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ABSTRACT

QUANTUM MECHANICAL STUDY OF PROPYLENE EPOXIDATION
ON VARIOUS METAL OXIDE SURFACES

Tezsevin, Ilker
Ph.D., Department of Chemical Engineering
Supervisor: Prof. Dr. Isik Onal

January 2018, 97 pages

Silver is a very successful catalyst for the ethylene oxide synthesis, however, its
performance for propylene oxide (PO) production is very limited. This thesis work
aims to investigate the reasons of the low PO selectivity on the silver catalyst and to
study the possible enhancements to make PO formation feasible. In order to investigate
the reason of the low PO performance, the partial oxidation mechanism of propylene
on silver catalyst is examined by using density functional theory (DFT) calculations.
Ag20 (001) surface is used as the active oxide phase of the catalyst through the study.
The mechanistic study on an ideal surface revealed that even though the direct
propylene oxide formation on the silver oxide catalyst is the most probable pathway,
the high desorption barrier of propylene oxide leads to allyl radical formation causing
further oxidation reactions. After finding the reason behind the problem, possible
enhancements were studied to make PO desorption easier and to block undesired allyl
formation pathways. For this aim, effects of gold and chlorine doping on the Ag20
(001) surface were investigated both individually and together in seven different
scenarios. It is observed that gold doping alters the binding properties of the oxygen

atom responsible for the PO and PO isomer formation and decreases the desorption



barrier of the PO from the surface. On the other hand, only gold doping cannot inhibit
allyl formation pathways, which are still easier than the PO desorption. Chlorine
promotion shows two different effects. First, Cl addition slightly decreases the PO
desorption barrier. Second, Cl blocks the oxygen site responsible for allyl formation.
It is found that, in order to block the allyl formation pathway completely, two
neighboring O atoms of the central oxygen should be replaced with CI atoms.
Therefore, silver oxide unit cell modified with 2 CI gives better results and favors PO
production without allyl formation problem. Studies for combined effects of gold and
chlorine doping show that one gold-silver and two oxygen-chlorine replacements
gives the best performance among the Au & CI doped scenarios by both reducing the
PO desorption barrier and blocking the allyl formation paths. As a result, this study
shows that silver can be an effective catalyst for the propylene oxide production with
appropriate modifications. This study also encourages experimental researchers for
further effort on the modified silver (oxide) catalyst for the direct propylene

epoxidation.

Keywords: DFT, Propylene Oxide, Ag-0 Catalyst, Mechanism, Doping Effect
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0z

CESITLI METAL OKSIT YUZEYLERDE PROPILEN
EPOKSIDASYONUNUN KUANTUM MEKANIK CALISMASI

Tezsevin, lker
Doktora, Kimya Miihendisligi Bolimii
Tez Yéneticisi: Prof. Dr. Isik Onal

Ocak 2018, 97 sayfa

Guimtis, etilen oksit sentezi i¢in oldukga basarili bir katalizordiir, ancak propilen oksit
(PO) tiretimindeki performansi sinirlidir. Bu tez giimiis katalizorii tizerinde diisiik PO
seciciliginin sebeplerini incelemeyi ve PO olusumunu elverigli bir hale getirmek i¢in
gerekli iyilestirmeleri ¢alismay1 amaglamaktadir. Diisiik PO performansinin sebebini
incelemek amaciyla, kismi propilen oksidasyon mekanizmasi glimiis katalizor
tizerinde yogunluk fonksiyoneli teorisi (DFT) hesaplamalar kullanilarak ¢alisiimistir.
Ag,0 (001) yiizeyi katalizoriin aktif oksit faz1 olarak tez boyunca kullanilmustir. Ideal
ylizey iizerindeki mekanizma ¢alismasi gostermistir ki, giimiis oksit katalizor tizerinde
dogrudan propilen oksit olusumu en olas1 yol olmasina karsin, propilen oksidin ytiksek
desorpsiyon bariyeri ileri oksidasyon tepkimelerine sebep olan allil radikal olusumuna
yol acmaktadir. Problemin sebebi bulunduktan sonra PO desorpsiyonunu
kolaylastirmak ve istenmeyen allil olusumu yollarin1 engellemek igin olasi
iyilestirmeler calisilmigtir. Bu amagla, Ag,O (001) yilizeyinde altin ve klorun etkisi
yalniz baslarina ve birlikte olmak {izere yedi farkli senaryoda incelenmistir. Altin
katkisinin PO ve PO izomer olusumundan sorumlu oksijen atomunun bag yapma
ozelliklerini degistirdigi ve PO’nun ylizeyden desorpsiyon bariyerini azalttig

gbozlemlenmistir. Diger taraftan, yalnizca altin katkisi, halen PO desorpsiyonundan
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daha kolay olan allil olusumu yollarin1 engelleyememistir. Klor destegi iki farkl etki
gostermektedir. Birincisi, Cl eklemesi PO desorpsiyon bariyerini kismen
azaltmaktadir. Ikincisi, Cl allil olusumundan sorumlu oksijen sitelerini
engellemektedir. Allil olusumu yollarini tamamen engellemek icin merkezdeki
oksijen atomunun komsusu olan iki O atomunun da Cl atomlart ile yer degistirilmesi
gerektigi bulunmustur. Bu sebeple 2 ClI eklentisi ile degistirilmis giimiis oksit birim
hiicresi daha iyi sonu¢ vermekte ve allil olusumu problemi olmadan PO iiretimini
kolaylastirmaktadir. Altin ve klor katkilarinin karma etkileri ¢aligsmalar1 bir altin-
giimiis ve iki oksijen-klor degisiminin hem PO desorpsiyon bariyerini azaltarak hem
de allil olusumu yollarim1 engelleyerek Au & CI katkili senaryolar arasinda en iyi
performanst verdigini gostermistir. Sonug¢ olarak, bu caligma giimiisiin gerekli
degistirmelerle propilen oksit iiretiminde etkili bir katalizor olabilecegini gostermistir.
Bu caligma ayrica deneysel arastirmacilar1 degistirilmis glimiis (oksit) katalizorii

konusunda cesaretlendirmektedir.

Anahtar Kelimeler: DFT, Propilen Oksit, Ag.O Katalizor, Mekanizma, Doping
Etkisi
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CHAPTER 1

INTRODUCTION

Propylene oxide (PO, CH3-CI4-CH2) is an important product in chemical industry and
mainly used as a building block to produce high variety of products. PO is a colorless
and highly volatile liquid and very reactive. Due to its high reactivity, PO is an
important intermediate and used in textile, furniture, food, cosmetic, pharmaceutical,
automotive, aviation and maritime industries to produce thousands of everyday
products. According to 2015 data, global production capacity of PO reaches 22 billion
pounds. [1-6]

Propylene oxide is one of the top 50 chemicals produced in the world and
approximately 10% of the propylene produced is used for the production of propylene
oxide [7,8]. However, traditional chlorohydrin and hydroperoxide processes to
produce PO are either energy intensive, environmental unfriendly or not economic [9—
12]. In recent years, some new technologies, namely hydrogen peroxide based PO
(HPPO) and cumene PO, are introduced but these methods still have additional feed
requirements or some by-products to process. Due to limitations of these conventional
processes, direct gas phase epoxidation of propylene to propylene oxide by molecular
oxygen, which is also the subject of this thesis, has received considerable attention as
a cheaper and cleaner chemical process [13-16]. In the following sections of this

chapter conventional PO production processes mentioned above are explained.



Moreover, information about catalysis phenomena and density functional theory is
also given in this chapter to prepare readers to the recent finding in the literature and

this study.

1.1. Industrial PO Production Processes

Currently, PO can be produced economically in only world-scale plants with
capacities above 100,000 tons/year [1]. Table 1 shows the shares of the conventional
production methods used to produce propylene oxide according to data of 2010.
According to Table 1 the oldest PO production method, namely chlorohydrin process,
still has the biggest share in the PO market. Details of the industrial production

methods of PO are explained below.

Table 1: Distribution of world propylene oxide capacity by technology [6]

Production Technology Percentage
Hydrogen Peroxide Based Propylene Oxide Process 4%
Cumene Hydroperoxide Process 5%
Hydroperoxide Processes PO/TBA 15%
Hydroperoxide Processes PO/SM 33%
Chlorohydrin Process 43%

1.1.1.Chlorohydrin Process

The chlorohydrin method, the most traditional method, is a multi-step process to
produce PO with alkali salt byproduct. This method is a moderate temperature reaction
in an aqueous solution and requires 1.4 tons of chlorine, one ton of calcium hydroxide
and several tens of tons water for one ton of PO. Approximately two tons of calcium
chloride is also produced as a byproduct with each ton of PO. The chemistry of this
process is given in Figure 1. In order to provide chlorine, facility should be integrated

with a large caustic soda/chlorine plant. Due to the high energy requirement, electricity



supply and prices influence the production costs. Also the amount of waste water with

alkali salt content causes environmental problems [17,18].

Cl; + HHO —— > HOCI+HCI

H cl
CH3CH=CH; + HOC| —— CHggHCHz(II + CHg&HCHzOH

Base

H Cl
CHg(gHCHzCI + CHg&HCHzOH —— CH3CH—CH, + Salt

Figure 1: Steps of chlorohydrin process [17]

1.1.2. Hydroperoxide Processes

a. Hydroperoxide Process with Styrene Co-Product (PO/SM)

The process uses the ethylbenzene hydroperoxide intermediate produced by the liquid
phase oxidation of ethyl benzene with air. This hydroperoxide is reacted with
propylene in the presence of a catalyst solution to form a-methylbenzyl alcohol and
propylene oxide. Obtained alcohol is dehydrated to styrene in a catalytic reaction.
Chemistry of this process is given in Figure 2. At the end of this process approximately
2.5 tons of styrene is produced for every ton of PO. Storage of co-product, additional
requirements for dehydration step and market conditions of co-product directly affect

economy of the process [2,17,18].

CHs CHs
/ /
@ CHz + 02 ——> @— CH
\

0O0H

CHs

CHs 0
/ / / N\
CH + CHsCH=CH2z —— CH + CHsCH—CH:
\ \

OH

OOH

CHs CH

/ 1A
@CH > @c + 0

\ \

oH H

Figure 2: Steps of PO/SM Process [9]




b. Hydroperoxide Process with Tert-Butanol Co-Product (PO/TBA)

This process uses the tert-butyl hydroperoxide intermediate produced by the liquid
phase oxidation of isobutane with air. Produced tert-butyl hydroperoxide reacts with
propylene in the presence of a catalyst solution to form propylene oxide and tert-butyl
alcohol as co-product. Chemistry of this process is given in Figure 3. At the end of
this process approximately 2.1 tons of tert-butyl alcohol is produced for every ton of
PO. This process also suffers from the same problems with styrene co-product process
[2,17,18].

CHa
[
CH3CHCH3; + O —— CH;C(CH3;)2,00H

o)
/SN
CH3C(CH3)200H + CHy=CHCH; ———— H2C—CHCH3 + CH3C(CH3),0H

Figure 3: Steps of PO/TBA Process [2]

1.1.3.Hydrogen Peroxide Based Propylene Oxide Process (HPPO)

HPPO process uses hydrogen peroxide to produce propylene oxide from propylene in
liquid phase in the presence of catalyst. Hydrogen peroxide can be either fed directly
or produced by introducing H2 and O feed to the system. In this method presence of
water in the system can result in product loss due to the reactions of propylene oxide
and water [1,17]. Chemistry of this process is given in Figure 4. Production cost of
hydrogen peroxide and hazard potential of presence of concentrated hydrogen

peroxide solutions are the main disadvantages of this method.

O,
/Y
CH=CHCH3 + H;03 —————— H2C—CHCH3 + H,0

Figure 4: Reaction for HPPO Process [2]



1.1.4.Cumene Hydroperoxide Process

In cumene hydroperoxide process, cumene hydroperoxide is obtained by the auto-
oxidation of cumene by oxygen without catalyst presence. Then, cumene
hydroperoxide and propylene react in the presence of catalyst to produce propylene
oxide and dimethyl benzyl alcohol. After separation processes, dimethyl benzyl
alcohol reacts with hydrogen to reproduce cumene. This final hydrogenation step is
followed by additional separation processes before recycling of cumene. Requirement
of additional separation and reactions steps for cumene recycle affect the economy of
this production method [17,18]. Chemistry of this process is given in Figure 5.

CHs CHs
@cﬁmm —— (())—c—ooH
Y - Y
CHz CHz
. CHs CHs
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Figure 5: Steps of Cumene Hydroperoxide Process [18]

1.2. Catalysis

Catalysis can be named as one of the most important technologies of our time. Like in
the epoxidation of propylene to propylene oxide, catalysis is used for more than 80%
of the industrial processes involving chemical conversions [19-22]. Use of catalyst is
essential for the petroleum and chemical industry to enhance the selectivity and the
reaction rate towards the target products. Industrial catalysts enable the customers to
have high quality products like fuels, foods, tools, fertilizers, drugs and clothes with
reasonable prices [23]. Catalysts are not only used for the synthesis processes.
Catalysts are used in the fuel cells and batteries as electrodes. In order to protect our
environment, catalysts are used in the waste treatment and conversion of the pollutants

into harmless products. Most importantly, catalysts (enzymes) are important agents in



human bodies for the biological processes to maintain vital functions. Therefore,
catalytic activities are important processes affecting our daily life [22—-25]. According
to the market report for the global catalyst market published in 2015, average
investment in catalysts was 2% of total investment in chemical processes in 2014.
According to same report, the global demand on the catalyst materials was higher than
33.5 billion dollars [26].

Even though catalyst materials have been used by humankind to make bread, cheese
and alcoholic beverages for over thousands of years, “catalysis” term is first mentioned
in 1835 by Berzelius [19,27]. Berzelius combined the findings of previous researchers
and stated that the presence of some substances is affecting the course of chemical
reactions without being consumed. He called this unknown internal force exerted by
these substances as “Catalytic Force” and called the process caused by this force as
“Catalysis”. According to the definition of Berzelius, catalytic force is related with the
electrochemical affinity of the material and a material with catalytic force has the
ability to awaken the affinities of the reactants by just its presence in the reaction
medium [28,29].

At the end of 19" century, Ostwald expanded the Berzelius’s definition of the catalyst.
According to Ostwald’s definition, catalysts increase the rate of a reaction without
being consumed and without affecting the equilibrium thermodynamics between the
reactants and the products. Therefore, a catalyst cannot turn a thermodynamically
unfeasible reaction into a feasible reaction [19,21,28]. Consequently, the target
reaction could take place without catalyst even if it takes thousand years to reach its
equilibrium. Formation of water from hydrogen and oxygen molecules can be given
as a perfect example for this condition. Formation of water from hydrogen and oxygen
is a thermodynamically feasible, exothermic reaction. However, without the presence
of any catalytic material, hydrogen and oxygen atoms seem to have no affinity towards
each other at room temperature. On the other hand, the introduction of platinum to the
reaction medium lead to rapid water formation reaction [22,27]. Catalysis only affects

the kinetics of the reaction and changes the activation energy term in the Arrhenius



equation. Catalysis decreases the energy barrier between the reactants and the products

by providing a less energetic pathway [21,23,27,30].

