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ABSTRACT

COMPUTATIONAL STUDY OF ETHYLENE EPOXIDATION

Ozbek, Murat Olus

Ph.D., Department of Chemical Engineering
Supervisor:  Prof. Dr. Istk Onal

Supervisor:  Prof. Dr. Rutger A. van Santen

September 2011, 89 Pages

This work computationally investigates the partial oxidation of ethylene (i.e. ethylene
epoxidation) using periodic Density Functional Theory (DFT) on slab models that represent
the catalyst surfaces. The mechanical aspects of the reaction were investigated on silver
surfaces, which are industrially applied catalysts, for a wide range of surface models
varying from metallic surfaces with low oxygen coverage to oxide surfaces. For
comparison, the metallic and oxide phases of copper and gold were also studied. On these
surfaces, the reaction paths and the transition states along these paths for the selective
and non-selective reaction channels were obtained using the climbing image nudged

elastic band (CI-NEB) method.

In order to answer the question “what is the relation between the surface state and the
ethylene oxide selectivity?” metallic (100), (110) and (111) surfaces of Cu, Ag and Au; and,
(001) surfaces of Cu,0, Ag,0 and Au,0 oxides were studied and compared. For the studied
metallic surfaces, it was found that the selective and non-selective reaction channels
proceed through the oxametallacycle (OMC) intermediate, and the product selectivity
depends on the relative barriers of the these channels, in agreement with the previous
reports. However for the studied metallic surfaces and oxygen coverages, a surface state

that favors the ethylene oxide (EO) formation was not identified. The studied Au surfaces
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did not favor the oxygen adsorption and dissociation, and the Cu surfaces favored the
non-selective product (acetaldehyde, AA) formation. Nevertheless, the results of Ag

surfaces are in agreement with the ~50% EO selectivity of the un-promoted silver catalyst.

The catalyst surface in the oxide state was modeled by the (001) surfaces of the well
defined Cu,0, Ag,0 and Au,O oxide phases. Among these three oxides, the Cu,0 is found
not to favor EO formation whereas Au,O is known to be unstable, however selective for

epoxidation.

The major finding of this work is the identification of a direct epoxidation path that is
enabled by the reaction of the surface oxygen atoms, which are in two-fold (i.e. bridge)
positions and naturally exist on (001) oxide surfaces of the studied metals. Among the
three oxides studied, only Ag,0(001) surface does not show a barrier for the formation of
adsorbed epoxide along the direct epoxidation path. Moreover, the overall heat of

reaction that is around 105 kJ/mol agrees well with the previous reports.

The single step, direct epoxidation path is a key step in explaining the high EO selectivities
observed. Also for the oxide surfaces, the un-selective reaction that ends up in
combustion products is found to proceed through the OMC mechanism where aldehyde

formation is favored.

Another major finding of this study is that, for the studied oxide surfaces two different
types of OMC intermediates are possible. The first possibility is the formation of the OMC
intermediate on oxygen vacant sites, where the ethylene can interact with the surface
metal atoms directly. The second possibility is the formation of a direct OMC
intermediate, through the interaction of the gas phase ethylene with the non-vacant oxide

surface. This occurs through the local surface reconstruction induced by the ethylene.

The effect of Cl promotion was also studied. Coadsorption of Cl is found to suppress the
oxygen vacant sites and also the reconstruction effects that are induced by ethylene
adsorption. Thus, by preventing the interaction of the ethylene directly with the surface
metal atoms, Cl prevents the OMC formation, therefore the non-selective channel. At the
same time Cl increases the electrophilicity of reacting surface oxygen. The direct

epoxidation path appears to be stabilized by coadsorbed oxygen atoms.



Thus, we carry the discussions on the silver catalyzed ethylene epoxidation one step
further. Herein we present that the EO selectivity will be limited in the case of metallic
catalyst, whereas, the oxide surfaces enable a direct mechanism where EO is produced
selectively. The role of the Cl promoter is found to be mainly steric where it blocks the

sites of non-selective channel.

Keywords: silver, copper, gold, oxide, Ag20, Cu20, Au20, ethylene oxide, EO, DFT.
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ETILEN EPOKSIDASYONUNUN HESAPLAMALI CALISMASI

Ozbek, Murat Olus

Doktora, Kimya Mihendisligi Bolimu

Tez Yoneticisi:  Prof. Dr. Isik Onal

Tez Yoneticisi:  Prof. Dr. Rutger A. van Santen

Eyliil 2011, 89 Sayfa

Bu calismada etilenin kismi oksidasyonu (etilen epoksidasyonu), kataliz ylzeyini temsil
eden slab modelleri Gzerinde periyodik Density Functional Theory (DFT) kullanilarak
cahsilmistir. Endustrial kataliz olan gimis ylzeylerde, tepkimenin mekanik 6zellikleri
incelenmistir. Calismada, az oksijen tutunumlu metalik ylzeylerden oksit ylizeylere kadar
genis bir araliktaki ylzeyler ele alinmistir. Gim{istin yani sira, karsilastirma igin metalik ve
oksit bakir ve altin yiizeyleri de ¢alismaya dahil edilmistir. Bu ylizeylerde, segici ve segici
olmayan reaksiyon kanallari ve bu kanallarda karsilasilan gegcis halleri (transition state)

Climbing Image Nudged Elastic Band (Cl_NEB) metodu ile belirlenmistir.

“Yizeyin durumu ile etilen oksit (EO) seciciligi arasindaki baglanti nedir?” sorusunu
cevaplayabilmek i¢in, Cu, Ag ve Au’nun metalik (100), (110) ve (111) yizeyleri ile, Cu,0,
Ag,0 and Au,0O oksit yapilarin (001) yiizeyleri cahsilmis ve karsilastiriimistir. Calisilan
metalik yuzeyler icin, 6énceki raporlar ile uyumlu bir sekilde, secici ve secici olmayan
reaksiyon kanallarinin oxametallacycle (OMC) ara Uriinli Gzerinden devam ettigi, ve Urin
seciciliginin bu kanallarin karsilastigi orantisal reaksiyon bariyerlerine bagl oldugu
bulunmustur. Ancak, calisilan metalik ylzeylerde ve bu ylizeylerdeki farkl oksijen tutunum
oranlarinda, EO olusumunu on plana gikartacak bir yapiya rastlanmamistir. Calisilan Au

ylzeyleri molekiler oksijen tutunumu ve ayrisimini mimkiin kilmazken, Cu ylzeylerde
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secici olmayan asetaldehit (AA) olusumunun tercih edilen kanal oldugu gorilmustar.
Ancak, Ag ylzeylerde eldi edilen sonuglar promotor eklenmemis glimis katalizin ~%50

seciciligi ile uyum gostermektedir.

Oksit fazindaki kataliz yapilari Cu,0, Ag,0 and Au,0 oksit yapilarinin (001) yizeyleri ile
modellenmistir. Bu li¢ oksit yapisi icinde, Au,0 yapisinin kararsiz olmasina ragmen EO igin
secici oldugu, ancak ¢cok daha kararli bir yapiya sahip olan Cu,0O’nun EO ya karsi segici

olmadigi gortlmistr.

Bu calismanin en énemli bulusu, calisilan (001) oksit ylzeylerinde dogal olarak bulunan 2-
bagh (koprld) yuzey oksijen atomlarin olasi kildigi direkt epoksidasyon kanalinin
tanimlanmis olmasidir. Calisilan tg farkl oksit yapisi icerisinde, sadece Ag,0(001) ylzeyi
bu reaksiyon icin bariyer gostermemektedir. Ayrica, direkt reaksiyon kanal icin
hesaplanmis olan reaksiyon isist (~¥105 kJ/mol) 6nceki rapor edilmis degerler ile

ortismektedir.

Tek adimda gerceklesen bu reaksiyon mekanizmasi, (retimde gorilen yiliksek EO
seciciliginin acgiklanmasinda 6nemli bir adimdir. Metalik ylzeylerde oldugu gibi, secici
olmayan reaksiyon kanali yine aldehit olusumunun tercih edildigi OMC mekanizmasi

Uzerinden siregelmektedir.

Bu ¢alismanin diger énemli bir bulusu, calisilan oksit ylzeylerinde iki farklh OMC olusumu
tanimlanmistir. Bunlardan ilkinde, OMC, oksijen eksik sitelerde etilenin ylizey metal
atomlarina tutulumu sonucu olusmaktadir. ikincisinde, gaz fazdaki etilenin yiizeyi
etkilemesi sonucu yiizeyde olusan bolgelsel yapilanma (reconstruction) direkt olarak OMC

olusumuna imkan vermektedir.

Cl promotor etkisi de incelenmistir. ClI'nin ylizeye tutunumu ytzeydeki oksijen bosluklarini
kapatarak etilen etkilesimini durdurmakta ve direkt OMC olusumuna imkan saglayan
ylzey yapilanmasini engellemekte, bu sayede aldehit olusumunu durdurmaktadir. Ayni
zamanda aktif oksiyen atomlarinin komsulugunda bulunan Cl atomlari, bu oksijenlerin

aktivitesini arttirmaktadir.

Bu bilgiler 1siginda, glimis katalizli etilen epoksidayonu Uzerindeki tartismalari bir adim
tasimaktayiz. Bu calismada, metalik ylzeylerde EO segciciliginin sinirh oldugunu, ancak,

oksit ylzeylerde EO’nun secici olarak uretildigi tek adimlk direkt bir mekanizmanin
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oldugunu gostermekteyiz. Calismalarda, Cl promotoérin etkisinin daha ziyade yapisal

oldugu ve secici olmayan kanalin gerceklestigi siteleri bloke ettigi gorilmdistr.

Anahtar Kelimeler: gimds, bakir, altin, oksit, Ag20, Cu20, Au20, etilen oksit, EO, DFT.
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CHAPTER 1

INTRODUCTION

Molecule-solid interactions play a key role in heterogeneous catalysis. Understanding the
details of these interactions in atomic or molecular scale is an essential step for the
further development. Only in recent past, detailed molecular study of catalytic systems
has become possible. Starting from the late 70’s, electron microscopy techniques like
transmission electron microscopy (TEM), or surface probing techniques like scanning
tunneling microscope (STM), in combination with the use of catalytic models as single
crystal surfaces made it possible to actually “see” the solid catalyst surfaces and
interacting atoms or molecules. Furthermore, theoretical simulation techniques based on
guantum mechanics have made substantial progress, making it possible to understand the
nature and the chemistry of these interactions. This can be recognized by the increasing

importance of computational catalysis. Although systems can be identified physically now,

details of many surface reactions are still waiting to be identified.

In the field of the heterogeneous catalysis understanding the interactions in atomic level
is important [1]. Computational quantum chemistry makes it possible to investigate the
actual systems in atomic levels. With the increase in the computational power, theoretical
models of catalytic systems and simulations of catalytic reactivity close to that of
experimental systems are becoming within reach. Density functional theory (DFT) has
become a well developed computational quantum-chemical tool, which is also widely
applied in catalytic studies. Being a successful approach to describe the ground state
properties as well as transition states of condensed phase and molecular systems make it

is an ideal tool to study heterogeneous surface reactions.



Previous fundamental studies mainly tested the single crystal surfaces under ultra-high
vacuum conditions, at which surfaces stay essentially metallic. These studies played an
important role to understand and improve the applied catalytic systems. Although their
contributions are invaluable, their approach cannot represent the industrially applied high
temperature and pressure conditions. Recent studies indicate that the structure and the
chemical composition of the active catalysis vary from so assumed single-crystal metallic
structures. Furthermore, it has been proposed that under oxygen rich conditions the
active phase of the catalyst is oxide or oxide-like complexes, which can change catalytic

activity considerably [2-6].

Ethylene Oxide

Rt C2H40
)—( +o-0 . ¢
Ethylene Oxygen \
C2Ha 02 ; ‘ ka
Acetaldehyde Carbondioxide Water
CH3CHO CO2 H20

Figure 1.1: Triangular reaction scheme with ball-stick model.

The focus of this study is the silver catalyzed partial oxidation of ethylene (ethylene
epoxidation) to produce ethylene oxide (EQ). As illustrated in Figure 1.1, EO is a small
molecule containing one oxygen and two carbon atoms, all bonded to each other in a
three-member ring configuration via single bonds. EO serves as a very useful chemical
intermediate from which further products such as plastics, polyester, and glycols can be
derived. Industrially it is being produced at large scale, and hence reaction yield is very
important for economical reasons. GIA, who announces the release of a comprehensive
global report on the Ethylene Oxide markets, reported that the global market for Ethylene

Oxide is projected to exceed 27 million tons by the year 2017 [7]. Thus, due to the global



capacity of this process, even slight improvements would have large scale economical

benefits.

Besides its industrial importance, another attracting aspect of this reaction is that it is the
“simplest example of a kinetically controlled, selective heterogeneous catalytic reaction”
[8]. Although thermodynamically favored path is the complete combustion leading to CO,
and H,0 (AH,, =-1327 kJ/mol [9]), kinetics dictates that EO (AH,,, = -105 kJ/mol [9]) is the

major product.

