectivity
improvement are still controversial. In this section, the effects of Au doping for
selectivity enhancement of propylene production are systematically studied by

computational investigation of PDH and other side reactions on Ni-Au/Ni(111) surfaces.
4.1 Slab Information

In Chapter 3, the Ni(111) surface is selected to explore the limitation of Ni catalyst
on low propylene selectivity. To improve the performance of Ni(111) catalyst, doping of
Au into Ni(111) surface to form Ni-Au/Ni(111) is constructed. Furthermore, the effects
of Au loading for properties change in terms reactivity of catalyst and selectivity of
propylene product are also investigated. So, the Ni-Au/Ni(111) surfaces were constructed
by substitutions of Au into the first layer of Ni(111) with the atomic ratios of 1/3 and 1/2
are selected to create NisAu/Ni(111) and Ni2Au/Ni(111) surfaces. The stable alignments
of Au atom of NizAu/Ni(111) as well as Ni2Au/Ni(111) surfaces are referred to the most
stable configuration of 0.25 and 0.33 monolayer equivalent of Ni-Au/Ni(111) surfaces
which were reported by Celik [132] as illustrated in Figure 4.1. So, the Ni-Au/Ni(111)
surfaces compose of three atomic layers of Ni atom and one atomic layer of mix Au and
Ni atoms as ratios of 1/3 and 1/2 for NisAu/Ni(111) and Ni2Au/Ni(111), respectively.
Moreover, the 15 A of artificial vacuum slab was introduced along z-axis to avoid the
interaction between periodic images. The possible active sites of Ni-Au/Ni(111) surfaces
are depicted in Figure 4.1c and 4.1f for NisAu/Ni(111) and Ni2Au/Ni(111), respectively.
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There are atop sites of Ni and Au, bridge sites of Ni-Ni and Ni-Au, fcc site of Ni-Au-Ni,
hcp site of Ni-Au-Ni as well as three fold site of NisAu/Ni(111) surface; fcc site of Ni-
Ni-Ni and hcp of Ni-Ni-Ni.
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Figure 4.1 Unit cells of NizAu/Ni(111) and Ni2Au/Ni(111) projected along (a,d) the
(010)-direction, (b,e) (100)-direction, and (c,f) the possible active sites on the
NisAu/Ni(111) and Ni2Au/Ni(111) surfaces

During geometry optimization, two bottom layers of the slab were kept fixed to
their bulk structure while two upper layers of Ni-Au/Ni(111) surfaces, together with the
adsorbed species were allowed to fully relaxed.
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4.2 Results and Discussion
4.2.1 Role of Au Doping for Propane and Propylene Adsorptions

The interactions between adsorbed propane and propylene on Ni-Au /Ni(111)
surfaces, NisAu/Ni(111) and Ni2Au/Ni(111), are illustrated in Figure 4.2a and 4.2b and
their corresponding Eads, bond length and adsorbed position are summarized in Table 4.1.
For propane adsorptions, a propane molecule prefers to be physiosorbed on both
NizAu/Ni(111) and Ni2Au/Ni(111) surfaces with the Eags of -0.59 and -0.58 eV,
respectively. The most stable adsorption configuration of propane adsorption exhibits the
parallel direction of adsorbed propane along with catalyst surfaces of NizAu/Ni(111) and
Ni2Au/Ni(111). The adsorption height between the adsorbed propane and Ni-Au/Ni(111)
surfaces is measured by the shortest distance between H atom of propane and Ni atom of
Ni-Au/Ni(111) surfaces denoted as the H2-Ni? interactions which are 2.41 and 2.50 A for
NizAu/Ni(111) and Ni2Au/Ni(111), respectively. For propylene adsorption, the most
stable adsorption configuration shows that C? and C? atoms of propylene prefer to adsorb
on atop of Ni?atom of NizAu/Ni(111) and Ni2Au/Ni(111) with the Eags of -0.96 and -
0.84 eV, respectively. The adsorption height of propylene on NisAu/Ni(111) and
Ni2Au/Ni(111) surfaces are not significantly different (2.10 and 2.09 A for
NizAu/Ni(111) and Ni2Au/Ni(111), respectively). In this section, doping Au atoms in to
Ni(111) surfaces has no effect for propane adsorption because the Eags is not significantly
different from that of Ni(111) surface (-0.60 eV) [133]. However, modification of
Ni(111) surface by Au doping reduces the adsorption strength of propylene. Moreover,
increasing Au composition also decreases the adsorption strength of propylene. The
results of adsorption height indicate that addition of Au hinders adsorption of propylene
on catalyst surface because all propane and propylene molecules avoid interacting with

Au atom.
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(b) Ni,Aw/Ni(111)

Propane Propylene Propane Propylene

Figure 4.2 Adsorption configurations of propane and propylene on (a) NisAu/Ni(111)
and (b) Ni2Au/Ni(111) surfaces

48



6y

Table 4.1 Adsorption energies (Eags) in eV and atomic distances (d) in A of propane and propylene on NisAu/Ni(111) and Ni2Au/Ni(111)

surfaces
Surface Species  Eads(eV)  Favored site de-ni (A) du-ni (A) dh-au (A) dcc (A) den (A)
C-Nit=3.48 H!-Nit=2.64 CtH'=1.11
_ _ _ H-Aul=3.22 C.-C2=152
Propane -0.59 atop of Ni C2-Ni?=3.45 H*-Ni?=2.41 C>-H?*=1.11
_ _ H-Aul=2.64 C2 C3=1.52
NizAu/Ni(111) C3-Ni®=3.46 H3-Ni®=2.64 C-H:=111
atop of Niand C2%Ni?=2.12 H-Au'=3.16 C!-C2=1.50
Propylene -0.96 }
hcp C3-Ni?=2.10 H3-Au'=283 C>C3=1.40
C-Nit=3.67 H-Nit=3.02 H>Au'=3.09 Cl-H'=1.10
_ _ _ Cl-C?=1.53
Propane -0.58 atop of Ni C2-Ni?2=3.50 H%Ni?=250 H3-Au'=3.02 2 3= 153 C2-H?=1.11
leAU/NI(lll) CS-Ni3 =3.50 H3-Ni3 =2.98 C?’-H3 =1.11
atop of Niand C2%Ni?=2.12 H-Au'=296 C!-C2=1.50
Propylene -0.84 o ]
Ni-Ni bridge  C3-Ni?=2.09 H3-Aul=3.07 C2-C3=1.40




4.2.2 Electronic Property of Propane and Propylene on Ni-Au/Ni(111)
Surfaces

To understand the interaction of propane/propylene on NizAu/Ni(111) and
Ni2Au/Ni(111) surfaces as well as the role of Ni and Au atoms during adsorption process,
charge analyses such as charge density difference, and Bader charge are discussed in this

section.
4.2.2.1  Charge Density Difference and Bader Charge Analysis

The interaction between H atom of propane and Ni atom of Ni-Au/Ni(111) surfaces
(H?-Ni? interactions) as well as C atoms of propylene and Ni atom of Ni-Au/Ni(111)
surfaces (C2-Ni' and C3-Ni? interactions) during adsorption process are well described
by charge density different as illustrated in Figure 4.3. The charge accumulation and
charge depletion are depicted as the green and red contours, respectively. Moreover, a
number of charge gaining and charge disappearing of adsorbed molecules and Ni-
AU/Ni(111) surfaces are quantitively calculated by Bader charge analysis [125, 134]

which are summarized in Table 4.2.

As clearly seen from Figure 4.3, charge density differences of propane and
propylene adsorption on both NisAu/Ni(111) and Ni2Au/Ni(111) surfaces are not
significantly different. For propane adsorption, charge depletion at H? indicates the
interaction between H? position of propane and Ni-Au/Ni(111) surface. Moreover, the
small contour of charge density difference reveals the weak adsorption interaction
between propane and Ni-Au/Ni(111) surface (physisorption) as discussed in the
adsorption section. For propylene adsorption, the green contour of charge accumulation
noticeably appears at the Ni? of Ni-Au/Ni(111) surfaces and the red contour of charge
depletion of C2-C* bond of adsorbed propylene expresses that propylene adsorbs on Ni-
Au/Ni(111) surfaces by creating Ni?>-C? and Ni?-C* bond formations. The large area of
charge different contour illustrates chemisorption of propylene on Ni-Au/Ni(111)

surface.

The Bader charge results show the charge transfer from bare Ni-Au/Ni(111)
surfaces to adsorbed molecules (~0.25 |e| to 0.27 |e| for propane adsorption and ~0.30]e|
to 0.33|e| for propylene adsorption). These results indicate that Ni-Au/Ni(111) surfaces

are electron donor while the adsorbed molecules are electron acceptor. Moreover, the
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interaction between Ni-Au/Ni(111) surfaces and adsorbed propane mainly appears only
at Ni2-H? interaction while the major interaction between Ni-Au/Ni(111) surfaces and
adsorbed propylene is observed at the double bond of C2-C* of adsorbed propylene
connecting to Ni? of Ni-Au/Ni(111) surface. Comparing with our previous study [133],
the adsorbed propane shows three adsorption interactions with three nearest Ni atoms
while the propylene also has four bonds connection with three Ni atoms on Ni(111)
surface. Substitution of Au into Ni(111) surface decreases the electron donor site of Ni
atom leading to weakening the adsorption interaction between molecules and surface
particularly propylene-Ni-Au/Ni(111) and promoting the easy desorption of wanted
propylene from Ni-Au/Ni(111) surface.