1.2.1. Catalysis Cycle and Sabatier’s Principle

As the definition of catalysis states, the catalyst should be unaltered at the end of the
process. Boudart defines catalysis as repeated and sustained cyclic series of
elementary reactions. During catalysis, reactants adsorb on the catalyst surface and
form intermediate reaction complexes. Then, these active complexes react to generate
the products on the catalyst surface. Finally, end products desorb from the catalyst
surface by regenerating the catalyst surface to its original form. This process is called
as “cycle of catalysis” or “catalysis cycle”. The strength of the interactions between
the catalyst and reactants and the interaction between the catalyst and the products are
important for the performance of the catalyst. Catalyst-reactant interaction should be
strong enough to form unstable surface intermediates. Weak interaction between the
catalyst and the reactants cannot form activated surface intermediates. On the other
hand, too strong catalyst reactant interaction causes stable surface complexes that
cannot be involved in the reaction. Therefore, surface intermediates should have an
intermediate bond strength with the catalyst surface. Similarly, products obtained after
the surface reaction should not bond to the surface strongly. Hence a good catalyst
should have optimum interaction energy. This concept is known as “Sabatier’s
Catalysis Law” or “Sabatier’s Principle” [19-22,25].

1.2.2. Types of Catalysts

Catalyst materials can be classified in various ways. Dividing the catalyst types into
heterogeneous, homogeneous and biological catalyst is the most common and easiest
way of the classification [24,25,31,32].

a. Heterogeneous Catalysis

Heterogeneous catalyst is present in a different phase than the phase of reactants and
products. Generally heterogeneous catalyst are solid particles used to accelerate gas or

liquid phase reactions. Therefore, heterogeneous catalysis is sometimes mentioned as



surface catalysis. Being in a separate phase from the reaction mixture, heterogeneous
catalysts have an advantage over the homogeneous catalysts which has costly
separation procedures. Therefore, using heterogeneous catalysts in the continuous
processes is easier than using homogeneous catalysts. Over 80% of the catalytic
process in the chemical industry and 90% of the reactions in the petroleum industry
uses heterogeneous catalysis. Bulk or supported metals, supported inorganic metal
complexes, supported organometallic complexes, metal oxides and sulfides can be

listed as the most general kinds of the heterogeneous catalysts [20-22,25,32,33].
b. Homogeneous Catalysis

Homogeneous catalyst is present in the same phase with the reaction mixture either in
liquid or gas phase. Because of the presence of catalyst and the reaction mixture in the
same phase, separation of homogeneous catalyst is harder than the separation of the
heterogeneous catalyst from the products. Therefore batch-type processes are

generally used for the homogeneous catalysis.

Homogeneous catalysts are generally used in the production of pharmaceuticals, fine

chemicals and agrochemicals with highly selective reactions requiring less
purification steps. Homogeneous catalysts are organometallic complexes which are
metals chelated with organic ligands [23,25,32,34].

c. Biological Catalysis

Biological catalysis can be defined as special branch of heterogeneous catalysis
dealing with enzymes and microorganisms. As all living organisms, our bodies use
enzymes to sustain biological activities. Biocatalysts (enzymes) have limited
temperature and pressure ranges. Industrial use of biological catalysts requires
significant purification operations. Biocatalysts are used in the production of fine

chemicals, pharmaceuticals and foods [24,25,31]



1.3.Computational Chemistry and Density Functional Theory

Theoretical chemistry can be considered as the translation of chemistry to the
mathematics and formulates new methods to mathematical description of chemistry.
On the other hand, computational (quantum) chemistry takes the well-defined
expressions of theoretical chemistry that can be automated for the computer
application and use them to solve chemical problems [35,36]. Computational
chemistry is an important tool enabling calculation of the spectroscopic properties of
the model systems to analyze spectra and to designate chemical intermediates.
Furthermore, computational chemistry allows the calculation of the energies of
atoms/molecules to compare the relative stability of the different atomic/molecular
arrangements and helps scientist to predict reaction pathways [37,38]. Quantum
chemical methods can be classified as ab-initio, semi-empirical, density functional,
molecular mechanics, molecular dynamics and Monte Carlo simulation methods

[39,40]. This chapter only focuses on the density functional methods.
1.3.1. Density Functional Theory

The origins of the density functional theory (DFT) goes back to late 1920s. However,
publications of Hohenberg and Kohn in 1964 and Kohn and Sham in 1965 are
considered as the beginning of modern DFT. After 1990s, DFT has become one of the
most popular methods in computational chemistry applications [41,42]. In 1998
Walter Kohn was awarded by Nobel Prize in Chemistry for “for his development of
the density-functional theory” with John A. Pople “for his development of
computational methods in quantum chemistry” [39,43,44]. DFT’s high accuracy
without compromising computational time, its applicability over many different
systems including metals and metal oxides combined with the very fast developing
computer technology and has resulted in DFT to become a standard research tool for
many areas [39,42,45,46]. According to Figure 6 generated from the data of Web of
Science database, number of DFT papers published in 1988 (the year Kohn was

awarded with a Nobel Prize) was around 1800 and the total number of DFT papers



until that day have reached to 7700. After 2015, annual DFT publications were
reported around 13100 and total DFT publications exceeded 130000 publications [47].
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Figure 6: Trend of DFT publications over years [47]

1.3.2. Formulation of Density Functional Theory

Density functional theory uses electron density (a physical observable property of the
material) to define the properties of the molecules whereas classical quantum
mechanical methods are using wavefunction to solve Schrédinger equation. DFT
defines energy of the molecule as a function of electron density which is also a
function of X, y and z coordinates of the electrons of the molecule. According to
assumption of Thomas and Fermi, electrons are uniformly dispersed in the six-
dimensional space and properties of the molecule can be found from the information
gained from electrons. Modern DFT depends on the works of Hohenberg-Kohn and
Kohn-Sham which were developments on top of the basic definition of the Thomas
and Fermi. Hohenberg and Kohn proved in their first theorem that “The ground-state
energy from Schrodinger’s equation is a unique functional of the electron density”
[48]. Then, in their second theorem, they stated that “The electron density that

minimizes the energy of the overall functional is the true electron density
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corresponding to the full solution of the Schriodinger equation” [48]. According to
these definitions, equations to solve Schrodinger equation with electron density were

formulated by Kohn and Sham.

Like standard quantum chemical (wavefunction) methods, Schrédinger equation for
N electrons and M nuclei given in Eqgn.1 is also the starting point of the Kohn-Sham

formulation.
AY = E¥Y Eqn.1

In this equation W represents the wavefunction and H represents the Hamiltonian

operator and E represents the energy.

Wavefunction is a function position vectors (7y) of the N electrons and can be

expressed as shown in Eqn.2.
Y = l'p(?l,?z,?3, ""‘FN) Eqn2

Hamiltonian operator of the Schrodinger equation can be separated into its
components as shown in Eqn.3 as external potential, D,,, (Eqn.4), kinetic energy, T

(Eqn.5) and electron-electron repulsion, ¥, (Eqn.6), operators.
H=0p +T+7, Eqgn.3

According to Born-Oppenheimer approximation, the nuclei are assumed as stationary
and are not included in the kinetic energy calculation. Therefore, kinetic energy
operator, T, only has electronic terms and nuclei only generate an external potential
field [49,50].

~ VA

Oext = — Xits Z%:llf‘,’A_:.—H Eqn.4
A 1

T=- %LV Eqn.5
- 1

Vee = X7 {V<]E Eqn.6
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where R represents position vector of the nuclei and # represents position vector of

the electron.

Density functional theory modifies Schrodinger equation to be solved via electron

density given in Eqn.7 instead of N-electron wavefunction.
p(F) = N(WIS(F — 7)|¥) Eqn.7

Electron density can be expressed for the singular expectation values at any point in

the Cartesian space as:

p(#) = N [ dRd?s .. diy|W(FH, 7y, Tay oo, T) | Eqgn.8
By using electron density, solution of Schrodinger equation for energy becomes:

E = (P|H|Y) = [vere DpF)d7 + (P|T + V.| W) Eqn.9

Eqgn.9 shows that the energy is the functional of electronic density for a given

external potential v and can be expressed as:
E = E,[p] Eqgn.10

T and 7, operators are independent from the external function. Therefore, Hohenberg
and Kohn express the second term of Eqn.9 as a universal operator (Eqn.11) which is

identical for every system.

Flp] = (W|T + Ve| W) Eqn.11
Then energy equation becomes:

E = Eylp] = [v(#®) p(#)dF + F[p] Eqn.12

Additional to this energy equation, Hohenberg and Kohn states that for any trivial
electron density, pt, E,[p] value calculated via Eqn.12 defines the upper limit of the

exact ground state energy.

E < E,[p'] Egn.13
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Hohenberg Kohn theorem and their derivation makes preliminary definition for the
solution of energy in terms of external potential, electron density and the universal
functional. Nevertheless, they do not explain the formulation of the universal
functional nor the solution of the energy equation. At this point, Kohn-Sham procedure

helps to find universal functional F[p] and to solve Schrédinger equation [50].

Kohn-Sham procedure starts with the assumption of a new Hamiltonian operator. In
this operator, external potential, v,, always gives the electron density, p(r), of the real

system according to Hohenberg-Kohn theorem.

H=T+uvy+ 1V, Eqn.14
By using new Hamiltonian operator, Schrodinger equation becomes:

oY, = B9, Eqn.15

Value (either 0 or 1) of A in the new Hamiltonian operator and the Schrodinger
equation express the reality (or ideality) of the system. A = 0 represents the ideal

system of non-interacting electrons and A = 1 represents the real system with v,,;.
In terms of Kohn-Sham formalism, Egn.12 becomes:
Ey = (W|m W) = [ua(PDp@E)d? + (BT + AV, [Wy) Eqn.16

After further processing of Eqn.16 with respect to A, solution gives the difference of
the energies of the real, E, and the noninteracting, ES, systems. In the next step,
Eqgn.16 yields a new equation, Eqn.17, which is still not solvable due to the integral

over A.
- - - 1
Elp] = fvext(r) p(F)dr + Tg + fo (W1 |Vee|W3) dA Eqn.17

In order to simplify Eqn.17 further, Kohn and Sham defines the integral with respect
to A as the sum of classical electron-electron energy, V,iqssicar» and exchange-

correlation energy, E,..
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1 1 > o p)P(E
fo <Lp/’l|Vee|qJA) A = Ef f dT'ldT‘Z M + Exc[p] = Vclassical[p] + Exc[p]

|7y =75l

Eqn.18

If the new definition is inserted into Eqn.17, total energy equation can be written as:

Elp] = fvext(F) p(?)d? + Ts + VeiassicatlP] + Exclp] Eqn.19

Derivation steps and Eqn.19 do not depend on any approximations and directly comes
from Schrodinger equation. Moreover, all the functions and functionals are known
apart from the exchange correlation functional. Total energy can be minimized from
Eqgn.19 for the electron density. This minimization yields Kohn-Sham equation
(Eqn.20). Eqn.20 can be seen as a modified version of Schrodinger equation using

Kohn-Sham orbitals, ¢;, instead of wavefunction ¥ [50].

1
[_EVZ + Vext + Veiassical T vxc] Qi = &P Eqn.20
where
> 5 p(F)
Velassical(T) = de' |p7a_r7zr| Egn.21
= ‘SExc[ 3 ]
ch(r) = #;()r) Eqn22

Kohn-Sham approach depends on the self-consistent calculation of the molecular
energy as a summation of known terms with a relatively small exchange correlation
functional. Method assumes that even large errors in the approximations for exchange

correlation should not cause large errors in the calculation of total energy [39].

1.3.3. Approximations of Density Functional Theory

As it is mentioned in the previous section, exchange correlation of the Kohn-Sham
equation is an unknown property which is making the equation unsolvable. In order to
handle this problem, different approximations have been developed to find exchange
correlation energy. Most common exchange correlation approximations can be
classified as local density approximations (LDA), generalized gradient

approximations (GGA) and hybrid approximations [35,42,50,51].
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a. Local Density Approximation

Local density approximation can be considered as the simplest approximation to find
exchange correlation energy. Method assumes that the electron density is uniform
throughout the molecule. According to this assumption exchange correlation energy
can be formulated with Eqn.23. P4 term in the equation represents the exchange
correlation energy distribution per unit volume at the location of the sampled electron
density. LDA generally gives reasonably good results for band structure calculations.
However, for the determination of the geometries and prediction of the binding
energies, LDA is known to yield less accurate results than the other methods
[35,42,50].

Ex4 = [ &4 [p(P)]p(F)dr Eqn.23
b. Generalized Gradient Approximation

Generalized gradient approximation uses electron density and its gradients to calculate
exchange correlation energy by considering the system as a non-uniform electron gas.
Alongside with electron density, method uses derivatives of the electron density to
make corrections according to changes in the density and can be formulated as Eqn.24.
GGA approximation improves the accuracy of the results for the estimation of bond
energies and bond distances. GGA is known to give successful results with the systems

containing metals and oxides [35,42,50,51]. Therefore, GGA is used in this study.
EZZ4lp] = [dTex[p, [Vpl, Vp] Eqn.24
c. Hybrid Approximations

Hybrid methods combine the approximations of DFT and Hartree-Fock methods to
find the exchange correlation energy and generally use electron density, its derivatives
and its laplacians for the computations. B3LYP can be named as one of the most
popular functional derived with hybrid approximations. Hybrid methods generally
gives the very accurate results, with some exceptions, for the determination of

geometries, total energies and bond lengths [42,52-54].
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CHAPTER 2

HISTORY OF PROPYLENE EPOXIDATION RESEARCH

Due to economic and environmental issues of conventional production techniques,
alternative propylene oxide production methods and enhancements to the present
techniques are highly desirable. There is a considerable amount of work in the
literature on propylene epoxidation to fulfill this aim, among them photocatalytic
processes, usage of alternative oxygen sources with environmental friendly
byproducts and direct propylene epoxidation on the silver based catalyst are the most
popular directions. This chapter gives information about the research efforts
mentioned above, but mainly focuses on the direct propylene epoxidation studies with

silver-based catalyst.
2.1.  Photocatalyst Studies

Photocatalytic epoxidation of propylene by the molecular oxygen is mentioned as one
of the most environmentally friendly methods to produce propylene oxide [55].
Yoshida and coworkers screened 50 different metal oxides supported with silica for
their PO activity under photooxidation. They found that TiOx and ZnOx supported on
SiO- can produce PO effectively. Yoshida reported PO selectivity up to 33% with 24%
propylene conversion as their best trial [56]. Since the photo-epoxidation study by
Pichat and coworkers on TiO2and ZnO structures reports very low PO selectivity and
selective complete oxidation to COz in their early work, Yoshida et al. emphasized the

importance of the silica matrix for the photo-epoxidation of propylene with molecular
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oxygen [56,57]. Zhao and Wachs reported the selectivity of photocatalytic epoxidation
of propylene to PO on V205 on FSM-16 as 40% by stating that the process has high
conversion [58]. Nguyen and coworkers evaluated the performances of SiO2, TiO», V-
TiI/IMCM-41, V20s/SiO2, Au/TiO, and TS-1 catalysts for the photocatalytic
epoxidation of propylene and reached 47% PO selectivity by using Ti and V catalyst
loaded on MCM-41 under UVA irradiation of 0.2 mW/cm?. Nguyen et al. stated that
propylene mainly forms propylene oxide, acetone and propanal when it interacts with
atomic oxyradicals on the surface [55]. In 2013 Marimuthu and coworkers came up
with a different usage of photo-excitation for propylene epoxidation. They used photo-
excitation to alter the oxidation state of Cu catalyst to sustain metallic form which is
found as a selective catalyst for propylene epoxidation under vacuum conditions. In
commercial production conditions, Cu is easily oxidized to Cu20 and CuO which have
nearly zero activity for propylene oxide. Cu20 gives high selectivity for acrolein and
CuO leads to complete combustion [59]. Marimuthu et al. used the photo-excitation
to weaken Cu-O bond strength for switching oxidation state and achieved ~20% to