The industrially applied catalyst consists of silver particles dispersed on alumina (Al,O3).
Promoters are added during catalyst preparation and during the process. The EO
selectivity of un-promoted metallic silver lays around 50% [10], whereas this value is ~90%
[11] for the industrial catalyst. However, these improvements on the selectivity were
achieved mainly by trial-error methods [12], thus a fundamental understanding of the

system is still a miss.

One of the main issues is the explanation of the high selectivity of the catalyst. The
optimum state of the catalyst surface at reaction condition is not known. The role of the
promoters, as alkali and chlorine that have to be added to obtain high selectivity is not
well understood. It is known that in the catalytic reaction only the epoxide and total
combustion products are formed. However, until recently a model for the non-selective
ethylene activation processes on the silver surface was missing. For these reasons there is

no conclusive answer yet why Ag is so unique in this reaction.

Fundamental studies were limited to metallic silver surfaces at low oxygen regimes [13-
17]. These studies demonstrated that on metallic silver surface, both the selective and the
non-selective reactions proceed through formation of the oxametallocycle (OMC) surface
complex [18, 19]. The structure of this OMC intermediate is presented in Figure 1.2.
Different isomerizations of OMC form EO or aceticacid (AA). Under reaction conditions AA
rapidly combusts to CO, and H,0, due to the high reactivity of its allylic hydrogen atoms
[17, 20]. Thus the product selectivity depends on the relative barriers of EO and AA
formation (Eg, and Ef4). The competitive formation of EO and AA through
decomposition of the OMC intermediate agrees well with the ~50% EO selectivity of the

metallic silver. However reaching high EO selectivity trough OMC mechanism is still in



debate. Apart from providing an epoxidation mechanism, OMC provides the first

conclusive model for the non-selective AA formation.

Being closely packed, (111) is most stable flat surface for the silver metal. Thus, many
studies used Ag(111) surface to study the ethylene epoxidation. However, recent studies
point to the higher EO selectivity of Ag(100) [10, 21] and Ag(110) [22]surfaces. The
increased EO selectivity of these surfaces was related to the difference in the activation

barriers of OMC decomposition.
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Figure 1.2: OMC geometries on metallic silver surfaces.

Early studies of the epoxidation reaction were based on the idea that adsorbed molecular
oxygen was responsible for selective catalysis. Since dissociation of O, requires several Ag
atoms to accommodate the oxygen atoms generated by dissociation, it was proposed that
Cl would inhibit O, dissociation [14] by blocking the larger ensembles. With the
demonstration that the molecular oxygen hypothesis is invalid and this role of Cl has to be
rejected [8, 15, 16, 23-28]. A competitive model for the promoting effect Cl has been
proposed on the hypothesis that a special type of atomically adsorbed O is responsible for
selective catalysis [29-31], where Cl had a steric role. According to this model Cl
suppresses the presence of vacant Ag adsorption sites that are responsible for non-

selective C-H activation. The latter view will appear as a general question in this thesis.

The Sabatier's principle (i.e. volcano plots) applies to this system as well. That is, in one
hand, the metal-oxygen interaction should be strong enough to dissociate O, molecule to
form atomic oxygen species; in the other hand, not too strong to prevent desorption of

the formed EO and/or cause C-H activation. The molecular oxygen dissociation can easily
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be achieved on the transition metals as well as Ag and Cu but not on Au. However, strong
bound surface oxygen found to act as a Lewis base that promotes C-H activation [17, 32-
35]. Unlike previous studies, which investigated the mechanical effect (i.e. site blocking) of
the Cl promoter, recent studies focus on the electronic effect of Cl that is neighboring the
active O species, where surface and/or sub-surface Cl weakens the metal-oxygen bonds
[36, 37] and makes the oxygen easier to be transferred to the ethylene [5, 6, 16, 17, 36,
38-41].

Although the concept and effect of sub-surface oxygen in ethylene epoxidation were first
considered in the late 80's [16, 17, 38], the majority of the previous studies considered
metal surfaces with low on-surface oxygen ratios. However, with the improvements in the
experimental and theoretical methods, oxide or oxide like structures on surfaces began to
gain emphasis [14, 41-48]. Furthermore, the proposal that the oxide surfaces are the
active phase for the (partial) oxidation reactions finds recent support [49-51]. The
presence of sub-surface oxygen has been reported to increase catalyst selectivity [52-54]
even for the metallic surfaces. For the silver-oxygen systems the local formation of Ag,0
type oxide phases has been suggested [41, 43, 44, 46, 52-54], but there is not a definitive

model for the overlying oxide structures yet.

In this work ethylene epoxidation on oxygenated silver and silver oxide catalyst surfaces
was studied. Our approach was to perform first principles calculations for modeling the
structures and reactions in periodic supercells. By determining the electronic structures of
interacting atoms and molecules in finite systems, accurate descriptions of the surfaces

and surface-reactions were obtained.

We attempt to answer the specific questions “what is the actual catalyst phase and the
reaction path that explains the high EO selectivity?”, “why silver is the unique catalyst for
ethylene epoxidation?” and “what is the role of the Cl promoter?” To answer these
qguestions we have analyzed and evaluated both metallic and oxide systems of silver

catalyst, along with previously tested candidates: copper and gold.



CHAPTER 2

LITERATURE SURVEY

Silver catalyzed ethylene epoxidation to produce ethylene oxide (EO) is an industrially
applied important heterogeneous catalytic process. Following the discovery of the process
in 1930’s by Leford [55] extensive industrial and academic research has led to significant
improvements of the industrial catalyst as well as increasing insight into reaction
mechanism. Despite the fundamental studies devoted to understanding the basic factors
underlying, the molecular reaction mechanism, and the roles of Ag and O in this reaction
are still in debate. Furthermore, why silver is the only catalyst with a feasible selectivity
for the partial oxidation of ethylene to ethylene oxide, and other common oxidation

catalysts such as Pd, Pt or Ni cause complete combustion [13] is not clear.

Industrially applied catalyst consists of Ag particles dispersed on a low surface a-alumina
(Al,03) support. Alkali metals such as Cs are added to the solid phase to improve the
dispersion of the active metal. Chlorinated hydrocarbons are added to the input gas
stream in ppm amounts. Combustion of the organic part deposits Cl on the surface, where
it acts as a promoter and increases the selectivity towards EO. However, throughout the
operation catalyst poisoning occurs as a result of Cl accumulation. The process takes place
around 550 K temperature and 1-10 atm pressure. The EO selectivity of un-promoted
metallic silver lays around 50% [10], whereas this value is ~90% [11] for the industrial

catalyst.

The basic kinetics of the reaction were found to consist of parallel reactions and
consecutive reaction steps [56] (Figure 1.1). Later on acetaldehyde (AA) was introduced as
the intermediate for total combustion. The selective (k;) and non-selective (k,) parallel
reactions are catalyzed by silver, whereas the consecutive isomerization of EO (ks) is found

to be sensitive to the acidity of the catalyst support. For example a study, which compared
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the SiO, and Al,O; supports, related the different EO isomerization ratios for these
supports to the acidity and the amount of the hydroxyl groups forming on the support [20,
57]. The acidic support causes EO isomerization to AA that is rapidly combusted in a

reaction catalyzed by the Ag particle [20].

Early studies on the ethylene epoxidation had a mechanistic approach and the debates
were on the nature of the active oxygen species and the role of the Cl promoter. These

works generated several important proposals. Among these, the two most important are;

1. Force and Bell [29-31] proposed that surface adsorbed atomic oxygen (Os) is
the active species for selective EO formation. Co-adsorbed Cl mainly served to
decrease the amount of the O, neighboring vacancies, at which C-H activation
took place. Thus the Cl promoter increased selectivity by inhibiting the non-
selective path.

2. Kilty and Sachtler [14] proposed that the molecularly adsorbed O, (O,;) was
the active species for the selective oxidation of ethylene whereas O; caused
total combustion. The interesting consequence of this proposal was that the
EO selectivity should be limited to a highest value of 6/7 (85.7 %). This
selectivity value was typically observed for promoted catalyst. Thus, the effect
of the Cl promoter was to reduce the probability for larger Ag surface
ensembles that are needed for O, dissociation. This effect would reduce the

atomic O concentration, therefore to induce the non-selective reaction.

Soon after the 2" proposal, EO selectivities higher than 6/7 were reported [58, 59], giving
the hints of O, was not being the active species. Key surface science type experiments
leading to this conclusion were done by Lambert [15, 23, 24] and Campbell [8, 25-28].
Isotope exchange experiments performed on Ag powder [16] reported the same
conclusion. Basing on these studies, the most important features of ethylene epoxidation

were summarized as [38]:

1. Ethylene reacts with adsorbed atomic oxygen to epoxide.

2. Once the adsorbed atomic oxygen has been formed, the rate-limiting step for
epoxidation is the insertion of this oxygen into C=C double bond. The rate limiting
step for combustion is probably a C-H bond activation, although C=C bond

activation cannot be definitely excluded.



3. Subsurface oxygen (or moderators, e.g., chlorine) seems to be necessary for
adsorbed oxygen to react to epoxide. These subsurface species are stabilized by
alkali-metal atoms, which explain why also alkali metal promoters enhance the
selectivity.

4. From points 1 and 2, it follows why silver is taken as a catalyst: it has the ability to
dissociate oxygen, but at the same time cannot activate C-H (or possibly C-C)

bonds, since it has no open d-shell.

The works on the nature of the active oxygen species also came up with the proposal that
a high local surface oxygen concentration and subsurface oxygen (O,) was needed to
achieve high EO selectivity [16, 17, 38, 60, 61]. After this point, studies began to focus on
the nature of the Ag/O system. Following the work of van Santen [16], the existence and

the effect of the sub-surface oxygen species began to be considered and investigated.

From this point on, the studies on the ethylene epoxidation can be categorized in two
groups. The first group studies the structure of the active Ag/O phase using experimental
and theoretical methods [40, 41, 43, 44, 50, 62, 63]. The very first samples of this group
begin with the inspection of the increasing on-surface oxygen coverage on the clean silver
surface [64-67]. These studies showed that, after a relatively low surface coverage of O, is
achieved, oxygen began to diffuse into sub-surface layers [64, 65]. More recent studies of
this type investigate the nature and the stability of the structures forming under high
oxygen regimes, and the activity of oxygen in these structures. Comparisons for different
structures, temperatures, pressures and coverage are carried out by building
temperature-pressure phase diagrams to predict surface oxide concentrations as a
function of oxygen chemical potential, based on ab-initio thermodynamics [12, 41, 50].
These studies reached important conclusions such as under high oxygen pressure regimes,
oxide like species found to be more stable compared to the single crystal metal surfaces
[5, 6], as well as confirming the formation of Ag,0 or similar oxide phases at the

corrugated and the Ag(100) surfaces [50, 63].

There is now an extensive surface science literature on the oxygen over layers formed on
single crystal surfaces exposed to high pressure oxygen, often accompanied with
substantial metal atom restructuring [2, 41-49]. Moreover, the activity of the oxygens in 2-

fold in bridge positions, which are available on oxide surfaces, were emphasized [68].



In fact, these proposals are in line with the reports of the increase in catalytic activity due
to the formation of oxide (or surface-oxide [42, 46]) layers on the metallic catalyst
surfaces under oxygen rich conditions, and suggest the actual catalyst as the oxide phase.
For the partial oxidation of ethylene, the role and the influence of subsurface atomic
oxygen (O) on the catalytic reactivity and the selectivity patterns for the silver catalyzed
ethylene epoxidation had been proposed previously [16, 38, 60, 61, 69], however it has

not been involved in any of the previous mechanistic studies.

These studies investigating the Ag/O phases have not resulted in a definitive description
of silver-oxide over layer structures. But, different interesting models were proposed to
explore the reactivity of adsorbed oxygen atoms as a function of concentration and

adsorption mode.

On the other hand, different oxygen adatoms (i.e. nucleophilic and electrophilic) with
different activities towards selective and non-selective reactions were reported previously
[14, 20, 25, 70-74]. Some authors relate the different activities of these surface adsorbed
atomic oxygens (O;) to different adsorption sites [16, 38, 60, 69, 71, 72]. For instance, it
has been suggested that the O with a lower Ag coordination number, which means
weaker adsorption and/or electrophilic nature, would be more reactive towards
epoxidation [16, 19, 22, 38, 60, 68, 70-76]. When industrially applied high oxygen
regimes are considered, previous reports on the increased activity of the oxidized surfaces
towards EO, where O is present [16, 38, 60], agree with these points. This idea also
agrees with the proposals of oxide or oxide-like surfaces, where O, occupies the bridge

positions, being the active phase towards epoxidation [68].

