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ABSTRACT

ATOMISTIC INSIGHTS INTO SURFACE REACTIVITY VIA DENSITY
FUNCTIONAL THEORY

Demirtag, Merve
Ph.D., Department of Physics
Supervisor : Assoc. Prof. Dr. Hande Toffoli

September 2018, [T14] pages

In this thesis, three different topics are investigated by using Density Functional The-
ory. First, an extensive study of the water gas shift reaction on Mo,C surface is carried
out. CO is chosen as a probe molecule in order to understand the structural and elec-
tronic effects of the metal additives on the surface. We show that preadsorbed K atom
enhences the activation and adsorption of CO molecule on the surface when com-
pared to precious metal additives we consider, which are Pt and Au. Additionally, the
presence of Pt and K stabilizes the transition state of the C-O bond scission, lowers

the activation energy of this reaction.

In the fourth part, the oxidation of CH;OH molecule is examined on bare and Pt-
doped Au(111) surfaces. With this aim, the adsorption energies of molecules and

atoms involved in the reaction of CH;OH dissociation to CH;0O and H in order to



obtain their stable sites. Having defined them, the activation barrier calculations are
carried out on the bare Au(111) surface. Additionally, the same calculations are per-
formed on the Pt-doped Au(111) surface in different concentrations in order to see
the effect of them on the activation barrier. We show that the activation barriers are

notably decreased when the number of Pt dopant atoms on the surfaces increases.

In the fifth part, the interaction between the amorphous SiO,, crystal Si, oxidized
crystal Si surfaces and ions of different types of etchants, which are H,F and Cu,
is examined. The interaction between ions and amorphous surface is shown to be
weaker than the reconstructed bare and oxydized Si surfaces. The adsorption energies
are quite high for H and F ions on the reconstructed Si(001) surface. For Cu ions, the

adsorption energy is improved with precovered O atom on the Si surface.

Keywords: Density Functional Theory, Catalysis, Water Gas Shift Reaction, Adsorp-

tion Energy, Surface, Methanol, Activation Energy
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0z

YUZEY REAKTIVITESINE YUK YOGUNLUGU FONKSIYONELI
TEORISI ILE ATOMISTIiK BAKIS

Demirtag, Merve
Doktora, Fizik Bolimi

Tez Yoneticisi : Dog. Dr. Hande Toffoli

Eyliil 2018 , [I14]sayfa

Bu tezde Yiik Yogunlugu Teorisi kullanilarak ii¢ farkli konu ¢alistimistir. Tlk olarak,
Mo,C yiizeyi lizerinde su gaz degisimi reaksiyonu kapsaml bir sekilde incelenmis-
tir. Bu yiizeyin elektronik ve yapisal 6zelliklerini incelemek i¢cin CO model molekiil
olarak secilmistir ve molekiiliin parcalanma reaksiyonu bu yiizeylere baglanan metal
katkilarda diisiiniilerek simule edilmistir. Bu metal katkilardan K atomunun, CO mo-
lekiiliiniin baglanma enerjisini artirdig1 ve aktivasyonunu kolaylastirdig1 gézlenmis-
tir. Ayrica Pt ve K atomlarinin CO molekiiliiniin par¢alanma reaksiyonunu sirasinda,
gecis durumunda (transition state) molekiiliin en kararli oldugu durumu korumasina

yardimc1 olmustur.

4. boliimde, CH3OH molekiiliiniin oksidasyonu reaksiyonu temiz ve Pt dopantlit Au(111)
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yiizeylerinde incelenmistir. Bu amag¢ dogrultusunda 6ncelikle reaksiyona katilan atom-
larin ve molekiillerin baglanma enerjileri hesaplanarak en kararl olduklar1 baglanma
yerleri tespit edilmistir. Bunlar elde edildikten sonra, CH;OH molekiiliiniin oksidas-
yon reaksiyonunun aktivasyon enejisi oncelikle temiz Au(111) yiizeyi iizerinde he-
saplanmugtir. Farkli sayisaki Pt atomunun dopant olarak reaksiyonun aktivasyon ba-
riyerine nasil etki etti§ini gormek i¢in, ayni hesaplamalar bu yiizeylerde de hesaplan-
mustir. Pt atomunun dopant olarak yiizeydeki miktari arttikca CH3;OH molekiiliiniin

parcalanma reaksiyonunun aktivasyon bariyerini diisirmiistiir.

5. boliimde, amorf SiO,, kristal Si ve oksitlenmis kristal Si yiizeyleri ve agindirici olan
H, F ve Cu iyonlarinin arasindaki etkilesim ¢alisilmistir. Amorf ve asindirici iyonlari
arasindaki etkilesim, temiz ve oksitlenmis kristal Si yiizeylerinin etkilesimlerine gore
zayiftir. H ve F iyonlarinin baglanma enerjileri temiz Si yiizeyinde oldukga fazladir.

Cu iyonlariin baglanma enerjisi Si yiizeylerine baglanan O atomuyla artmustir.

Anahtar Kelimeler: Yiik Yogunlugu Teorisi, Kataliz, Su Gaz Degisimi Reaksiyonu,

Baglanma Enerjisi, Metanol, Aktivasyon Enerjisi
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CHAPTER 1

INTRODUCTION

In order to accurately investigate the principles behind the chemical reactions, ef-
ficient quantum mechanical models are needed. In this thesis, we use the Density
Functional Theory (DFT), which is one of the most used methods in material science
in the last two decades. This method gives results which are remarkably close to
experimental values in both determination of adsorption energies and reaction mech-

anisms. Chapter 2 is devoted to the theoretical background of the DFT.

The environmental problems of carbon-based energy sources are rapidly increasing
day by day. Therefore, the development of the hydrogen-based economy has many
advantages because of its lower environmental impact and higher efficiency of energy
conversion when used in fuel cells. The water gas shift (WGS) reaction is one of the
primary reactions in industry in order to produce hydrogen. This reaction is employed
in industrial applications with the usage of catalysts. However, the conditions under
which industrial applications proceed are not appropriate at smaller scales, such as
portable fuel cells used in transportation. An active field of research has been devel-
oped to identify materials that could be used as catalysts in small scale applications
with the goal of reducing the cost, bringing down the optimal ambient temperature
and obtaining high-grade H,. Traditional WGS catalysts which are developed for
fuel cell applications comprise two components. An oxide such as Al,O3;, CeO, or
TiO, provides support while a noble metal such as Pt or Au catalyze the various reac-
tion steps [} 2, 3]. Promoters such as alkali and alkaline earth metals are also often
added to the system as a means of further boosting the performance [4, 5, 6]. While
this combination of materials makes the small-scale applications of WGS possible,
the use of noble metals render it costly and potentially harmful to the environment.