~50% propylene oxide selectivity under visible light illumination [60].
2.2.  Alternative Oxygen Source Studies

As it is mentioned in the introduction chapter, byproducts of the conventional
industrial PO production methods cause either economic or environmental problems.
Therefore, instead of using conventional hydroperoxides, usage of N.O and H20; as
oxygen sources for epoxidation are investigated by many research groups. N2 and HO
are the only side products of the N.O and H20O; usage respectively. Chimentao and
coworkers studied propylene epoxidation by N2O over Au-Cu/TiO catalyst and
observed 40% propylene conversion yielding >70% propanal selectivity alongside
with acetone, acrolein and CO2. They claimed that the propanal formation is the result
of the PO isomerization [61]. Horvath and coworkers found that nano-sized MoO:
particles with a diameter smaller than 10nm give a promising performance for
propylene epoxidation with N2O. They state that monoclinic MoO> nanoparticles with
a diameter less than 10 nm gives PO selectivity around 40%. In their work, the

importance of size selectivity of the catalyst is emphasized [62]. Moens and coworkers
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also used N2O for the epoxidation of propylene to PO. According to their study,
Rb>SOs-modified iron oxide on silica gives PO selectivity around 90%. However, they
stated that the catalyst lifetime is limited and there is coke formation [63]. Duma and
Honicke used sodium-promoted iron oxide catalyst supported with silica and reported
propylene oxide selectivity up to 60% and propylene conversion up to 12% by using
N0 as oxidant [64]. Zhang and coworkers tested Fe-MFI and Fe-MCM-41 catalysts
with N0 as oxidant and found the allylic oxidation products at the end of the reaction.
They reported that after the after the modifications of the catalysts with KCI, PO
formation became favorable with selectivity around 80% and propylene conversion of
3% [65]. Nijhuis mentioned that potassium promoted iron oxide catalyst with SBA-
15 support can reach 80% PO selectivity with 5% propylene conversion [7]. In
summary, according to the results of these researchers mentioned above, N>O can be
a good oxidant for the propylene epoxidation. However, commercial availability of
N20 is limited. If the propylene epoxidation methods using N.O can be further
developed to fulfill the industrial needs, additional investment to produce N2O will

also be required [7].

In 1990s hydrogen peroxide usage as oxidant for the propylene epoxidation on
titanium silicate-1 (TS-1) catalyst was proposed and very high selectivity over 90%
was achieved. However, the comparable market prices of hydrogen peroxide and
propylene oxide and issues caused by the constant supply requirement and the
transportation of concentrated hydrogen peroxide channeled the research effort to the
in-situ production of hydrogen peroxide with hydrogen and oxygen co-feed [7,66—68].
Holderich and coworkers used Pd supported on TS-1 catalyst in the liquid phase slurry
reactor using methanol/water mixture as the slurry liquid. Propylene epoxidation on
this system is tested by using H202 and O,+H mixtures and led 21.3% and 5.3% PO
yield respectively. According to these result, they concluded that the rate determining
step of the propylene epoxidation by O2/H> co-feed is the in-situ H2O, formation
[69,70]. Haruta et al. observed 90% PO selectivity and 2% propylene conversion in
gas phase reaction on Au-TiO; surface by using feed gas mixture including propylene,

oxygen and hydrogen. It is emphasized that the products are strongly related to the
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size of gold particles deposited on TiO2. Gold nanoparticles larger than 2 nm produce
PO however, smaller gold particles produce propane, and gold particles larger than
5nm results combustion [71]. Haruta et al. mentioned two different hypotheses for the
duty of the gold particles during the epoxidation reaction. The first hypothesis assumes
that gold nanoparticles located in the pores of titanium oxide structure are responsible
from the epoxidation of propylene to propylene oxide whereas the second hypothesis
assumes that the gold nanoparticles with diameters between 2 nm and 5 nm, and
dispersed on the titanium oxide (or titanium silicate for TS-1 case), are responsible
from the oxidization of the hydrogen to hydrogen peroxide [72]. Although low
propylene conversion was reported, the discovery of Haruta led further studies on the
usage of Au catalyst on TiO2 and TS-1 support with hydrogen co-feed. Taylor and
coworkers found similar results with the Haruta’s works. They suggested that reaction
proceeds through H>O, formation on the Au site and activation of H>O2 on Ti site
resulting PO formation like Haruta et al. proposed. However, Taylor’s mechanism
proposes that the formation and the usage of H.O> should be simultaneous rather than
sequential as Haruta suggested [73,74]. Nijhuis and coworkers used TS-1 loaded with
dispersed gold and TiO: dispersed on SiO.. Propylene epoxidation reaction on this
catalyst with propylene, oxygen and hydrogen feed gas achieved 99% PO selectivity,
however, propylene conversion was reported as 2%. Nijhuis explained the low
propylene conversion by the strong adsorption of propylene oxide to the catalyst
surface. They also proposed a mechanism slightly different than the mechanism
Haruta proposed before. According to this new proposal, hydrogen and oxygen react
on the gold site of the catalyst to produce “hydrogen peroxide like” compound. Then,
this compound reacts with propylene on the titanium site to produce propylene oxide
[7,67,75]. Wang and coworkers tested Ag/TS-1 catalyst with different Ag loading by
using propylene, oxygen, hydrogen and nitrogen mixture. They reported 91.2 % PO
selectivity and 0.9% propylene conversion for catalyst with 2% Ag loading. They also
claimed that higher conversions could be reached with the use of H20- instead of
H./O> mixture [76]. Guo and coworkers also studied the Ag/TS-1 catalyst by
following different synthesis methods. They reported 57.9% PO selectivity and 0.5%

propylene conversion for the catalyst prepared by impregnation. They also synthesized
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the Ag/TS-1 catalyst by using K.CO3 and Cs,COs as precipitating agents. Propylene
oxide selectivities of 84.1% and 85.4% were reported with 1.3% and 1.1% propylene
conversion respectively for catalysts prepared by K>COs and Cs,COz methods. Guo
emphasized that the new synthesis routes also improved the stability of the catalyst
[77]. As a summary, using gold-titania systems with O2/H2 feed gained attention due
to high propylene oxide selectivity, however low propylene conversion, low hydrogen
efficiency and catalyst stability are still important problems of this propylene oxide

production technique [78,79].
2.3.  Direct Epoxidation Studies

Direct partial oxidation of propylene to propylene oxide by molecular oxygen has
received a considerable attention from the researchers [10]. The process aims to
produce propylene oxide from the gas phase reaction of propylene and molecular
oxygen, which is the cheapest oxidant, without side products. Hence, the process does
not suffer from the environmental issues and the economic drawbacks of additional
feeds and side/co-products. However, no industrial-scale process using molecular
oxygen for the direct partial epoxidation of propylene is achieved yet and no catalyst
is not reported with both high conversion and selectivity toward propylene oxide
either. Therefore, PO from propylene and molecular oxygen is still one of the most
challenging goals of catalysis [9,10,12,75,80,81].

Silver catalyst has been used in nearly all ethylene oxide production plants built after
the 1940s. Ethylene oxide selectivity is higher than 90% in these plants and the
ethylene conversion is kept limited to prevent combustion of ethylene to CO. because
of the heat released from the exothermic epoxidation reaction [7]. Due to its important
achievement in ethylene epoxidation, silver is one of the most studied catalysts for
propylene epoxidation. In early publications, propylene oxide selectivity and
propylene conversion on the unpromoted silver catalyst was reported lower than 15%
and 10% respectively [7,80-84]. There is an extensive effort for the utilization of silver
catalyst for propylene epoxidation, however, propylene conversion and propylene

oxide selectivity is still lower than the requirements of industrial production [85].
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Current research on the silver catalyst basically focuses on promoter and size effects.
There is also a limited amount of studies for the detection of the reaction mechanism
on the metallic silver surfaces and silver surfaces with low oxygen coverages.
However, there is no consensus on the results of the mechanism studies and further

studies are needed for the clarification.

Zemichael and coworkers used K promoted silver catalyst and observed only PO, CO2»
and water during their experiments. Silver catalyst with 1.7% K content is reported to
give 6% propylene conversion and 15.2% PO selectivity. According to Zemichael et
al., the unpromoted silver catalyst gives the lowest conversion and catalysts with
higher K content result lower selectivity and conversion than the catalyst with 1.7% K
loading. Effect of the K loading on conversion and selectivity was explained by the
change in the size distribution of Ag particles. It is stated that Ag catalyst with 1.7%
K loading has 20-40nm sized Ag particles which are active for epoxidation, whereas
bigger and smaller particles are less selective towards epoxidation [86]. Takahashi and
coworkers modified Ag based catalyst with Mn, Fe, Ni and Co metals. They reported
that the Ni & Ag catalyst with 1/2 atomic Ni/Ag ratio results in the highest PO
selectivity, which is 11.8% at 170 °C, among their catalysts. Takahashi explained that
the Ni addition increases the dispersion of the Ag catalyst and controls the size of the
Ag particles. In this manner, Takahashi et al. emphasized that the epoxidation
performance of silver catalyst depends on the size of silver particles like Zemichael et
al. mentioned previously [83]. Zheng et al. reported 55.1% PO selectivity and 3.6%
propylene conversion on Ages—Cus catalyst with BaCOs support by stating that Cu is
helping the adsorption of active oxygen species to Ag sites [87]. Zhang and coworkers
used Ag catalyst with BaCOs support pretreated with ethylene diamine. 12.5%
propylene conversion with 36.9% PO selectivity in this study. They emphasized the
diversity of the proposals about the mechanisms and size/structure sensitivity of the
Ag based catalyst for the epoxidation reaction and proposed that the gas phase
propylene should react with the adsorbed molecular oxygen by following Eley-Rideal
type mechanism to produce PO on Ag/BaCOs catalyst [15]. Lee and coworkers run

catalytic tests on Ag/ZrO; and Ag/ZrO with Mo and W promoters. 13% propylene
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conversion and 60% PO selectivity was reported for AgesMos.75W1.25/ZrO- catalyst
whereas unpromoted Ag/ZrO, gives 48.8% propylene conversion and 2.3% PO
selectivity [16]. Ghosh and coworkers loaded Ag nanoparticles on WO3 nanorods and
reported 15.5% propylene conversion with 83% PO selectivity for 4.8% Ag loading.
They reported that increasing the silver loading increases the conversion but decreases
the PO selectivity. They stated that silver oxide is formed with the help of the
dissociation of molecular oxygen on the WO3 nanorods and they proposed that the

oxygen of the silver oxide structure is responsible from the PO formation [88].

Alloy structure of gold and silver can be prepared at any desired compositions [7].
Geenen and coworkers used this feature of silver and gold and they prepared Au-Ag
alloys with high gold content up to >70% to create isolated silver sites. They tested
their catalysts for ethylene and propylene epoxidation reactions and reported
epoxidation activity for alloys up to 50% gold content. According to study, no ethylene
oxide formation was reported, and propylene oxide formation was said to shift towards
acrolein formation for the catalyst with gold content around 70% [89]. Zemichael and
coworkers also tested high gold content Au/Ag alloy using electro-catalytic
conditions. They reported that gold catalyst with 14% mole Ag loading has no activity
towards propylene oxide [90]. The reason for no PO activity and increased selectivity
towards acrolein was explained with the necessity of creating atomic oxygen at the
silver site. It was stated that gold sites of the catalyst adsorb oxygen as molecular form
and isolated sites cannot dissociate the di-oxygen structure. Therefore, this catalyst is
advised to be tested by using N2O [7,75,89,90]. However, no other study using gold
and silver alloy is reported. Ozbek theoretical studied metallic and oxide phases of Au
catalyst for ethylene epoxidation alongside with Cu and Ag catalysts. For the metallic
phase, gold was reported to have no activity for oxygen adsorption or dissociation.
However, even Au.O is unstable, it was reported as a selective catalyst towards
ethylene oxide formation. It was also found in the study that desorption of ethylene
oxide from Au20 is much easier than that the ethylene oxide desorption from Ag.O
and Cu20 [91].
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Effect of Cl on the propylene epoxidation on the silver catalyst is studied by many
research groups. Lu and coworkers studied NaCl loaded silver catalyst and reported
54% propylene conversion and 26.3% PO selectivity with 3.8% NaCl loading [92]. In
another study, Lu worked on the silver catalyst loaded with 10% NaCl and achieved
31.6% PO selectivity with 12.4% propylene conversion. This time they also studied
the effects of the Cl addition. According to their study, AgCl particles formed during
the catalyst preparation were found inactive for epoxidation reaction. They reported
that Cl addition helps propylene epoxidation by altering the electronic structure of the
adsorbed oxygen species. They also emphasized that the highly oxidized Ag structure
is important for the epoxidation [68]. Monnier mentioned that chlorine can be added
to the reaction medium with the feed gas. According to the patent of Thorsteinson et
al., a catalyst composed of 40% Ag and 1.5% K on CaCQOs3 can result in 34% propylene
conversion and 47% PO selectivity with the help of 200ppm C>HsCI addition to the
feed stream [75]. Lu et al. also mentioned the work of Cooker et al. stating the use of
5 ppm EtCI, 10% CO2 and 5ppm NO in the feed stream increased their PO selectivity
to 60-64%. Propylene conversion is reported as 1.5%-2.5% for the study [92]. Jin and
coworkers studied the chlorination of Ag-MoQO3/ZrO; catalyst in the presence of NaCl,
CsCl and CaCl> and reported that the CI regulates the electronic properties of the
catalyst. According to their results, electron flow between Cl and oxygen inhibits the
isomerization and oxidation of PO and enhances the PO selectivity of the catalyst [93].
Seubsai and coworkers proposed that the Cl addition to the silver catalyst weakens the
bond strength between Ag and O and increases the activity towards epoxidation. They
also mentioned that the ClI and chlorinated compounds reduce the number of available
sites for oxygen adsorption, hence they decreases the catalyst activity [94]. Studies
with modification generally proposed that the most important effect of Cl is to change
the electronic properties of oxygen species. Ozbek theoretically studied the effect of
Cl on silver oxide surface for ethylene epoxidation and reported that even Cl changes
the electronic properties of Ag and O, the most important effect of Cl is to block
oxygen adsorption sites causing combustion [91,95]. However, no theoretical work
presents for the theoretical investigation of propylene epoxidation on silver oxide

surface either with or without CI.