The second group of studies focuses on the reaction kinetics and pathways of the
epoxidation reaction. In the early works direct epoxidation of ethylene was proposed
especially for high oxygen regimes. [17, 38, 71, 72]. However later works focused on
metallic silver surfaces with low oxygen coverage. Among these works, experimental [19,
75, 77, 78] and computational [10, 19, 21, 22, 76, 79, 80] studies have concluded that
oxametallocycle (OMC, Figure 1.2) is the common surface intermediate for both EO and
AA formation. OMC forms on the catalyst surface through a well defined Langmuir-
Hinshelwood (L-H) mechanism with the reaction of Oy and CyHypgs). It is the common
precursor for both the selective and the non-selective reaction channels that produce EO
and AA respectively. Thus, the product selectivity depends on the relative barriers of the
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product formations (Eg, and Ef,) through the decomposition of the OMC intermediate.
So far, studies on the metallic silver surfaces have reported activation barriers for EO and
AA formation that are close to each other, which would explain the ~50% EO selectivity of
the un-promoted metallic catalyst (i.e. model catalyst). However, an OMC model that
would explain the high EO selectivity of the industrial process has not been proposed yet.
On the other hand, apart from providing an epoxidation mechanism, OMC is the first

conclusive model that explains the parallel non-selective AA formation.

Studies on the surface-oxide models for the Ag(111) surface [36, 81, 82], also produced
similar results to those on metallic surfaces. However, recent studies point to a higher
activity of Ag(100) [10, 21] and Ag(110) [22] surfaces. This increase in EO selectivity on
these surfaces was related to the altered OMC decomposition barriers. On the other hand,
it is known that increasing the partial pressures of ethylene and oxygen has direct and
positive effects on the reaction rate and the EO selectivity [10, 20, 21, 70]. High EO
selectivity of the industrial catalyst under oxygen rich conditions cannot be easily modeled
with the OMC mechanism, because for all oxygen coverages on metallic surfaces, selective

and non-selective paths compete.

Unlike the early studies that considered the steric effect of the Cl promoter, recent studies
[36, 81] report the electronic effect of the promoters that are operational on a metallic
surface. The Cl in the vicinity of the active surface oxygen weakens the Ag-O bond making
the oxygen more easily transferable to ethylene. This effect changes the selectivity of

OMC decomposition.

Unlike silver, the literature on the potential of the other metals for ethylene epoxidation is
rather scarce. Two computational studies carried out for Cu(111) [79] and Au(111) [83]
surfaces with 25% O-coverage reported that, the epoxidation reaction proceeds through
the OMC intermediate as in the case of metallic silver surfaces. For the Au(111) surface it
was concluded that differences of the activation energy barriers on Au and Ag are
comparable. The main difference between these metallic surfaces relates to the ease of
0, dissociation. On the other hand, the Cu(111) surface showed a lower activation barrier
towards EO formation. Notwithstanding the endothermicity of the reaction of ethylene to
EO with O,4 on Cu, it was suggested that, in theory, Cu would be a potential interesting

candidate for EO catalysis. Nonetheless, there is no experimental report of selective
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epoxidation catalysis of ethylene catalyzed by copper. Why other transition metals like

copper and gold does not catalyze this reaction is still in debate.

Another important point that determines the EO selectivity is the size effect. Several
studies concluded that the larger catalyst particles had higher EO selectivities [70, 74].
However the proposals on the size effect vary from the electronic effect (i.e. binding

energies) to the amount of the surface defects and reconstructions.
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CHAPTER 3

THEORY AND METHODOLOGY

The results obtained in this work were obtained by modeling the structures and reactions
using quantum chemical methods. The theory behind, utilized software, models and the

methodology are explained in this chapter.

3.1. Density Functional Theory

Density functional theory (DFT) has proven itself to be a successful tool for theoretical
chemistry. Especially following the advances in the theory, and the computer power,
realistic applications became feasible. Nowadays DFT became a popular tool in theoretical
studies of chemistry and physics. This chapter aims to give a brief summary on the

foundations of this method.

In 1925 Erwin Schrodinger formulated the Schrédinger equation, which describes how the
guantum state of a physical system changes in time. For the any N-electron system that is

stationary in time, or in a stationary state, the time-independent Schrédinger equation is,

HY = [T +V,, + U¥

— [2_—v2 EV(rl)+ZU(Tl,F]-) wogy O

i<j
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where, H is the Hamiltonian, E is the total energy, T is the kinetic energy, V., is the
potential energy from the external field due to positively charged nuclei, and U is the
electron-electron interaction energy. The operators T and U are called universal operators
as they are the same for any N-electron system, while V is system dependent. This
complicated many-particle equation is not separable into simpler single-particle equations
because of the interaction term U. With its current form, Equation 2.1 can be considered
as a force balance for a single atom. However, even for a simple di-atomic molecular
system, more terms such as coulomb interaction for the nuclei should be added.
Considering this, it can be seen that the solution of this equation for a molecular system is

quite complicated.

There are many sophisticated methods for solving the many-body Schrodinger equation
based on the expansion of the wavefunction in Slater determinants. While the simplest
one is the Hartree-Fock method, more sophisticated approaches are usually categorized
as post-Hartree-Fock methods. However, the problem with these methods is the
computational effort required, which makes it unfeasible to apply them to larger and

more complex systems.

Here DFT provides an appealing alternative, being much more versatile. It provides a way
to systematically map the many-body problem, with U, onto a single-body problem

without U.

In DFT the key variable is the particle density p(7), which for a normalized wavefunction

(W) is given by

p(F) = Nfd3r2fd3r3 ...fdBrNsv*(f,F;,...,F,;)W(f,@...,r,;) (3.2)

DFT is nowadays a common tool for computational physicists, chemists and material
scientists in the investigation of the properties of many-body systems. DFT has been
shown to be quite accurate in predicting description of the ground state (electronic
structure, dynamical, structural, thermochemical stability and transport) properties of

materials, in bulk, at surfaces and nanostructures.
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The starting point for understanding DFT is to go back to the Thomas-Fermi (TF) model
which was independently put forward by Enrico Fermi and L.H. Thomas for a solution to

many electron problem [84, 85].

5
Ewuﬂ=Afd%wvf“+fd%nm@PMﬂ+de%Mﬂ“3
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Where 4 = 2 (312)3 B——§(3)1/3 d Ve (r) = — %
ere —10( m*)3, B = 2> and Ve (r) = e
In equation 2.3, the first term is the local approximation to the kinetic energy, the third
term is the local exchange and the last term is the classical electrostatic Hartree energy.
To represent the exchange energy of the atom, Dirac added exchange energy functional to

the TF model in 1928.

In 1964 Hohenberg and Kohn (HK) [86] laid the foundations of DFT with a view to
systematically mapping out the many-body problem, by taking the electrons moving
under an external potential. Hohenberg and Kohn gave proofs of two key theorems of

DFT:

1. The ground state electron density, py, of a many electron system in the presence
of an external potential, V,,, uniquely determines, except for a constant, the
external potential, V,.(r). This implies that all properties are functionals of the

electron density.

This theorem basically demonstrates the existence of a one-to-one mapping
between the ground state electron density and the ground state wavefunction of

a many-particle system, ¥(r) < p(r).

2. The ground state energy can be obtained variationally: the density that minimizes
the total energy is the exact ground state density py i.e. €[p] > €[p,] for every trial

electron density p.

The electron density, p(r), is given by

14



p(r) =N f dSTZ f d3r3 f dSTN |KP(F’ ?2,?3, ...,FN)lz (34)

Later on, in 1965 Kohn and Sham (KS) gave a prescription for obtaining the total energy of
an N-electron density using one-particle formalism, by introducing the kinetic energy
term. In this formalism the total ground state energy, the kinetic energy, the electron-
electron interaction energy and the energy of the electrons in the external potential are
all functionals of the electron density. KS considered a fictitious system of N non-
interacting electrons that were subjected to a local potential Vs(r), which was exactly
mapped, density-wise, to a system of interacting electrons with a potential V(r). The total

electronic energy in the KS formalism is given by

E[p] = Ts[p] + Vext[p] + U [P] + Exc[p] (3.5)
= f drV(r) + F[p] (3.6)
Where
1 2
F[p] = T[p] + Ef dT'f dr’ P(?)P'(F)m + EXC[p] (3.7)

In equation (2.7), T[p] is the kinetic energy of a non-interacting gas with density p(%)
and the second term is the classical electrostatic (Hartree) energy, Ex[p] is the exchange-
correlation energy, which contains the non-classical electrostatic interaction energy and
the difference between the kinetic energies of the non-interacting and interacting
systems. Using equation (2.7) the variational problem of the HK density functional can be

written as
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5| Flo1+ [ dr Ve @p@ - u(| drp@) - W] = 0 (3.8)

where u is a Lagrange multiplier used to constrain the number of electrons to be N.

Rewriting equation (2.8) as

6T, ,
() [Fp)] + Vks(@) = (3.9)

Where the KS potential Vg(7) is given by

Vs () = f drr%wmm b Vo () (3.10)
With
O0E
Vyc(@) = #r%p] (3.11)

The ground state density, po, for this non-interacting system can be obtained by

minimizing the KS energy functional:

1
Hysti(7) = [ 5 V2 + Vs (P = ep() (3.12)

And the electron density is given by
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N/2

() =2) PP (3.13)
i=1

(the factor 2 accounts for the spin degeneracy).

The exact analytical form of the universal exchange-correlation energy, Ex/p], functional
in DFT is not known and it is approximated. One of the most widely used approximations
is the local density approximation (LDA). The LDA substitutes the exchange-correlation
functional of an inhomogeneous system with that of an electron gas computed at the local
density i.e. it assumes that the exchange-correlation interactions between electrons can
be approximated by the local interactions in an electron gas. The LDA's exchange-

correlation energy is given by:

Exclp) = [ exc(pp@d*r (3.14)
Where the exchange-energy per electron is that of the homogeneous gas is
exclp] = e)f(lgm(p)lp=p(i’) (3.15)

The exchange-correlation potential then takes the form

OE d
Vic) = ol = e 0 + 9 ) Py (310

The values of exchange-correlation energy of homogeneous electron gases of varying

densities have been calculated by Ceperley and Alder [87] using Monte Carlo methods. In
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the limit of slowly varying densities the LDA is exact. However, most physically interesting
systems have rapidly varying densities thereby rendering the LDA to be a very crude
approximation. Surprisingly, even in these cases the LDA gives very good results! Part of
this success can be attributed to the fact that it obeys the sum rule for the exchange-
correlation hole [88]. A spin polarized form of the LDA is the local spin density

approximation (LSDA), which takes the electron spin into account as follows:

Exclo1,p 4] = f exc(p 1.p V@ d3r (3.16)

An improvement of the LDA is the generalized gradient approximations (GGA), which not
only takes into account the local density but also includes the density fluctuations

(inhomogeneities) via the gradient of the density at the same coordinate:

Exclo] = [ exc(p.9,)p () (317)

The GGA functional gives very good results for crystalline properties, ground state
energies and molecular properties. Two of the most common analytic representation in
use for 6}}2"‘ are that of Perdew and Zunger [89] and that due to Perdew and Wang [90].
In this work we have mostly used the Perdew and Wang parameterization of the GGA

(PW91).
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Figure 3.1: The self-consistent electronic iteration loop used in DFT

computation.

In DFT computation, one makes an initial guess of the electron density, p(r), (Error!
eference source not found.). This electron density is used to calculate the effective
potential using either the LDA or the GGA functional. The effective potential is then used
to solve the KS equation after which the electronic density is computed. This process is
repeated iteratively until self-consistency is achieved. Once the self-consistent loop is
converged one can then calculate properties such as total energy, band structure and

density of states (DOS).

Although the GGA has done much better than the LDA but there are cases where the LDA
has also given very good results. This is evident in the 5d transition metals[91] and in
alumina structural predictions [92, 93] where the LDA has scored favorably relative to the
GGA. Well known deficiencies of LDA include overestimation of bulk modulus and
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cohesive energy, underestimation of lattice constant and thus cell volume. Thus, the LDA
gives a lower bound to the pressure for a given volume. The GGA's shortcoming, on the
other hand, include: underestimation of the bulk modulus and cohesive energy,
overestimation of lattice constant and thus cell volume. It thus gives an upper bound to

the pressure for a given volume.

An improvement of the GGA are the hybrid functionals. The hybrid functional incorporate
a portion of the exact exchange from Hartree-Fock with that from DFT's exchange-
correlation form. For instance, the B3PW91 uses the Becke-3 exchange blended with the
PWO91 correlation. The B3LYP functional has a fraction of exact (Hatree-Fock) exchange
and a correlation-energy functional from the LDA. It combines Becke's 3-parameter
exchange functional [94] and the non-local correlation potential of Lee, Yang and Parr [95]

as shown in equation (2.18).

EB3LYP = pLDA | aO(E)I-gF _ E)L(DA) + aX(E}G(GA _ Eé,(DA) 18
+ ac(ES5A — EXP4) '

Where the coefficients a; are adjustable parameters, which are determined from a fit to
atomization energies, ionization energies, atomic charges and proton affinities from a set

of molecules.