In addition, the high impurity levels of the H, that is produced is detrimental [7].



Among the myriad of materials suggested for the WGS reaction,transition metal car-
bides (TMCs) stand out due to their high reactivity [8], extreme hardness [9], high
melting point [10], and high electrical/thermal conductivity [11]. Mo,C is one of the
TMCs proposed for the WGS reaction [12].In particular, several reports have been
made regarding their higher activity and durability for the WGS reaction when com-
pared to the commercial Cu—Zn WGS catalysts [13], 8]. In Chapter 3, the Mo,C
surface is explored as a catalyst for WGS reaction. With this aim, the adsorption
energies are studied for the species involved in the relevant reaction on this surface
and activation barriers are calculated for CO molecule, which is our probe molecule.
Finally, the effect of the precious metals such as Au, Pt atoms and K atoms as an

alkali promoter are discussed in detail.

Chapter 4 aims to study the oxidation of methanol molecule on Au(111) surface. This
molecule is used in industrial applications enormously. During the oxidation process
of methanol, industrially valuable chemicals are produced. These chemicals can be
used in food, polymer and pharmaceutical industries. The size and variety of such
products is highly dependent on the environment and the catalyst used. It was experi-
mentally demonstrated that selective oxidation process is catalyzed by metal surfaces.
The adsorption and decomposition of the CH;OH molecule on coinage metals have
been studied in great depth due to its enormous use in industry. This method can be
utilized in internal combustion engines when CH3;OH is mixed with petrolium source.
It has a great potential as hydrogen source for fuel cells. Additionally, it is used as a
feed stock for the production of many chemicals. Therefore, the study of its adsorp-
tion, its decomposition process and its reaction with catalysts has become important.
In this chapter, we calculate the adsorption energies of the molecules and atoms in-
volving in the dissociation process through O-H bond breaking on Au(111) surface,
then activation energies for this reaction are examined. This decomposition process
is easier on the Au surface with O-add atom . However, obtaining O-atom on the Au
surface is not an easy task since it requires many industrial processes. The other goal
of this chapter is to perform similar calculations on the Pt-doped surfaces without

using O-add atom on the surface.

Solar energy seems to be the most promising energy source to meet rising energy

demand. Silicon-based materials are the most suitable materials for producing solar



cells. However, there are many difficulties in the production of the silicon-based
wafers, one of them being related to the thickness. Standard thin film production
methods is not suitable for the silicon wafers. Chapter 5 presents a new technique to
produce thinner wafers, where some of the regions of the wafers interacts with the
etchant solution much more than the other regions do. The etchant solution consist of
HF acid and Cu ions. Therefore, we calculate the interaction between the amorphous
silica, crystal silica and oxidized crystal Si surfaces and ions of HF and Cu in order
to develop a better understanding of this technique by calculating their adsorption

energies on these surfaces.






CHAPTER 2

THEORETICAL BACKGROUND

2.1 Solid State Systems and Their Problems

In order to study any quantum mechanical system, as a first step, the Schrodinger

equation is written down with a corresponding Hamiltonian

0
h—V¥ = HY. 2.1
Zhat (2.1)

Solving this equation with appropriate boundary conditions (2.1)) gives the wave func-
tion ¥, which contains all information about the system. Once the wavefunction ¥ is

known , some physical properties of the system can be determined.

The exact solution of this equation can be obtained for a few simple systems such
as particle in a box, whereas it is not an easy task even for the systems containing
more than one electron such as helium. Therefore, solid state systems, which are
much more complicated compared to helium, can be studied by employing some

approximation methods.

2.2 Many Body Hamiltonian

Solid state systems consist of many electrons interacting with each other and heavy
nuclei through electrostatic forces. The behaviour of the system is governed by the

non-relativistic Hamiltonian N electrons and N nuclei
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where we use i and j for the electronic coordinates, I and J for the nuclear coordinates.
Z and m denote the electric charge and the mass of nuclei respectively. The first
two terms in equation (2.2) are kinetic energy of the electrons and nuclei. The 3%
term describes the interaction between electron-electron. The remaining terms are

interactions between nuclei- electrons , and nucleus-nucleus, respectively.

2.3 Born-Oppenheimer Approximation

As mentioned before, dealing with the many body Hamiltonian in its full form (2.2))
is practically not possible. One approach to this problem is an approximation scheme
due to Born-Oppenheimer [14]. Since electrons are much lighter than the nuclei,
nuclei react to any change not as quickly as electrons. The nuclei are much more
localized in space, almost static, which makes it possible to considered them as clas-
sical particles. As a result of this, the full wavefunction is written as the product of

the electronic wavefunction and the nuclei wavefunction,
X(r, R) = W(7, R)(R) (2.3)

where ¥(r, R) represents the electronic wavefunction depending parametrically on
nuclear coordinates R and ¢(R) represents the nuclear wavefunction. With this pic-
ture, the second term in equation (2.3) can be neglected and the potential energy
between nuclei-nuclei interaction can be taken as constant for a fixed nuclei con-
figuration. Therefore, the new Hamiltonian, which depends only on the electronic

variables, is given in terms of atomic units as
H = Te“—‘/en("??R)_‘_‘/ee(_))

Ne Ne Ne Ne Np
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We search for the ground state wavefunction ¥ of this Hamiltonian which satisfy

HY = EV (2.5)



The true wavefunction of electrons not only depends on the electronic coordinates
but also depends on spin degrees of freedom assigned as o. The total variables are
denoted as

x={ro} (2.6)

and the full antisymmetric wavefunction for N-electron system is given by
L_DZW(Z[‘l,IQ,JZg, ....... (L’N) (27)

With the help of this approximation, the Hamiltonian in equation (2.4)) becomes easier
to handle but it is still a difficult task to solve this equation. The electron-electron
interaction, because of the motion of the electrons, makes the problem so complicated
that we can not consider their contribution to the energy as that of single particles.
Therefore, scientists have been trying to search new approaches to the many body

problem.