24



There are different opinions about the epoxidation mechanism and the active form of
the silver catalyst for the propylene epoxidation. However, nearly all studies agree that
the allylic hydrogen atoms of the methyl group are the main reason for the low PO
selectivity for propylene epoxidation reaction. According to Torres, the orientation of
methyl group of the propylene determines the path of the reaction. If one of the
hydrogen atoms of the methyl group comes close to the surface oxygen, it leads to
combustion. If carbons with double bond can reach an oxygen, they form an
oxametallocycle leading PO formation [96]. The most accepted mechanism of
propylene epoxidation consists of two pathways. The first pathway proceeds through
allylic hydrogen abstraction from the 3" C of propylene followed by oxygen insertion
to 1%t C of propylene. This path forms an allylic oxide intermediate and hydroxyl group
on the surface. Further reactions of the allylic intermediate on the surface give acrolein
or combustion products. The second pathway includes the activation of the double
bond by the surface. This activation forms propylene oxametallocycle structures on
the surface. These intermediate structures produce PO or its isomers, i.e. propanal and
acetone [82,96-99]. Researchers with opposing view to this mechanism accept the PO
formation pathway following surface intermediates; however, they propose that the
allylic intermediate formation pathway should follow oxametallocycle formation on
the catalyst surface [7,10,14,100-103]. As well as reaction mechanism, the rate
determining step of the propylene epoxidation on the silver catalyst is also a matter of
discussion. Khatib and Oyama mentioned in their review that there are multiple
proposals for the rate determining step of the propylene epoxidation with molecular
oxygen on the silver based catalyst, but it is most likely the desorption of propylene

oxide according to the predictions from ethylene and butadiene cases [6].

Phase and morphology of the silver catalyst are also investigated by different research
groups. Among them, the works of Lei et al. and Molina et al. presented the most
notable results. Lei and coworkers experimentally and theoretically studied
unpromoted Ags clusters and Ag nanoparticles with ~3.5A diameter on an alumina
support. Their experiments showed high propylene oxide selectivities with the

negligible CO> formation at low temperatures. With the help of theoretical studies,
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they reported that atomic oxygen adsorbed on the silver site is responsible from
propylene epoxidation whereas oxygen atom at the interface results acrolein formation
[10]. On the other hand, Molina and coworkers studied silver nanoparticles with
diameters between 9 to 23nm. In their study, 23nm particles were reported far more
selective towards the propylene oxide than the larger catalyst reported in the literature.
Shift towards silver oxide phase was reported as the reason of high PO selectivity on
23nm particles [100]. Stoukides reported, without giving the values, that the active
phase of the silver catalyst is in the oxide form and the activity of the catalyst can be
increased by using electrochemical oxygen pumping [104]. Kaichev used XPS for the
analysis of the silver catalyst and detected that, in the epoxidation conditions, surface
reconstructs to a structure very close to bulk Ag.O [105]. Pulido and coworkers
investigated the Ag(111) and Ag(100) surfaces both experimentally and theoretically
for oxygen dissociation. They reported that Ag(100) surface is more active towards
oxygen dissociation. After the oxidation study, they also analyzed epoxidation
performance of these surfaces and reported that Ag(111) surface only gives
combustion products whereas Ag(100) surface results in propylene oxide and acetone
alongside with CO. and H20 [98]. In another publication, Wang et al. reported that
oxidized silver sites are the main active sites for the propylene epoxidation [106].
Cheng and coworkers studied the propylene epoxidation mechanism for silver
aggregates on alumina. They reported that silver-support interface is responsible for
the dissociation of molecular oxygen. It was stated that when the oxygen atoms
positions at the interface or on silver aggregate by forming silver oxide, PO can be
produced selectively whereas oxygen on the support is responsible from combustion
pathway [107]. Molina et al. stated that at medium and high oxygen coverages on
Ag(100) surface, subsurface oxygens are favored for silver oxide phase formation.
They reported that Ag(111), Ag(110) and Ag(100) surfaces results acrolein production
at low oxygen coverages [100]. Zheng and coworkers tested the hypotheses of the
previous proposals stating that the Ag-20 is the active phase for the epoxidation by
running epoxidation experiment on Ag-0 at anaerobic conditions. They reported that

lattice oxygen of the Ag.O structure is active for PO and CO; production [108].

26



In the works of Ozbek and coworkers, mechanism of gas phase ethylene reaction with
surface lattice oxygen on silver oxide (Ag20) (001) surface has been theoretically
investigated using DFT calculations. Ozbek et al. stated that the oxygen at the bridge
position are highly reactive towards epoxidation on the silver oxide surface. They also
reported an alternative way of ethylene oxide formation pathway different than the
oxametallo intermediates. According to these studies, Ag.O (001) surface has a
positive effect on ethylene oxide formation by enabling direct oxygen insertion to the
double bond. They reported that this Eley-Rideal type reaction is only possible with
the absence of oxygen vacancy [44-46]. Fellah and Onal theoretically studied the
propylene epoxidation on model Ag14Og cluster representing Ag20O surface. They
reported that allyl radical formation pathway is in competition with the two propylene
adsorption paths resulting in PO formation. Oxametallocycle formation on the model
silver oxide cluster was not possible according to their relative energy diagram. It is
reported that acetone and propanal formation barriers are higher than the PO formation
barrier. Therefore, PO formation is easier than acetone and propanal formation when
the surface propylene-oxy is formed [109]. Molina and coworkers modeled partially
oxidized single layer Ag(111) surface on a three-layer periodic Ag(111) surface.
Compositions of these oxide clusters were given in the study as Ag120s and Ag110es.
Adsorption of propylene to the metal and oxygen sites of the (111) surface was
simulated in the study. They reported that the adsorption of the propylene on the
middle unoxidized silver site of Ag-O-Ag-O honeycomb structure by keeping the
double bond is stronger than the adsorption to the oxygen site by forming
oxametallocycle. They stated that this conformation is equally selective for PO and
acrolein, but PO selectivity should be higher due to a more stable intermediate
formation. They stated that when oxametallocycle is formed on the surface, acrolein
formation should be more selective than PO formation pathway. It was emphasized
that at least two close oxygen adatoms are required for acrolein formation, one for the
oxametallocycle and one for the allylic hydrogen transfer from propylene. Propanone
(acetone) and propanal formations were also mentioned in the study, but they are less
selective [101]. Unlike the works of Ozbek et al., direct epoxide formation pathway

without surface intermediate was not considered in the studies of Fellah and Molina.
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Moreover, except the silver oxide like surface study of Molina and model cluster study
of Fellah, there is no theoretical study for propylene epoxidation on silver oxide
(Ag20).
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CHAPTER 3

MOTIVATION, COMPUTATIONAL METHOD AND SURFACE MODELS

3.1. Motivation and Goals

Traditional production methods for propylene oxide either have environmental,
economic or supply issues. Recently introduced methods somewhat reduced
environmental issues, however, they still need additional feeds beside propylene and
oxygen and require additional complex separation, and/or regeneration steps. The
direct epoxidation of propylene with molecular oxygen (CzHs + %2 O2 = C3HsO) does
not require complex pre- and after-treatment steps and does not suffer from the
economy of the side products. It also does not require expensive or dangerous side
reactants like Hx or H20O,. Therefore, direct epoxidation of propylene with molecular
oxygen is a very important development for the industry. The silver catalyst is an
important candidate for direct propylene epoxidation due to its success in the industrial
direct ethylene epoxidation process. Unfortunately, its performance for propylene
epoxidation could not be increased to industrial standards until this date. In order to
make modifications on the silver catalyst, knowing the active phase and the reaction
mechanism on the catalyst is essential. However, there is still a debate on the reaction
mechanism and the real reason of low PO selectivity. Therefore, this study is triggered

by the need for better explanation for the reaction of propylene on the silver catalyst.

This study has two main goals. The first goal of the project is to theoretically

investigate the partial oxidation reaction pathways of propylene to propylene oxide
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alongside the side reactions on Ag.O (001) surface and to detect the reason of the low
PO selectivity on the silver catalyst. To the best of our knowledge, there have been
only two theoretical publications on this subject which cannot explain the
experimental findings. Therefore, exploring reaction mechanism to find the reasons
behind the low PO formation in the experiments is essential. After finding the reasons
of the low PO selectivity, the second goal of the study is to eliminate these hindrances
on the PO production pathway(s) on silver oxide surface by making appropriate

modifications on the catalyst surface.
3.2. Computational Method and Surface Models

Vienna Ab-initio Simulation Package (VASP) is used throughout this study for the
DFT calculations [110,111]. Plane wave basis sets are used with projector augmented
wave (PAW) method, Perdew-Wang91 exchange-correlation (PW91) and generalized
gradient approximations (GGA) with the implementation of supercell approach [112—
114]. 500eV cutoff energy is used for the calculations. The net force acting on the ions
is taken as lower than 0.015¢V/A for the convergence criteria of the relaxation. Main
active sites for the propylene epoxidation are determined by Wang as the oxidized
silver sites [106]. Therefore, silver oxide is studied as the active phase of silver
catalyst. k-point sampling for the optimization of cubic Ag.O bulk (Pn-3m) is
generated by Monkhorst—Pack procedure with (15 x 15 x 15) mesh [115,116]. By
using the optimization procedure with supplied parameters, the lattice constant of
Ag.0 bulk is found as 4.82A which is in agreement with the results of Ozbek [91].
The experimental and theoretical results of Pulido state that the Ag (100) (or (001))
surface is the most reactive surface of silver for oxygen, therefore, (001) surface is
cleaved from Ag20 bulk for the slab preparation step [98]. By using the optimized
bulk data, oxygen terminated periodic p(2x2) slab of Ag.O (001) is prepared with 8
atomic layers (4 Ag and 4 O layers) including 32 Ag and 16 O atoms. The periodicity
of the slab in z-direction is avoided by the addition of a vacuum region with the
thickness of 15A. Because of the asymmetry of the resultant slab after vacuum region
addition, parameters for dipole corrections in z-direction are supplied in the input
(INCAR) file[110]. Final optimization of the slab is carried out using (4 x 4 x 1) k-
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point mesh. Additional to the ideal Ag.O (001) slab, Ag.O (001) slab with one oxygen
vacancy is also prepared by optimizing Ag20 (001) slab after removing one of the O
atoms from the top layer. Obtained Ag.O (001) slab with 32 Ag and 16 O atoms, i.e.
Agz2016 (001) slab, and Ag20 (001) slab with 32 Ag and 15 O atoms, i.e. Agz2015
(001) slab, are given in Figure 7. Computations to investigate the interaction of the
catalyst surface and the propylene molecule are carried out using (4 x 4 x 1) k-point
mesh. In these calculations, the bottom layer of the slab is kept fixed to simulate the
bulk layer of the catalyst. To be able to calculate the adsorption energy of propylene
and the desorption barriers of the products, gamma point calculations are performed
for the gas phase propylene, propylene oxide, propanal and acetone molecules. Spin

polarization parameter is included for all calculations.
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Figure 7: Geometries of optimized Ags2016 (001) and Ags2015 (001) Slabs (Grey
atoms = silver, Red atoms = oxygen)

In order to investigate reaction mechanism and to generate relative energy plots, the
methodology given in Figure 8 is used. Geometries and energies of reactants and
products on the silver oxide surface are obtained by optimization calculations.
Climbing image nudged elastic band (CI-NEB) method is used to determine the
transition state (TS) candidates. NEB method optimizes the intermediate images
generated between known reactant and products to find saddle points and minimum
energy paths. During NEB procedure, each image maintains equal spacing to the
neighboring images while it is trying to find the minimum energy level. CI

modification to the NEB method enables the highest energy image to shift towards
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saddle point. For the TS search, use of 8 intermediate images is decided and the
geometries of the intermediate images are prepared accordingly by implementing the
transition state tools developed by the Henkelman group [117,118]. After the
completion of CI-NEB calculations, the saddle point, i.e. the step with the highest
energy, is taken as TS candidate and additional relaxation run is carried out for this
geometry. Then, frequency calculations are conducted for the optimized TS candidate
geometry and the result is checked for the imaginary frequency value to verify the
transition state [35]. After the verification of the imaginary frequency, energy results

of the TS geometry are used to calculate reaction barriers.
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Figure 8: Schematic diagram of the steps followed through the study

Energies obtained from optimization and TS calculations are used to prepare relative

energy plots. Summation of the energy of the studied slab and the energy of the gas
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phase propylene is taken as the reference point for the plots. Corresponding relative
energies for all mechanism steps included in the energy plots are calculated by
subtracting reference energy from the energy of the investigated step. The reaction
energies are calculated by subtracting the energy of the reactants from the energy of
products and activation barriers are calculated by subtracting the energy of reactants
from the energy of the transition state. Energies of the gas phase propylene oxide,
propanal and acetone molecules are used for the calculation of the desorption energies
of these products from the catalyst surface. In order to calculate the desorption energy,
energy of the surface with the adsorbed product is subtracted from the sum of the
energy of the gas phase molecule and the energy of the surface with oxygen vacancy.
Finally, the energy of oxygen adsorption to the oxygen vacancy on the catalyst surface
is calculated by subtracting the energy of silver oxide surface with one oxygen vacancy
and the half of the energy of gas phase oxygen molecule from the energy of the ideal
silver oxide surface. This oxygen adsorption step completes the catalyst cycle after the
desorption of the propylene oxide from the surface by restoring the initial silver oxide

surface and fulfills the CsHg + ¥4 O2 — C3HsO reaction.

Gold or chlorine doped surfaces are prepared by the re-relaxation of the silver oxide
slab after the modification. Slabs with 1/7 and 1/3 top layer Au/Ag ratio, represented
as Agz1Au1016 and AgszoAu2016, are prepared by replacing one or both silver atoms
neighboring to the top center lattice oxygen atom with gold respectively. Slabs with
1/3 and 1/1 top layer CI/O ratio, represented as Agsz2015Cli and Agz2014Cly, are
prepared by replacing one or both closest top layer oxygen atoms neighboring to the
top center lattice oxygen with chlorine respectively. Obtained geometries for the gold
and chlorine doped slabs are given in Figure 9. In order to investigate the effect of
gold and/or chlorine doping to the electronic property of the surface oxygen, Bader
charge analysis is conducted for the all catalyst surfaces before sending the propylene.
For this aim, additional optimization run is conducted with 300x300x300 charge
density grid. Procedure by Henkelman group is utilized for the analysis of the charge
output (CHGCAR) files obtained from this additional run to find the valance charge

densities of the individual atoms in the structures [119-121].
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Figure 9: Geometries of Agz1Au1016, Agz0AU2016, Ag32015Cl1 and Ags2014Cl2 (001)
slabs after optimization (Grey atoms = silver, Red atoms = oxygen, Yellow atoms =
gold, Green atoms = chlorine)

The same procedure is followed to prepare gold and chlorine doped slabs.
AQ31AU1015Cl1, Aga1Au1014Cl; and Agz0Au2014Cl2 (001) slabs are prepared to
investigate the combined effect of gold and chlorine promotion. These slabs have 1/7,
1/7 and 1/3 top layer Au/Ag ratio and 1/3, 1/1 and 1/1 top layer CI/O ratio respectively.