3.2. The VASP Software

All the DFT calculations presented in this work were performed using the Vienna Ab-initio
Simulation Package (VASP) [96, 97], which was developed by G. Kresse, J. Furthmuller and
their colloquies in the University of Vienna. The software was developed for solid state
systems with periodic boundary conditions. It is developed as an DFT algorithm to solve
the many body electronic problem via the Kohn-Sham equations. Plane wave basis sets
are used to express the electronic properties such as charge density and orbitals. The

interactions between the electrons and the ions are described by using projector-
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augmented wave (PAW) method. To determine the electronic ground state, VASP carries
out two types of numerical iterations: i) the inner (electronic) loop and ii) the outer (ionic)
loop. The inner loop is essentially an implementation of a self—consistent algorithm for
solving the Kohn—Sham equations. The total energy and the forces are also evaluated. The
outer loop is concerned with the ionic movement and supports geometry optimization

and molecular dynamics algorithms. More detailed information is available at:
http:/cms.mpi.univie.ac.at/vasp/vasp/vasp.html.

The results were mostly produced and analyzed using standard methods, such as the
density of states analysis and charge analysis. However, a non-standard method was
implemented to study the reaction coordinates. The reaction paths and the transition
states (TS) along these reaction paths were produced using the nudged elastic band (NEB)
method, with the implementation of climbing image method (CI-NEB) [98]. In the
standard NEB application, N number of images are produced between the two stable
points corresponding to the reactants and the products. During the optimization
procedure each image is relaxed separately. However, these images are bound to each
other via spring forces, and also to the potential energy surface (PES) with the tangent
forces. Thus, a continuous path on the PES between the reactants and products is kept. In
the standard implementation of NEB, the images are not allowed to move on the PES
along the created path. However, on CI-NEB implementation, movement of the images
along this path is possible. Thus, it is possible to obtain the exact TS only using the NEB

run. More detailed information on this implementation can be found at:

http://theory.cm.utexas.edu/vtsttools/neb

3.3. Preparation of Surfaces

The first step in this theoretical study was to prepare the model surfaces to be studied.
Three transition state metals Cu, Ag and Au were studied for their metallic and M,0 oxide
phases. To obtain the surface models, first the metallic and oxide crystals were optimized

for their bulk parameters. Once the optimum parameters for the bulk crystals were
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determined construction and optimization of the surface models (slab) to be studied were

carried out.
The studied model surfaces are,

o p(2x2), p(3x3) and p(4x4) Ag (111) metallic surfaces,

e p(3x3) Cu(111) and Au(111) metallic surfaces,

e p(2x2) (100) and (110) metallic surfaces of Cu, Ag and Au, and,
e p(2x2) Ag,0(001), Cu,0(001) and Au,0(001) oxide surfaces.

Later on, reaction paths and energetics were studied on these surfaces for ethylene

epoxidation. The model preparation process is explained below.

3.3.1. Metallic Surfaces of Copper, Silver and Gold

Metallic Cu, Ag and Au crystals have face centered cubic (FCC) structure with a Fm-3m
(#225) symmetry [99]. FCC crystal for these elements is schematically presented in Figure
3.2. A comparison of the experimentally measured and optimized cell parameters for

these elements are listed in Table 3.1.

Table 3.1: Experimental and optimized bulk parameters for given metals.

Element Experimental Value [99] Optimized Value
Cu 4.049 3.635
Ag 4.086 4.155
Au 4.078 4.168

*For the optimization of the lattice parameter (15x15x15) k-points and

500 eV cut-off energy was used.
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Figure 3.2: Schematic representation for Cu, Ag and Au FCC crystals.

Once the crystal cells were optimized, M(hkl) surfaces were prepared by cutting the bulk
structures along each respective plane. Then periodic supercells are prepared by placing a
vacuum region above each surface. The minimum height of the vacuum region used was
15 A. Each surface model (supercell) was relaxed to observe surface relaxation. At this
step, by relaxing several slabs of different thicknesses, the surface energies were also
calculated as described in [100]. By determining the point where the surface energies
were converged, the optimum thicknesses of the slabs were also determined. The
calculated surface energies and the parameters of the slabs are listed in Table 3.2.

Schematic representation for the metallic surfaces can be seen in Figure 3.3.

iﬁm
Eﬁiéﬂﬁf%;
LI AT ;‘Zilﬁ

LISCLIGLL

(100) (110) (111)

Figure 3.3: Schematic representations for the studied metallic surfaces. The light and dark

shaded circles represent the surface and the sub-surface atoms, respectively.
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Table 3.2: Supercell thicknesses and surface energies of metallic surfaces.

Slab Slab Thickness Vacuum Calculated Reference
Thicknes Thicknes Ecur Ecur
Surface (Atomic Layers)
s s
W/m?*  (/m*)[101]
(A) (A)
Cu(111) 6.213 4 15 1.95 1.82
Cu(100) 8.063 6 15 2.15 2.16
Cu(110) 8.84 6 15 2.29 2.23
Ag(111) 7.188 4 15 1.01 1.24
Ag(100) 9.197 6 15 1.18 1.20
Ag(110) 10.119 6 15 1.35 1.23
Au(111) 7.277 4 15 1.32 1.50
Au(100) 9.191 6 15 1.72 1.62
Au(110) 10.150 6 15 1.85 1.70

3.3.2. Oxide Surfaces of Copper, Silver and Gold

Figure 3.4 shows a schematic for the unitcells of the Cu,0, Ag,0 and Au,0 crystals. All
these three crystal have FCC structure with a Fm-3m (#225) symmetry [35, 102]. The FCC
metal atoms, and O atoms occupy 2 tetrahedral sites on the volume diagonal of the cube.
A comparison of the experimentally measured and optimized cell parameters for these

elements are listed in Table 3.3.
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Figure 3.4: Schematic for Ag,0, Cu,0, Au,0 crystals.

Once the crystal cells were optimized, M,0(001) surfaces were prepared by cutting the
bulk structures along each respective plane. Then periodic supercells were prepared by
placing a vacuum region above each surface. The minimum height of the vacuum region
used for the oxide surfaces is 15 A. Each surface model (supercell) was relaxed to observe
surface relaxation. At this step, by relaxing several slabs of different thicknesses, the
surface energies are also calculated as described in [100]. The surface energy is calculated
only for the Ag,0(001) surface as 1.324 J/m”. The parameters of the M,0(001) surpercells
are listed in Table 3.4. The M,0(001) surfaces used in the calculations consist of 4 layers of
M,0 chains, that is 8 atomic layers counting each metal and oxide layer. Schematic

representation for the oxide surfaces can be seen in Figure 3.5.
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Table 3.3: Experimental and optimized bulk parameters for given metal oxides.

Element Experimental Value Optimized Value Formation Energy
(A) (A) (ki/mol)
Cu,O 4.26 4.30 -134
-169 [99]
Ag,0 4.72 4.82 -39
-31[99]
Au,0 4.81 4.79 +21
+22 [35]

*For the optimization of the lattice parameter (15x15x15) k-points and 500 eV cut-off

energy was used.

** Formation energies calculated with the formula: 2xM i + %2 O3(gas) = M20 puik)

Figure 3.5: Perspective view of M,0(001) surfaces (Gray: metal atoms and, red: oxygens).
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Table 3.4: Parameters of the M,0(001) supercells.

Slab Thickness Vacuum Thickness

Surface (A) (A)
Cu,0(001) 7.31 15
Ag,0(001) 8.36 15
Au,0(001) 8.34 15

3.4. Computational Details

The results presented in this work were obtained with the the periodic DFT computations
that were performed with the VASP package [96, 97], using PW basis sets with GGA [103,
104]. For all the computations presented within this work, 500 eV cut-off energy was
used. Necessary dipole corrections due to the asymmetric usage of slabs were included
into the computations. All the results presented were obtained by relaxing the structures
until the net force acting on the ions was < 0.015 eV/A. The reaction paths were
generated using the climbing image (CI-NEB) method [98]. Spin polarized computations
were carried out for the necessary systems such as those involving molecular oxygen, or

those involve gold, and the corresponding energies were reported.

3.4.1. Atoms and Molecules in Vacuum

The total energies of gas phase atoms and molecules (i.e. in vacuum and non-interacting)
were calculated by placing them in a supercell, where the periodic atoms/molecules were
separated with a minimum of 10 A vacuum distances in all Cartesian directions. These

computations were performed using a single k-point (gamma point) K-points mesh.
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3.4.2. Metallic Surfaces

The (100), (110) and (111) metallic surfaces of d-block metals Cu, Ag and Au were studied
and compared for the reaction paths and intermediates along the ethylene epoxidation
reaction. The M(100) and M(110) surface models of these metals (M: Cu, Ag and Au), were
constructed using 6 layers thick p(2x2) slabs. In the computations the K-points sampling
was generated using the Monkhorst Pack procedure with a (4x4x1) mesh for all the

computations involving these slabs.

The M(111) surfaces for these metals were modeled using 6 layers thick slabs. For the
Ag(111) surface, slabs of 2 different sizes were prepared to study the coverage effect.
Thus, in the following sections results were presented for p(3x3) and p(4x4) Ag(111)
surfaces, whereas only for p(3x3) Cu(111) and Au(111) surfaces. During the computations
involving these models, the k-point sampling was produces using a (3x3x1) mesh for the
p(4x4) Ag(111) and using a (4x4x1) mesh for all the remaining p(3x3) M(111) slabs. For all
the metal surfaces studied, periodic the structures were separated with 15 A vacuum

distances.

3.4.3. Oxide Surfaces

As explained in the previous sections, the M,0(001) surfaces (M: Cu, Ag, Au) were
constructed from their respective crystals [35, 102] upon optimizing lattice parameters.
Each M,0(001) slab consists of 8 atomic layers (for example 4 Ag,O layers, 8.5 A) with a
p(2x2) square surface. The supercells were constructed with a minimum vacuum height of
15 A. In the calculations the bottom layer was kept fixed for all the slabs, where all the
remaining atoms were relaxed. The k-points sampling was generated by the Monkhorst

Pack procedure with a (4x4x1) mesh for all the slabs.
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3.4.4. NEB method and the Determination of the Transition States

Once the geometries for the reactants and the products were obtained, the candidate
reaction paths were studied between these two geometries using CNEB method. Using a
script, a series of equally separated images (usually 4 or 8) were produced between the
reactant and the product geometries. The script produced N number of images by linearly
dividing the distance between initial and the final position of each atom. During a NEB
run, each image was relaxed on the potential energy surface (PES), while still being kept

tied to each other.

At the end of the NEB run, the geometry with the highest energy is taken as a candidate
for transition state (TS), and further relaxed using Newton-Raphson algorithm. The
resulting geometry was then tested to see if it is the exact TS, using the vibrational
analysis. Once a single imaginary (or negative) vibrational frequency along the reaction
coordinate was observed, the geometry was taken as the TS geometry and the

corresponding energy as the TS energy.

3.4.5. Vibrational Frequencies and Zero Point Energies

The vibrational frequencies of adsorbed surface species and transition states were
calculated by calculating the Hessian matrix based on a finite difference approach with a
step size of 0.02 A for the displacements of the individual atoms along each Cartesian
coordinate. During the frequency calculations symmetry was excluded explicitly. The
frequencies of the surface ions were excluded basing on the frozen phonon

approximation.

Zero-point energy (ZPE) corrections were calculated using the harmonic approximation;

and the positive modes of the vibrational data. The half of the sum of the normal mode
frequencies produced the zero point energy difference (hv/z), and thus could be

calculated directly from the computational output. Within this work, in the following
chapters, for the reported values of zero point energy corrected activation energy

barriers, ZPE correction was included for both the reactant and the transition state.
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CHAPTER 4

RESULTS AND DISCUSSION

Ethylene epoxidation reaction was investigated for its reaction mechanisms on various
surfaces of silver as well as two more candidates copper and gold. On the possible catalyst
surfaces the reaction paths, transition states along these paths and the reaction energies
were studied and compared at varying surface oxygen ratios. The effect of the oxygen
coverage was also studied by using different surface models varying from metallic to oxide
surfaces. This chapter presents these studies by giving the results obtained with
discussions. In the first section the ethylene epoxidation reaction is investigated for
different metallic surfaces of Ag, Cu and Au, and at varying oxygen coverages. The second
section presents the direct epoxidation mechanism on Ag,0(001) surface identified in this
work. The third section makes a comparison between silver oxide, copper oxide and gold
oxide surfaces. The last section opens a discussion for the surface stability and the effect

of the Cl promoter.

4.1. Ethylene Epoxidation on Metallic Surfaces

This section aims to address the following points. First of all, a clear separation between
the oxygen adsorption sites (i.e. fcc v.s. hcp sites of (111) surfaces) and the corresponding
activity of the surface oxygen on epoxidation has not always been done consistently.
Although the difference between adsorption energy of oxygen on fcc and hcp sites is not
large, the extra stability of surface oxygen may play a role on the EO selectivity. Secondly,
as it will be demonstrated, high oxygen coverage prevents the on surface ethylene

adsorption, and changes the OMC formation mechanism from Langmuir-Hinshellwood (L-
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H) to Eiley-Rideal (E-R). This change in the mechanism of surface complex formation may
change the rate limiting step of overall reaction. And finally, the ethylene epoxidation on
the metallic surfaces of Ag, Cu and Au has been studied by many different groups with
different approaches. Therefore, a comparison of these different results is not always
readily possible. Since we apply the same approach to the study of the different systems,

such a comparison can now be more reliably made.