2.3.1 Hartree and Hartree-Fock Approximation

The idea behind the Hartree approximation is that the electrons are considered to oc-
cupy different orbitals in which only one electron can be present [15]]. This approach
reduces the many body Schrédinger equation to a single particle equation. Every or-
bital is represented by a function ¢;(z;) and the approximate wavefunction is written

as the product of the single orbitals

N
& = [ o), (2.8)
each of them satisfies the single particle Schrodinger equation
—h?
(5,- V2 + Vi ()ei(r) = idi(r), (2.9)

with the effective potential V; ;(r) defined as

Nl
crp(r =fm+/2#| . (2.10)

= T’I
The effective potential V., is the sum of the potentials which describe the nuclei-

electron interaction and the electron-electron interaction. The second term in equation
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(2.10) is called Hartree potential, where |¢;(r)|? denotes the charge density. Then, the

energy is
N
1 n(r)n(r’)

Since the solutions of Hartree equations depend on the orbitals, they are solved by
self-consistency . As a first step, an initial orbital is guessed and the effective po-
tential V¢, is constructed in terms of it. Then the equation is solved. We employ
this procedure until we accomplish to get a wavefunction sufficiently close to the real
solution. This procedure is called Hartree self consistency. However, the Hartree
approximate-wavefunction or the Hartree product in equation (2.8)) fails to represent
the true nature of the electrons. This approach treat electrons as distinguishable parti-
cles. However, they are indistinguishable fermionic particles and the wavefunction of
electrons must satisfy the antisymmetry requirement which can be expressed through

the exchange operator P defined as

Pi®(x1, 29, 3, T4, . X, .. Xy) = DP(T1,T2,T3,..2,..T4, ...TN)

= —@(xl, Ly X3y - Ljy Ly 1’]\7) (212)

This is an operator which exchanges the positions of particles equation (2.12)), which
is a manifestation of the Pauli exclusion principle. If one applies this operator on a
fermionic wavefunction, the wavefunction does change its sign. The Hartree approx-
imation does not possess this crucial property and that is why the model is unsuccess-

ful.

In order to satisfy the antisymmetric property of the fermionic wavefunction, a new
approximate wavefunction is proposed by Hartree-Fock [16,17], where the N-electron

wavefunction is written as Slater determinant,

¢1(~’171) ¢2(5€1) - ¢N(£C1)
¢1(r2)  @a(w2) . . . On(72)
1
?= (2.13)
¢1(rn) ¢o(zn) . . . On(TN)
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1 . .
The factor il in equations (2 and arises as a result of the normaliza-
tion condition. The Hartree method is essentially the application of the variational

principle with Hartree wavefunction (2.8] Hartree-Fock method extends the Hartree
method by including the quantum mechanical demands such as exchange properties
of electrons and indistinguishability. However, it is still insufficient to include the

correlation effects due to the interactions between electrons.

2.3.2 Thomas-Fermi Theory

It was proposed by Thomas and Fermi to use the electron density as a variable instead
of the wavefunction [18,[19] . In this approach, a simple expression is obtained for
the kinetic energy by using homogeneous electron gas, while the exchange and cor-
relation effects are completely neglected. However, these effects due to interactions
are treated classically. The density of the homogeneous electron gas p in terms of the

Fermi energy € is
1 2m 3/2 3/2

p - 37T2( h2 ) F (215)
and the kinetic energy is given by
T(n) = Cr / n(7)°3dr (2.16)

where Cr = 2.871. The total energy is given in terms density as

E(n) = / (7)°3dF + = // |T1_r2‘ 1d@—Z/%dﬁ (2.17)

The performance of Thomas-Fermi approach is not very good due to the fact that
it ignores the exchange and correlation effects which play a crucial role in Density

Functional Theory (DFT).

2.3.3 Density Functional Theory

DFT is the most commonly used method for obtaining electronic properties of con-

densed matter systems. The idea behind it is that writing the total energy in terms of

9



ground state electron density offers a great simplification by reducing the number of
degrees of freedom. The theory is applied in systems ranging from atom, molecules,

solids to quantum fluids.

The ground state electron density is the fundamental variable and the total energy is
a unique functional of electron density. For many particle systems, the density can
be obtained by finding the expectation value of the density operator for many body

wavefunction. The density operator is defined as
Ne
) =Y 6(F =), (2.18)
=1

where 77; is the position of the it* electron, §(7; — 7) is the density of the i** electron

and NV, is the total number of electrons. The electron density is given by

n(@) = <P/ >
Ne

= /W*(rl,rg,rg,..rNe)ZMf} — W (r1, 79,73, ..., )dridrs...dry,

i=1
= /|&D(r, g, T3, .7N) |2 drsdrs....diN + / (e, 7,73, ..rn) Pdridrs...diy +
e (2.19)

This equation has N, numbers of integration, and changing the dummy indices gives

the integration of the number density as

j/noﬁdf = N.. (2.20)

2.3.4 Hohenberg-Kohn Theorems

The ground state properties is studied by DFT, in which we change our attention from

wavefunction to electron density. The energy,
H=T+ Ve + V., (2.21)

where the first and second terms are kinetic energy and Colombic energy between
electrons, respectively and they are universal for all electronic systems. The remain-
ing term describes the electron-nuclei interaction, which is again Colombic, but not

universal and depends on the configuration of the system. Therefore, the total system

10



is defined by this term uniquely. It is also called the external potential since it includes
the effects of external fields such as electric and magnetic fields. We will now state

two important theorems which DFT is based on [20].

Theorem 1: The external potential V.,; is uniquely determined by the ground state
density ng(7) up to an additive constant. In other words, there is a one-to-one corre-

spondence between the ground state density and the external potential V.

Proof: Assume that there are two different external potentials resulting in the same

ground state density. The corresponding Hamiltonians are given as

B o= T+ Ve+ VY, (2.22)
H = T+ V.+V2. (2.23)
from which one can get
l%<<wm+%—%%> (2.24)
B < / d7n,(7) (Vi = VSl + Es (2.25)

Changing the indices in equations (2.24) and (2.25) and doing the same for E, give

ext

@</ﬁmmww—%ﬁ+&. (2.26)

Then, the sum of equations (2.23) and (2.26) yields

By + By < Ey + B, (2.27)

which is a contradiction. Therefore, we conclude that it is impossible to find two

different external potential corresponding to the same ground state.

Theorem 2: The second theorem shows the variational nature of the problem. It
states that the energy corresponding to a certain density takes its minimum value , if

this density is the true ground state density.