Figure 10 shows the final geometries of these three slabs after optimization.
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Figure 10: Geometries of Agz1Au1015Cl1, Agz1Aui1014Cl2 and AgzoAu2014Cl2 (001)
slabs after optimization (Grey atoms = silver, Red atoms = oxygen, Yellow atoms =
gold, Green atoms = chlorine)
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CHAPTER 4

RESULTS AND DISCUSSIONS

Since the primary goal of this thesis was the investigation of the partial oxidation
mechanism of propylene and to find the reasons of low PO selectivity reported in the
experimental literature, all possible reaction pathways mentioned in the literature are
used to construct a mechanism proposal as the first step. After the determination of
the possible reactions, silver oxide surface was used to test this mechanism. Then, Au
and Cl doping are studied to increase the activity of silver oxide catalyst for propylene

epoxidation.

4.1. Construction of the Partial Oxidation Mechanism of Propylene

Propylene oxide, propanal, acetone and allyl formation possibilities on Ag.O (001)
were studied based on the proposals in the literature. According to the most popular
mechanism proposals, pathways through PO and PO isomers, i.e. PA and Ace, are
studied by using surface intermediates whereas allyl formation is studied through
hydrogen stripping followed by oxygen insertion path [82,96-99]. In order to cover
the proposals of the opposing publications, oxametallo-propylene intermediate to allyl
pathway is included as an alternative allyl formation path [7,14,101-103]. Ozbek
observed direct ethylene oxide formation following Eley-Rideal type mechanism on
the silver oxide surface, however, this kind of reaction is not mentioned for propylene
epoxidation except one study for the Oz/H> system on gold catalyst [91,103].
Therefore, direct PO path is also included in the study. Finally, PO to allyl pathway is
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included to check the combustion and acrolein formation possibility from PO. Even
the product desorption from the catalyst is assumed as the rate determining step of PO
production, H stripping from PO is interestingly neglected by the previous researchers.
By adding the new pathways on top of the previous proposals from the literature,
possible partial oxidation mechanism for propylene on the silver oxide (001) surface
is prepared and presented in Figure 11.

Allylic Oxide
. [ ®
Y4 Y
Propanal
p Oxametallo-Propylene 1 Propylene Oxide Allylic Oxide
¢ g > ===
- 8 o 8 a a . | e o« e
= = N N N N A\ =~
Allylic Oxide Propylene Oxide Allylic Oxide
S8 +
— — — —————
a a a o s ° o . ' a | a a & a
A\ N Ya Y4 Y4 Y4 = = N =
Acetone Oxametallo-Propylene 2 Propylene Oxide Allylic Oxide
£ — P & —_— ————
a 5
vew 0 C M ¢ o o 4 o a ¥ o « &
° N N x N N N X R

Figure 11: Partial oxidation mechanism of propylene on Ag.O (001) Surface

4.2. Completion of Catalysis Cycle for Propylene Epoxidation

The catalysis cycle for the propylene epoxidation reaction (C3He + %2 O2 = C3HsO)
on silver oxide and modified silver oxide surfaces ideally starts with the reaction of
propylene with the lattice oxygen following Eley-Rideal type mechanism to produce
propylene oxide on the catalyst surface, Rxn.1. Then this PO desorbs from the surface
by leaving one oxygen vacancy behind, Rxn.2. Finally, mechanism proceeds with an
oxygen adsorption step to regenerate the silver oxide catalyst to its initial state, Rxn.3.

Thus, the catalysis cycle is completed. Overall reaction gives C3Hs + %2 O2 — C3HsO
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reaction as it is aimed at the beginning. Example reaction order for the catalysis cycle

on Ags2016 (001) slab are given as follows.

Ag32015 + C3H60* d Ag32015 + C3H60(g) RXI’]2
+ Ags0is+ 50, - Ags0ig Rxn.3
C3Hg + 50, > C3Hg0 Rxn.4

The oxygen adsorption steps (Rxn.3 in the example above) for the catalyst recovery
are not given in the relative energy plots for the simplicity but they are supplied in
Tables 2-10. Among the surfaces studied, only the Cl-doped surfaces (except
Agz0AU2014Cl2) achieved selective PO formation pathway. Therefore, only Cl-doped
surfaces (except AgsAu2014Clo) follow and complete this catalysis cycle. Since the
reactions on the surfaces resulting allyl formation have further reaction steps towards
acrolein formation and/or further oxidation, their reaction mechanisms and catalyst
recovery reactions to complete catalysis cycle are different and not in the scope of this
study.

4.3. Energetics on the Unpromoted Silver Oxide Slabs

4.3.1. Energetics on the Silver Oxide (Ag32016) Slab

As the first step of the mechanism, direct interactions of propylene with the Ags2016
(001) slab are investigated. Hence, direct PO, oxametallo-propylene (OMP)
intermediate and allyl formation steps are simulated and obtained energy profile is
given in Figure 12. The interaction of propylene with the lattice oxygen of the Agz2O16
(001) slab follows Eley-Rideal type mechanism. Allyl formation via allylic hydrogen
stripping is the main argument of the literature for the allyl radical formation. Since
the experimental study of Zhang points out the CO2 production on silver oxide,
activation barrier for allyl radical (or allylic oxide) formation pathway, which is the
primer of CO, formation, is expected to be lower than PO and OMP formation
pathways [108]. However, allylic hydrogen stripping before the oxygen insertion step
has significant activation barrier of 1.9 eV whereas other propylene-surface interaction

steps have no activation barrier. C=C bond of the propylene can be activated by the
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lattice oxygen of the Ag.O (001) surface to produce propylene oxide without a barrier.
Also, two types of oxametallo-propylene structures can be achieved without a barrier
by the activation of C=C by one lattice oxygen atom and one surface silver atom.
Among them, the first oxametallo-propylene intermediate (OMP1) is formed when the
lattice oxygen activates the first carbon of propylene and the second oxametallo-
propylene intermediate (OMP2) is formed when the lattice oxygen activates the
second carbon of propylene. Structures of these cyclic intermediates are included in
Figure 12 alongside with the structures of allyl and PO. According to Figure 12. and
the reaction energy values reported in Table 2, PO formation from the direct activation
of propylene by the lattice oxygen of the Ags2016 (001) slab is found as the most
probable result of the first interaction of propylene with the catalyst surface. In this
way, PO should be the most probable structure on the silver oxide contrary to the

findings in the literature.
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Figure 12: Energetics of direct propylene-surface interactions on Ags2016 (001) slab

Even though there is no activation barrier for their formation, relative energy levels of
OMP1 and OMP2 intermediate structures indicated that their stability (and presence
probability) on the Ags2O16 (001) slab are lower than PO. However, pathways
following these intermediates are studied to reveal the pathways towards PA and Ace,

which should be formed through surface intermediates as it is mentioned in the
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literature. By following OMPL1 intermediate PA, PO and allyl formation and by
following OMP?2 intermediate Ace and PO formation pathways are investigated. The
position of propylene in the OMP1 intermediate enables neighbor lattice oxygen to
easily strip one of the allylic hydrogen atoms of the third carbon of the propylene
without activation barrier. Again, without activation barrier, the bond between the
second carbon and silver can be activated and PO can be formed via ring closing by
the interaction of the second carbon with the oxygen. PA formation proceeds through
hydrogen transfer from the first carbon to second carbon of OMP1 intermediate and
cleavage of the bond between the silver atom and the second carbon atom of the
OMPL. This process requires an activation barrier of 0.2 eV. By just considering one
step ahead of the OMP1 formation, it can be stated that if the interaction of Agsz2016
(001) slab and the propylene forms OMP1 on the surface, next step should mostly

proceed through allyl formation according to the Figure 13.
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Figure 13: Energetics of the reactions through OMP1 on Ags2016 (001) slab

Congruently with the OMP1 intermediate, the OMP2 intermediate can lead PO
formation without an activation barrier. Acetone (Ace) formation from OMP2
intermediate proceeds through hydrogen transfer from the second carbon to the first
carbon of the intermediate structure and the termination of the silver-carbon bond of

the OMP?2 intermediate. This process requires an activation barrier of 0.3eV. As it can
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be seen from Figure 12 and Figure 14, the hydrogens attached to the 3" carbon of the
OMP2 intermediate points upward and away from the surface. Therefore, allylic
hydrogen stripping from OMP2 intermediate is not feasible. As a result, if the
interaction of Ags2016 (001) slab and the propylene forms OMP2 on the surface, next
step should proceed through PO formation according to the Figure 14.
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Figure 14: Energetics of the reactions through OMP2 on Agz2016 (001) slab

By just analyzing the activation barrier and reaction energy data, propylene oxide
should be the major product of the propylene — silver oxide interaction. Additional to
PO, some amount of allyl derivatives should also be observed due to the OMP1
formation. However, as it can be seen in Figure 13 and Figure 14, desorption of the
PO from the surface limits the process and alters the composition of the product stream
in favor of allyl derivatives, i.e. combustion products. Even there is no activation
barrier for PO formation, desorption energy of PO is 1.2 eV. This desorption barrier
for PO is higher than the barriers of the reactions towards OMP1 and OMP2
intermediates from PO, which are 0.7 eV and 0.8 eV respectively. A significant finding
of this study is that allylic hydrogen stripping from PO has an activation barrier of 0.5
eV, which is less than the half of PO desorption energy (see Table 2). Therefore,
selective PO production process on the Ags2016 (001) slab ends up with the allyl

formation from PO as it is shown in Figure 15. In other words, silver oxide surface
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shows high activity for PO formation but fails to fulfill the Sabatier’s Principle for the

PO production due to high desorption barrier.

Table 2: Activation barriers and reaction energies on Agz2016 (001) slab

Reaction

Activation Barrier (eV)

Energy of Reaction (eV)

Propylene (g) — OMPI -1.6
Propylene (g) — OMP2 -1.5
Propylene (g) — PO - -2.3
Propylene (g) — Allyl 1.9 -3.6
OMPI — PO - -1.1
OMPI — PA 0.2 -14
OMPI — Allyl -2.2
OMP2 — PO - -1.2
OMP2 — Ace 0.3 -2.1
PO — Allyl 0.5 -1.0
PO — PO (g) 12
PA — PA (g) 1.0
Ace — Ace (g) 1.3
Agszols +1/20, — Ag32016 -0.1
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Figure 15: The most probable pathway on Ags2016 (001) slab

4.3.2. Energetics on the Silver Oxide Slab with Oxygen Vacancy (Ags2015)

Ozbek [91] reported that direct ethylene epoxidation only happens when there is no

oxygen vacancy. On the other hand, Molina [101] proposed that oxygen vacancies can

increase PO selectivity. In order to check the effect of the oxygen vacancy on the

propylene epoxidation, this scenario is studied with Ags2015 (001) slab. On the oxygen

vacancy site, adsorption of the propylene to the surface is observed without activation

barrier. In this step, two carbon atoms of the propylene interact with the silver atom of

the surface. Consequently, in the absence of one lattice oxygen, a new reaction
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network following Langmuir-Hinshelwood type mechanism, which is not possible on
the silver oxide surface with ideal stoichiometry, becomes possible. Similar to the
Ag32016 (001) slab, formation of OMP1 and OMP2 surface intermediates and PO are
observed on the neighbor lattice without activation barriers. Energetics of these steps
are supplied in Figure 16. Direct gas phase allyl formation via allylic hydrogen
stripping followed by oxygen insertion is found improbable due to high activation
barrier around 3.0 eV. This step is excluded from Figure 16 for better representation
of the other pathways, but it is included in Table 3 for the comparison. According to
Figure 16 only, direct formation of PO on a lattice oxygen is the most probable
pathway when the gas phase propylene interacts with Ags201s (001) slab.
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Figure 16: Energetics of direct propylene-surface interactions on Agz2O15 (001) slab
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Figure 17: Energetics of the reactions through OMP1 on Ags2015 (001) slab

If OMP1 intermediate is formed on the Ags2015 (001) slab, allyl radical and propylene

oxide formation pathways proceed without activation barrier. Like in the Agz2O1e

(001) slab case, PA formation pathway proceeds through an activation barrier of 0.2

eV. Therefore, according to Figure 17, OMP1 formation on the silver oxide (001)

surface with an oxygen vacancy leads allyl radical formation.
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Figure 18: Energetics of the reactions through OMP2 on Ags2015 (001) slab
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OMP2 formation also gives similar results with the ideal Ag.O (001) surface. It is
observed that PO formation from OMP2 intermediate has no activation barriers
whereas acetone formation via a hydrogen transfer from the second carbon atom to
first carbon atom of the OMP2 intermediate and silver carbon bond termination needs
to overcome an activation barrier of 0.4 eV. PO has a desorption barrier of 0.6 eV on
Ag3015 (001) slab and activation barriers towards 0.5 eV for allyl formation and 0.4
eV towards OMP1 formation, which also leads allyl formation without a barrier.

Therefore, pathways following OMP2 formation leads allyl radical at the end.