The ethylene epoxidation on metallic surfaces was handled in two parts. In the first part
the effect of the oxygen coverage on the epoxidation mechanism was studied for Ag(111)
surface. In the second part, the epoxidation mechanism was investigated for the metallic
(100), (110) and (111) surfaces of Cu, Ag and Au. The results are presented below with

discussions.

4.1.1. Part I: Oxygen Coverage Dependence

Effect of oxygen coverage on ethylene epoxidation was investigated on the Ag(111)
surface for the 1/9, 4/16 and 3/9 ML oxygen coverages. The results are presented below

with discussions.

4.1.1.1. Oxygen and Ethylene Adsorption

Figure 4.1 shows the adsorption energies of oxygen and oxygen distribution on the
Ag(111) . The adsorption energies were calculated for the simultaneous dissociative
adsorption of n/2 gas phase molecular oxygen (Oyg). An example calculation is given

below for the p(4x4) surface where the oxygen coverage increases from 0 to 4/16 ML.

1 1
Eqas = 1 [E(slab with 4 oxygen) — E(clean slab) — 4x(§ Oz(g))]
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As expected, the adsorption energy is higher for the low coverages and decrease with the
increasing coverage. There is a constant energy difference of ~10 kJ/mol between the fcc

and hcp adsorption of oxygen.

The experimental value for oxygen adsorption (0.41 ML) on silver surface is approximately
40 kJ/mol for per adsorbed oxygen atom [64]. The fcc adsorption energies in this work are
very close to this experimental value. In a previous work that studied Ag-O interaction
theoretically [62] the adsorption energies of oxygen are listed as -46 and -29 kJ/mol for fcc
and hcp sites respectively at 1/9 ML coverage, and, -14 and -3 kJ/mol fcc and hcp sites
respectively at 3/9 ML coverage. Similarly, the oxygen adsorption energies were reported
for Cu(111) surface at 1/4 ML coverage [80] are -151 and -158 kJ/mol for fcc and hcp sites
respectively, whereas for the Au(111) surface at the same coverage reported to be 7
kJ/mol, without explicit definition of the adsorption site. Apart from the differences in the

methods and computation details, our results agree with previous reports.

Table 4.1 compares the oxygen adsorption energies for the (111) surfaces of Cu, Ag and
Au, at 1/9, 2/9 and 3/9 ML oxygen coverages. The energy difference separating the fcc
and hcp adsorption for the Ag(111) surface was not observed for the Cu(111) surface.
However, this difference is almost 20 kJ/mol for the Au(111) case. Moreover, while
adsorption is exothermic for all the coverages for Ag(111) and Cu(111) surfaces, feasible O

adsorption is only possible for the very low concentrations on the Au(111) surface.

Figure 4.2 shows the ethylene adsorption positions and energies on clean and oxygenated
Ag(111) surfaces. As the schematics show, the preferred ethylene adsorption position is
the on top site with a hexagonal empty space around. As can be seen in the schematics of
Figure 4.1, this adsorption site is only available for the coverages up to 3/9 ML (33%). For
33% and higher coverages ethylene adsorption site is occupied. However, as will be
discussed in the following section, OMC formation is still exothermic for high coverages.

Thus a change in the OMC formation mechanism is proposed.
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1/16 ML 3/16 ML

Energy (kJ/mol)
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0.05 0.10 0.15 0.20 0.25 0.30 0.35
Oxygen Coverage (ML)

Figure 4.1: Relative energies of O adsorption on fcc and hcp sites of Ag(111)
surface. The figures above show the oxygen distributions for given coverages.

(Ag: light gray, O:red or dark gray).

Table 4.1: Adsorption energies (kJ/mol) of oxygen on (111) surfaces of Cu, Ag and Au at

increasing coverages.

1/9 ML 2/9 ML 3/9 ML
fcc hcp fcc hcp fcc hcp
Cu(111) -168 -167 -161 -161 -154 -156
Ag(111) -51 -41 -43 -31 -37 -27
Au(111) -8 13 -6 18 6 30
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O Coverage
Eads -10 kJ/mol -23 kJ/mol -46 kJ/mol
Ag Charge -0.05 +0.01 +0.08

Figure 4.2: Ethylene adsorption on Ag(111) surface at given oxygen
coverages. Charges are calculated with Bader analysis [105]. (Ag: gray, O:

red or dark gray, C: black, H: cyan or light gray).

As Figure 4.2 shows, the interaction of ethylene becomes more exothermic with
increasing oxygen coverage. This is a result of the higher (+) charge on the surface Ag
atom, which is induced by the increasing number of oxygen neighbors. The increasing (+)
charge on the metal cause stronger interaction with the C=C double bond. The extreme
point for this interaction is the di-sigma adsorption of ethylene on the metal surface [106].
However, only pi-adsorption is observed in this study. It can be commented that both the
adsorption site and the strong enough (+) charge on the metal atoms cannot be satisfied

with the monolayer on-surface oxygen adsorption.

4.1.1.2. Formation of EO and AA through OMC

Figure 4.3 shows the effect of oxygen coverage on the relative energies along the selective
and non-selective reaction path of OMC mechanism on Ag(111) surface. The geometries
corresponding to stable points and transition states can be seen in Scheme 4.1. When
Figure 4.3.a and Figure 4.3.b are compared, the main energy difference for the reaction
paths on O(fcc) and O(hcp) is due to the extra oxygen stability in fcc positions (i.e. ~10
kJ/mol difference). Thus, although the absolute values of the transition states does not

differ, the activation barriers are higher in case of O(fcc).

When the L-H formations of OMC are compared for the 1/9 and 4/16 ML coverages, it can

be seen that the Ej, is higher for 4/16 ML coverage, where ethylene adsorption is
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more stable. However, as discussed in previous section, ethylene adsorption at 3/9 ML is
not possible. Nonetheless, calculations show that the formation of OMC is still exothermic
for this coverage. Thus, formation of OMC through E-R mechanism is considered. This
time, when gas phase ethylene interacts with O, to form OMC directly, a much smaller
barrier is faced. Change of OMC formation mechanism from L-H to E-R may be playing an
important role. As Figure 4.3 shows, when the mechanism is L-H, the barriers for the OMC
formation are larger than the products formations. Thus, when the mechanism changes to

E-R, the rate limiting step changes to the product formations.

With the increasing oxygen coverage, EO g, and AA,q) formations get more exothermic
while the Ef, and Ef, decreases with the increasing oxygen coverage. Both of these
effects can be attributed to the weakening of Ag-O bonds. However, for none of the
coverages studied a change in the selectivity was observed. That is, a distinct separation
between Ef, and Ef,; does not occur. Although the smaller activation barriers point to
faster reaction, the expected EO selectivity still would be around 50%, as reported for the

un-promoted metallic catalyst.
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Figure 4.3: Relative energies of OMC paths tested for (a) fcc and (b) hcp
adsorbed oxygen on Ag(111) surface at varying oxygen coverages. After OMC
intermediate solid lines represent the EO path and dashed lines represent
the AA path. See Scheme 4.1 for geometries of stable points and transition

states.
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4.1.1.3. Alternate Paths

Along with the well defined selective and non-selective reaction channels of OMC, two
more alternate paths were evaluated. Formations of vinyl type of intermediates were

considered with the reactions:
Direct C-H activation:  C;Hg(ads) 2 CoH3gads) + OH(ags)
H-transfer to O: OMC - CH,CHOH

The geometries of stable points and transition states are given in Scheme 4.2. The
energies corresponding to these points are given in Figure 4.4. The left side of Figure 4.4
shows the energies of the direct C-H activation reaction. The right side shows the
formation of vinyl alcohol (CH,CHOH) through OMC intermediate. Both of these reactions
have higher activation barriers, compared to that of OMC formation and/or EO/AA
formation through OMC. Thus, formation of OMC and its decomposition to produce EO or

AA are the reaction paths followed.
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Figure 4.4: Relative energies for the direct C-H activation (left side) and H-
transfer to oxygen on OMC intermediate (right side), tested on Ag(111)
surface for given oxygen coverages. See Scheme 4.3 for geometries of stable

points and transition states.

4.1.2. Part II: Surface Structure Dependence

Apart from the commonly studied Ag(111) surface, different studies computationally
tested the Ag(100) and Ag(110) surfaces, and also Cu(111) and Au(111) surfaces for their
activities towards ethylene epoxidation. The Ag(100), Ag(110) and Cu(111) surfaces were
reported to be more selective towards EO, whereas the Au(111) surface was reported to
behave similar to Ag(111) surface. However because of the different computational
approaches followed, a direct comparison of these different works is not possible. Thus,
we tested the (100), (110) and (111) surfaces of Cu, Ag and Au for their activities towards

ethylene epoxidation and compared the results.

Previous studies of the Ag(100) [10] and Ag(110) [22] surfaces reported an increase in EO
selectivity due to changes in Ef, and E4. In these studies, Ef, was reported to be
lower than EZ, by ~10 kJ/mol for Ag(100) surface and ~5 kJ/mol for Ag(110) surface.

However, as Figure 4.5 and Table 4.2 show, the lowering of the EJ, on Ag(100) surface
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was not observed in this work. As Table 4.2 shows, the Ef,values are close to each other
for Ag(111) and Ag(100) surfaces. The difference between these surfaces isin Ejf,. On the
other hand, we find Eg, to be ~5 kJ/mol lower than EZ,.on Ag(110) surface (Figure 4.
6). However, it should also be noted that, in the previous study, the OMC intermediate
was constructed on a 2-fold oxygen species assuming reconstructed (110) surface using a
non-periodic cluster method. In this work, a more strongly adsorbed O (4-fold) was used

for the same purpose because of the instability of 2-fold oxygen on such a surface.

A previous study on Cu(111) surface [79] concluded that Cu(111) surface would be more
selective towards EO compared to Ag(111) surface with a ~25 kJ/mol lower Eg, than
EZ,. We also confirm this finding on Cu(111) surface, where our difference is ~10 kJ/mol,
which is still larger than the differences for Ag surfaces. However, other Cu surfaces do
not favor the EO formation. An important point for Cu surfaces is that, EO formation is
endothermic with respect to the oxygenated surface, whereas AA formation is

exothermic, which shows that AA would be the preferred product.

Figure 4. 7 shows that, Au(111) behaves similarly to Ag(111) as has also been concluded
by [83].However, Au(111) shows lower activation barriers compared to Ag(111) and
Cu(111) surfaces. This is due to the less stable OMC intermediate. Although the gold
surface produce lower Ef, than Ef, compared to the other metals, gold is still not

selective for EO.

Among the studied silver surfaces, the Ag(111) and Ag(110) surfaces showed lower
barriers for EO formation than that of AA. However, the differences between the
activation barriers of the competing paths are rather small and within the DFT error range.
For all the silver surfaces studied, Ef, and EZ, values being close to each other, agrees

with the ~50% EO selectivity of un-promoted silver catalyst.
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Scheme 4.3: Geometries along OMC mechanism on (100) and (110) surfaces.

(M: light gray, O:red or dark gray, C: Black, H:cyan or gray).

For the different metals and surfaces studied in this work, the energy levels of the
transition states are generally close to each other. However, the different stabilities of the

precursor surface species cause the differences in the activation barriers of product
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formations. For instance, the high stability of the OMC intermediate on copper surfaces
results in very high barriers for EO and AA formations. On the contrary, less feasible OMC
formation on gold surfaces results in the smallest barrier. However, on gold surfaces the
dissociative oxygen adsorption is not feasible. These two effects make Cu and Au
unsuitable catalysts for ethylene epoxidation. Since Ag is able to dissociate the oxygen
molecule, and forms reaction intermediates with moderate energy levels silver is an
optimum catalyst for ethylene epoxidation. Although slight shifts in selectivities are found,

no conclusive result to relate the high EO selectivity to the metallic surface.

Table 4.2: Activation energies for the formation of EO and AA through OMC intermediate.

Ego Efa
(kJ/mol) (kJ/mol)

Cu(100) 154 144
Ag(100) 72 66
Au(100) 89 56
Cu(110) 198 171
Ag(110) 91 97
Au(110) 93 68
Cu(111) 142 157
Ag(111) 76 81
Au(111) 30 18
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4.4 for geometries of stable points and transition states.
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Ag and Au at 1/4 ML oxygen coverage. After OMC intermediate solid lines
represent the EO path and dashed lines represent the AA path. See Scheme

4.2 for geometries of stable points and transition states.

4.1.3. Conclusions

This part of the study which focused on the formation of EO through the OMC mechanism
for 11%, 25% and 33% oxygen coverages on the Ag(111) surface, and also compared the
reactivities of the (100), (110) and (111) surfaces of metallic Cu, Ag and Au.