(a) NizAu/Ni(111) (b) Ni,Au/Ni(111)

™\

Propane

Propylene

Figure 4.3 Charge density differences of propane and propylene adsorption differences
(green for charge accumulation and red for charge depletion) on (a)-(b) NisAu/Ni(111)
and (c)-(d) NizAu/Ni(111) with the isovalue of £0.003 e A
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Table 4.2 Bader charge analyses (charge gaining (+) and charge losing (-)) of propane
and propylene adsorption on NizAu/Ni(111) and Ni2Au/Ni(111) surfaces

System Bader charge changele]
Surface Adsorbed molecule
NisAu/Nil11l Ni2Au/Nilll propane propylene
Total (+0.00) (+0.00) Total (+0.00) (+0.00)
Top layer +0.90 +1.36 ct +0.18 -0.19
Isolated | Ni@Toplayer -0.96 +0.26 c? -0.22 -0.10
phase | Au@Toplayer +1.86 +1.10 cs +0.16 -0.11
Nit +0.01 -0.10 H! -0.05
Ni2 -0.12 +0.15 H? -0.05
Ni® -0.28 +0.15 H? -0.04
Aut +0.31 +0.17
Surface Adsorbed propane
NisAu/Nil11l NiAu/Nilll NisAu/Nil1l1l NiAu/Nilll
Total -0.27 -0.25 Total +0.27 +0.25
Top layer +0.64 +0.45 ct -0.39 -0.14
Propane | Ni@Toplayer -0.64 -0.90 c? -0.17 -0.27
adsorption | Au@Toplayer +1.28 +1.34 @° -0.38 -0.16
Nit +0.03 +0.03 H! +0.30 +0.08
Ni2 +0.23 -0.01 H? +0.08 +0.13
Ni® -0.04 +0.04 H3 +0.23 +0.09
Aut +0.20 +0.10
Surface Adsorbed propylene
NisAu/Nil11l NiAu/Nilll NisAu/Nil11l NiAu/Nilll
Total -0.33 -0.30 Total +0.33 +0.30
Top layer +1.06 +0.59 A -0.52 -0.64
Propylene | Ni@Toplayer -0.28 -1.04 C? +0.08 +0.11
adsorption | Au@Toplayer +1.34 +1.62 (% -0.38 -0.78
Nit -0.06 -0.18
Ni? -0.09 -0.12
Ni® +0.23 -0.12
Aut +0.44 +0.16

52



4.2.2.2 DOS Analysis

The interactions between propane/propylene on Ni-Au/Ni(111) surfaces as well as
bond formation between atoms of adsorbed molecules and catalyst surfaces were
investigated by PDOSs analysis. The PDOSs of isolated (propane, propylene and bare
Ni-Au/Ni(111) surfaces) and adsorbed (adsorbed propane, propylene and Ni-Au/Ni(111)
surfaces) systems are plotted in Figure 4.4a to 4.4d. The bonding (positive) and anti-
bonding (negative) regions are separated by Er at 0 eV. The density of states (DOSs) of
H and C atoms of propane and propylene which are near to Ni atom of Ni-Au/Ni(111)
surfaces are projected into the s-state and p-state, respectively. In addition, the DOSs of
Ni is projected into d-state. The PDOSs of isolated propane and propylene are expressed
in panel I while PDOSs of adsorbed propane and propylene are presented in panel II.
Moreover, the d-DOS of Ni of Ni-Au/Ni(111) surfaces is plotted in panel I11.

For isolated system of molecules (panel 1) and bare surfaces (panel III),
overlapping between s-DOS of H atoms and p-DOS of C atoms displays the C-H bond
of propane and propylene molecules. For Ni-Au/Ni(111) surfaces, the reactivities of bare
Ni-Au/Ni(111) are well described by shifting of &. Herein, the & values of
NizAu/Ni(111) and Ni2Au/Ni(111) are 1.54 and 1.58 eV, respectively which are shifted
further away from the Er than that of Ni(111) surface (1.43 eV) [133]. This result
indicates that doping Au and increasing amount of Au into Ni(111) surface significantly
retard the reactivity of Ni-Au/Ni(111) catalysts.

For the adsorbed system of molecules (panel I1) and Ni-Au/Ni(111) surfaces (panel
[11), shifting of s-DOSs of H? of adsorbed propane exhibits the interactions between
propane and Ni-Au/Ni(111) surface. However, unchanged d-DOSs of associated Ni
atoms on both NisAu/Ni(111) and Ni2Au/Ni(111) surfaces in propane adsorption system
indicate that interaction between propane and Ni-Au/Ni(111) surface is weak interaction.
For propylene adsorption, d-DOS peaks of Ni atom of Ni-Au/Ni(111) surface in
propylene adsorption system appear in the range of -8.0 to -6.0 eV in panel I11.
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(a) Propane-NizAu/Ni(111) system

(b) Propylene-NizAu/Ni(111) system
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Figure 4.4 Projected density of state (PDOS) of propane and propylene adsorption on
NizAu/Ni(111) (a),(b) and Ni2Au/Ni(111) (c),(d) systems, where I, I1 and I11 representing

isolated molecule, adsorbed molecule, and surfaces (before and during adsorption),

respectively

Furthermore, the interactions of propane/propylene on Au atom on Ni-Au/Ni(111)

surfaces are also considered by DOS analysis as shown in Figure 4.5. The plots of s- and

p-DOS of H atom and C atom of adsorbed propane are shown in panel | while the s- and

p-DOS of adsorbed propylene are displayed in panel 11. Moreover, the panel 111 illustrates
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the d-DOS of the nearest Au atom on Ni-Au/Ni(111) surface in isolated and adsorbed
systems. It is obviously seen that the d-DOS of Au after propane and propylene
adsorption are not significantly different from that of isolated Au atom both in
NizAu/Ni(111) and Ni2Au/Ni(111) surfaces indicating that adsorption of propane and
propylene on Ni-Au/Ni(111) surface is generated by the adsorbed molecules-Ni without
adsorbed molecules-Au interaction. Doping Au into Ni(111) surface plays the poisoning
role to weaken the interaction between adsorbed molecule and the surface, particularly
propylene-catalyst interaction. This result is in good agreement with diminishing Eads of
propylene on Ni-Au/Ni(111) compared with Ni(111) surface in the adsorption section
(4.2.1).

(a) NizAu/Ni(111) system
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Figure 4.5 Projected density of state (PDOS) of propane and propylene adsorption on
Au atom of NisAu/Ni(111) (a) and Ni2Au/Ni(111) (b) systems, where I, Il and Il
representing isolated molecule, adsorbed molecule, and surfaces (before and during

adsorption), respectively
4.2.3 Effect of Au Concentration on PDH Reaction on Ni-Au/Ni(111) Surfaces

The details of reaction mechanism of PDH on Ni-Au/Ni(111) surfaces are
discussed in this section. The PDH reactions on NizsAu/Ni(111) and Ni2Au/Ni(111)
surfaces are noted as pathway A and pathway B, respectively. The geometries of IS,
transition state structures (TSA1, TSA2, TSB1 and TSB2), intermediates (INTA and
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INTB) and final state structures (FSA and FSB) are displayed in Figure 4.6a and 4.6b,
respectively. Moreover, the activation energies of each elementary step on Ni(111),
NizAu/Ni(111) and Ni2Au/Ni(111) surface are summarized in Table 4.3.

According to our previous investigation [133], the transformation of propane to be
propylene can be taken place via two reaction steps: the first step is dehydrogenation of
propane to be 1-propyl intermediate and the second step is dehydrogenation of 1-propyl
intermediate to be propylene which is adsorbed on Ni-Au/Ni(111) surfaces. The reaction
pathways of PDH on NisAu/Ni(111) and Ni2Au/Ni(111) are noted to be pathway A (blue
line) and pathway B (black line), respectively which are plotted in Figure 4.7. The
adsorbed propane configurations are defined as IS. For PDH reaction on NisAu/Ni(111)
surface, the first PDH reaction starts with detaching of H* atom of propane to the three-
folds hollow site of three Ni atoms to transform adsorbed propane to be 1-propyl
intermediate (FSAL) via transition state (TSA1) with the E, of 1.48 eV. Then, the second
PDH reaction is taken place to transform propyl intermediate to be propylene (FSA2)
through TSA2 by detaching H? atom of propyl to the nearest fcc hollow site between
three Ni atoms of NizAu/Ni(111) surface with the Ea of 0.91 eV.

For PDH reaction on Ni2Au/Ni(111) surface, transformation of adsorbed propane
to 1-propyl intermediate (FSB1) can be accomplished via TSB1 with the Ea of 1.55 eV
in the first PDH reaction. Subsequently, the 1-propyl intermediate continues with
dehydrogenating to form propylene (FSB2) by detaching H? of adsorbed propyl with the
Ea 0f 0.97 eV. For the overall PDH reactions on both NizAu/Ni(111) and Ni2Au/Ni(111)
surfaces, the 1% dehydrogenation of propane to form 1-propyl intermediate is the rate
determining step. Comparison of PDH on NisAu/Ni(111) and Ni2Au/Ni(111) surfaces
illustrates that increasing amount of Au into Ni(111) increases all energy barriers of PDH
reaction as seen in pathway B of PDH reaction. These results indicate that increment of
Au concentration suppresses the reactivity of Ni(111) surface for PDH reaction which is

in accordance with the study by Yan and co-workers [96].
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PDH mechanism on Ni,Au/Ni(111)

2394 / | 1.694

IS TSAl

TSB1 Int B

Figure 4.6 Optimized geometries of initial state (IS), transition state (TS) intermediate
(Int) and final state (FS) structures of PDH reaction via NizAu/Ni(111) and
Ni2Au/Ni(111) surfaces
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Figure 4.7 Potential energy profiles of PDH reaction on NisAu/Ni(111) (blue line) and
Ni2Au/Ni(111) surfaces (black line)

Table 4.3 Activation energies (Ea) in eV of PDH, C-C cracking and deep
dehydrogenation reactions on Ni(111), NizAu/Ni(111) and Ni2Au/Ni(111) surfaces

Reaction Elementary step Activation energy (Ea)

Ni(111)[133] NizAu/Ni(111) NiAu/Ni(111)

CH;CH,CH; — CH;CH,CH, + H” 0.69 1.48 1.55

PDH CH;CH,CH, — CH;CHCH, + H" 0.05 0.91 0.97

CH;CH,CH; — CH;CH, + CH; 2.39 2.25 2.23

C-C cracking | CH;CH,CH, — CH;CH, + CH, 1.45 1.81 2.04

CH;CH CH; — CH;CH" + CH, 1.14 2.69 2.35

Deep CH;CH CH; — CH3CHCH' + H 0.84 1.45 1.33

dehydrogenation | CH;CH CH; — CH;CCH, + H® 0.85 1.76 1.48

Desorption CH;CH CH, — CH3CH CH, 1.16 0.67 0.73

The energy profiles of overall PDH, cracking and deep dehydrogenation reactions
on NisAu/Ni(111) surface are exhibited in Figure 4.8. The PDH reaction to form
propylene is drawn in blue line plot while the side reactions C-C bond cracking during

PDH process (red line plot) as well as two possible deep dehydrogenation reactions after
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PDH process (green and purple plots) are included. During PDH process (1% to 2" PDH),
the C-C bond cracking [48, 133, 135] is reported as two C-C cracking steps: One is C-C
cracking of adsorbed propane to be methyl and ethyl (IS to FSC1) with the Ea of 2.25
eV. Another is cracking of 1-propyl intermediate to be methylidene and ethyl (IntA to
FSC2) with the E; of 1.81 eV. Overall Ea C-C bond cracking is higher than that of PDH
reaction (~0.91-1.48 eV) indicating that transformation of propane to be propylene on
NizAu/Ni(111) is possible without C-C cracking which is similar to our previous study
of PDH reaction on Ni(111) surface [133]. After PDH process, side reactions of C-C
bond cracking and deep dehydrogenation are investigated as the competitive reaction
with propylene desorption.