Proof 2: The energy in terms of density is
E(n) = T(n)+ Vee(n) + / Vet (F)n(F)dif
= fWM+/%mmwa (2.28)
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where F [n(r)] is the universal functional which is identical for all electronic systems.

The ground state energy is in terms of the actual ground state density no(?) is given

by the variational principle,

Eylny) = <%[no]|ff|%[n0]> << Wylno] | H|Wo[no] >= En]  (2.29)

when ng = n/, the equality is satisfied.

2.3.5 Kohn-Sham Approach
2.3.5.1 Total energy in terms of density

The material properties are investigated by DFT for interacting electron system with
an external potential. As mentioned above, the wavefunction of the full system is
3N-variable, one can reduce the number of variables by writing every terms electron
density. We can find the observables corresponding to the Hamiltonian by taking the

expectation value of it as follows.

N,
E ’ﬂ 1 e 1
= =) V- - el 2.30
Z 2.2 5 ym—m 3 2 Forp @O
i#j=1
The total energy of the system is obtamed by
- <gp|ﬁ1|w>. (2.31)

The second term in equation (2.30) is the nuclei-electron interaction also called ex-
ternal potential which represents the effects of the other fields. It is a single particle
operator and it is assumed that this term does not include any derivative. Therefore
this calculation can be performed easily. The expectation value of that operator is

given as,

(O T oo P Vet O (7, T2, o )

e _‘ Z B B B . . )
- _ZZ/ 7“1,7“27..., e)_,—]—‘w<711,r27---,rN)drldTQ...dTNe
7 — Ry

J
= /‘,,,, R| /|W r17T2;~--7FN5)|2d7?2d773...dFN]
1

+/ﬁdﬁ/|zﬂ(ﬂ,@,...,ﬁe)
J
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There are N, identical terms in equation (2.32). By using the definition of the density
in equations (2.19) and (2.20)), each term in the second integral can be shown to be

n(n)

equal to , which yields

Eewg = / ‘/;xt(F)n(f)dF (233)
This is the expectation value of the external potential in terms of density.

We will now do the same calculation for the electron-electron interaction term. How-
ever, it is not as easy as the external potential since it can not be written in terms
of single particle density directly. First, we define this interaction in terms of single
particle operators and all the other effects are included in the correlation term. The

expectation value for the electron-electron interaction V.. is given by

Eee = <W(_’1a7?27""FN)|‘7€C|W(F1’F27."7FN)>

N
1 L . 1 S o= .,
= 5 Z /W(Tl,T’Q,...,T’N)ﬁW(ThTQ,...77“N)d7“1d7“2....d7“]v
ikl T T‘]
N
= 5 Z /ﬁ/|¥7(7’1,?”2,..,Tz',..,Tj,..,TN>|2dT1dT’2....d7’N
i#j=1 v J

(2.34)

=d

Renaming dummy indices (7;,7; — 7,7') and using the definition of density for

two particles
n(r, ) = N(N — 1) /dfgda...dmyw(a, o, .72, (2.35)

give the electron-electron interaction energy as

1 drdr’
Eee = §N<N _:r /|W T17T27"7 7"7T 7"7FN)|27
drd“'rﬂ(? ')
E, — _ J : 2.36
= 239

where n?(7,7") is the probability density of finding an electron at 7 and the other
one at 7', This term assumes that there is no correlation between two electrons. It is
purely classical, which ignores the fermionic nature of the electrons. Therefore, the

quantum behavior comes as a correction term tothe two particle density term

n2(FF) = n(F)n() + An? (7, 7), (2.37)



where An?(7, ) is the correction term which represents the correlation effects (purely
quantum mechanical). The resulting energy due to the interactions between electrons
is also called Hartree energy. Since the kinetic energy term contains derivative, it is
difficult to find everything in terms of explicit functional of the density. Therefore,
Kohn and Sham introduced a method for computing the kinetic energy functional for
a better accuracy [21]]. The idea behind their method is that they replace the kinetic
energy of N-interacting particle system with an equivalent non-interacting one. With
this assumption, the ground state density of the fictitious non-interacting system is
the same as that of the real system. The density can be written as the norm squared

of the single particle orbitals called Kohn-Sham orbitals

Ne

n(®) = > [éal®)* (2.38)

n=1

Therefore, the kinetic energy in terms of the single particle orbitals is given by

Np,
T = —%Z / drg: (F)V2 ¢, + AT. (2.39)

This kinetic energy term is not the true kinetic energy, because it ignores the interact-
ing effects. In order to capture them, a correction term is added to the kinetic energy
as in the equation (2.39). Then, all terms add up to the total energy as
N,
1 1 [ drdim?(7,7)
E = =23 [ dioy (7)Y, + | Ve (@R + 5 [ =
32 [ et [ Ve 5 [ TR

+ AT + AE,,. (2.40)

Here, the terms AT + AFE,, are called the exchange-correlation energy, originated

from the difference between interacting and non-interacting system.

2.3.6 Functionals for Exchange and Correlations
2.3.6.1 The Local Density Approximation

Every energy term in the many body Hamiltonian is defined by Kohn-Sham orbitals.
However, writing the exchange-correlation term in terms of the density is still a chal-
lenging task because this term is not exactly known. Therefore, it must be approxi-

mated in such a way that the exchange and correlation effects are captured exactly

14



to make the computation more accurate. Among many possible approximations,
the most easiest and most commonly used method is Local Density Approximation
(LDA) [22]]. In this approximation, the non-homogeneous system is divided into
volume elements d®7. Then, the system is treated with the assumption that there is
homogeneous electron gas at density n(7) in every volume element instead of the

non-homogeneous gas. The exchange and energy functional are taken as
Bucln) ~ B2 = [ n(flescln(r), @41)

where ¢,.(n(7)) is the energy per electron in a homogeneous electron gas at density

n(r).

The performance of the LDA is quite satisfying for systems where the electron density
is uniform or slowly changing. However, it fails to predict some properties of materi-
als in which the density oscillates very rapidly. Therefore, LDA should be improved

for better accuracy.

2.3.6.2 The Generalized Gradient Approximation

Besides LDA, there are methods developed for approximating the exchange-correlation
energy to make the computation more accurate such as Generalized GradientApprox-
imation (GGA) [23]]. The main idea behind this approximation is that the ¢,. term
takes into account not only the electron density at 7 but also consider the density

gradient at that point Vn(7). Therefore, the functional is given by
ESEA = / P (F)ege(n(7), [Vn(F)|) (2.42)

This method estimates binding energies and atomic energies more accurately when

compared to the LDA. It also recovers the bonding angles and bond lengths.