For the Ag(111) surface, oxygen adsorption on fcc sites were ~10 kJ/mol more exothermic
than on the hcp site independent of oxygen coverage. For coverages of 33% and higher,
ethylene adsorption on the metallic part of the Ag(111) surface cannot occur. For all the
metallic surfaces and coverages, OMC formation occurs exothermicly. For the different

oxygen coverages on Ag(111) surface, the EO selectivity does not change.

When the (100), (110) and (111) surfaces of Cu, Ag and Au are compared, in general, the
relative energies of the transition states for EO and AA formation are generally close to

each other. For the different metals the activation barriers differ because of the different
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stabilities of precursor OMC intermediate. Among these three metals, Cu gave the most
stable surface intermediates, thus the highest activation barriers. On the contrary Au gave
the least stable surface intermediates, thus the smallest activation barriers. In agreement
with the conclusions of previous authors for the Ag surfaces, computational results predict
~50% EO selectivity in agreement with experimental observations for the un-promoted
metallic silver [17, 21]. With the exception of the Cu(111) surface the Cu and Au surfaces

have a lower selectivity than the Ag surfaces.

4.2. ETHYLENE EPOXIDATION ON SILVER OXIDE

The activity of the atomic surface oxygen, therefore, the nature of the surface has an
important role on the selectivity. In the previous section it was shown that, for the
metallic silver surfaces with low oxygen coverage, O, prefers maximum coordination. As
given in Table 4.3, threefold and fourfold hollow sites (i.e. triangular or rectangular
surface lattice, respectively) are the preferred and most stable adsorption sites,
depending on the surface lattice, whereas the adsorption energy of O; is inversely
proportional with surface coverage. Similar observations have been made in previous

studies as well.

A relative comparison between the O, charges is also given in Table 4.3. Compared to the
Ag,0(001) surface, Os on the metallic surfaces have a nucleophilic nature. This, and the
strong adsorption of O, on the metallic surface can explain why the minimum energy path
of epoxidation follows initial adsorption of the ethylene and consequent formation of the
OMC, through a Langmuir-Hinshelwood (L-H) mechanism, as reported in previous studies

[10, 19, 21, 22, 75, 76, 79, 80].

For the metallic surfaces, as long as the oxygen coverage is kept monolayer, EZ, and
EZ, are affected in a parallel and similar manner from the oxygen coverage. In other
words, if the surface is kept metallic, increasing the coverage does not affect the
selectivity of the products, nor the reaction channel. However, reduced activation barriers

point towards an increase in the reaction rate.
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Figure 4.8 shows the Ag,0(001) oxide surface studied in this work, where 2-fold (bridge)
sites are the natural adsorption sites for the O, due to the O in tetragonal positions. The
low interaction energy of O, that occupies bridge positions on the oxide surface suggests
high reactivity towards epoxidation as a result of weak binding energy and electrophilic

nature.

Bridging O, on the oxide surface causes a totally different epoxidation path from the two-
step OMC mechanism. As Figure 4.9 shows, O, interacts directly with the C=C double
bond, resulting in the non-activated formation of EO through a Mars-van Krevelen [107]
mechanism. This direct reaction path does not include an intermediate such as OMC. Gas
phase ethylene directly reacts with O, where EO|,q;) forms directly releasing 174 kJ/mol
energy. Consequent desorption of EO,q4) requires 73 kl/mol, which gives the overall heat

of the epoxidation reaction as -101 kJ/mol.

From Figure 4.9 it can be seen that, the activation energies of the rate controlling steps in
both reaction mechanisms (i.e OMC vs. direct) are similar and agree with experimentally
reported values that are around 70 kJ/mol [9, 108, 109]. However, it should be stressed
that the corresponding reaction steps that go through a barrier are different (i.e. OMC
activation versus EO desorption). It should also be noted that, on the oxygen covered
oxide surface ethylene cannot directly interact with the silver surface ions, thus no OMC

intermediate forms. This prevents C-H bond activation, therefore AA formation.
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Table 4.3: Calculated adsorption energies (E.qs), sites and charges of surface atomic

oxygen; paths and the activation barriers for EO (Eg,) and AA (EZ,) formation for the

listed surfaces and oxygen coverages (8o)

Ads. Charge®
8o Eads® _
Surface site Path Egy El,
(ML) (kJ/mol) 0 Ag
(n-fold)
Ag(111)° 011  -50.7 3 09 +02 OMC 74 79
Ag(111)° 025  -42.0 3 09 +02 OMC 57 56
Ag(111)° 033 -37.4 3 0.8 +0.3 OMC 48 47
Ag(111)[10] 0.25 -62.7 3 - - omMC 77 70
Ag(111) [10] - - - - - oMC 70 72
Ag(111)[19] 025 -31 3 - - oMC 63 -
Ag(100) 025 -88.0 4 09 +02 - - -
Ag(100) 050 -73.6 4 09 +04 - - -
Ag(100)[19] - - - - - OMC 8 98
Ag(110) 0.25 -63.0 4 -09 +0.1 - - -
Ag(110)[22] 0.5 - 2 - - oMC 76 -
Ag,0(001) 0.50 -15 2 -0.7 +0.6  Direct 73¢ -
Ag,0 Bulk - - - 1.0 +05 - - -

® Charge calculated by Bader analysis [105]. For supercells with more than one oxygen,

average charge is reported. Average charge of Ag atoms neighboring the surface oxygen is

reported.

® For Ag(111) surface only 3-fold fcc sites are considered.

“ This E, actually shows the desorption energy of EO from the surface.
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Figure 4.8: Representations for the Ag,0(001) surface used in the

calculations. (Ag: gray, O: red, Cl: green)

However, when there is an oxygen vacancy on the oxide surface, the two Ag® ions are
exposed to the vacuum. These Ag ions hold larger (+) charge compared to those of the
metallic surface (Table 4.3). O, causes this relatively strong charge on the Ag ions of the
oxide surface. Ethylene interacts easily with these Ag® ions, which results in the

exothermic adsorption of ethylene (-85 kJ/mol) on this oxygen vacancy.

As shown in Figure 4.10, following its adsorption, ethylene interacts with a neighboring O
through a non-activated process. This interaction results in an OMC formation, releasing
75 kJ/mol. The OMC formed on the oxide surface is significantly more stable compared to
the OMC formed on the metallic surface (i.e. -160 kJ/mol v.s. -52 kJ/mol). Here again,
decomposition of the OMC produces EO as well as AA, this time with a lower barrier
towards AA formation. The significantly lower activation barrier for non-selective path
shows that once OMC is formed, the EO selectivity will be lower compared to the metallic

surface.
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These results agree with the previous experimental reports [51] where initial and selective
production of EO is followed by AA production as the O; are consumed. The initial and
highly selective production of EO removes the surface oxygens, which causes O-vacancy
formation on the surface. Ethylene adsorption on the oxygen vacant surface sites opens
the non-selective reaction path. In order to maintain high EO selectivity rapid silver

oxidation should occur, while the O-vacancies are being blocked or suppressed.

Formation of non-selective product, acetaldehyde, through OMC mechanism also explains
the increase in the EO selectivity when deuterated ethylene is used [15]. Substitution of
hydrogen with deuterium has a rate-decreasing effect on the non-selective path during H-

transfer reaction, as explained in a previous work [82].

The dependence of the EO selectivity on particle shape [10, 21] and its decrease with
particle size [70] can be explained with the O-vacancy concentration as well. In the
smaller particles, the lower selectivity can be explained by the presence of higher fraction
of edge and corner sites where bridging Os does not exist. Furthermore, the increased
vacancy concentration would favor the OMC formation and reduce the selectivity. The
shape dependence on the other hand, may stem from the ease of oxygen diffusion to sub-

surface layers, therefore ease of surface oxidation that would supply bridging oxygens.

Previous studies [42, 46, 110] testing oxide like surfaces (i.e. Ag, 530 surface oxide) used
the oxidized Ag(111) surface models. Apart from the validity of the models (different
models have been proposed for the Ag(111) surface oxide) the common point in these
models was the O; occupying the 3-fold sites on the surface. Due to these strongly
adsorbed O,, and available Ag atoms on the surface, the studies resulted in the EO/AA

formation through OMC intermediate.
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Figure 4.9: Reaction energy diagrams. The EO and AA formation path through
OMC intermediate on Ag(111) surface (gray) and the direct EO formation
path on Ag,0(001) surface (black line). Bottom figures represent the top
views of the reaction intermediates. The energies are given with respect to
(surface + % Oy + CHyg). (Ag: gray, O: red or dark gray, C: black, H: cyan or
light gray)

Figure 4.11 compares the possible paths following the EO formation on the surface.
Considered paths are the desorption of the EO,4 to gas phase, EO isomerization to AA

(i.e. H-transfer), and the cleavage of O-C bond.

Among these paths, EO isomerization to AA requires a very high barrier (~ 150 kl/mol),

which is substantially higher than the energy requirement for desorption. However, the
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energy required for the O-C bond activation is comparable with the desorption energy.

Moreover, this ethylenoxy type intermediate is identified as a stable geometry. This

intermediate enables rotation of the CH, group and explains the cis-trans isomerization, as

observed in experimental studies [111, 112]. The formation of this surface species is

exothermic by 88 kJ/mol with respect to C,Hy) and hence of comparable energy to the EO

desorption energy. The competing energies of desorption v.s. isomerization is in

agreement with the equal distributions of cis and trans isomers.
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Figure 4.10: Formation of EO (solid line) and AA (dashed line) through OMC

intermediate on Ag,0(001) surface with an O-vacancy. Bottom figures

represent the top views of the reaction intermediates. The energies are given

with respect to (surface + C,H,). (Ag: gray, O: red or dark gray, C: black, H:

cyan or light gray)
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These results show that the key to high EO selectivity is the necessity of O in bridge
positions and absence or the suppression of the vacant sites, where C-H activation (i.e. AA

formation) occurs.

Molecular adsorption of O, and C,H, on this vacancy is both exothermic for both by -20
and -85 kJ/mol respectively. The dissociative adsorption of O, on the O-vacant surface
depends on the existing Os coverage. For example, when the B¢ increases from 0.25 to
0.50, the value is -32 kJ/mol, whereas it is -62 kiJ/mol when the 6, increases from 0 to

0.25, which is comparable with the metal case [40].

The adsorption of Cl atom on the same vacancy is highly exothermic by -185 kJ/mol, when
calculated with respect to Cly,. Hence the most likely role of Cl in the epoxidation
reaction is to block the vacant sites next to reactive oxygen, as proposed in an early study
[29-31]. On oxide surfaces the stronger Cl-Ag, interaction, compared to O-Ag and/or C,H,-
Ag, will reduce the concentration of surface vacancies and suppress OMC formation,

resulting in the inhibition of the non-selective path.

When a surface O-vacancy is blocked by a Cl atom, it does not change the reaction
channels of ethylene and has small effect on the energies. These energies are listed in
Table 4.4. In the presence of a Cl atom, the change in the energies of direct EO formation,
and EO desorption are less than 5 kJ/mol. However, when a subsurface O atom is replaced
by a Cl atom (as in the case of sub-surface Cl diffusion [113]) the change in energies is
significant. In this case, the reactive surface oxygen and sub-surface chlorine atom share a
common silver atom (Figure 4.8). This configuration weakens O, interaction energy, and
increases the energy of the EO formation on the surface. However, the weak Ag-O,
interaction energy in case subsurface Cl present indicates that, diffusion of Cl into the sub-
surface layers (i.e. replacement of O, with Cl) is a probable scenario for catalyst poisoning.
In this scenario subsurface Cl would prevent O, regeneration, and result in oxygen vacant
sites on the surface. The energy changes in the presence of surface and subsurface Cl

atom are listed in Table 4.4.

53



¢

-1/2 02(ads) }I

o 4 TS(AA)
Ag20(001)
Ethyleneoxy(perp)
2 EO
8- ] -101_ - - —-(g)-
— : -116
o :
£
3 ]
2
E s + -190 -190
N EO(ads) EO(ads)
Ethyleneoxy(pll)

W

: g0 Omladi Omlad ;
EO(ads) Ethoxy(pll) Ethoxy(perp) TS(AA)

Figure 4.11: CH2 rotation (black line) and AA formation (gray line) through
EO(ags) ON Ag,0(001) surface. Bottom figures represent the top views of the
reaction intermediates. The energies are given with respect to (surface +

CoHagg).

For an O-vacancy on the Ag,0(001) surface, the exothermicity of the adsorptions follows
the order CI>>C,H,>0,. However, if O, adsorbs molecularly, ethylene may interact with
O,(ad5) to form an unstable surface complex in the form of Ag-O-CH,-CH,-O-Ag. In order to
form this unstable complex, the intermolecular bonds of O, open to form two O-CH,
bonds. This unstable intermediate directly decomposes without facing a barrier. The
resulting species are two adsorbed formaldehydes (Ag-O-CH,). When calculated with
respect to 0,45 and CyH,, the formation of the formaldehydes is quite exothermic by -
867 kJ/mol. However, the unfeasible initial adsorption of O, prevents this path; on the
other hand, this path explains the small amounts of formaldehyde formation observed

[114].
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Table 4.4: C| effect on the reaction energies (in

kJ/mol) for the reactions on Ag,0(001) surface.