For C-C bond cracking, the adsorbed propylene possibly undergoes to methylidene
and then ethylidene (FSA2 to FSC3) with the Ea of 2.69 eV. For deep dehydrogenation
of propylene, there are two possible pathways of transformation of propylene to 1-
propenyl (FSA2 to FSD3) and 2-propenyl (FSA2 to FSE3) with the activation energies
of 1.45 and 1.76 eV, respectively. For consideration of propylene desorption, the
propylene can desorb from NisAu/Ni(111) surface with the desorption energy of 0.67 eV
which is lower than those of side reactions after PDH process including propylene
cracking and deep dehydrogenation reactions while the Ea of propylene desorption from
Ni(111) surface is higher than those of side reactions after PDH process [133]. These
results suggest that introduction of Au into Ni(111) surface helps the desorption of
propylene from catalyst surface, leading to increasing of the selectivity of propylene

production on Ni-Au catalyst [58, 96].
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Figure 4.8 Energy profiles of PDH (blue line), C-C bond cracking (red line) and deep

dehydrogenation (green line) and (purple line) reactions on NizAu/Ni(111) surfaces

4.2.4 Effect of Temperature on Propylene Selectivity on Ni-Au/Ni(111)
Surfaces

To have more reliable information of mechanism study, the effect of temperature
parameter in the PDH reaction rate is included in this path. For overall possible reaction
steps of PDH reaction, there are two important processes that affect the production of
propylene. One is the dehydrogenation of propane to form 1-propyl intermediate which
is noted to be the rate determining step in previous section. Another is deep
dehydrogenation of propylene after PDH process which generates undesired product
reducing the selectivity of propylene production. The activation of the first PDH reaction
and the deep dehydrogenation of propylene on Ni and Ni-Au/Ni(111) surfaces in the
various temperature of 500 K to 1200 K are plotted in Figure 4.9a and 4.9b.

The activation energies of the 15 PDH reaction to form 1-propyl intermediate on
Ni(111), NisAu/Ni(111) and Ni.Au/Ni(111) as a function of temperature are compared
as shown in Figure 4.9a. In the temperature range of 500 to 1200K, the activation energies

of the rate determining step of PDH reaction follow this order: Ni>Au/Ni(111) >
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NizAu/Ni(111) > Ni(111) indicating that Ni(111) surface has the highest reactivity for
PDH reaction followed by NisAu/Ni(111) and Ni2Au/Ni(111), respectively. For Ni(111)
and NisAu/Ni(111) surfaces, the activation energies tend to decrease, 0.44 to 0.36 eV for
Ni(111) and 0.78 to 0.61 eV for NisAu/Ni(111) surfaces, when the temperature is
increased. On the other hand, the activation energies on NiAu/Ni(111) surface also tend
to increase from 1.41 to 1.47 eV in the temperature range of 500 K to 1200K. These
results indicate that larger amount of Au loading on Ni(111) diminishes the reactivity of
Ni(111) surface for PDH reaction. Moreover, increment of the Ea on Ni2Au/Ni(111)
surface is pronounced because introduction of Au into Ni(111) surface vanishes the 3Ni
hollow site which is the active site for adsorbing the detached H atom, leading to higher
E. of PDH reaction. These results could well describe as losing the catalytic reactivity
when increasing Au loading which is in line with experimental result reported by Yan

and co-workers [96].

Another important process which greatly impacts the propylene desorption
efficiency after PDH process is deep dehydrogenation of propylene. As previously
discussed, two possible deep dehydrogenations are depicted in the Figure 4.8, however,
the deep dehydrogenation via pathway D (FSA2 to FSD3) presents slightly lower barrier
than that of another deep dehydrogenation (pathway E). Hence, deep dehydrogenation
via pathway D is selected to further study and discuss in this section. The activation
energies of forward and reverse reactions of deep dehydrogenation reactions are
represented as filled and empty symbols, respectively as displayed in Figure 4.9b. For
deep dehydrogenation on Ni(111) surface, insignificant deference between forward and
reverse reactions indicates that the adsorbed propylene is possible to be dehydrogenated
via deep dehydrogenation reaction which is competitive to propylene desorption after
PDH process. For deep dehydrogenation on Ni-Au/Ni(111) surfaces, the activation
energies of the forward reactions of deep dehydrogenation on both NisAu/Ni(111) and
Ni2Au/Ni(111) surfaces are higher than that of the reverse reactions. The large difference
between high Ea of forward reaction and low Ea of reverse reaction implies that deep
dehydrogenations of propylene after PDH process on Ni-Au/Ni(111) are unfavorable to
be continuously dehydrogenated. These results demonstrate that introduction of

propylene is possible to impede occurrence of deep dehydrogenation of propylene after
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PDH process, leading to enlargement of another pathway of propylene desorption after
PDH process.
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Figure 4.9 Activation energy of (a) the 1% PDH reaction and (b) deep dehydrogenation
in the temperature range of 500 K to 1200K on Ni(111) (black line), NisAu/Ni(111) (blue
line) and Ni2Au/Ni(111) surfaces (red line)

In addition, desorption of propylene from catalyst surface is also the key step for
selectivity of propylene production. However, the side reactions after PDH process
influence the desorption of propylene. Hence, kinetic simulation of PDH mechanism on
Ni-Au/Ni(111) surfaces in this section will be focused on the 1% PDH reaction, propylene

desorption and side reactions after PDH process.

4.2.5 Reaction Rate Constant of PDH Reaction on Ni(111) and Ni-Au/Ni(111)

Surfaces

The information from energetic profile of PDH reaction describes which reactions
from all proposed mechanism are possible to occur on Ni(111) as discussed in Chapter 3
for NisAu/Ni(111) and Ni2Au/Ni(111) surfaces. Among possible mechanisms (PDH and
side reactions including C-C bond cracking and deep dehydrogenation) on Ni(111) and
Ni-Au/Ni(111) surfaces, the side reaction of C-C bond cracking reaction is proven to be
the most difficult to occur during PDH process. The Keq of PDH and side reaction of
deep dehydrogenation and C-C cracking in the temperature range of 500 K to 1200 K are
summarized in Table 4.4 to 4.6. For Ni(111) system, the faster forward reaction of the 1%
PDH reaction reveals that the adsorbed propane prefers to form 1-propyl intermediate.

After the 1% PDH reaction, 1-propyl intermediate is possible to be continuously
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dehydrogenated to form propylene. The 100 times faster of the 2" PDH distinguishes the
dehydrogenation of 1-propyl intermediate as kinetically favorable. After PDH process,
there are three possible mechanisms of propylene desorption and the undesired side
reactions of deep dehydrogenation and C-C cracking of propylene. By comparison of
propylene desorption, deep dehydrogenation and C-C bond cracking reactions exhibit
that the reaction rate follows this order: propylene desorption < C-C cracking < deep
dehydrogenation. This order indicates that C-C cracking and deep dehydrogenation are
more kinetically favorable than that of propylene desorption causing no propylene

production on Ni(111) surface in the temperature range of 500 K to 1200K.

For NisAu/Ni(111) system, the 10° to 10% times slower reaction of the 1%t PDH
indicates that existence of Au in the system reduces the reactivity of catalyst for PDH
process. Increment of temperature increases the reaction rate of PDH reaction. However,
the 1% PDH reaction is still thermodynamically unfavorable in the temperature range of
500 K to 1200K. Interestingly, the faster reaction rate of propylene desorption indicates

that existence of Au improves the selectivity of propylene production.

For Ni2Au/Ni(111) system, the 107 to 10* times slower reaction rate of the 1% PDH
indicates that occurrence of PDH reaction on Ni2Au/Ni(111) surface is kinetically
unfavorable. Applying the temperature in higher temperature range slows down the
reaction rate of PDH reaction as well as other reactions such as propylene desorption,
deep dehydrogenation and C-C cracking. After PDH process, desorption of propylene is
more possible to desorb from catalyst surface than to further undergo deep
dehydrogenation and C-C bond cracking reaction because the Keq 0f desorption is higher

than those of deep dehydrogenation and C-C bond cracking reaction.

Comparison of the calculated reaction rate of PDH reaction on Ni(111) and Ni-
AU/Ni(111) surfaces reveals that addition of Au significantly decreases the reactivity of
Ni(111) surface for PDH reaction. However, by reducing of the reactivity Ni(111)
surface with Au doping in turn improves the performance of propylene desorption and
retards the side reactions of deep dehydrogenation and propylene cracking. These results
are in good agreement with the experimental observation of selectivity improvement on
Ni-Au surface which is reported by Yan and co-workers [58, 96]. Although
Ni2AuU/Ni(111) exhibits highest desorption efficiency in terms of thermodynamic and
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kinetic preferences, the energy barriers and reaction rate constants of the 1% PDH as the
rate determining step illustrate that transformation of propane to form propylene on
Ni2Au/Ni(111) surface is very difficult to occur. To compromise the catalytic activity for
PDH reaction and selectivity of propylene production, the NisAu/Ni(111) surface alloy
Is suggested to be the best candidate for PDH.
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Table 4.4 Equilibrium rate constants (Keq) of PDH, propylene desorption and side reactions on Ni(111) from 500 K to 1200 K