2.3.7 Kohn-Sham Equations

Once a proper exchange-correlation functional is chosen, the remaining work is a
minimization procedure by using variational principle with respect to Kohn-Sham

orbitals to obtain ground state energy, density and wavefunctions. The total energy is
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given by

=7

Nn e
Eln] = —%Z/dfcbi(ﬁv%n+/Vm(f)n(f)df+%/M

+ [ @l o)

E
5;;] = &i¢i(7)
1 dr'n(r") déze[n(7)]
= | —=V24+ 1V, e i, (243
[ 5Vt Ve + F—T + €xe[n] + n(7) 50 () ¢i, (2.43)
and, with LDA for exchange and correlation energy, one can get
(T + Vet = et (2.44)

The Kohn-Sham equations (2.44)) represent the solution of N-single particle Schrodinger-
like equations for interacting electrons under the effect of the potential V.;s. ¢; and
g, are the wavefunctions and energies, respectively. However, it is not easy to calcu-
late the energies and orbitals. Hartree term and exchange operator directly depend on
the density itself, while the other operators in the Hamiltonian depend on the Kohn-
Sham orbitals. There is an interrelation between density, Kohn-Sham orbitals and
Hamiltonian. Therefore, the solutions of Kohn-Sham equations are accomplished by
self-consistency. In this method an initial density is chosen and the equation (2.44)
is solved in order to find the Kohn-Sham orbitals and energies. By using this Kohn-
Sham orbitals, new density is written and again above equation is solved to find the
new orbitals and energies. This process continues iteratively until there is a small
difference between the densities obtained in consecutive iterations. After having ob-
tained the density, one can calculate the energy of the system, forces and stresses

etc..

2.3.8 Periodicity and The Bloch’s Theorem

The crucial property of crystals for ab-initio calculations is that they are composed of
orderly arranged atoms, which causes a long range periodicity in crystals. Therefore,
a crystal remains unchanged when it is translated by a lattice vector R, which leads

us to conclude that the crystal potential seen by electrons is also periodic under such
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a translation

—

U() = UM+ R), (2.45)
where U (7) is the crystal potential seen by electrons and R is the direct lattice vector.

Bloch’s theorem states that the eigenfuntions of such periodic potentials correspond-

ing to a single particle Hamiltonian in equation (2.44) can be written as [24],
V() = FTULR). (2.46)

This wavefuntion, which is also called Blochs’ state, is translated by a lattice vector

as follows

P

U.(F+ R) = * (), (2.47)

where £ is called crystal momentum, which is originated from the translational sym-

metry. The equation is the alternative form of the Bloch’s theorem.

Bloch’s wavefunction has some important properties. The planewave form of the
Bloch’s wavefunction emphasizes that the electron travels in a crystal like a free par-
ticle modulated by a periodic crystal potential. This wavefunction also shows the
non-localized character of the electron on a particular atom. The electron is shared

by the whole crystal.

2.3.9 Planewave Expansion and Technical Issues

Solving Kohn-Sham equations [2.44] directly is still an impossible task, and as men-
tioned previously it is reasonable choice to expand wave functions in terms of planewaves.
The usage of planewaves as a basis gives us to opportunity to turn the real space equa-
tions into momentum space matrix equations. To work with matrix equations is much

easier than to work with real space ones.

2.3.9.1 Pseudopotential Approximation

The fact that a solid state system possesses many electrons requires the usage of many
planewaves as basis to expand Kohn-Sham orbitals, which makes the problem more

challenging from the computational point of view.
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We know that the core electrons are more localized and do not contribute the bonding
process whereas valance electrons, which are more delocalized and play a dominant
role in bonding. The core electrons are also more oscillatory around nucleus, result-
ing in the usage of more planewaves to resolve these oscillations by spending more
computational power. In order to handle this problem, one must make pseudopoten-
tial approximation. The idea behind this method that we use only valance electrons
instead of using core electrons by replacing the oscillatory Coulomb potential by a
smoother and weaker one, called pseudopotential. This gives us to opportunity to
work with a smaller system by reducing the number of planewave base. We also

eliminate the relativistic effects which are due to the core region.

Figure 2.1: Illustration of the oscillatory wavefunction of nucleus corresponding to
blue one, and the red one represents the pseudo wavefunction which is smoother.
These two coincide at the radius of rc [25]].

Assume that we have an isolated atom with its Hamiltonian A and valance state |¢)
. This true valance state [¢) is replaced by a smooth pseudo-function |¢), and the
remaining part is expanded in terms of the core states |x,) as the equation (2.48].

The Hamiltonian H and the valance state 1 satisfy the below lb

core

) = 1¢)+ > Cnlxn) (2.48)

H|¢) = EY) (2.49)
and core states satisfying the eigenvalue equation of

H|xn) = FEulxa) (2.50)
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One can multiply (2.48)) with (x| and obtain that

whose substitution into equation (2.48) yields

core

) = 18) =D Ixn) (Xml0) (2.52)

Then, applying the H Hamiltonian operator on the equation |i results in

(H+ Y0 (E — By [xa) (Xal) [6) = E|9), (2.53)

where the term (H + Y°°(E — E,,) |xn) (xn|) is treated as new Hamiltonian which
gives exactly same energy over the pseudo-function. Also, (E — E,,) is more repulsive

term that cancels the effect of the attractive nature of the Coulomb potential.

2.3.9.2 Integration over K Points

In DFT calculations, the electron density can be evaluated by integration over k points
appearing in Bloch’s state (2.46). Therefore choosing of sufficient number of k points
is important in DFT calculations. There are two commonly used methods of choosing
k points, which are Monkhorst-Pack scheme [26] and tetrahedral method [27]]. In this
thesis, Monkhorst-Pack scheme is used for integration where k points are homoge-

neously distributed in Brillouin zone.

The number of k points depends on the crystal shape, size and crystal symmetry. The

bigger the unit cell used in real space, the number of k points for integration is less.