Without Surface Sub-surface

Cl Cl Cl
O, adsorption -15 -10 +32
(w.r.t. % Oy)
EO formation -174 -179 -207
EO desorption +73 +68 +59

4.2.1. Conclusions

This part of the study demonstrated the existence of a possible reaction mechanism for
EO formation that is different from the OMC path. The demonstrated path occurs on an
oxide phase as a result of weakly bound 2-fold surface oxygens. As long as no surface
vacancies are present, EO is produced selectively. In this direct reaction path, there is no
competitive formation of AA. Oxygen vacancies favor the non-selective path through OMC
formation. The effect of the Cl-promoter is to block these vacancies and prevent non-

selective path.

Experimentally observed cis-trans isomerization during ethylene epoxidation is also

explained by the defined stable ethyleneoxy intermediates
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4.3. ETHYLENE EPOXIDATION ON METAL OXIDES

The previous sections have shown that the electrophilic nature of bridging oxygen atoms
on the Ag,0(001) surface makes them very selective for the epoxidation reaction, and
demonstrated the possibility of a direct epoxidation pathway that proceeds through a low
activation energy. This is different from the OMC mechanism that takes place on three or
four coordinated oxygen atoms with nucleophilic nature adsorbed on the metallic Ag

surfaces.

This section presents a comparison between the reactivities of the Cu,0, Ag,0 and Au,0
oxide surfaces. Having the same crystal structure, herein studied (001) surfaces contain
oxygen atoms in bridge positions. The reaction paths that were previously identified for
Ag,0(001) surface are tested for Cu,0(001) and Au,0(001) surfaces and compared. Among
there three oxide structures Au,0 is known to be unstable. Yet, it presents an interesting

case for the comparison.

4.3.1. Oxide Structures

The formation energies of the bulk oxides from their respective bulk metals are listed in

Table 4.5. The energies are calculated with respect to the reaction:
2XMpuiy + 72 O2(gas) = M0 puik) (4.1)

As Table 4.5 shows, the formation of the oxides gets less favorable downwards the
periodic table. Formation of Au,0 structure is endothermic. However, since it has the
same crystal structure as Ag,0 and Cu,0, the Au,0(001) surface was evaluated for

comparison as well.
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Table 4.5: Calculated heats of formation for bulk oxides and reference values. The

energies are given in kJ/mol.

Oxide AH¢ AHP (ref)
Cu,0 -134 -169 [99]
Ag,0 -39 -31[99]
Au,0 +21 +22 [35]

A schematic representation of the studied M,0(001) surfaces is given in Scheme 4.4:
Schematic representation of the studied M20(001) surfaces. (a) Top view, and (b) side
view of M20 chain. Gray (light) and red (dark) colored circles represent the metal and
oxygen atoms respectively.. As can be seen, each surface model (i.e. slab) has four O, in 2-
fold bridge positions. Removal of these oxygens creates oxygen vacancies on the surface
where metal atoms are exposed to vacuum. As explained in previous section, because of
the subsurface oxygen atoms, these surface metal atoms are more positively charged
(M®*) compared to their respective metal surfaces. Thus, this oxygen vacancy is a suitable

site for O, and C,H, adsorption.

o1
o l K] b
. l
(a)’ (b)
Scheme 4.4: Schematic representation of the studied M,0(001) surfaces. (a)
Top view, and (b) side view of M,0 chain. Gray (light) and red (dark) colored

circles represent the metal and oxygen atoms respectively.
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4.3.2. Oxygen Adsorption

Figure 4.12 compares the adsorption energies of oxygen on the respective oxide surface
following the complete removal of the surface oxygen layer (i.e. 4 O;). When all O are
removed, the surface shifts to a more metallic nature. At 25% coverage the oxygen
adsorption energy is the highest and rapidly converges as the full coverage is achieved. As
shown in section 4.1, for the metallic surfaces, the adsorption energies decrease
downward the periodic table. The reported oxygen adsorption energies are ~150 kJ/mol
for Cu [79], ~50 kJ/mol for Ag [79], and ~10 klJ/mol for Au [83]. As Table 4.6 shows, this
trend can only be seen for the adsorption energies of the molecular oxygen, however, not
for dissociative adsorption. An interesting result is that, the atomic (single O-vacant) and
dissociative (2 O-vacant) oxygen adsorption on Au,O surface is more exothermic than
adsorption on Ag,0 surface. This finding can be considered to be parallel with a previous
study [14], which concluded that the existence of pre-adsorbed atomic oxygen on Au
surface favors O, dissociation. Furthermore, in case of Au,0O, the larger separation
between the metal atoms induces chemical interactions comparable to that of the
isolated atoms more than for the metal surface. For instance atomic covalent bonds to a

Au atom tend to be stronger than to Cu or Ag (for ex. [115]).

The third column of Table 4.6 lists the adsorption energies of C,H, molecule on an oxygen
vacancy (see Figure 4.14). When a single O-vacancy is considered, it can be seen that
ethylene adsorption will be favored over molecular O, adsorption on Ag,0 and Au,0
surfaces. Previously we reported that the reaction of adsorbed ethylene with surface
oxygen leads to formation of OMC on the vacant Ag,0 surface and competes with the
direct epoxidation. Decomposition of OMC has then also a lower barrier for AA formation
(non-selective path) (Figure 4.14). The direct selective epoxidation path on Ag,0 has been
found to only occur, because OMC formation is prevented. Thus, the absence of surface
oxygen vacancies is important to have high EO selectivity. Therefore, rapid generation of
the surface oxygens or the site blocking effect of a promoter (i.e. Cl) are essential for the

sake of EO selectivity [116].
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Figure 4.12: Oxygen adsorption energies on M,0(001) surfaces at
varying coverage. The energies are calculated with respect to half of the

gas phase O, energy (% Oyg).

Table 4.6: Adsorption energies (kJ/mol) of O, and C,H, on O-vacant surface sites.

Molecular O, adsorption* Dissociative O, adsorption** C,H, adsorption

(-Ag-0O-0-Ag-) 2x(-Ag-0-Ag-) (-Ag-CH,-CH,-Ag-)
Cu,0 -122 -363 -123
Ag,0 -20 -32 -86
Au,0 -11 -116 -106

* Oz(g) + V* > OZ(ads)

ok Oz(g) +2V* > 20,
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4.3.3. Direct Epoxidation

When ethylene is prevented to interact with the surface metal atoms (M%) (i.e. no O-
vacancy, or site blocker), reaction of the C;Hy) and O, results in the direct formation of EO
through a Mars van Krevelen [107] type mechanism as shown in Figure 4.13. When C,Hyq
approaches the surface, it interacts with the O; to form EOq4) through a single step
reaction. There is no intermediate OMC formation. Among the three oxide surfaces
considered, only on Ag,0 reaction proceeds without a barrier. Other two surfaces show
small barriers for the interaction of C;Hy and Os The Au,0(001) surface appears to have
the highest reactivity for EO formation. In essence, because of the weaker interaction
energy of EO with the single O vacant Au,0 surface. On the other hand, formation of EO
on Cu,0(001) surface is endothermic. This finding for Cu is in parallel with a previous

report for metallic Cu surface[79], which was also confirmed in this study.

When the OMC mechanism, as reported for metallic surfaces, and the direct mechanism
on Ag,0(001) surface are compared, it can be seen that the activation energies of the rate
controlling steps in both reaction mechanisms (i.e. OMC vs. direct mechanism) are similar
and agree with experimentally reported values that are around 70 kJ/mol [108, 109].
However, the corresponding reaction steps are different (i.e. OMC activation vs. EO
desorption). The rate controlling step of the direct mechanism is the EO desorption. The
order of EO desorption energies follow the relative stability of the oxides (i.e. oxygen
binding energies). Desorption of the epoxide to be rate limiting is consistent with the
observed low reaction order in ethylene but a high reaction order in oxygen [117].
Furthermore, the reported [118] increase of the EO selectivity with the increasing oxygen
coverage, is also consistent with the preference for EO formation on an oxidized Ag

surface in this manner.

4.3.4. Oxygen vacancy and OMC formation

In the case of an O-vacancy, ethylene interacts with the surface metal atoms and adsorbs
on this O-vacant site. Figure 4.14 compares the elementary reactions that follow ethylene
adsorption. Once adsorbed, the ethylene molecule may interact with a neighboring O, and

form the OMC intermediate. This reaction proceeds through small barriers on Cu,0 and
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Au,0; and without a barrier on Ag,0. Once this OMC intermediate is formed, the reaction
may proceed through selective or non-selective channels, as reported for metallic
surfaces. However, for all the oxides studied, the formation of AA through the OMC
intermediate has lower barrier compared to that of EO. Thus, following the ethylene
adsorption, the OMC mechanism predicts preferred formation of AA, which gives a rapid

total combustion.

Table 4.7 compares the activation energies along the OMC path. Starting from OMC
intermediate, both forward and backward reactions are considered. Forward reactions
produce EO and AA through selective and non-selective channels. In the backward

reactions OMC decomposes to produce ethylene and surface oxygen.

Figure 4.14 and Table 4.7 show that, only on Ag,0 and Au,0 forward reactions are more
feasible than backward reaction. On Cu,0 surface, besides being highly stable on the
surface, OMC would probably go back to adsorbed ethylene due to lower activation
barrier in the backward direction. On Ag,0 and Au,0, once formed OMC would either

produce EO or AA.

4.3.5. EO isomerization

In order to successfully obtain EO as the product, it has to desorb unreacted from the
surface. Upon its formation on the oxide surface, three possible follow up paths are
considered. These are, i) desorption, ii) ring opening, and iii) isomerization to AA. The

relative energies of these paths are compared in Figure 4.15.
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Figure 4.13: Energetics of direct epoxidation paths on M,0(001) surfaces.
Initial points correspond to the oxygen adsorption energies on a vacant

surface site that saturates the surface”.

' In Figure 6.3, the transition states (TS) reported for the direct epoxidation paths could not be verified with frequency
calculations, thus they should be considered as approximate. However, to get the most precise value all the images along
the reaction path were relaxed until the convergence criteria (Fnet < 0.015 eV/A) was strictly reached. For the geometries
corresponding to these peaks C,H; is not completely surface bound. Thus, frequency calculations do not produce single
imaginary frequency as it should be for a TS geometry. In these results, two more imaginary frequencies exist for translation

and rotation.
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Table 4.7: Computed and zero point corrected values for the activation barriers. For the

considered forward and backward reactions, OMC is the starting intermediate. Energies

are in klJ/mol.
Eomc E%o E'a
Comp. ZPC Comp. ZPC Comp. ZPC
Cu,O 63 57 206 203 158 146
Ag,0 75* 75* 83 82 53 46
Au,0 140 133 75 68 102 89

* E?omc for Ag,0(001) corresponds to the energy required to desorp ethylene from the

surface. See Figure 4.14.

The horizontal line in Figure 4.15 (117 kJ/mol) shows the energy level of desorbed EO. The
left part of the figure shows the formation of ethyleneoxy intermediate through ring
opening of adsorbed EO. Starting from EO 4, when one of the O-C bonds activate, first
ethyleneoxy, intermediate forms where the H atoms of the free CH, group stays parallel
to the surface plane, and then they become perpendicular to the surface with the
rotation. This kind of a ring opening and rotation of CH, group explains the cis-trans
isomerization observed in experimental studies [111, 112]. Ethyleneoxy e, intermediate
would go back to EO,) following the same path backwards. The similar energies required
for EO isomerization and desorption on Ag,0(001) surface can explain the equal

distributions of cis and trans isomers as observed in experimental studies.
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Figure 4.15: Comparison of the energy changes of reaction paths following EO
formation. Adsorbed EO may i) desorb, ii) isomerize to ethyleneoxy

intermediate, or, iii) isomerizes to AA.

Right part of Figure 4.15 shows the EO isomerization to AA starting from EO4. On Ag,0
and Au,0 surfaces, this isomerization goes through respective activation barriers, which
are substantially higher than EO desorption. This indicates that EO desorption will be the
preferred path instead of AA formation. On Cu,0 however, isomerization of EO to AA is
quite exothermic and does not have a barrier. Thus, although direct formation of

adsorbed EO on Cu,0 surface is more exothermic compared to other surfaces, the overall
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reaction is non-selective because of rapid EO isomerization to AA makes. Also, giving the

most exothermic EO formation, Cu,0 surface has the highest EO desorption energy.

4.3.6. Conclusion

This section aimed to computationally analyze the epoxidation selectivity of ethylene on
highly oxygenated metal surfaces. For ethylene epoxidation, highly oxidized catalyst
surface has been suggested to be selective, however a conclusive model of the Ag surface
at the epoxidation conditions does not exist. Thus, in this study the reactivities of well
defined Cu,0(001), Ag,0(001) and Au,0(001) oxide surfaces were explored towards
ethylene epoxidation. The relative stabilities and the oxygen binding energies of these
compounds decrease downwards the periodic table. The Au,0 structure is not a stable
oxide structure, but having the same crystal structure with Ag,0 and Cu,0 it presents an
interesting case for comparison. For the three M,0(001) surfaces studied, a direct

epoxidation channel has been found to exist with a low or no barrier.