Elementary step Reaction e

500K 600K 700K 800K 1000K | 1200K
CH;CH,CH; & CH;CH,CH, + H' 3.46x10° | 2.60%x10° |2.16x10° | 1.92x10° | 1.66x10° | 1.58x10°
CH;CH,CH, @ CH;CHCH, + H' for 7.95x10% | 1.80x10° |6.27x10% |2.88x10% |9.82x10' | 4.86x10"
CH;CH CH, = CH;CH CHj Desorption 1.99x102 | 7.22x101 | 7.21x10° | 3.23x10! | 1.58x10% | 2.70%x10?
CH;CHCH, = CH;CHCH + H' Deep 1.75x10° | 1.29x10° | 1.05x10° |9.12x10 | 7.66x107 | 6.96x10™
CH;CHCH, = CH;CCH, + H dehydrogenation | 2.98x1073 | 6.56x103 | 1.17x107? | 1.84x102 | 3.52x102 | 5.55x102
CH;CHCH, = CH;CH' + CH, C-C cracking | 3.64x102 | 8.41x102 | 1.57x10" | 2.55x10" | 5.21x10* | 8.62x10"
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Table 4.5 Equilibrium rate constants (Keq) of PDH, propylene desorption and side reactions on NizAu/Ni(111) from 500 K to 1200 K

Elementary step Reaction en

500K 600K 700K 800K 1000K 1200K
CH;CH,CH; = CH;CH,CH, + H' 5.22x10° | 2.14x10* | 5.96x10* | 1.30x10° | 3.97x10° | 8.55x107
CH;CH,CH, = CH;CHCH, + H' ¥ 1.19x102 | 7.08x10% | 4.99x10' | 3.89x10' | 2.82x10' | 2.32x10!
CH;CHCH, = CH;CHCH, 4 Desorption 8.98x10% | 4.13x10% | 1.07x10* | 1.95x10* | 3.66x10* | 4.54x10*
CH;CHCH, = CH;CHCH + H' Deep 4.00x10° | 2.91x10° | 1.22x10% | 3.61x10* | 1.70x102 | 4.88x10°
CH;CHCH, = CH;CCH, + H' dehydrogenation | 2.98x10° | 1.84x10* | 6.84x10* | 1.89x10° | 8.03x103 | 2.17x107
CH;CHCH, = CH;CH' + CH, C-Ccracking | 1.84x10%* | 3.17x10%2 | 1.28x101% | 2.07x10° | 1.04x107 | 1.44x10°
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Table 4.6 The equilibrium rate constants (Keq) of PDH, propylene desorption and side reactions on NiAu/Ni(111) from 500 K to 1200 K

Elementary step Reaction en

500K 600K 700K 800K 1000K 1200K
CH;CH,CH; = CH;CH,CH; + H' 4.39x107 | 2.84x10° | 1.11x10° | 3.10x10®° | 1.36x10* | 3.72x10**
CH;CH,CH, = CH;CHCH, + H' i 3.01x10" | 4.69x10" | 6.52x10" | 8.59x10" | 1.29x10° | 1.73x10°
CH;CH CH, = CH;CH CHj Desorption 1.10x10% | 6.76x10% | 1.89x10° | 3.26x10° | 4.19x10° | 2.93x10°
CH;CHCH, = CH;CHCH + H’ Deep 4.86x107 | 5.10x10° | 2.81x10° | 1.02x10* | 6.40x10* | 2.24x107
CH;CHCH, = CH;CCH, + H' dehydrogenation | 7.82x10° | 1.41x107 | 1.11x10® | 5.34x10° | 4.90x10° | 2.19x10%
CH;CH CH, = CH;CH" 4 CH, C-Ccracking | 3.99x10™ | 7.51x102 | 3.26x10° | 5.61x10° | 3.10x107 | 4.61x10°




4.3 Summary

In summary, the PDH and other deep dehydrogenation and side reactions of C-C
bond cracking on NisAu/Ni(111) and Ni2Au/Ni(111) surfaces comparing to Ni(111) are
depicted as follows:

i) Doping Au atom into Ni(111) has no significant effect on the adsorption strength
of propane. Moreover, increment amount of Au loading insignificantly reduces the

propane adsorption.

ii) Substitution of Au into Ni(111) surface disperses the active Ni atoms leading to
reduction of propylene desorption energy, hence enhancing the probability of propylene
desorption from NizAu/Ni(111) and Ni2Au/Ni(111) compared with Ni(111) [133].

iii) Existence of Au decreases the reactivity of Ni catalyst by increasing of barriers
for all PDH and side reactions.

iv) After propylene formation, increment of deep dehydrogenation and propylene
cracking barriers corresponding with reduction of desorption barrier enhances the
selectivity of propylene production which is in good agreement with the previous

experimental observation of Yan and co-workers [58, 96].

With the above results, therefore, this investigation uncovers that doping inactive
Au can suppress propylene-Ni(111) interaction, which leads to the improvement of the
selectivity of propylene production. On the other hand, this improvement significantly
reduces the reactivity of catalyst for main PDH process. However, using precious Au as
a dopant to Ni might lead to high cost consuming of catalytic materials but the increasing
of selectivity toward propylene could be compromised. In literature, alloying Sn into
Pt(111) surface was reported to increase the selectivity of propylene production [75, 135,
136]. Hence, important understanding the role of Au doping in Ni in term of
improvement of the selectivity of propylene production derived our theoretical findings,
could serve as a good guidance for developing the efficiency of Ni-based catalyst with

cheaper metal such as Sn which might be also a good candidate for PDH reaction.
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CHAPTER S

Improvement of Ni with Sn Promoter and Coke Deposition on
Ni-X/Ni(111)Surfaces (X=Au, Sn)

5.1 Effect of Sn Promoter on Ni

In the Chapter 3, the dehydrogenation of propane to produce propylene can be
accomplished without the side reaction of C-C bond cracking during PDH process.
However, the strong chemisorption of propylene induces the deep dehydrogenation of
propylene, leading to low selectivity of propylene production on Ni surface. Hence,
further modifying the Ni-based catalyst is needed for improvement the selectivity of
propylene production. In the Chapter 4, doping of Au shows enhancement of propylene
desorption by steric hindrance effect of the inactive Au dopant. However, the price of Au
dopant could lead to the dramatic increment on the price of Ni-Au/Ni(111) material.
Therefore, exploration of other cheaper dopants such Sn for improving Ni(111) catalyst
is still needed. Recently, tin (Sn) as a good promoter for enhancing the propylene
selectivity of PDH reaction on Pt/Al>O3 [137] was reported. Moreover, Sn also played
an important role in terms of preventing Pt sintering on catalyst surface, lowering the
acidity of the oxide support and removing the coke creation during the PDH process [138,
139]. According to those properties of Sn, the Sn dopant into Ni surface might improve
its selectivity for propylene production for PDH. In this chapter, the role of Sn introduced
into Ni(111) catalyst has been investigated.

The adsorption of propane and its Eads values are given in Figure 5.1. Existence of
Sn doping presents the higher effect on reactant (propane adsorption) than that of Au in
which the Eags values of NisAu/Ni(111) and Ni2Au/Ni(111) are -0.59 and -0.58 eV,
respectively. This repulsion effect is also expected to react on the propylene on Ni-
Sn/Ni(111) surface which might lead to enhancement of propylene desorption on Ni-
Sn/Ni(111) surfaces.
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Nl3Sn/N1( 111) Ni,Sn/Ni(111)

Propane

Propylene

E,q = -0.46 eV E,q =-0.42 eV

Figure 5.1 Stable configurations of propane and propylene on NisSn/Ni(111) and
Ni2Sn/Ni(111) surface

5.2 Coke Deposition on Ni-X/Ni(111) Surfaces (X=Au, Sn)

The coke formation reaction which has direct effect on deactivation of catalyst
should be considered for development and improvement of a better Ni-based catalyst for
PDH reaction. However, the mechanism of coke formation is very complicated and not
completely understood yet. In this chapter, C adsorption on Ni-Au/Ni(111) and Ni-
Sn/Ni(111) compared to Ni(111) surface is investigated. The slab models of different

surfaces are shown in Figure 5.1.
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Figure 5.2 Slab models of (a) Ni(111), (b) NizAu/Ni(111), (c) Ni2Au/Ni(111), (d)
NisSn/Ni(111) and (e) Ni2Sn/Ni(111) surfaces

5.3 Adsorption of C Atom on Ni-X/Ni(111) Surfaces

According to the experimental investigations [58, 93, 96, 140-142], adding Au or
Sn to Ni catalyst demonstrated an enhancement of coke resistance on catalyst surfaces.
To understand that aspect, the adsorptions of a C atom, representing the initiation of coke
formation, on Ni(111) Au- and Sn-doped on Ni(111) surfaces were investigated by DFT
calculations. Herein, two compositions of Au and Sn dopants on Ni(111) surfaces are
considered in this study, which are NizAu/Ni(111), Ni2Au/Ni(111), NisSn/Ni(111) and
Ni>Sn/Ni(111). All possible configurations of C atom adsorption were simulated as given
in Table 5.1. The most stable configurations of C adsorption and selected bond distances
between adsorbed C and catalyst surface of each Ni, Ni-Au/Ni(111) and Ni-Sn/Ni(111)

systems are presented in Figure 5.3a to 5.3e.
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Table 5.1 All possible adsorption configurations of C atom on Ni(111), NisAu/Ni(111),
Ni2Au/Ni(111), NisSn/Ni(111) and Ni2Sn/Ni(111) surfaces

Surface Geometry Favored site Eads (V)
hcp -6.99
Ni(111)
fcc -6.95
NizAu/Ni(111) hcp -6.66
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Table 5.1 All possible adsorption configurations of C atom on Ni(111), NisAu/Ni(111),
Ni2Au/Ni(111), NisSn/Ni(111) and Ni2Sn/Ni(111) surfaces (continued)

Surface Geometry Favored site Eads (eV)
fcc -6.64
NizAu/Ni(111)
atop Au -3.14
NiAu/Ni(111) Ni-Ni bridge -6.20

73




Table 5.1 All possible adsorption configurations of C atom on Ni(111), NisAu/Ni(111),

Ni2Au/Ni(111), NisSn/Ni(111) and Ni2Sn/Ni(111) surfaces (continued)

Surface Geometry Favored site Eads (eV)
Ni2Au/Ni(111) atop Au -3.17
hcp -6.23
NisSn/Ni(111)

E

s

@
fcc -6.22
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Table 5.1 All possible adsorption configurations of C atom on Ni(111), NizAu/Ni(111),
Ni2Au/Ni(111), NisSn/Ni(111) and Ni2Sn/Ni(111) surfaces (continued)

Surface Geometry Favored site Eas (eV)

NizSn/Ni(111) atop Sn -1.96

NiSn/Ni(111) Ni-Ni bridge -5.10

For Ni(111) surface, the C atom prefers to adsorb on the hcp three-fold hollow site
between Ni*, Ni? and Ni® of Ni(111) surface with the Eags value of -6.99 eV indicating
the strong chemisorption between the C atom and Ni(111) surface. This calculated Eags
value is reasonably comparable with the literature [143]. The C atom initiates three bonds
(1.76 A) with Ni?, Ni2 and Ni® atoms as shown in Figure 5.2a.