2.3.9.3 Smearing

For insulators and semiconductors, the charge density smoothly goes to zero before
the band gap. The integration over k points, therefore, has no problem. On the other
hand, for metals, the charge density sharply drops and goes to zero. The function to
be integrated over k points is multiplied by a sharp delta function which makes the
resolution very difficult with planewaves. In order to handle this problem, this sharp
Fermi function is replaced by a smoother one called smearing function, which makes

the integrand smoother.
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2.3.10 Adsorption Energies

In order to study the adsorption of atoms and molecules, an appropriate surface is con-
structed. The adsorption energy is a crucial observable between surface and atoms or
molecules. The adsorption process takes place on a surface which is called adsorbent.
Adsorbate is defined as that any chemical species which get adsorbed by surface.
These definitions are depicted in the given Figure [2.2] Adsorption energy is defined

as

Eads = Eslab/adsorbate - (Eslab + Eadsorbate) (254)

where Egqp/adsorbate 18 the total energy of the slab with adsorbed molecule or atom,
Eg 4 1s the total energy of the slab without adsorbate and the last term is the total

energy of the adsorbate alone.

000000000000

vacuum

(::) (::) (::j“““--adsorbane

adsorbent

O

Figure 2.2: Scheme of the slab model for the adsorption.
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2.3.11 Calculation of Activation Energies

The activation energy is defined as the minimum energy that is required for a reaction
to take place. A reaction starts with reactants that change into products by break-
ing the bonds in the reactants. The all species during this process pass through an
highest energy state which is called transition state. This is an unstable state there-
fore reactants do not stay longer times, they proceed another reaction steps. All these

definitions are depicted in the Figure 2.3]

transition state

products

=~ activation
barrier

potential energy

reactants

reaction coordinate

Figure 2.3: Illustration of reactants, transition state and producst.

As discussed previously, DFT calculations can be utilized to find equilibrium posi-
tions of reactants on the surface and corresponding minimum energy states. However,
in order to estimate the activation energy, we need information about intermediate
steps, which requires new tools. In this section, we will first introduce the concept
of transition state and minimum energy path. Then, we will present a widely used
method to find them, Nudged Elastic Band Method (NEB) and an improved version
of it Climbing Image NEB (CI-NEB).
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Figure 2.4: The left one represents the two dimensional potential energy landscape.
A and B points are the local minimas and the line connected between them is MEP.
The right one represents the energy profile of the MEP.[28]

When dealing with chemical processes, it is often useful to consider the system in
terms of the overall energy F (ﬁl, ﬁg, A0 ﬁN) where R; is the position of i** atom.
Then, a chemical process can be thought of as a transition of atoms from one local
minima to another. The initial configuration for reactants and the final configuration
for products correspond to local minimas. There are infinitely many paths on the
surface for this process to occur, but we have to find the one for which the required
energy is minimum. This specific path connecting the two local minimas is called
the minimum energy path (MEP). Through a MEP, the system undergoes an energy
barrier which can be visualized if we imagine a line connecting the local minimas and
use the so called " reaction coordinate ” as in figure. The saddle point between the

two minima is called the transition state.

2.3.11.1 Nudged Elastic Band Method

NEB is a method to find the MEP between the initial and final states along with the
saddle points[29]]. In this method initial and final stages are connected to each other by
springs and n number of images are inserted between them along the MEP. For every
image, methods find the minimum energies to control the equal spacing with the help

of these springs. The forces acting on the every image i has to two components.

ENEB — FJ_ 4 (Fs)u

3 3
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where F;- is component of the true force which is perpendicular to the unit tangent

of the path for image i, and (F})" is the parallel component of the spring force.

The perpendicular force along the path can written as true force minus parallel com-

ponent of the true force.

Fto= —{VBR) - VB[R )20

where E is the energy of the i /" state which is a function of the atomic coordinates.
This perpendicular component of the true force drives to nudge all images around the
MEP.

(F?) = k(B — Bo) — (B — Bot))4

(ﬁiﬂ — ﬁl) is the distance between i+1 state and i state,(_l%i — ﬁi,l) is the distance
between i state and i-1 state and k is the spring constant. This spring force makes
the images equally spaced, otherwise the images tend to fall down their initial and
final stages. When the images are on the MEP, the perpendicular component is equal
to zero. In NEB method, it is difficult to find the exact transition states . Therefore,
accurate activation barrier is not found. CI-NEB is an improved version of NEB

which finds the true transition states and accurate value for the activation barrier[30].
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CHAPTER 3

EFFECT OF PLATINUM, GOLD, AND POTASSIUM ADDITIVES ON THE
SURFACE CHEMISTRY OF CDL-ANTITYPE MO,C

3.1 Introduction

With the industrialization and the growth of population, the energy demand of hu-
manity has increased steadily in the last few decades. This energy need is met mainly
by fossil fuels which are unsustainable and, additionally, harmful for the environ-
ment. When the fossil fuels are burned, they emit toxic gases such as CO,. These
gases result in a gradual increase of the surface temperature of the earth, resulting
in global warming. The effects of this heating are serious and ubiquitous. The heat
is melting the land ice, causing rise of the sea levels and flooding. It forces animals
to search new areas to live, which is seriously threatening some species. It affects
the climate as well leading to extreme weather conditions, affecting the agriculture
system which makes people to confront many additional problems. In order to miti-
gate these problems, an extensive search has been launched for clean and renewable

energy sources.

Hydrogen is a good alternative energy carrier due to the low level of pollution that
it causes. In addition, it is the most abundant element in the universe. Despite its
abundance, it has to be manufactured via a reforming process to extract it from the

compounds like water and hydrocarbons. The water gas shift reaction (WGS) [3.1]

is employed extensively in industry as a means of simultaneously reducing the harm-
ful CO gas content and producing H, as a clean energy alternative [31]. This reaction

is exothermic (AH = -41 kJ/mol) and realized in industrial applications in two stages
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with the help of catalysts. At the high temperature stage (300-450 °C) Cu-promoted
Fe;0, catalysts are used [32] while the low-temperature stage (200-240 °C) is fa-
cilitated by Cu-promoted ZnO catalysts [33]. There has been much research on this
reaction; however, the exact reaction mechanism is not known [34]]. Two multi-step
reaction mechanisms have been proposed for the WGS reaction, namely the redox
mechanism and associative mechanism [4]]. In the redox mechanism, oxidation of the
CO molecule with absorbed O coming from the dissociation of the water molecule
is involved [35) 136]. For the case of the associative mechanism, formate species are
produced by the reaction between absorbed CO molecule and OH molecule coming

from the dissociation of water [37]].