Non-selective AA formation is only found to compete with EO formation on the Cu,0
surface. This is essentially due to the relatively weak O-C bond interaction and the high

desorption energy of EO.

The OMC intermediate is formed on O-vacant surface sites. For all three surfaces studied,
the barrier for AA formation through the OMC intermediate was found to be lower than
that of EO formation. The Cu,0(001) surface gave the most exothermic OMC formation
and the highest consequent EO and AA barriers. The Ag,0(001) and Au,0(001) surfaces

show more moderate energy values along the OMC mechanism.

Au,0(001) is not a stable structure, and, Cu,0(001) does not favor the EO formation. The
intermediate value of Ag,0’s stability and its oxygen bond strength between Au,0 and
Cu,0 relate the uniqueness of the silver catalyst for ethylene epoxidation. The interaction
of Ag,0(001) surface with O, is strong enough to re-oxidize the Ag surface to the oxide,
and also weak enough to prevent the ring opening of EO as well as to prevent the

activation of the CH bonds.
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An additional prerequisite for high selectivity is the absence of O-vacancies that enable
OMC formation. Most likely this is the moderating role of Cl that is added to the catalyst

as promoter.

The ethyleneoxy intermediate is found to be possible for all studied oxides. However, the
cis-trans isomerization of EO is only feasible on Ag,0(001) surface. On the other hand, the

Cu,0(001) surface is found to isomerize the formed EO to AA.

4.4. DIRECT OMC

As it is shown in the previous section, direct EO formation is a feasible path for the un-
reconstructed M,0(001) type surfaces. EO forms on the surface through a single step
reaction, with the symmetric attack of the electrophilic oxygen to the electron rich C=C
double bond. On the other hand, ethylene interaction with an O-vacant surface site
results in the ethylene adsorption with a geometry that resembles di-sigma adsorption
(M-CH,-CH,-M). The adsorbed ethylene on the surface interacts with neighboring oxygen

to form the OMC intermediate, which has a lower barrier for AA formation.

However, our simulations show that ethylene interaction with the surface may induce a
local reconstruction on the M,0(001) surface that creates a surface metal atom that is
available for OMC formation. The adsorption of ethylene in this manner creates a

possibility of direct OMC formation through a single step non-activated process.

Formation of direct OMC is possible with the prerequisite of reconstruction. As Figure 4.16
shows, this reconstruction causes the displacement of one oxygen and two metal atoms
(highlighted area). As arrows indicate in Figure 4.16, these three atoms that are initially
located at the parallel M-O-M rows get closer to form a site where the oxygen adsorption
becomes three-fold. This configuration resembles the metallic (111) surfaces or surface
oxide structures [44, 46, 119] of metal surfaces highly covered by atomic oxygen. For the
Ag,0(001) surface, this configuration destabilizes the surface by 18 kJ/mol, but makes

highly exothermic direct OMC formation possible.
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Figure 4.16: Un-reconstructed M,0(001) surface (left) and the local
reconstruction (right). The displaced atoms are highlighted and the directions
of the movements are shown with arrows. (Gray: metal atoms and, red:

oxygen)

Unlike the direct EO path that requires a single Ag-O-Ag row, formation of the direct OMC
intermediate requires a larger ensemble of surface atoms, and an endothermic surface
reconstruction. However the nature of the electrophilic surface oxygen that is included
into the OMC ring does not change. Thus, what makes this OMC configuration possible is

the change of the surface metal atoms.

As Figure 4.17 shows, the reactive adsorption of ethylene to form OMC on the
reconstructed site is exothermic for all studied M,0(001) surfaces. When compared with
the direct EO formation on Ag20(001) surface (AH,,, = -190 kJ/mol), OMC formation is ~50

kJ/mol more exothermic.

Once formed on the surface, the OMC forms EO and AA competitively, as in the case of
metal surfaces and/or O-vacant oxide surfaces. However, for the direct OMC formed on
the Ag,0(001) surface, the difference in Ef, and Ef, activation enrgies points to a
more favored EO production. For Cu,0(001) and Au,0(001) surfaces, this is not observed.
The increased EO selectivity of OMC intermediate on Ag,0(001) surface agrees with the
suggestions that the higher epoxidation selectivity relates to the presence more weakly

bound (electrophilic) oxygen [36, 37, 68, 72]

The difference in the activation barriers is caused by the fact that ethylene is less

activated. That is, in the direct OMC configuration ethylene does not give the exact di-
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sigma adsorption geometry. Rotation of the CH2 groups around the single-bond axis is
less, compared to other OMC structures, where C atoms have tetragonal configurations.
Thus the planar ethylene geometry is less deformed. Since the geometry stays more
similar to EO and/or ethylene, H-transfer becomes harder, which causes the increase in

the activation barrier for AA formation, and EO formation becomes easier.
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Figure 4.17: Relative energies of direct OMC on M20(001) oxide surfaces.

Geometries along the reaction paths are given in Scheme 4.5.

In order to test the effect of Cl on direct OMC formation a set of simulations were carried
out where surface and/or first sub-surface layer oxygen atoms of the Ag,0(001) oxide
surface are replaced with Cl, and/or extra Cl atoms are introduced to the system. These

geometries are schematically presented in Figure 4.18 with their corresponding energies.
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These simulations showed that Cl addition had two major effects. The first effect is
completely blocking the surface sites where reconstruction occurs. This way, the ethylene
cannot interact with the surface metal atoms to induce reconstruction. Thus
reconstruction and the direct OMC formation are prevented. Second effect is, when Cl
exists in surface or sub-surface positions, it weakens the metal-oxygen bonds, increasing
the activity of the surface oxygens. This way the EO formation becomes more exothermic
and can compete with the thermodynamically favored direct OMC path that may take

place in un-chlorinated surface sites. .
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Scheme 4.5: Geometries along the direct OMC path on M,0(001) surfaces.
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As described in Sections 4.2 and 4.3, isomerization of adsorbed EO to AA is also tested for
the Ag,0(001) surface, where the active surface oxygen has two surface Cl neighbors.

These EO and AA geometries are presented in Figure 4.19. The activation energy for this
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isomerization reaction is found to be 215 kJ/mol. This value for the reaction barrier is
~100 kJ/mol higher compared to the surface without Cl. It is also ~70 kl/mol higher than

the energy required for the EO desorption showing that EO desorption is still the

xT Tz‘ »
.¢0@ .2;';&(

preferred path over isomerization.
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Figure 4.19: EO and AA formation on Cl-adsorbed Ag,0(001) surfaces. (Metals:

gray, O: red, C: black, H:cyan, and Cl: green)

4.4.1. Conclusions

The mechanism of ethylene epoxidation strongly depends on the state of the surface and
the nature of the active oxygen. Along with the OMC intermediate that was already
identified on the metallic surfaces, two more OMC intermediates exist for the oxide
surfaces. In the cases of metallic surface, and the oxygen vacant sites of oxide surfaces
OMC preferably produces the non-selective product AA. The third OMC, direct OMC,
forms on the reconstructed sites of the oxides through a non-activated reaction. Having a
higher activation barrier for AA, it preferably produces EO. The increased EO selectivity of

OMC with the electrophilic nature of oxygen is consistent with the reports of recent
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experimental works. On the other hand, the direct epoxidation path does not have
competing path and produces EO selectively, which is necessary for the high EO

selectivity.

Based on these observations we propose a new model for the role of the Cl promoter.
Within this model Cl acts in two ways. Cl adsorption on the surface blocks the sites where
the ethylene interacts with the surface metal atoms, and hence, prevents the
reconstruction required to form the OMC intermediate that is responsible for the non-
selective reaction. Furthermore, surface or sub-surface Cl weakens the metal-oxygen

bonds, increasing the reactivity of the surface oxygen.
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CHAPTER 5

CONCLUSIONS

Following its discovery in 1930’s, the silver catalyzed ethylene epoxidation has been
investigated extensively for almost a decade. Ethylene oxide (EO) is an important
intermediate for the chemical industry. Its main use is for the production of glycol that is
widely used as antifreeze component. Due to its large scale production worldwide, even

small improvements have large scale benefits for the environment and the economy.

This thesis focuses on the mechanistic aspects of this reaction. Most important is the
guestion “how the selectivity of the reaction depends on the state of the Ag surface
during reaction?” Since many experimental studies agree that the surface should be in an
oxidized state, in this thesis the reactivity of the silver oxide surface is studied. This
complements many computational studies that focus on the surfaces, which exist in the

metallic state.

In this study the mechanism of silver catalyzed ethylene epoxidation was theoretically
investigated using periodic DFT calculations on slab models that represent the metal or
oxide Ag catalyst surfaces. The reaction paths and the transition states along these paths
were obtained using the climbing image nudged elastic band (CI-NEB) method. As a
reference to the study of the oxide surface, different metallic surface models were tested

with oxygen coverages varying from low coverage oxygen to that of the oxide surface.

For comparison, the metallic phases of copper and gold were also revisited. It is found
that the epoxidation reaction proceeds through the oxametallacycle (OMC) intermediate,

regardless of the surface oxygen ratio on the metallic surfaces.

In practice Au cannot be applied since the oxygen dissociation is not feasible on the gold

surface, whereas on the copper surface endothermic epoxide formation cannot compete
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with the exothermic aldehyde formation. Results on metallic silver surfaces are consistent
with a prediction of ~50% EO selectivity of the un-promoted silver catalyst. However,
metallic surfaces fail to explain the high EO selectivity of the order of 90% that can be

obtained in the industrial process.

The catalyst surface in the oxidic state was modeled by the (001) surfaces of the well
defined Cu,0, Ag,0 and Au,O oxide phases. Among these three oxides, the Cu,0 is found
not to favor EO formation whereas Au,O is known to be unstable, however selective for

epoxidation.

A major discovery is the identification of a direct epoxidation path by the reaction of the
two-fold oxygen atoms in bridge positions, which naturally exist on (001) oxide surfaces of
the studied metals. Among three oxides studied, only Ag,0(001) surface does not show a

barrier for formation of adsorbed epoxide following the direct epoxidation path.

The single step, direct epoxidation path is a key step in explaining the high EO selectivities
observed. Unlike OMC mechanism that produces epoxide and aldehyde competitively, the
direct reaction channel produces only EO, without a competing parallel un-selective
reaction. The un-selective reaction that ends up in combustion products is found to

proceed through the OMC mechanism where aldehyde formation is favored.

Another major finding of this study is that, for the studied oxide surfaces, two different
types of OMC intermediates are possible. The first possibility is the formation of the OMC
intermediate on oxygen vacant sites. Because of the possibility of interaction of the
ethylene molecule with the metal atoms that are exposed to vacuum, OMC formation
becomes possible. This OMC formation is always non-selective towards EO, regardless of
the oxide structure. The second possibility is the formation of a direct OMC intermediate,
through the interaction of the gas phase ethylene with the non-vacant oxide surface. This
occurs through the local surface reconstruction induced by the ethylene. This
reconstruction enables a surface metal atom to interact with the ethylene. On the
Ag,0(001) surface, the direct OMC path has a higher EO selectivity compared to that is

formed on an oxygen vacancy.

In this study we also studied the effect of Cl promotion of the catalyst. Coadsorption of Cl

is found to suppress the reconstruction effects induced by ethylene adsorption. At the
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same time Cl increases the electrophilicity of reacting surface oxygen. The direct

epoxidation path appears to be stabilized by coadsorbed oxygen atoms.

The necessary condition for high EO selectivity is a surface modification that prevents
direct contact of the surface Ag cations with the carbon atoms of ethylene. However since
surface metal atoms may become destabilized by ethylene coadsorption, Cl is needed to
“overcrowd” the surface so that Lewis acidic Ag cations do not become exposed. An
important discovery on this side is the steric effect of the chlorine. The investigated cases
of surface and sub-surface Cl adsorption showed that, Cl inhibits the interaction of the
ethylene and the surface metal atoms, and hence, prevents the OMC formation. That is,
adsorption of Cl on O-vacant sites prevents the ethylene adsorption on this position. Also,
existence of the surface and sub-surface Cl atoms is found to prevent the surface
reconstruction where the direct OMC forms. In any case, when OMC formation is
prevented, the non-selective reaction channel does not occur, hence the EO selectivity is
kept high. Furthermore, Cl in the neighboring of reactive oxygen is found to weaken the

metal oxygen bond, favoring the EO formation.

Thus, we carry the discussions on the silver catalyzed ethylene epoxidation one step
further. Herein we present that the EO selectivity will be limited in the case of metallic
catalyst, whereas, the oxide surfaces enable a direct mechanism where EO is produced
selectively. The role of the Cl promoter is found to be mainly steric where it blocks the

sites of non-selective channel.
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