For Ni-Au/Ni(111) systems, the two compositions of NizAu/Ni(111) and
Ni2Au/Ni(111) surfaces are constructed to investigate effect of Au concentration for coke
inhibition on Ni(111) surface. For NizAu/Ni(111) system, the most stable adsorbed
configuration of C adsorption on Ni3Au/Ni(111) surface is still the hcp three-fold hollow
site between three Ni atoms of Ni*, Ni2 and Ni® with the Eags of -6.66 eV as illustrated in
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Figure 5.3b. The bond distances of three bond formations between adsorbed C and Ni?,
Ni? and Ni® are around 1.77 A. For Ni2Au/Ni(111) system, the C atom can be stably
adsorbed on the bridge site between Ni' and Ni? atoms with the Eags of -6.20 eV as

depicted in Figure 5.3c. The bond lengths of C adsorption on Ni* and Ni? atoms are 1.77
A

For Ni-Sn/Ni(111) systems, two Sn doping concentrations on Ni(111) surface for
C adsorption are also investigated in the similar reason to Au doping. Hence, the
simulated structures of NisSn/Ni(111) and Ni>Sn/Ni(111) were designed to study the
effect of Sn concentration on hindering coke deposition on Ni(111) surface. For
Ni3Sn/Ni(111) surface, the C atom is chemisorbed on the hcp three-fold hollow site
between Ni !, Ni? and Ni® atoms with the Eags of -6.23 eV. In Figure 5.3d, the bond
lengths between the C atom and three neighboring Ni atoms of Ni*, Ni? and Ni® are 1.79
A. The adsorbed C atom is located far from Sn atoms approximately 2.98 A. Comparing
with other configurations in Table 5.2, the calculated results indicate that the adsorption
of C atom near the Ni site is preferable than the Sn sites or the sites around Sn. For
Ni2Sn/Ni(111) surface, the C atom prefers to chemisorb on the bridge site between Ni
and Ni? atoms with the Eags of -5.10 eV as exhibited in Figure 5.3e. The bond distances
of C-Ni and C-Sn on this surface are 1.80 A and 2.25 A, respectively.

Comparison of the most favorite adsorption site of the C atom on Ni(111),
NizAu/Ni(111), Ni2Au/Ni(111), NizSn/Ni(111) and Ni>Sn/Ni(111) surfaces shown in
Figure 5.3 reveals that the C atom prefers to interact with the Ni sites so it avoids to
adsorb at the Au and Sn sites. The interaction between C and catalyst surface is weakened
when doping Au and Sn in to Ni(111) surface. Moreover, increment of dopants loading
from NizM/Ni(111) to Ni2M/Ni(111), where M is the dopants of Au and Sn, changes the
adsorption site of C atom from the hcp three-fold hollow site of NisM/Ni(111) surfaces
to be the bridge site between two Ni atoms of Ni2M/Ni(111) surfaces indicating that
enhancement of dopants concentration on Ni(111) surface diminishes the most stable
adsorption site of hcp hollow site between three Ni atoms. Hence, the C atom chooses to
adsorb on the second most stable adsorption site of Ni* and Ni? atoms of Ni-M/Ni(111)
surfaces. Therefore, increment of Au and Sn doping also reduces the interaction between

C atom and catalyst surfaces.
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Ni(111) Ni,Au/Ni(111) Ni,Au/Ni(111)  Ni;Sn/Ni(111)  Ni,Sn/Ni(111)
E,s=-699eV  E, =-666eV  E,=-620eV E, =-623eV  E=-5.10 eV

Figure 5.3 Top and side views of the most stable configurations of C atom on (a) Ni(111),
(b) NizAu/Ni(111), (c) Ni2Au/Ni(111), (d) NisSn/Ni(111) and (e) Ni>Sn/Ni(111) surfaces

5.4 Charge Analysis of Coking on Ni(111) and Ni-X/Ni(111) Surfaces

For deep understanding of interaction between adsorbed C atom and neighbor
atoms of each catalyst surfaces, charge density difference analysis of those stable
adsorbed configurations was performed and the results are depicted in Figure 5.4a to
5.4e. Charge accumulation and charge depletion are represented by the red and blue
regions, respectively. As a result, charge accumulation appears around the adsorbed C
atom in all five catalyst surfaces, while charge depletion can be observed around Ni
atoms. This result implies that charge transfer happens from Ni atoms to the adsorbed C
atom. At the same isovalue, the blue regions become smaller when amount of Au and Sn
increases indicating the amount of charge transfer decreases as a function of dopants of
Au and Sn compositions. The three interactions of adsorbed C atom and Ni*, Ni? and Ni®
of Ni(111) and NisM/Ni(111) surfaces and two interactions of C and Ni! and Ni? of
Ni2M/Ni(111) surfaces are in good agreement with the number of bond formations in
previous adsorption section 5.1. In addition, the interactions between nearest Au and Sn
atoms and adsorbed C are not observed. So, the active species of Ni, Ni-Au/Ni(111) and

Ni-Sn/Ni(111) surfaces for coke formation are Ni atoms.
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Figure 5.4 Contour plots of charge density differences (blue representing charge
accumulation and red representing charge depletion) of C atom adsorption on (a)
Ni(111), (b) NisAu/Ni(111), (c) Ni2Au/Ni(111), (d) NisSn/Ni(111) and (e)
Ni>Sn/Ni(111) at isovalue of £0.010 e A

The DOS plots of five surfaces are given in Figure 5.5. The Er is at 0.0 eV. As a
result, the eq value of two upper layers of Ni(111) surface is -1.42 eV which is similar to
the result reported by Hammer and Ngrskov (-1.48 eV) [126]. Modification of Ni(111)
surface by Au and Sn doping shifts 4 to 1.39 and 1.38 eV for NisAu/Ni(111) and
Ni2Au/Ni(111) surfaces and the same value of &g, -1.36 eV of both NisSn/Ni(111) and
Ni2Sn/Ni(111) surface. Shifting of the e4 close to the Fermi level (at 0.0 eV) demonstrates
that less valence states are filled when Au and Sn atoms are doped on Ni(111) surface.
Moreover, the projected DOS information of selected atoms was further analyzed to
compare the changes of before and during C adsorption states (Figure 5.5). Based on the
configurations in Figure 5.3b and 5.3d, the PDOS peaks of the adsorbed C atom and three
Ni sites (i.e. Nit, Ni2 and Ni®) in bare Ni(111) and NisM/Ni(111) systems are plotted in
panel I and I, respectively. The p-DOS peaks of three nearest Au and Sn dopant sites
(i.e. Aul, Au? and Aud of NisAu/Ni(111) and Snt, Sn? and Sn® of NisSn/Ni(111) surfaces)
are plotted in panel 111 of Figure 5.5b and d. According to the configuration in Figure
5.3¢c and 5.3e, the PDOS of two Ni and two Au atoms (i.e. Nit, Ni%, Au*and Au?) of
Ni2Au/Ai(111) surface and the PDOS of two Ni and two Sn atoms (i.e. Nit, Ni2, Sn'and
Sn?) are projected for the C adsorption on Ni-Sn/Ni(111) system (Figure 5.5¢ and 5.5€).
As a result, the overlapping of the p-DOS of adsorbed C atom (panel 1) and the d-DOS
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of Ni atoms during C adsorption (panel 1) indicates the d-p hybridization of between the
states of the adsorbed C atom and its neighboring Ni atoms. This aspect results in the
bond formation between Ni and C atoms. As shown in panel 11 of Figure 5.5, the valence
d-peaks of Ni atoms are shifted to the lower energy level. This result indicates that more
valence d-DOS states of Ni atoms in all systems are filled during the C adsorption
compared to the pre-adsorption state. This result also corresponds well with the change
of eq values in Table 5.2. From the panels Il in Figure 5.5b to 5.5, the d-DOS peaks of
Au atom and p-DOS of Sn atoms are slightly changed during the C adsorption, since

those Au and Sn atoms do not directly interact with the adsorbed C atom.

Table 5.2 The d-band center (&) of the Ni atom on top layer surface

Surface d-band center (&) (eV)
Bare Ni(111) 1.42
NizAu/Ni(111) 1.38
NizAu/Ni(111) 1.39
NisSn/Ni(111) 1.36
Ni2Sn/Ni(111) 1.36
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Regarding to the electronegativity (EN), the EN values of Ni, Au, Sn and C are
1.91, 2.54, 1.96 and 2.55, respectively. For Ni-Au/Ni(111) system, the higher EN of Au
affects the charge movement from electron rich Ni to the inactive Au dopant leading to
decrement the efficiency of charge donation from Ni atom on NizAu/Ni(111) and
Ni2Au/Ni(111) surfaces which leads to weakening the interaction between C atom and
Ni atoms. For Ni-Sn/Ni(111) surface, the EN values of Ni and Sn are comparable, so
they tend to form covalent-like interaction. This can be observed in the charge density
difference contour proposed by Zhang and co-workers [144]. The d-p hybridization of
Ni and Sn is slightly enhanced when amount of Sn is increased (see panels Il in Figure
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5.4d and 5.4e). According to d-DOS peaks of Ni atoms on pre-adsorbed surfaces, the d-
DOS and &g values of Ni atoms are similar in pure Ni, Ni-Au/Ni(111) and Ni-Sn/Ni(111)
systems (see panels Il in Figure 5.4a to 5.4e). Addition of Au and Sn shows the small
effect on the electronic properties of our simulated Ni models. On the other hand, Au and
Sn are physically hindrance to the C adsorption as presented in their adsorption
configurations. For Ni-Au/Ni(111) system, the large atomic radius of inactive Au affects
distortion of Ni Au surfaces that the Au dopant moves up to the catalyst surface leading
to the obstruction of geometry effect during C adsorption. For Ni-Sn/Ni(111) system, the
doping Sn plays the indirect role on reducing the formation of coke by reducing the active
Ni sites and might reduce the segregation of coke on the catalyst surface. Hence,
modifications of Ni surface by Au and Sn doping are possible to enhance the lifetime of
catalyst and to retard deactivation of catalytic surface by preventing the unwanted coke
formation process. The extended catalyst lifetime by catalyst modification could slow
down the deactivation and ultimately be beneficial and practical for industrial

applications.
5.5 Summary

In summary, the coke formations on Ni(111), NizAu/Ni(111), Ni.Au/Ni(111),
NizSn/Ni(111) and Ni>Sn/Ni(111) surfaces are compared as follows:

i) The most preferable site of C adsorption on catalyst surface is the hcp three-fold

hollow site between three nearest Ni atoms (Ni*, Ni2 and Ni®).

i) Doping Au and Sn into Ni(111) decreases the adsorption strength of C atom
leading to coke reduction on catalyst surface.

iii) Increment of dopant concentration (Ni2Au/Ni(111) and Ni2Sn/Ni(111))
diminishes the most favorable active site of hcp site between three nearest Ni atoms
resulting in lower adsorption strength of C atom to catalyst surface at higher dopant

concentrations.

iv) At the same dopant concentration, Sn is more effective dopant than Au for
inhibiting the coke formation on Ni(111) surface indicated by the lower Eags of C atom
on the surface of Ni-Sn/Ni(111) compared with that of Ni-Au/Ni(111).
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Therefore, doping Sn into Ni(111) surface provides the better Ni-based catalyst
than that of Au doping in term of coke inhibition during PDH process. However, the
reaction mechanisms of PDH reaction as well as side reactions of deep dehydrogenation
and C-C bond cracking on Ni-Sn/Ni(111) have not been proved in this investigation. To
confirm the catalytic efficiency improvement for PDH reaction, the reaction mechanisms
of PDH and other possible side reactions should be further investigated.