However, the conditions under which industrial applications proceed are not appro-
priate at smaller scales, such as portable fuel cells used in transportation. An active
field of research has been developed to identify materials that could be used as cat-
alysts in small scale applications with the goal of reducing the cost, bringing down
the optimal ambient temperature and obtaining high-grade H,. Traditional WGS cat-
alysts which are developed for fuel cell applications comprise two components. An
oxide such as Al,O3, CeO, or TiO, provides support while a noble metal such as Pt
or Au catalyze the various reaction steps [1} 2, 3]. Promoters such as alkali and al-
kaline earth metals are also often added to the system as a means of further boosting
the performance [4, 15, 6]. While this combination of materials makes the small-scale
applications of WGS possible, the use of noble metals render it costly and potentially
harmful to the environment. In addition, the high impurity levels of the H, that is

produced is detrimental [[7].

Among the myriad of materials suggested for the WGS reaction, transition metal
carbides (TMCs) stand out due to their high reactivity [8]], extreme hardness [9], high
melting point [[10], and high electrical/thermal conductivity [[11]. It has been observed
that they display high catalytic performance as catalysts in many industrial processes
such as hydrodenitrogenation [38]], hydrodesulfurization [39], hydrogenation of CO
[40].

Mo,C is one of the TMCs proposed for the WGS reaction [12]. In particular, sev-

eral reports have been made regarding their higher activity and durability for the
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WGS reaction when compared to the commercial Cu—Zn WGS catalysts [[13} 8]]. In
spite of the experimental interest, there have been relatively few theoretical studies on
Mo,C for use in the WGS reaction. Binding geometries and adsorption energies of
reactants, products and intermediates is an important step in understanding reaction
mechanisms. Therefore, considerable effort has been spent in studying adsorption of

molecules on several Mo, C surfaces with the help of the DFT.

The species of H, O, CO, NO and CO, are involved in many catalytic reactions,
and therefore much research has been devoted to their study on Mo,C. Shi et al.
performed a detailed DFT investigation on CO and NO adsorption at active sites of
B-Mo,C (001) surface [41] within the Generalized Gradient Approximation. In this
study, C-terminated and Mo-terminated Mo,C surfaces were studied. The binding
energies were compared and it was found that for the C-terminated surface the bind-
ing energies are relatively small and NO adsorption is stronger than CO adsorption.
Additionally, atomic adsorptions of C, O and N were examined and, for both termi-
nations in the range between 5 eV and 7.7 eV, which are quite large. A similar study
was conducted by Ren and co-workers who scrutinized the adsorption of O and CO
on the a-Mo,C (001) surface with different terminations by using DFT calculations
[42]]. Again, they compared the adsorption energies. The general result for these and
similar studies is that the species attach to the surfaces through strong covalent bonds

or Coulombic interactions.

Moreover, the promoter effects on the adsorption and co-adsorption energies of the
species involving the reaction have been investigated. Pistonesi et al. examined the
effect of K effect as a promoter on the CO adsorption on the Mo-termination of the
Mo,C(001) surface [43]]. They observed that the adsorption energies are more favor-
able for the K-promoted surface. Furthermore, an increase was reported in binding
energies when the concentration of K atoms on surface was increased. Both situa-
tions were accompanied by charge transition of charge from the surface to the CO
molecule. Han et al. examined the adsorption of H and CO with K and Rb on the
a-Mo,C

In addition to the adsorption studies, activation energy calculations are performed for

the energetics of the reaction of WGS and other reactions. Tominaga et al. studied the
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WGS reaction on 5- Mo,C (001) slab and examined some reaction steps such as CO
adsorption and decomposition of the HoO [44]. The rate limiting steps were deter-
mined to be reaction between CO and O to form CO,. Another recent study by Wang
et al. examined CO dissociation with high coverage on the C and Mo terminations
of orthorhombic Mo,C [45]. They aimed to probe how coverage level effects the CO
adsorption and energetics. They observed that there was a decrease in the binding
energies with increasing coverage, similar trends were also noted for the case of the
C-terminated surface. Finally, they concluded by calculating the energy barriers that
at higher coverage levels (n=9-16), the molecular adsorption of CO was observed,
whereas only for the case of the lower coverage levels the dissociative CO adsorp-
tion become feasible. The only molecular adsorption of the CO for all coverages
was reported on C-terminated surface, although the dissociative adsorption did not
occur. The same group also examined CO and H, adsorption and co-adsorption on
Mo,C(001) by calculating the activation barrier for dissociation to be 2.01 eV [46].
This larger dissociation energy was attributed to the fact that CO dissociation was dif-
ficult on a metallic Mo-terminated surface. Besides, the H, dissociation energy was

computed to be 0.08 eV indicating that dissociation was favorable on the surface.

There is a wide-spread belief that in contrast to the generic materials used in WGS re-
actions, Mo,C does not necessitate the use of a precious metal component to catalyze
some of the reaction steps. Due to the lack of a well-established theoretical back-
ground, the conditions under which this prediction applies to Mo,C surfaces have yet
to be understood. In this context, we explore the catalytic performance of several
Mo, C (001) surfaces with and without precious metals. The aim of this chapter is to
tackle this problem in three stages. First, we explore the binding energies of atomic
and molecular species that are relevant in the WGS reaction. In particular, we present
calculated binding energies of H, O, C, Pt, Au and K atoms and OH, H,0O, CO and
CO,. Our extensive adsorption characteristics study reveals interesting trends for the
different surfaces. Next, we study the effect of the precious metals (Pt and Au) and
the promoter (K) on the adsorption properties by means of selecting a benchmark
molecule, namely CO, and calculating its adsorption energy in the presence of these
three helper species. Finally, we calculate the activation energies of the two reactions

belonging to the long reaction mechanism of the WGS process, CO dissociation and
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H, formation.

3.2 Computational Details

In this work, all DFT calculations were performed using the Quantum Espresso suite
[47]. GGA exchange correlation functional with the Perdew-Wang parametrization
(PW91) was employed to threat the atomic cores [23]. The programs XCrysden [48]]
and Jmol [49] were used to visualize and to produce the figures. During the geometry
optimizations, the force tolerance per atom was set to 0.001 eV/A. In order to truncate
the planewave basis kinetic energy cutoff and density cutoff were chosen as 40 Ry
and , 400 Ry, respectively. The Monkhorst-Pack scheme [26] was used for numerical
integration in BZ with k point mesh of 8 x 8 x 1. For surface calculations, a vacuum
layer of at least 14 A was used in order to minimize interaction between periodic

copies of the slabs.