Unlike the Ags2016 (001) slab, propylene can be adsorbed on the silver of the Ags2015
(001) slab at the oxygen vacancy (shown as Propylene* in Table 3). This adsorbed
propylene can interact with one of the neighbor oxygen atoms according to Langmuir-
Hinshelwood mechanism to form PO, OMP1 or OMP2. As it is supplied in Table 3
and Figure 19, these reaction steps have activation barriers of 0.6, 0.9 and 1.0 eV
respectively. On the other hand, adsorbed propylene can interact with two neighbor
surface lattice oxygen atoms to form allyl radical in a two-step reaction without
forming an OMP intermediate. In the first step, the allylic hydrogen of the propylene
is attacked by the closest surface lattice oxygen with an activation barrier of 0.2 eV.
Then the remaining CsHs migrates towards another surface lattice oxygen for the
oxygen insertion step with an activation barrier of 0.9 eV. Consequently, propylene
adsorption to the oxygen vacancy site most probably follows two-step allyl formation
pathway according to Figure 109.
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Figure 19: Energetics of the reactions through adsorbed propylene on Agz2O15 (001)
slab

As a summary, silver oxide slab with an oxygen vacancy more or less acts like the
ideal silver oxide slab investigated at the beginning. Propylene prefers the two-fold
oxygen site instead of free silver site exposed to the vacuum region. Considering its
stability, propylene forms propylene oxide on the Ags2015 (001) slab instead of OMP1
or OMP2 intermediates. The silver oxide with vacancy has lower binding energies for
surface intermediates and products. Therefore, desorption of the products is easier than
the ideal silver oxide surface. However, produced propylene oxide cannot selectively
leave the surface because of easier OMP1 and allyl formation pathways. As a result,
the interaction of propylene with the Ags2015 (001) slab follows the pathway given in
Figure 20 and ends up with allyl radical formation. Nevertheless, slightly higher PO

selectivity can be expected from the silver oxide surface with oxygen vacancy.
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Table 3: Activation barriers and reaction energies on Ags2O1s (001) slab

Reaction

Activation Barrier (eV)

Energy of Reaction (eV)

Propylene (g) — OMPI - -1.2
Propylene (g) — OMP2 - -1.2
Propylene (g) — PO - -1.6
Propylene (g) — Allyl 2.9 -3.6
Propylene (g) — Propylene* - -14
Propylene* — OMP1 0.9 0.2
Propylene* — OMP2 1.0 0.2
Propylene* — PO 0.6 -0.2
Propylene* — Allyl (2step) 0.2&0.9 -0.6 &-1.6
OMPI1 — PO - -04
OMP] — PA 0.2 -1.2
OMP1 — Allyl - -2.4
OMP2 — PO - -0.5
OMP2 — Ace 0.4 -2.0
PO — Allyl 0.5 -1.9
PO — PO (g) 0.6
PA — PA (g) 0.5
Ace — Ace (g) 0.9
Ag3014 + 1/2 02 — Ag201s -0.2
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Figure 20: The most probable pathway on Ags2O15 (001) slab

Both the ideal silver oxide surface and the silver oxide surface with surface oxygen

vacancy are active for the propylene oxide formation on the surface. However, high

desorption energy makes PO vulnerable to the interaction with the neighbor oxygen

atom to produce allyl radical instead of gas phase propylene oxide. Therefore, to make

propylene oxide the favorable product, promoters decreasing the strength of the

interaction between the catalyst surface and the propylene oxide are required.
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Additionally, promoters should be able to reduce the interaction of the neighbor lattice
oxygen atom(s) with PO and surface intermediates OMPland OMP2.

4.4. Energetics on the Silver Oxide Slabs with Gold Doping
4.4.1. Energetics on the Ags1AuiOs16 (001) Slab

The top layer of the unit cell of the Ags1A1016 (001) slab has the Au/Ag ratio of 1/7
and the central oxygen atom of the top layer is bonded to one silver and one gold
atoms. Since the oxametallocycles have a bond with the surface metal, there are two
different possibilities for the formation of both oxametallo-propylene intermediates
with the gold side (Au-OMP1 and Au-OMP2) and with the silver side (Ag-OMP1 and
Ag-OMP2). Therefore, Ags1A1016 (001) slab has four different surface intermediates.
Formation of these four oxametallo-propylene intermediates and the formation of
propylene oxide requires no activation barriers as it is shown in Figure 21. Like in the
Agz2016 (001) surface, direct allylic hydrogen stripping from propylene has a high
activation barrier. According to data supplied in Table 4, direct hydrogen stripping

step needs to overcome an activation barrier of 2.3 eV to produce allyl radical.
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Figure 21: Energetics of direct propylene-surface interactions on Ags1AuiO1s (001)
slab
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According to Figure 21 and Table 4, the interaction of propylene with the gold side of
the top center oxygen molecule of the Ags1Au1O16 (001) unit cell is stronger than its
interaction with the silver side of the top center oxygen molecule of the Ags1Aui1O1s
(001). Unlike the pure silver oxide case, energy levels of the gold side intermediates,
Au-OMP1 and Au-OMP2, are comparable with the energy level of PO on the surface.
The Ag-O bond distance of 1.99 A on the Ags2O16 surface becomes 2.02 A with the
Au-Ag replacement on the Ags:1AuiOi6 (001) slab. Also, Au-O bond distance is
measured as 1.93 A. The valence electron density of the gold atom (10.54) is slightly
higher than the electron density of the silver atom (10.44). These two factors break the
symmetry of the lattice oxygen atom and result in the different interaction strengths

with the gold side and the silver side.

As mentioned above, gold side OMP1 and OMP2 intermediates have stronger
interaction energies than their silver side equivalents on the Ags1AuiO16 (001) slab.
Because of their stability, further reactions from Au-OMP1 and Au-OMP2
intermediates are harder than the reactions from the OMP1 and OMP2 structures on
the silver side. As it is shown in Figure 22, Figure 23 and Table 4, PO formation from
Au-OMP1 and Au-OMP2 become slightly endothermic for both intermediates with
reaction energy and activation barrier of 0.1 eV. Activation barriers for PA formation
from OMP1 and Ace formation from OMP2 are 0.6eV and 0.8 eV respectively.
Additionally, gold doping introduces a 0.2 eV activation barrier for the allyl formation
step from Au-OMP1 intermediate. As a result, if the formation pathways are
considered alone, allyl formation from Au-OMP1 intermediate becomes comparable

with the propylene oxide formation with the help of gold doping.

Gold doping helps propylene oxide formation from Au-OMP1 by introducing an
activation barrier to the allyl formation pathway. With gold doping, the position of the
propylene oxide formed on the Agz1AuiO16 (001) slab is around 0.63 A higher than
the level of the other surface lattice oxygens. This pre-desorption position helps to
reduce the PO desorption energy from 1.2 eV to 1. 0 eV. On the other hand, allyl

formation from the propylene oxide requires only 0.3 eV as activation barrier.
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Therefore, PO desorption from Ags1Au1O16 (001) slab still limits the overall reaction

and reaction proceeds through ally formation pathway.
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Figure 22: Energetics of the reactions through Au-OMP1 on Ags1Au1O16 (001) slab
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Figure 23: Energetics of the reactions through Au-OMP2 on Ags1AuiO16 (001) slab

As explained above, the new position of the lattice oxygen due to lack of symmetry
reduces the interaction of the Ag-OMP1 and Ag-OMP?2 intermediates with the slab

which is making them less favorable than the gold side alternatives. Howbeit, if the

silver side surface intermediates, Ag-OMP1 and Ag-OMP2, are formed on the
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Agz1Aui016 (001), they give very similar energetics with the Ags»O16 Surface as it is
given in Figure 24 and Figure 25. PA formation from Ag-OMP1 and Ace formation
from Ag-OMP2 have activation barriers of 0.3 eV and 0.4 eV respectively, whereas
allyl formation from Ag-OMP1 and PO formation from Ag-OMP1 and Ag-OMP2
intermediates have no activation barriers. Additionally, allyl formation from PO is still
easier that PO desorption. Therefore, reactions on the silver side of the Agz1AuiO1e
(001) slab suffers from the same problems of the Agz2O16 slab.
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Table 4: Activation barriers and reaction energies on Ags1Aui1O16 (001) slab

Reaction

Activation Barrier (eV)

Energy of Reaction (eV)

Propylene — Au-OMP1
Propylene — Au-OMP2
Propylene — Ag-OMP1
Propylene — Ag-OMP2
Propylene — PO
Propylene — Allyl
Au-OMPI1 — PO
Au-OMPI — PA
Au-OMPI1 — Allyl
Au-OMP2 — PO
AU-OMP2 — Ace
Ag-OMPI1 — PO
Ag-OMPI — PA
Ag-OMP1 — Allyl
Ag-OMP2 — PO
Ag-OMP2 — Ace

PO — Allyl

PO (ads) — PO (g)

PA (ads) — PA (g)

Ace (ads) — Ace (g)
Agz1AU1015 + % O2 —>Ag31AU1016

2.3
0.1
0.6
0.2
0.1
0.8
0.3

0.4
0.3

-1.6
-1.7
-1.1
-1.1
-1.6
-3.5
0.1
-0.9
-1.8
0.1
-1.3
-0.5
-1.4
-2.5
-0.5
-1.9
-1.9

1.0

11

1.2

-0.7
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As a summary, modifying the silver oxide surface with gold to have 1/7 gold/silver
ratio on the top layer makes the probable reaction network more complex as it is given
in Figure 26. At the first step, the interaction of the propylene with the catalyst
produces PO, Au-OMP1 or Au-OMP2 with similar selectivities. Due to high
desorption barrier, pathways between PO and Au size intermediates, i.e. Au-OMP1
and Au-OMP2, becomes reversible as it is proposed by Kulkarni and coworkers in
their PO isomerization study [102]. When the surface has the equilibrium convergence
for the PO, it is expected to see the PO to Au-OMP1 and Au-OMP2 reactions. Finally,
mechanism ends up with the allyl formation from Au-OMP1 and PO due to limiting

PO desorption reaction.
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Figure 26: The most probable pathway on Agz1AuiO16 (001) slab
4.4.2. Energetics on the AgsoAu2016 (001) Slab

The top layer of the unit cell of the Ags0A2016 (001) slab has the Au/Ag ratio of 1/3
and the central oxygen atom of the top layer is bonded to two gold atoms as it is
demonstrated in Figure 9. Top layer central site can be imagined as an AuO piece
placed into the Ag20 slab. At this Au.O site, surface properties differ from the rest of
the surface. Au-O bond length is measured as 1.95 A whereas the Ag-O bond distance
is 1.99 A for the rest of the top layer. Electron densities of Au atoms are calculated as
10.55 which is slightly higher than the electron density of the silver atoms, 10.44, on
the surface. Electron density of the oxygen atom of the Au.O piece is calculated as
6.64 which is slightly lower than the electron density of the other surface oxygen
atoms, 6.67, on the surface. Therefore, gold oxide site on the AgsoAu2016 (001) slab
behaves differently than the Ags2016 (001) slab.
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Interaction of propylene with the Au2O site of the AgzoAu2016 (001) slab gives OMP1,
OMP2 and PO formation pathways without any activation barrier as it is shown in
Figure 27. According to Table 5, direct allyl formation on the AgzoAu2016 (001) slab
has an activation barrier to 3.0 eV, which is not included in Figure 27 for the better
representation of the other energy levels. As it is seen from the picture of the PO in
Figure 27, propylene oxide is positioned away from the surface. Level of the oxygen
of the propylene oxide is measured 1.05 A higher than the level of the other surface
oxygen atoms on average. This pre-desorbed state of the PO makes it less stable and
less favorable than the OMP intermediates. However, if the PO is formed, the weak

interaction of PO with the surface helps its desorption from the surface.

Mg A

-0.2 Propylene \

N \

AgsAu056

Relative Energy (eV)

~ ‘.\-r‘L‘ RN " KW
1.2 \‘_. e A OMP2
Tomel
1.4
— —OMPl =---- OMP2 PO

Figure 27: Energetics of direct propylene-surface interactions on AgzoAu2016 (001)
slab

OMP1 and OMP2 intermediates are the most probable products of the first interaction
of propylene and the AgzcAu2016 (001) slab. Even though they are more stable than
PO, their interaction with the AgsAu.016 (001) slab is weaker than the interaction
they have on the pure silver oxide surface. Due to less interaction with the catalyst
surface, pathways following the OMP1 and OMP?2 intermediates are harder that the
pathways on the Ags2016 (001) slab. As it is given in Figure 28 and Table 5, allyl, PO
and PA formation steps from OMP1 intermediate have activation barriers of 0.2 eV,

0.6 eV and 0.8 eV respectively. As it is also given in Table 5 and Figure 29, PO and
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Ace formation from OMP2 intermediate have activation barriers of 1.0 eV and 1.1 eV

respectively. More importantly, PO formation reactions from both OMP1 and OMP2
intermediates are endothermic on AgzoAu2016 (001) slab.
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Table 5: Activation barriers and reaction energies on AgsoAu2016 (001) slab

Reaction Activation Barrier (eV) Energy of Reaction (eV)
Propylene — OMP1 -1.3
Propylene — OMP?2 -1.2
Propylene — PO -1.0
Propylene — Allyl 3.0 -3.1
OMPI1 — PO 0.6 0.3
OMPI] — PA 0.8 -04
OMPI1 — Allyl 0.2 -1.9
OMP2 — PO 1.0 0.2
OMP2 — Ace 11 -1.1
PO — Allyl 3.7 -2.1
PO (ads) — PO (Q) 0.7

PA (ads) — PA (g) 0.5

Ace (ads) — Ace (g) 0.8

Ag20AU:015 + % 02 — Ag30AU2016 -1.0

As Ozbek [91] reported for ethylene oxide case, gold oxide results in lower desorption
barriers than silver oxide. In propylene case studied here, the geometry and the
position of the propylene oxide on the AgsoAu2016 (001) slab helps its desorption from
the surface as it is expected. The desorption energy of PO from AgzoAu2016 (001) slab
is calculated as 0.7 eV which is considerably lower than the desorption energy from
the AQ32016 (001) surface. The geometry of PO on AgzoAu2016 (001) slab also
increases the barrier required to form allyl radical to 3.7 eV. The decrease in the PO
desorption barrier and the significant increase in the barrier of the allyl radical
formation from PO achieves to block PO to allyl pathway as it is desired at the
beginning of the second phase of the study. However, more stable OMP1 intermediate
makes direct PO formation pathway unfeasible. Once the OMPL1 is formed, the easiest
and the most probable pathway from OMP1 is the allyl formation pathway. Therefore,
propylene interaction with AgsAu2016 (001) slab follows the mechanism shown in
Figure 30 and ends up with the allyl products. Consequently, gold doping cannot block
all allyl formation pathways; so, cannot help the performance of the propylene oxide

formation process.
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4.5. Energetics on the Silver Oxide Slabs with Chlorine Doping
4.5.1. Energetics on the Ags2015Cl1 (001) Slab

Ag3,015Cly (001) slab has 1/3 CI/O ratio at the top layer. When the propylene molecule
interacts with the top center oxygen atom, there are two different orientation
alternatives according to the direction of the allylic end of the propylene molecule.
According to the directions given in Figure 31, allylic hydrogens of the propylene, or
the surface complexes, are in the vicinity of either chlorine atom (Direction A) or
oxygen atom (Direction B). Therefore, first propylene-surface interaction determines

the possibility of OH or HCI formation during the course of allyl radical formation

v ey

pathway.

Direction B

Direction A

Figure 31: Reaction directions on Agz»015Cly (001) slab
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The energetics of the first interaction between propylene and the Agsz2015Cly (001)
slab is given in Figure 32 and Table 6. Interaction profiles over the Cl modified surface
favor direct PO formation and give the same behavior with the Ags2016 (001) slab
with a small decrease in the interaction energies. Since the direct allyl radical
formation is found unfeasible on the first four scenarios, it is not included in the further
studies. When the electronic properties of the Ags2015Cl1 (001) slab are examined, it
is seen that the modification of silver oxide surface to have 1/3 CI/O ratio at the top
layer only slightly affects the electron density over the top center Ag.O group, where
the epoxidation is studied. As it is expected from the comments on the effect of Cl on
the silver catalyst, the electron densities of the silver atoms are increased from 10.44

to 10.45 and the electron density of the lattice oxygen is increased from 6.68 to 6.69.
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Figure 32: Energetics of direct propylene-surface interactions on Agz2015Cl; (001)
slab

The most probable pathways on the Ags2015Cl1 (001) slab should proceed through the
direct PO formation pathways. Even their formation probabilities are less, OMP1 and
OMP2 pathways are examined in the for both Direction A and B. Also, further
reactions through PO formation are explained in this section.