5.6 Suggestion and Future Work

Although doping of Sn plays the better role in term of coke inhibition than that of
Au promoter, the reactivity loss of Ni-Sn/Ni(111) surface for PDH reaction as well as
the efficiency of Ni-Sn/Ni(111) for inhibiting the side reaction of deep dehydrogenation
and C-C bond cracking are still controversial. The important question is “Does the Sn
dopant have a different or similar role to Au on selectivity improvement of propylene
production?” To find the answer for this question, the reaction mechanism of PDH

reaction on Ni-Sn/Ni(111) will have to be systematically investigated in the future.
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CHAPTER 6

Conclusion

DFT calculations have been performed to investigate the reaction mechanism of
PDH to form propylene as well as the side reactions of C-C bond cracking and deep
dehydrogenation reaction on Ni (111) catalyst. Moreover, the charge density difference
and partial density of state were performed to analyze the adsorption states of reactant,
and product of the reaction. The investigated results reveal that adsorption of propane on
Ni(111) is the physisorption while adsorption of propylene on Ni(111) surface is
chemisorption. To improve catalytic performance in terms of selectivity enhancement of
propylene production and inhibition of coking, two concentrations of Au and Sn dopants
are introduced to Ni(111) surface, to form the surface alloys of NisAu/Ni(111) and
Ni2Au/Ni(111), NizSn/Ni(111) and NiSn/Ni(111).

For Ni(111) surface, propane prefers to be physiosorbed on atop of three Ni atoms
on catalyst surface but propylene prefers to be chemisorbed on catalyst surface with two
adsorption sites (C* on hollow site and C? on atop site). The PDH mechanism on Ni(111)
surface reveals that propane can be formed propy| species (1-propyl and 2-propyl) by the
first dehydrogenation in two possible pathways; pathway A to form 1-propyl and
pathway B to form 2-propyl intermediates. Then, both propyl intermediates can be
dehydrogenated to yield the adsorbed propylene. From these two possible pathways,
dehydrogenation of propane to form 1-propyl intermediate (pathway A) is more
kinetically favorable than pathway B. Moreover, 1-propyl which is the intermediate of
pathway A is more thermodynamically stable than that of pathway B. Hence, PDH
reaction through pathway A is a major contribution to the formation of adsorbed
propylene on Ni(111) surface without cracking reaction during PDH process. The
activity of PDH reaction on Ni(111) surface is better than Pt(111) surface because the
energy barriers of the first and second dehydrogenation on Ni(111) surface are lower than
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that of Pt(111) surface. The selectivity of propylene production can be studied from
desorption of propylene after PDH process. The strong chemisorption of propylene on
Ni(111) surface causes high energy barrier of propylene desorption. Moreover, the high
reactivity of Ni(111) surface is the cause of initiation of C-C bond cracking and deep
dehydrogenation. The energy barrier of propylene desorption is higher than those of
propylene cracking and deep dehydrogenation indicating that desorption of adsorbed
propylene is more difficult, resulting in low selectivity of propylene production after

PDH process.

For role of Au dopant, introduction of Au into Ni(111) surface shows insignificant
effect on propane adsorption but reduces the adsorption strength of propylene adsorption.
Moreover, increment of Au loading noticeably exhibits more decrement of Eags of
propylene on Ni2Au/Ni(111) compared to NizAu/Ni(111), leading to desorption
improvement of the wanted propylene after PDH process. The result of DOS analysis
supports that there are no charge association between Au dopant and adsorbed molecules
during adsorption process. Furthermore, the Bader charge calculation reveals that charge
movement from Ni donor to adsorbed propane and propylene accepters. Thus, the
selectivity improvement of propylene production is caused by the steric hindrance effect
of inactive Au blocking adsorption of propylene on Ni-Au/Ni(111) surface. For the
mechanism investigation of PDH reaction, addition of Au dopant increases the energy
barrier of PDH reaction, retarding the PDH reaction. After PDH process, reduction of
propylene desorption barrier corresponding to faster desorption rate indicates that
modification of Ni(111) surface by Au doping improves the propylene desorption.
Although doping Au into Ni(111) surface illustrates the selectivity enhancement, the
reactivity of catalytic surface for PDH reaction is reduced as a function of Au loading.
Therefore, the compromise between catalytic selectivity and activity of catalyst as a
function of Au concentration should be concerned. If the appropriate concentration of Au
loading is optimized, the obtained information could be used for development of better
Ni-based catalyst for PDH.

Although the mechanism exploration of PDH and other side reactions on undoped-

Ni and doped-Ni(111), especially the coke formation is crucial for gaining the data on
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improvement of better Ni catalyst on selectivity of propylene production, the complete
mechanisms exploration takes a lot of computational cost in terms of computational time
and memories. Thus, we have used computational screening that consumes less
computational cost as given in Chapter 5. For the coke formation on catalyst surfaces,
the results reveals that coking is easily formed on Ni(111) surface than other doped-
Ni(111) because of the strong three bond formations between adsorbed C and three
nearest Ni atoms. Moreover, doping Au and Sn into Ni(111) surface makes the positive
effect for anti-coking by weakening the interaction between C and nearest Ni atoms. This
anti-coking is further supported by charge density difference and DOS analysis in which
the adsorbed C weakly interacts with nearest Ni atoms on Ni-Au/Ni(111) and Ni-
Sn/Ni(111) surfaces and there is no bonding to Au and Sn atoms. In addition, increment
of Au and Sn loading changes the most stable adsorption site from the hcp hollow site to
the bridge site. Therefore, addition of Au and Sn promoters leads the decrement of coke

formation, prolonging the lifetime of the catalyst.
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ARTICLE INFO ABSTRACT
.ﬂru‘d_e history: ) Polylactide (PL) finds its use in a wide variety of applications ranging from medical devices
Received 25 April 2015 to engineering plastics. However, the use of PL is limited to certain applications due to its

Received in revised form 8 June 2015
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brittle characteristic and low heat distortion temperature, which indicate its poor mechan-
ical and thermal properties, respectively. This present work demonstrated the toughening
of PL by stereocomplexation adopting poly{p-lactide }-poly(ethylene glycol)-
poly p-lactide) (PDL-PEG-PDL) copolymers with various PDL segment length. The DSC

E::_vwrd:: results showed that the complete stereocomplexation was reached when 40 wt® copoly-
Pj;:f:;m“ mer was blended with poly(i-lactide) (PLL). In addition, the crystallization of PEG was
Toughness interrupted and, thus, prohibited by either adding PDL or PLL in the system. AFM images

Atomic force micrascopy [ AFM) showed that, for the first time, the stereccomplex crystallites (Sc-crystallites) formed by
the enantiomer pairs were dispersed in a continuous amorphous phase of PL and the
non-crystallizing PEG. The increase of PDL segment length in the copolymer leaded to
the increase of the Sc-crystallite size, which, consequently, resulted in the increase of
the tensile strength of the blended-films. Elongation at break of the films was found to rely
on the determined amorphous area. To maximize the toughness of the films, the specific
ratio of PDL and PEG segment length in the copolymer must be achieved to provide the
optimum balance between Sc-crystallite size and % amorphous area.

@ 2015 Elsevier Ltd. All rights reserved.

1. Intredudion

Polylactide (PL), one of the well-known aliphatic polyesters, has received much interest due to its enzymatic-/hydroly
tic-degradability as well as biocompatibility [1-2]. PL finds its use in a wide variety of applications ranging from medical
devices to engineering plastics [4-7]. Since its monomer can be derived from renewable agricultural sources, this polymer
is considered as a “green” altemative thermoplastic which can potentially replace a number of petrochemical based poly-
mers in the next era. However, the use of PLis limited to certain applications due to its brittle characterstic and low heat
distortion temperature, which indicate its poor mechanical and thermal properties, respectively. Many approaches adopted
to improve heat distortion temperature of PL such as plasticization and nudeation [8,9], and blending PLL with its
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106



ELSEVIER

Contents lists available at ScienceDirect

Polymer Testing

journal homepage: www.elsevier.com/locate/polytest

Enhanced crystallization, thermal properties, and hydrolysis
resistance of poly(r-lactic acid) and its stereocomplex by incorporation

of graphene nanoplatelets

@ CrosaMark

Sutinee Girdthep ®, Wenuka Sankong °, Asamaporn Pongmalee °, Tinnakorn Saelee ©,
Winita Punyodom "¢, Puttinan Meepowpan °, Patnarin Worajittiphon ™%

* Department of Chemisiy, Faculry of Sdence, Sipakom University, Nakhon Pathom 73000, Tholand

™ Deparoment of Chemisiry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

© Center of Excellence in Materids Science and Technology, Chiang Mai University, Chiang Mai 50200, Thailand

4 Center of Excellence for mnovation in Chemismy, Faculty of Science, Chigng Mai University, Chigng Mai 50200, Thailand

ARTICLE INFO ABSTRACT

Ardicle history:

Received 10 Jarnuary 2017
Received in revised form

20 April 2017

Accepted 9 May 2017
Available online 19 May 2017

Poly(p-lactc acid) (PDLA) and graphene nanoplatelets were used as nucleating agents for poly{i-lactc
acid) (PLLA)Y The graphene (1 wtk) shows a more pronounced effect than PDLA in facilicating PLLA
crystallization. Graphene effect on arystallization of stereccomplex (SC) polyvlactde is also demonstramed.
Although medium molecular weight PLLA was blended with a limited content {1 wi®) of low molecular
weight PDLA in the presence of graphene (0.5 phr), SC melting temperature is slightly increased without

the use of high molecular weight polylactide pair. Also, optimal graphene content (0.5 phr—15 phr)

Keywords:

Polactide

Grapheng
Stereocomplex
Nanocompaosite
Hydrolytic degradation
Thermal property

promotes crystallization of PLLA homocrystals in the three-component system ( PLLA/PDLA/graphene).
Graphene additionally enhances Young's modulus and barrier property to thermal degradation of both
PLLA amd SC systems. Furthermore, PLLAgraphene is more resistant to hydrolysis than PLLA. Likewise,
PLLA/PDLA graphene is more stable than PLLA/PDLA during hydrolysis.