As it is shown in Figure 33 and Table 6, the OMP1 intermediate is formed in the

Direction A needs to overcome activation barriers of 0.2 eV and 0.6 eV to produce PO
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and PA. Presence of Cl in the vicinity of the allylic hydrogen atoms of the OMP1
changes the allyl formation performance of the OMP1 intermediate drastically. The
energy of Cl adsorption to the oxygen vacancy of silver oxide surface is calculated as
-1.9 eV whereas oxygen adsorption energy for the same vacancy is only -0.1 eV.
Therefore, Cl atom strongly binds the surface silvers and does not attack the allylic
hydrogens of the OMP1 intermediate as strong as the oxygen atom. Allyl formation
due to H-Cl interaction needs to overcome activation barriers of 0.7 eV for OMP1 and
1.3 eV for PO. Therefore, allyl formation on the Direction A is not probable on the
Ag32015Cly (001) slab from neither OMP1 nor PO. As a result, OMP1 formation on
Direction A should result in gas phase PO formation.
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Figure 33: Energetics of the reactions through OMP1 on Ags2015Cl1 (001) slab on
Direction A

Like in the OMP1 case, both PO and Ace formation from OMP2 in the Direction A
have activation barriers as it is given in Figure 34. These activation barriers for PO
and Ace formation pathways from OMP2 intermediate are calculated as 0.2 eV and

0.8 eV respectively. Therefore, OMP2 formation also results in gas phase PO.
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Figure 34: Energetics of the reactions through OMP2 on Ags201s5Cl1 (001) slab on
Direction A

When the propylene molecule approaches to the Ags2015Cl1 (001) slab by positioning
its allylic hydrogen towards the neighbor oxygen atom as it is demonstrated as
Direction B in Figure 31, allyl formation pathway becomes favorable with small
activation barrier as it is shown in Figure 35. According to Figure 35 and Table 6,
Allyl, PO and PA formation pathways from OMP1 have activation barriers of 0.1 eV,
0.2 eV and 0.4 eV respectively. Therefore, the formation of OMP1 in Direction B

should result in allyl radical formation.

Even though OMP1 cannot produce PO, direct PO formation is more probable than
OMP1 formation in Direction B. Therefore, reactions and the desorption of propylene
oxide are still important on this surface. It is calculated that 0.6 eV is required for the
desorption of PO whereas allyl radical formation and OMP1 formation from PO needs
to overcome activation barriers of 0.4 eV and 0.5 eV. Therefore, it is concluded that
the possible PO formation on the Ags2015Cly (001) slab in Direction B ends up with
products associated with allyl production.

OMP2 formation in Direction B can be followed by the reactions towards PO and Ace
with activation barriers of 0.4 eV and 0.9 eV as shown in Figure 36. Therefore, PO

formation pathway should be followed after the OMP2 formation step. However, like

59



in the OMP1 case, PO produced from OMP2 proceeds through allyl formation routes
instead of desorption to the gas phase.
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Figure 35: Energetics of the reactions through OMP1 on Ags2015Cly (001) slab on
Direction B
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Figure 36: Energetics of the reactions through OMP2 on Ags2015Cl1 (001) slab on
Direction B
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Table 6: Activation barriers and reaction energies on Ags2015Cl1 (001) slab

Reaction Activation Barrier (eV) Energy of Reaction (eV)
Propylene — OMPI (Direction 4) - -1.4
Propylene — OMP2(Direction A) - -1.3
Propylene — PO (Direction A) - -2.1
OMPI — PO (Direction A) 0.2 -0.7
OMP1 — PA (Direction A) 0.6 -1.2
OMPI1 — Allyl (Direction A) 0.7 0.6
OMP2 — PO (Direction A) 0.2 -0.8
OMP2 — Ace (Direction A) 0.8 -1.9
PO — Allyl (Direction A) 1.3 1.3
PO (ads) — PO (g) (Direction A) 0.9

PA (ads) — PA (g) (Direction A) 0.6

Ace (ads) — Ace (g) (Direction A) 0.9

Propylene — OMP1 (Direction B) - -1.5
Propylene — OMP2(Direction B) - -1.4
Propylene — PO (Direction B) - -1.7
OMP1 — PO (Direction B) 0.2 -0.3
OMPI1 — PA (Direction B) 0.4 -1.3
OMP1 — Allyl (Direction B) 0.1 -1.0
OMP2 — PO (Direction B) 0.4 -0.3
OMP?2 — Ace (Direction B) 0.9 -1.8
PO — Allyl (Direction B) 0.4 -1.9
PO (ads) — PO (g) (Direction B) 0.6

PA (ads) — PA (g) (Direction B) 0.7

Ace (ads) — Ace (g) (Direction B) 0.9

A932014C|1 + % Os —>Ag32015C|1 -0.1

As a conclusion, the interaction of propylene molecule with Ags201sCl; (001) slab
produces propylene oxide in Direction A in the first interaction step as it is shown in
Figure 37. Thanks to the presence of Cl atom instead of oxygen, this propylene oxide
cannot react to form allyl radical easily and desorbs from the surface by leaving an
oxygen vacancy behind. In order to complete the catalysis cycle and the stoichiometry
of the (CsHs + %2 O2 — C3HsO) reaction, oxygen adsorption follows the desorption
step with -0.1 eV adsorption energy. Therefore, Ags2015Cl1 (001) slab favors gas

phase propylene oxide formation pathway and achieves the second goal of the study.
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Figure 37: The most probable pathway on Ags2015Cl; (001) slab

4.5.2. Energetics on the Ags2014Cl2 (001) Slab

Ag32014Cl> (001) slab has one to one Cl to O ratio at the top layer. Modification of the
top layer of silver oxide surface by replacing two lattice oxygen atoms with two
chlorine atoms increases the electron density of the surface lattice oxygen atom from
6.68 to 6.74. Electron density of the silver atoms connected to the surface lattice
oxygens also increases from 10.44 to 10.47. This shift in the electron density decreases
the PO, OMP1 and OMP2 formation energies on the silver oxide surface. As it is
shown in Figure 38 and Table 7, the interaction between the propylene molecule and
the Agz2014Cl> (001) slab results -1.1 eV, -1.2 eV and -1.7 eV for OMP1, OMP2 and
PO respectively. According to energetics in Figure 38, the interaction of propylene

molecule with the Agz2014Cl> (001) slab most probably results in direct PO formation.
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Figure 38: Energetics of direct propylene-surface interactions on Agz2014Cl2 (001)
slab

Figure 39 and Figure 40 showing the possible pathways from OMP1 and OMP2
intermediates give similar profiles to the figures supplied for the Direction A of the
Ag32015Cly (001) slab. Activation barriers for PO and PA pathways are calculated as
0.2 eV and 0.3 eV for OMPL1 intermediate and the barriers for PO and Ace are
calculated as 0.3 eV and 0.8 eV for OMP2 intermediate. It is found that the allyl radical
formation from OMP1 intermediate and PO via hydrogen abstraction by chlorine atom
have activation barriers of 0.4 eV and 0.9 eV respectively. Like in the Ags2015Cly
(001) slab case, Cl atoms of the Ags2014Cl2 (001) slab prefers to connect silver atoms
of the surface. Hence, their effect on the allylic hydrogens of propylene is weaker than
the oxygen atoms. The interaction between the allylic hydrogen of the OMP1
intermediate and the only neighbor lattice oxygen atom, which is 3.5 A away from the
hydrogen, is additionally investigated and activation barrier for this reaction is
calculated as 2.9 eV. Therefore, this reaction is definitely not probable. In the end, the
formation of both OMP1 and OMP2 intermediates favored the propylene oxide
formation in the gas phase.
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Table 7: Activation barriers and reaction energies on Ags2014Cl> (001) slab

Reaction Activation Barrier (eV) Energy of Reaction (eV)
Propylene — OMP1 - -1.1
Propylene — OMP?2 - -1.2
Propylene — PO - -1.7
OMPI — PO 0.2 -0.6
OMPI — PA 0.3 -1.7
OMPI1 — Allyl + OH 1.0 -2.4
OMPI — Allyl + HCI 0.4 0.2
OMP2 — PO 0.3 -0.5
OMP2 — Ace 0.8 -1.7
PO — Allyl + OH 2.9 -1.8
PO — Allyl + HCI 0.9 0.8
PO (ads) — PO (g) 0.7

PA (ads) — PA (g) 1.0

Ace (ads) — Ace (g) 0.7

Agz013Cly + % O — Ag3014Cl5 -0.3

Like Ag32015Cl1 (001) slab, Ags2014Cl> (001) slab favors PO formation in the gas
phase at the end of the mechanism as it is shown in Figure 41. After the propylene
oxide is desorbed from the surface by creating a surface vacancy, oxygen adsorption
reaction takes place with a reaction energy of -0.3 eV. The adsorption of the oxygen
atom to the surface vacancy restores the Agz»014Cl> (001) slab to its initial state and
completes the catalytic cycle. In this manner, the Agsz2014Cl2 (001) slab also fulfills
the second goal of the study.

The theoretical results on the Ags»O15Cl1 (001) and Ags2014Cl> (001) slabs showed
that there are indeed electronic changes in the surface oxygen and silver atoms due to
the CI addition as it is proposed by the experimental work of Lu for propylene
epoxidation on silver catalyst [81]. This electron flow towards silver and oxygen atoms
decreases the interaction energy of PO with the surface and helps PO desorption.
However, the theoretical results show that the main reason for the improvement on the
PO selectivity made by the Cl addition is the physical effect of Cl on the silver oxide
surface. Cl blocks the active oxygen sites by replacing the lattice oxygen. Since the CI
atoms on the silver catalyst have less affinity towards the hydrogen atoms of the
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propylene than the oxygen atoms have, Cl presence blocks the allyl formation

reactions physically.
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Figure 41: The most probable pathway on Agz2014Cl> (001) slab

4.6. Energetics on the Silver Oxide Slabs with both Gold and Chlorine Doping
4.6.1. Energetics on the Ags1Aui1015Cl1 (001) Slab

Agz1Au1015Cl; (001) slab is prepared with one silver-gold and one chlorine-oxygen
replacements as it is explained in Chapter 3. The surface of the slab has 1/7 Au/Ag
and 1/3 CI/O ratio and surface layer formula can be simply written as AgzAu10sCl.
There are four different possibilities for the investigation of the reactions on this
surface. Two of the possible interactions are the silver side and gold side interactions
over the top center lattice oxygen. Then, these two options also have Cl and O
directions according to the position of the propylene molecule. Since the silver side
simulations on the Agsz1Au1016 (001) slab give very similar results with the Agz2O1e
(001) slab, only the pathways towards Au side are considered for Ags1Au1O15Cl1 (001)
slab in directions A and B demonstrated in Figure 42. According to the energetics data
supplied in Figure 43 and Table 8, direct PO formation pathways are the most probable
result of propylene-surface interaction in both A and B directions. According to data,
modifying silver oxide surface with both chlorine and gold reduces the difference
between the energy levels of PO and the OMP intermediates. As the initial propylene-
surface interaction, Ags1Au1015Cly (001) slab favors PO formation like Ags2016 and
AQ3,015Cly slabs. Additionally, like Ags1AuiOss slab, Agz1Au1015Cly (001) slab has

close energy levels for PO and the gold side OMP intermediates. Therefore, the impact
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of the OMP pathways should be observed alongside with the direct PO pathways in

the experimental conditions.
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Figure 43: Energetics of direct propylene-surface interactions on Agz1Au1015Cly
(001) slab

OMP1 and OMP2 intermediates can be formed with the reaction energies around -1.0
eV in the Direction A on Ags:1Au1015Cl; (001). Once the OMP1 intermediate is
formed on the surface, the reaction can further proceed through PO, PA or allyl (with

Cl-H activation) formation pathways. Since the relatively weaker interaction of OMP1
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with the Ags1Au1015Cl1 (001) slab PO, PA and allyl formation from OMP1 steps have
relatively high activation barriers of 0.6 eV, 0.7 eV and 0.8 eV respectively. According
to this data, also shown in Figure 44, PO formation path is the most probable pathway
among these three routes. Since the allyl and OMP1 formation from the propylene
oxide is harder than the desorption of PO, OMP1 formation on Direction A on
Ag31Au1015Cl1 (001) ends up with gas PO as the product. Like OMP1 mechanism,
OMP2 formation on the Ags1AuiO1sCly (001) slab also follows the PO formation
pathway with an activation barrier of 0.8 eV, instead of Ace formation which needs to

overcome 1.1 eV. Figure 45 shows the relative energies of these two reaction

pathways.
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on Direction A

If the interaction of propylene with the Ags1Au1O15Cly (001) slab yields OMP1 on
Direction B, allylic hydrogen atoms of the propylene molecule come close to the
neighbor lattice oxygen. Then lattice oxygen attacks the allylic hydrogen without any
activation barrier to form allyl radical and OH on the surface. In order to produce PO
and PA from OMP1, activation barriers of 0.4 eV and 0.5 eV should be overcome.
Therefore, allyl formation is the most probable pathway from OMP1 as it is also shown
in Figure 46. On the other way, when OMP?2 is formed, there are 0.8 eV and 0.9 eV
activation barriers for PO and Ace formations. As it is shown in Figure 47, PO formed
on direction B needs 0.7 eV to desorb from the surface when allyl formation from PO
requires 0.9 eV. Therefore, PO desorption is more probable than the ally formation
pathway from PO. However, if Figure 46 is examined again, it can be seen that OMP1
formation from PO requires an activation barrier of only 0.5 eV which is lower than
both PO desorption and allyl formation. Therefore, OMP2 formation pathway
continues as OMP1 pathway after PO formation and ends up with allyl radical
formation.
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Table 8: Activation barriers and reaction energies on Ags1Au;1015Cl; (001) slab

Reaction Activation Barrier (eV) Energy of Reaction (eV)
Propylene — OMPI (Direction 4) - -1.0
Propylene — OMP2(Direction A) - -1.0
Propylene — PO (Direction A) - -11
OMP1 — PO (Direction A) 0.6 -0.1
OMPI1 — PA (Direction A) 0.7 -1.0
OMPI — Allyl (Direction A) 0.8 0.7
OMP2 — PO (Direction A) 0.8 -0.2
OMP2 — Ace (Direction A) 1.1 -14
PO — Allyl (Direction A) 0.8
PO (ads) — PO (g) (Direction A) 0.7

PA (ads) — PA (g) (Direction A) 0.8

Ace (ads) — Ace (g) (Direction A) 0.6

Propylene — OMPI (Direction B) - -1.0
Propylene — OMP2(Direction B) - -11
Propylene — PO (Direction B) - -1.1
OMP1 — PO (Direction B) 0.4 -0.1
OMP1 — PA (Direction B) 0.5 -1.0
OMP1 — Allyl (Direction B) - -1.9
OMP2 — PO (Direction B) 0.8 0.0
OMP?2 — Ace (Direction B) 0.9 -11
PO — Allyl (Direction B) 0.9 -1.8
PO (ads) — PO (g) (Direction B) 0.7

PA (ads) — PA (g) (Direction B) 0.8

Ace (ads) — Ace (g) (Direction B) 0.8

AgglAu1014CI1 + % 07 —>Ag31AU10lSC|1 -0.9

As a summary, the data in Table 8 and Figures 43-47 shows that interaction of
propylene molecule with Agz1Au1015Cl;1 (001) slab most probably leads PO in both A
and B directions indicated in Figure 41. As it is demonstrated in Figure 48, PO formed
in direction B cannot desorb from the surface and produce OMP1. Then this OMP1
on the direction B proceeds through allyl formation resulting acrolein production or
further oxidation. Fortunately, PO formed in Direction A most probably desorbs from
the catalyst surface by leaving an oxygen vacancy behind. Then reaction continues
with an oxygen adsorption step with a reaction energy of -0.9 eV to recover the silver
oxide slab to its initial state. Hereby, the oxygen adsorption step completes the

catalytic cycle and completes the C3He + 2 O2 — C3HgO reaction. According to these
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results, more PO should be observed than the allyl pathway products in the propylene

epoxidation reaction on Ags1AuiO15Cl1 (001) slab.
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Figure 48: The most probable pathway on Agz1Aui1O15Cl: (001) slab

4.6.2. Energetics on the Ags1Au1014Cl2 (001) Slab

Initial interaction between the propylene molecule and the Agz1Aui1014Cl» (001) slab
results in OMP1 formation slightly more favorable than the OMP2 and PO options as
it is shown in Figure 49. It can be said that the difference between the energy levels
become negligibly small for Ags1Au;014Cl> (001) slab. As a result of the gold and CI
doping, interaction of the OMP intermediates and the propylene oxide with the surface
is lower than the interaction energies on the pure silver oxide surface. Bader charge
analysis shows that the electron density of the center top oxygen atom slightly
decreases from 6.68 to 6.67. Therefore, the effect of gold on the charge distribution
around the top center lattice oxygen of the Ags1Au1014Cl> (001) surface is higher than

the effect of the chlorine atoms.
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(001) slab

Activation barriers for the formation of PO, PA and allyl radical from OMP1
intermediate are reported as 0.8 eV, 1.1 eV and 1.2 eV respectively. Therefore, PO
formation step follows the OMP1 formation on the Ags1Au1014Cl2 (001) slab. As it is
also observed in the Agz014Cl, (001) slab, replacement of the nearest two lattice
oxygens with chlorine prevents OH formation on the surface and HCI formation
becomes the only option leading allyl formation on the surface. Since the interaction
of Cl atom with silver is stronger than the interaction of Cl with H, OMP1 to allyl
formation pathway on Ags1Au1014Cl> (001) slab results in this high activation barrier.
Similar to the allyl formation from OMP1, allyl formation from PO also requires a
high activation barrier value of 1.2 eV, which is shown in Figure 50 and Table 9. When
the two allyl formation pathways are eliminated, PO desorption with 0.6 eV desorption
barrier becomes the most probable pathway following the OMP1 and PO formation
steps. When OMP2 is formed on the Ags1AuiO14Cl> (001) slab, the reaction can
proceed through PO formation or acetone formation steps with 0.9 eV and 1.3 eV
respectively (see Figure 51). Therefore, OMP2 formation most probably results PO

in the product stream.
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Table 9: Activation barriers and reaction energies on Ags1Au1014Cl, (001) slab

Reaction Activation Barrier (eV) Energy of Reaction (eV)
Propylene — OMP1 - -1.4
Propylene — OMP?2 - -1.2
Propylene — PO - -1.2
OMPI1 — PO 0.8 0.1
OMPI] — PA 1.1 -0.8
OMPI — Allyl + HCI 1.2 1.0
OMP2 — PO 0.9 0.0
OMP2 — Ace 1.3 -1.2
PO — Allyl + HCI 1.2 0.9
PO (ads) — PO (g) 0.6

PA (ads) — PA (g) 0.7

Ace (ads) — Ace (g) 0.7
AgslAU1013C|2 + % 02 —>Ag31AU1014C|2 -0.7

The most probable reaction steps according to the mechanism explained in section 4.1
are represented for Ag:itAui014Cl> (001) slab in Figure 52. When a gas phase
propylene molecule interacts with Agz1Au1014Cl2 (001) slab, chemisorption step gives
OMPL1 intermediate on the surface. When the required energy to overcome the
activation barrier is supplied, this OMP1 intermediate reacts to form adsorbed
propylene oxide. With the help of neighbor Cl atoms, PO cannot be oxidized further.
Therefore, PO desorbs from the surface by creating a surface oxygen vacancy. Finally,

oxygen adsorption to this surface vacancy happens and completes the catalysis cycle.
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Figure 52: The most probable pathway on Ags1Aui1014Cl, (001) slab
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4.6.3. Energetics on the AgsoAu2014Cl2 (001) Slab

Modification of silver oxide surface with two gold and two chlorine atoms makes the
Au/Ag and CI/O ratios on the top layer 1/3 and 1/1 respectively. In the new surface,
gold modification affects the top center oxygen atom (oxygen of Au2O group) more
than the chlorine doping. According to Bader analysis, the presence of two chlorine
atoms on the surface changes the electron densities of the top center oxygen and gold
atoms. The electron density of the oxygen atom increases from 6.64 to 6.65 and the
electron densities of the gold atoms increase from 10.55 to 10.58 with respect to
Agz0AU2016 slab. These changes also affect the interaction energy of the propylene
molecule with the AgscAu2014Cl> (001) slab and make PO and oxametallo-propylene
intermediates less stable than their equivalents on the Ags20s6 slab. According to data
supplied in Table 10 and Figure 53, OMP2 formation from the interaction of the
propylene with the AgzoAu2014Cl> (001) slab is the most probable route with reaction
energy of -1.0 eV, whereas OMP1 and PO formation steps have the reaction energies
of -0.8 eV and -0.7 eV respectively.
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Figure 53: Energetics of direct propylene-surface interactions on AgzoAu2014Cl>
(001) slab

When OMP1 intermediate is formed on the surface, PO, PA and allyl formation

reactions may occur. According to Figure 54 and Table 10, activation barriers for PO,
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PA and allyl formation steps are calculated as 0.9 eV, 1.0 eV and 0.7 eV respectively.
It is considered that the weak interaction between the intermediate structure and the
surface cannot help AgsoAu2014Cl> (001) slab to catalyze these reactions effectively.
According to this data OMP1 formation should be followed by allyl radical formation
on Agz0Au2014Cl> (001) slab.
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Figure 54: Energetics of the reactions through OMP1 on Ags0Au2014Cl2 (001) slab

When OMP2 is formed on AgsoAu2014Cl2 (001) slab, which is the most probable path
in Figure 53, 1.2 eV and 1.3 eV should be supplied for the PO and Ace formation
reactions respectively (see Figure 55 and Table 10). On the other way, the desorption
of propylene from the surface needs only 1.0 eV. Therefore, PO formation from OMP2
is not probable on Agz0Au2014Cl2 (001) slab.
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Figure 55: Energetics of the reactions through OMP2 on AgzoAu2014Cl> (001) slab

Table 10: Activation barriers and reaction energies on AgzoAu2014Cl> (001) slab

Reaction Activation Barrier (eV) Energy of Reaction (eV)
Propylene — OMP1 - -0.8
Propylene — OMP?2 - -1.0
Propylene — PO - -0.7
OMPI — PO 0.9 0.1
OMPI1 — PA 1.0 -04
OMPI1 — Allyl + HCI 0.7 0.4
OMP2 — PO 1.2 0.3
OMP2 — Ace 1.3 -0.7
PO — Allyl + HCI 1.0 0.4
PO (ads) — PO (g) 0.4

PA (ads) — PA (g) 0.3

Ace (ads) — Ace (g) 0.3
AgaoAU2013C|2 + % 0O — AgsoAU2014C|2 -1.0

The most probable mechanism for the partial oxidation of propylene on the
Ag30AU2014Cl> (001) slab is represented in Figure 56. According to Figure 53, the
interaction of propylene with the AgscAu2014Cl2 (001) slab most probably results in
OMP2 structure. However, the reaction cannot proceed through PO or Ace formation

because of high activation barriers. When the equilibrium condition for the OMP2 is
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achieved, new propylene-surface interactions should result in OMP1formation. When
the OMP1 intermediate is formed on the AgsAu2014Cl2 (001) slab, the reaction
proceeds through allyl radical formation. At the end, acrolein or combustion products
may be expected in the product stream. Therefore, two gold and to chlorine
modification on the silver oxide surface cannot help allyl formation problem. Presence
of the two gold and the two chlorine atoms in the unit cell of the silver oxide surface
substantially decreases the desorption barrier of the propylene oxide from 1.2 eV to
0.4 eV. However, Agz0Au2014Cl> (001) slab cannot produce PO, due to high activation
barriers of the PO formation reaction from the intermediates.
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Figure 56: The most probable pathway on AgzoAu2014Cl2 (001) slab
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CHAPTER S

CONCLUSIONS

The goal of this thesis was to investigate the propylene partial oxidation mechanism
by using DFT calculations and to find out the possible reasons for low propylene
selectivity on silver catalysts and to modify the catalyst to overcome these problems.

Throughout the study, the oxide phase of the silver catalyst, i.e. Ag20, was used.

Mechanism study on the silver oxide study shows that direct propylene oxide
formation on silver oxide surface from the interaction of propylene with surface lattice
oxygen is the most probable mechanism. It is found that the direct allylic hydrogen
abstraction mechanism, which is shown that the reason of high CO2 or acrolein
selectivity on the silver catalyst by many publications, is not possible because of high
activation barrier of 1.9 eV. Even though direct PO formation on the silver oxide
surface is the most probable result of the interaction of propylene with the silver oxide
surface, desorption of the PO from the surface is detected as the rate-determining step
of the gas phase PO formation. Compared with the PO desorption, hydrogen stripping
from PO and formation of OMPL1 via ring opening are found to have barriers around
the half of PO desorption energy. Silver oxide surface with an oxygen vacancy is also
studied. It is found that the situation on this surface is similar to the silver oxide surface
without vacancy. The only difference is the possibility for the propylene to be
adsorbed on oxygen vacant silver site. However, direct propylene epoxidation on one
of the neighbor lattice oxygens is energetically more probable than this interaction. At

the end, the silver oxide surface with one oxygen vacancy produces PO selectively but
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due to the high desorption barrier, PO further reacts with the surface and produces
allyl radical. According to these results, the first goal of the study is achieved. The
reason for the low PO selectivity is reported as the high desorption barrier of PO and
relatively easier allyl formation pathway from PO. According to the findings in this
thesis work, silver (oxide) catalyst should be modified such that, the modified catalyst
should facilitate the PO desorption and it should also obstruct the allyl radical
formation from PO and preferably from OMP1.

In the second part of the study, doping effect is studied. The gold doping is selected
because of the previous reports stating that the products can be desorbed more easily
from the gold oxide than the silver oxide catalyst for ethylene epoxidation case.
Therefore, two different gold modified silver oxide surfaces are prepared with 1/7 and
1/3 gold to silver ratios on the surface. It is found that the desorption energy of PO
from the surface is decreased with the Au/Ag replacement. It is observed that even -
Ag-0-Au- group decreases the PO desorption barrier, it still cannot prevent the allylic
hydrogen abstraction from PO. On the other hand, the -Au-O-Au- group obtained with
two Au/Ag replacement reduces the propylene oxide desorption barrier by half of its
previous value and increases the barrier of the allyl formation from PO significantly.
However, because the gold atoms have higher electron content than the silver atoms
of the surface, the most probable pathway for the first interaction of the catalyst with
the propylene shifts from PO to the OMP intermediates. With the change of the
direction from PO to OMP1, allyl radical formation becomes the most probable result
on the gold modified surfaces. Therefore, the only gold modification cannot make gas

phase propylene formation feasible.

Cl doping is studied as the second alternative modification on the silver oxide surface.
Two surfaces with 1/3 and 1/1 chlorine to oxygen ratio are prepared by replacing
surface oxygen atom(s) with chlorine. While gold substitution is withdrawing
electrons from the surface oxygen, Cl doping increases the valence electron density of
the bridge oxygens. The change in the electronic structure of the surface decreases the
desorption barriers of the products from the surface. Both surfaces modified with CI

gives gas phase PO formation as the most probable pathways. After the desorption of
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the PO from the catalyst, vacancy is filled with the oxygen adsorption and the catalyst
cycle is completed. Besides the electronic effect, the most important effect of Cl for
the PO selectivity is observed to be physical. CI/O replacement on the silver oxide
surface reduces the number of active neighbor oxygen sites responsible for the allylic
hydrogen abstraction from PO or OMPL1. Cl connects to the silver stronger than
oxygen and does not react with the hydrogen as oxygen does. Therefore, Cl blocks the
allyl radical formation by physically reducing the active oxygen sites on the catalyst
surface. On the contrary to the experimental publications stating the effect of the CI
addition is electronic, the results of this thesis show that the main effect of the CI on
the silver catalyst is physical. This finding also explains the reason of the decrease in
the propylene conversion reported in the experimental literature when the silver
catalyst is promoted with CI. Such that it could be wise to expect less activity when

the active oxygen sites are reduced.

The combined effect of the gold and chlorine substitution is also studied. In the
presence of both gold and chlorine, interaction energy of propylene with the surface
in the form of PO, OMP1 and OMP2 formation become weaker. It is observed from
the Bader analysis that the electronic effect of the gold on the lattice oxygen of the
surface is stronger than the effect of the chlorine. Therefore, the gap between the
energy difference of PO and OMP intermediates are closed and even OMP
intermediates become more stable. On the surface with one gold and one chlorine, PO
and allyl formation pathways are found competitive. Hence, chlorine addition
enhances the performance of the gold modified surface. Moreover, the addition of the
second chlorine makes the surface more selective towards PO by blocking all allyl
pathways possible. The surface with one gold and two chlorine modifications also
inhibits the isomerization pathways of the propylene oxide due to high activation
barriers for OMP1 and OMP2 formation from PO. On the other hand, the addition of
the second gold to this structure further weakens the propylene-surface interaction. As
unmodified silver oxide surface suffers from the strong interaction, the silver oxide
surface with two gold and two chlorine doping fails from the other requirement of the

Sabatier Principle. Without the sufficient catalyst-substrate interaction, activation
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barriers between OMP structures to PO rises significantly and allyl formation via Cl-
H interaction becomes the most probable pathway. Therefore, this study emphasizes

that the fine-tuning of the Cl and Au content on the silver oxide surface is essential for

the PO selectivity.
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