© 2017 Elsevier Lrd. All rights reserved.

L. Introduction

Poly{i-lactic acid) (PLLA) is a commercia polymer that has
drawn much attention because it is biodegradable and derived
from renewable resources [ 1]. However, the major bottlenecks to
practical uses of PLLA are its properties of low crystallinity and low
crystallization rate which significantly suppress assocated me-
chanical and thermal properties and stability of PLLA-based prod-
ucts [2,3]. Blending of polylactide enantiomeric forms between
PLLA and poly{p-lactic acid) (PDLA) results in stereocomplex (SC)
crystals which are used as nucleating agents to increase the PLLA
crystallization rate [4,5]. A series of PDLA contents, ranging up to
10 wt¥, was previously added to PLLA [46,7]. Based on these re-
ports, adding low contents of PDLA (<5 wit) to PLLA for nucleation

* Comesponding author. Department of Chemistry, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand
E-mail address: pwormiittiphon@gmail. com (P Waoraiitiphon 1

purpose was shown to be effident in promoting PLLA crystal for-
mation. In addition to using PDLA, use of other nucleating agents
for PLLA was also reported, for instance, talc [8], fullerene [8],
montmorillonite [8], multi-walled carbon nanotubes [9,10], gra-
phene [10,11], and graphene oxide (GO) [12].

Graphene (or graphene nanoplatelets, GNPs) and GO have been
studied and used in a wide range of applications due to their
excellent properties such as high thermal conductivity [13], high
mechanical strength [14], and high camrier transport ability [15].
Due to their lavered morphology with high aspect ratio and high
surface area, graphene nanosheets embedded in such PLLA[gra-
phene systems can act as effective nucleating sites for PLLA crystal
formation. Thus, graphene and GO were incorporated into PLLA to
aid lamellar packing of polymer chains for crystallization studies
[10,11,1617]. Using graphene and GO in the content range of
0.05—2 wt® resulted in a positive effect on PLLA crystallization
because the nudeation site number was increased and the nucle-
ation was more readily introduced to the PLLA[graphene composite
compared to the neat PLLA [10,16,17].
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ABSTRACT: Here, propane dehydrogenation (PDH) to propylene and
side mactions, namely, cracking and deep dehydrogenation on Ni(111)
surface, have been theomtically investigated by density functional theory
alculation. On the basis of adsorption energies, propane & physisorbed on
MNi(111) surface, whereas propylene exhibits chemisorption supported by
eledtronic charge results. In the PD'H reaction, possible pathways an ocor
via two possible intermediates, ie, I-propyl and 2-propyl Our results
suggest that FDH reaction through 1-propyl interme diate is both linetically
and thermodynamically more favorable than another pathway. The C-C
bond cracking during PDH process is more difiailt to occur than the C—H
activation reacton because of higher energy barrier of the C—C bond
aacking. However, deep dehydrogenation is the preferable process after
FDH, owing to the strong adsorption of propylene on Ni(111) surface,
resulting in low selectivity of propylene production. This work suggests that

MNi(111) has superior activity toward PDH; however, the enhancement of propylene desorption is required to improve its
selectivity. The understanding in molecular level from this work is useful for designing and developing better Ni-based atalysts

in terms of activity and selectivity for propane conversion to propylene.

1. INTRODUCTION

Propylene is an important monomer to produce polypropylene,
which is a useful polymer for automotive part, textile, furniture,
dothing, tube, and packaging ;11:|11:|li:11"r.tns.1'3 Moreover, it is a
aucial chemical feedstock to synthesize other imporant
chemicals, such as propylene oxide, acrylic add, aaylonitrile,
mmene, and alcohok. Those chemicals are precursors in ma.m;
products for painting, coating, and automotive pa.rrs

Typically, propylene can be produced from steam cracking of
Tiquid feadsmd{s,'!' catalytic cracking refinery u.nits,'!"ﬁ and
propane dehydrogenation (PDH) reaction.” Among those
processes, FDH is a simple approach to generate propylene by
direct elimination of two H atoms from propane using effe ctive
heterogeneous catalysts. *1% The PDH mechanisms and side
reactions, nduding C—C bond deavage and deep dehydrogen-
ation on catalyst surface, have been proposed as illnstrated in
Scheme 1." The PDH mechanisms can be classified into two
possible pathways based on the order of eliminated H position.
One is through 1-propyl {*CH,CH,CH; ) intermediate (Int) in
pathway A, where one H of the primary carbon is eliminated
first. Another & via 2-propyl (CH;*CHCH;) intermediate in
pathway B, where one H of the secondary carbon is eliminated
first. However, the side reactions of the C—=C bond cradeing of
propane, propyl intermediates, and propylene, which are
described in steps 1C, 2C, 2C° during PDH, and 3C after

< ACS Fu blications — ®2018 Amercan themicl Saciey
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PDH, can take place.1 als Moreover, another side reaction,

namely, the deep dehydrogenation of propylene to 1-propenyl
(CH;CHCH®) and 2-propenyl (CHFCCH;) via steps 3D and
3E leading to coke formation, is also possible resulting in
deactivation on the adive site of the catalyst surface. Thus, high
effective catalysts with high selectivity of propylene are wery
essential for PDH reaction. On the other hand, good selectivity
of propylene can be achieved by inhibiting the side reactions of
C—C bond cracking and deep dehydmgenation on the surface
of catalyst

Many catalysts have been proposed in the literature for PDH
reaction, including (1) metals as nonoxidative dehydrogenation
catalysts, such as platinum (P and nidkel (Ni);™ (2)
metal oxides as oxidative catalysts, such a= chromium oxide
(Cr0 ), = vanadium oxide (VO )" " molybdenum oxide
(Mo0,),"™ and gallum oxide (Ga0.);™ ™ (3) arbon-
based materials, such as carbon nanofibers™® and mesoporous
carbon;™ (4) zeolites;” ™ and so0 on Among metal-based
catalysts, Pt has been widely employed in industries due to its
high reactivity on PDH and minimum cracking, leading to high
conversion of 1:rn:l]:nna.rm.j'g'13 However, the pokoning of the
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The effect of Sn promoter on a Mify-AlyO; catalyst towards the catalytic activity and catalyst stability wa the
decxygenation of stearic acid for the production of diesel-range hydrocarbons has been investigated
herein. The decarboxylation [DCO;) and decarbonylation [DCO) of stearic acid using NiSn catalysts are pro-
posed as the main pathways to produce n-heptadecane (n-Cy7Hzgl whereas hydrodeoxygenation (HDO) is
a minor pathway, as confirmed by the high ratio of C17 to C1B alkanes. Moreover, the Sn promoter in Mijy-
AlO significantly improves the catalyst reusability by enhancing the tolerance to the carbon-induced de-
activation. This improvernent was investigated by a density functional theory [DFT} calculation. The calcula-
tion results cleary explained that the Sn promoter can weaken the interaction between carbon and the
catalyst surface, tending to prevent carbon segregation on the NiSn surface. This retardation of coke for-
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1. Introduction

Along with the mpidly accelerating energy consumption, the
depletion of conventional petroleum resources has attracted
worldwide attention. This concern has driven research and de-
velopment in renewable energy technologies. Among the avail-
able alternative energy resources, biofuels derived from bio-
mass, plant and animal oils, and industrial wastes vig catalytic
reactions have gained high attention due to their environmen-
tal benefits.! * Bio-hydrogenated diesel (BHD) or green diesel
product and biochemicals from sugar and lignin derived from
biomass can be mainly produced wia a deoxygenation reac-
ton** Typically, there are three wellknown deoxygenation
pathways. First, hydrodeoxygenation (HDO) in which the oxy-
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mation expands the life time of the catalyst, leading to a cost-effective approach for industrial processes.

genated components are removed from the reactants under
H: gas to obtain a hydrocarbon with retained chain length
and a water molecule as the by-product The other two reac-
tions are decarboxylation [DCO;) and decarbonylation (DCO)
in which a carboxyl group or a carbony group is removed to
obtain a hydrocarbon with a shorter chain length and CO, or
C0 as the by-product, respectively.”

In the literature, varous monometallic and bimetallic cat-
alysts deposited on a variety of supports such as 5i0;, ALO;,
zeolites and carbon have been explored for the green diesel
production applicatio ns.” " Not only the reaction conditions,
but the different types of catalysts and supports also play de-
cisive roles in the selectivity of each demgygenation pathway.
For instance, MoS,-based catalysts including a Co (or Ni) pro-
moter have been known to be highly selective and efficient
catalysts for HDO™"'™ ag well as hydrodesulfurization
[HDS). Metal oxides (e MoOs, NiMo:]'* " and metal car-
bides [eg Moy, WoC)"™ ™ have also been reported as prom-
ising catalysts for HDO. Transition metal catalysts (e Pt, Pd,
Ni, Cu, Co, Mo, W) including monometallic and their bime
tallic forms,” "™ metal phosphides (e.g. Ni.P, Co.P, Cu,P,
MoF),*** and metal organic frameworks (MOFs]™ " have
been reported to be selective for DOO and DCO.

Among these choices of catalysts, Ni metal has become an
attractive catalyst for the demggenation reaction due to its
high reactivity, being sulfur-free, relatively low cost compared
with noble metals, and lower H, consumption vie DCO and
DCO; pathways ™~ An enhancement in the deoxygenation
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Detailed pictures of the excited-state intramolecular proton ransfer (ESIPT) of 25-bis{ 2-be neoxazolyl hydro-
quinone [BHQ) and is water cluster have been investigated by dynamic simulations on the first lowest-
excited energy using dme-dependent density functional theory (TD-DFT). We focused on the structural,
photophysical and dy namic pro perties of BHG in the absence and presence of water molecules through intérmo-
lecular hydrogen bonds (interHBs ). Our dy namics simulations reveal three possible mechanisms of the ESIPT
processes: 1) no proton transfer (No PT); i) single PT (SPT); and i) double PT ( DPT), that could take place within
the PT dme of 160 s via intrinsic intramolecular hydrogen bonds [ intraHBs ). The ESIFT mechanism of solated
BHQ elucidates that back PT is likely to be found at 64% rather than the SPT (32%) and DPT (4%), which is in
good agreement with the experiments of dual Muorescence from di-enol and mono-keto emissions. Notably,
the resulis from BHQ with water (BHQ-(H;0},) reveal that the partidpation of water might produce a remark-
able effect on promoting the SPT process up o 60% and DPT up 1o 7 dmes when compared o conditions of no
water. The simulated probabilivy of PT is well related w possible PT mecha nisms regarding different mutomers
in the Muorescence spectra found in prévious experiments, The existence of di-keto @utomer arose from the
DPTof BHQ and its water cluster and was not observed in the UV is s pectrum.

@ 2019 Elsevier BV. All rights reserved.

1. Introduction

One of the most significant and simplest processes that have re-
cently been gaining increased levels of attention is proton transfer
(PT), especially with regard to the excited-state intramolecular proton
transfer (ESIPT) that takes place in biochemistry and chemistry [1-3].
Owing to the remarkable photophysical properties of ESIFT molecules
[4-7], alarge Stokes shift arising from the ESIPT process may lead to
many applicational uses, such as in light-emitting devices [8-10],
photoswitches [11-14], and fluorescent probes [15,16], etc. Most of
the ESIPT processes occur in the molecules having moieties of proton
donors (0—H, N—H) and proton acceptors (C=N, (=0) through in-
trinsic intramolecular hydrogen bonds (intraHBs) [10,15,17]. The
ESIPT processes occur via the four-level photocycle (Enol - Enol*
~ Keto® — Keto) of phototautomerization between the proton donor
and acceptor sites in the bifunctional molecules [15,18]. ESIPT

* Corresponding author at: Department of Chemistry, Faculty of Science, King
Monghkut's Institute of Technolegy Ladkmatang, Bangkok 10520, Thailand.
E-mail address: mthawatdsi@kmitlacth (R Daengngern].

molecules favor the enol form in the ground state (Sq), which is stabi-
lized by intramolecular hydrogen bonding. However, upon photo-
excitation, a fast PT reaction from the excited enol triggers to yield the
excited keto tautomer on a subpicosecond timescale. Due to the close
position between the proton donor and acceptor, the back PT in the ex-
cited state is then possibly found if the PT barrier is not too high and bar-
rier energy is close to zero, as illustrated in Scheme 1. Inthis process, the
enol form could not proceed to the keto tautomer because the phenolic
proton is not acidic enough to be deprotonated in the ground state. In
the excited state, however, the enhancement in the acidity or photoacid
is more pronounced for the proton donating group, as well as the basic-
ity of the proton acceptor group, to facilitate the ESIPT process via the
enol form [19], which is known as the mono-enol form for only one
enol moiety. A lot of relevant reports upon the ESIPT of the mono-enol
form, such as 2-(2"-hydroxyphenyl )benzoxazole (HBOQ) [6,7,20,21]
and its derivatives [22-25], have been intensively investigated in
ESIPT via single PT (SFT).

Since only the SPT readtion is not adequate to represent the compli-
cated PT behaviorin the chemical and biological systems involving mul-
tiple PT processes [4-7,26] To this point, the compounds containing
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Introduction

Propylaon, a preduct from miming petroleem gas, is 2 mozomes of polypropyless (PP) which &
wsd I a vamsty of applications. Producton of propylene cam be dome wia propans
delrydrogenation (PDEH) reaction by sliminating bydrogen atows from propams 2 shown in
Sgurel. POH it an imereating appreach, became this mothed cam 284 2 valwe and axpand
applications of propans. Nowadwy:, platimm- (Pt-) and chropfem- (Cr-) based canhyst are
widaly wsed for POE process due te thedr high meactivity and good stability at kigh sosparatams.
However, 8% cambyst's price and emvironment concerned 2re the Bmimtioms of Pt and Cr-based
catalysn, mupectively. Therofors, nickel-(Mi-) based catalyi am the good candidats for PDE]
mactica [2] because Mi metal is cheaper than Pt and & & more ecological fendly than Cr
Howevar, the bigh reactivity of Mi result i bydrogemchyiis process by breaking of C-C bond as
depicted &= Sgzme 2. This side reaction directly decreases the selectivity of the NI catalyst This
research focuses oo the propane adsoepton om Mi serface, PDE and Eydrogenolyis of propaze
afha'aﬂ.:m'pﬁmen'_\l'u:lll‘mfm
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Figure 1 Propane dabrydogenaten (PDE) macsoa [1]
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Results and Discussion

Adsorption of propane on bare-Ni surface
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Reaction ¢oordination

* Tha first H sliminaticn & the mte dewrmining step of PDH maction o bare NI surface.

* The snergy barriars of C-C dissociation and the first siep of PDH maction are similar This
result indicates that the bydogenchysis and PDH mactiom ams compefitive om the ME(111)
weriace. They can oo afier propans melecals i adsorbed on bare-Ni murfacs.

Conclusions

% Tha most stable stucture of propans adsorptica on N (111) is the parallsl configemation of
propene over NI surface plane.

% Rate detsemeining step of POH maction is the first H alimimation.

% Tha PDE and bydogenchis reactions are competitve oo Se MNi111) surface.
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fan sokance the wlectvity of propyless producton. Mechanistc msighes of PDE and C-C bomd
cracking in Ni and Ni-An catalysts bavo not besa well tndarsinod yet. In this work, POE ad C-C
bond cracking mactions om NI and 0.33 menclyyer equivalext (MLE) of An om Ni111) (Mi-Ax)
catltps bave besn synsmatically fmestipated by wing plme-wans based damsity fomctiomal
theory (DFT) calculaticns. O results show that the active site of casalysts for propass adsarpticn
is atop Mi site Electromic chargs propestes have been sincidated to sxplain namms of thess
catalysts. Modifying Mi catalvst by An incwasss ensrgy barmers of C-C bond and decreases

propylune adscepiion. Therefore, Mi-Au cialys is mome wlecive toward propyless: production
tham Ni catalyst.
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Dehydrogenation Reaction: A DFT Study

Tinnakorn Sae-Lee™", Supawadee Namuangrak", it Suthirakun®?, Nawee Kungwan™, Anchalee Junkaew"
“Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
"National Nanotechnology Center (NANOTEC), National Science and T ¥ Agency, T i, 12120, Thailand
School of Chemistry, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand

=

4Center of Excellence in Advanced Functional Materials, Suranaree University of
) or.th”

v, Nakhon 30000, Thailand

and na

@

ntroduction

Propanc dehydrogenation (PDH) is an important process to produce propylence from propanc using
catalysts. Among metal-based catalysts, nickel (Ni) has been reported as an active catalyst for
dehydrogenation reactions of small alkanes [1]. However, the coke formation declines selectivity of
propylene preduction. In literature, experimental observation suggested that doping Au to Ni can
enhance the s ity of propylene p THowever, mechanisti ights of PDH and side
reaction of coke formation on Ni and Ni-Au catalysts have not been well understood yet. In this
work, PDH reaction and C adsorption on Ni and 0.33 monolayer cquivalent (MLE) of Au on
Ni(111) (Ni-Au) catalysts have heen ically investigated by using pl based density
functional theory (DFT) calculations. Our results show that the active site of catalysts for propane
adsorption is atop Ni sile. Electronic charge properties have been elucidated to explain nature of
these caralysts. Modifying Ni catalyst by Au enhanee the cfficient of propylenc desorption and
inhibit ¢ formation. Therefore, Ni-Au catalyst is more selective toward propylene praduction than

Ni catalyst.
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Figure 1. Propanc dehydrogenation (PDH) rcaction [3]
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Periodic Density Functional Theory
- Vienna Ab-initio Simulation Package (VASP)
- Potential: PAW-PBE
- Energy cutofl : 400 eV
- K-points: Monkhorst-Pack
- Energy convergence criterion: 1x10°7 eV
- Foree convergence eriterion: 0,01 ¢V/IA
- Spin polarizable

i on correction (DFT+D3)

S5x1

bjectives

To elucidate the effect of Au in Ni-based catalysts for PDH reaction

To compare selectivity of propylene production on Ni(111) and Ni-Au
surfaces

To investigate coke adsorption on Ni(111) and Ni-Au surface
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Results and Discu:

Adsorption of propane on bare-Ni surface

@ Charge accumulation @ Charge depletion

[-139ev [-0.58ev]

[-0.61ev]

# The active sites of Ni and Ni-Au catalysts for propane and propylene adsorption are similar. (Ni site)

» During adsorption process, electron density moves from Ni site of surface (Donor) to adsorbed
molecules {Acceptor)

» Doping of Au into Ni(111) catalyst has no effect for propane adsorption but it deerease the binding
energy of propylene adsorption.

Energy profile of PDH reactions on Ni(111) and Ni-Au surfaces

N1 Epgy = -6.99 ¢V 0.33 MLE Ni-Au £,,,=-6.20 eV

# By comparing cnergy barriers, PDH reactions on Ni(111) surface proceed casier than that ol 0.33
MLE Ni-Au.

# Doping of Au to Ni(111) decreases the energy barrier of propylene desorption.

# Existence of Au on Ni(111) surface reduce charge exchanging  between Ni-Au surface and C
atom

Conclusio

< Doping Au into Ni(l11) surface has no cffect on propane
energy of propylene

*» Doping Au inte Ni(111) surface ¢nhance the efficiency of propylene desorption inereasing the
selectivity of propylene production from Ni-Au surface.

% Weakening of C adsorption on Ni-Au indicates that doping Au is po
formation on Ni surface.

but decreases

e to reduce coke
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