Projected density of states (PDOS) were performed to obtain insight into the contri-
bution to the density of states coming from the different orbitals. In order to analyze
e charge transfer between adsorbate and surface, Bader charge [50, 51] analysis was
also performed. Finally, Climbing-Image Nudged Elastic Band (CI-NEB) method
[30] was employed to determine the transition states and activation barriers for reac-

tions.

3.3 DFT Calculations

3.3.1 Bulk Structure

Among the several unambigiously identified polymorphs of Mo,C, three structures
have been studied the most often. The a-Mo,C phase has an orthorhombic structure
[52] where the Mo atoms are organized on a hexagonal sub-lattice with C atoms
on every other layer along the (0001) direction. The 3-MoyC polymorph, on the
other hand, has a hexagonal structure [53] with a similar underlying hexagonal Mo

network but with C atoms on every third layer. Finally, a recently identified phase
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[54]], the so-called eclipsed orthogonal configuration, is a reconstructed « phase [S3].
As both the a and S phases are constructed based on the hexagonal Mo network,
there appears to be some confusion concerning nomenclature. « and /3 are used in
literature interchangeably to refer to either polymorph [56,157]. In order to avoid this
confusion, we adopt the explicit naming convention, Cdl, antitype, recently used by
Tominaga et al. [38] and Wang et al. [S9]] for the polymorph studied in the present

work, which corresponds to hexagonal Mo,C.

£-Mo,C has a hexagonal structure with a unit cell of 3 atoms, and an experimental
c¢/a ratio of 1.58 [60]. While determining the lattice constant several methods were
employed. First a was varied and ¢ was kept constant to find the (a,c) pair that gives
the minimum energy. Within this method a value was found to be as 3.06 A with an
error 1.76% with respect to the experimental value given Table [3.1] Next, a calcu-
lation was conducted where ¢ was varied and a was kept constant. The value ’c’ is
found as 4.96 A° with error 3.96%. With the expectation of a more accurate result,
variable cell relaxiation was performed, however it yielded results with high error.
The values finally used for a and ¢, to construct the surface slabs are 3.06 A° and 4.61
A° with errors of 1.58 % and 3.43 % with respect to the experimental values respec-
tively. These results were obtained through a constant volume calculations where the
volume of the unit cell was fixed to its experimental value. This result is in agreement

both with previous theoretical studies [54]. All the results are recapitulated in Table

Table 3.1: Lattice constants of Cdl, antitype Mo,C using different methods.

a[A] c[A]

Experimental 3.01 4.77
Fixed a/variable ¢ 3.01 496
Fixed c/variable a 3.06 4.77
Variable cell relaxation 3.10 4.67

Constant volume calculation 3.05 4.61

The (001) surface of the Cdl, antitype phase of Mo,C has an ABCABC... repeating
pattern of non-stoichiometric layers. Two consecutive Mo terminated surfaces are

followed by a C terminated surface, making it possible to terminate the structure
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with three distinct surfaces. The (001) surface was studied using a 2x2 slab with
5, 6 or 7 layers depending on the particular termination being modelled. The two
bottommost layers were fixed to mimic the bulk behaviour for all slab calculations.
The adequacy of our slabs are confirmed by a study reported by Shi at al. [41]] in
which the adsorption energies of CO molecule differ about 0.1 eV from the those
found in our calculations. The first of the two Mo-terminations is represented by a
five-layer slab which terminates with Mo (Mo1-Mo,C) atoms, followed by six-layers
slab of Mo-terminated (M02-Mo,C) and C-terminated (C-Mo;C) (3-Mo,C are also
examined. The geometry optimized surfaces shown in Figure [3.1] will be referred to
as Mol, Mo2 and C-terminated surfaces in the rest of this work. No significant surface
reconstruction was observed during the geometry optimization. For all calculations,
we consider the adsorption sites depicted in the Figure [3.I]namely hl, h2, b and t
sites and investigate the adsorption energies with other atoms and molecules. Here h1

and h2 refer to hexagonal sites, where hl has a ... site underneath and h2 has a ... site.

Figure 3.1: The top panel shows the side view of the 2x2 xn (where n=5,6,7) surface
slabs, bottom panel corresponds to top views of the mentioned slabs with labeled their
adsorption sites. Mo atoms are in blue and C atoms are in grey.
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b and t refer to bridge and on=top sites, respectively. In all calculations presented in
this chapter, a vacuum layer of at least 14 A was used in order to minimize interaction

between periodic copies of the slabs.

12 10 8 6 -4 -2 0 2 12 10 -8 6 4 -2 0 2 12 10 8 6 -4 -2 0 2

(a) (b) ()
Figure 3.2: PDOS profiles of the 2x2x n where n is 5,6 and,7 respectively.

The PDOS plots are also shown in Figure [3.2] where the contributions around the
Fermi level (zero energy on the x-axis) come from the Mo d and C p orbitals. These
slabs do not show noticeable differences in PDOS plotting. Since the Fermi level

coincides with nonzero density, all three models are metallic.

3.3.2 Adsorption Energies

The molecular and atomic adsorption energies are calculated on the Mol, Mo2 and C

terminated surface of Mo,C slab by using the the formula

Eads - E’MOQC+adsorbate - (EMOQC + Eadsorbate)7 (32)

where the first term in the given formula (3.2) represents the total energy of the Mo,C
surface with adsorbate, E, /., term gives the total energy of the clean surface, and
Eudsorbate 15 the total energy of the molecule or atom on the surface. With this def-
inition, the stable adsorption energies are negative, thus the higher magnitude is the

more stable the configuration is according to our definition.

3.3.2.1 Adsorption Energies of Promoters

In this part, Au, Pt and K atom adsorption is investigated. Binding energy results

are used to characterize stable sites on the surface. As the starting configuration, the
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atoms are placed at a distance of 2 Aon every symmetry site on all three different sur-
faces namely Mol, Mo2 and C. In order to obtain the energy of the isolated molecules
or atoms for use in (3.2)) , a large simulation box is used with cutoff energies as same

as the bulk one by choosing the gamma point in BZ.

Table 3.2: Adsorption energies (in eV) and Bader partial charges (in |e|) of atomic
adsorbates on the two Mo surface terminations and C termination.

Pt K Au
Eoas q FEads q Eads q
Mol hl -5.76 -0.9 -2.18 +0.7 -3.75 -0.6
Mol h2 -5.85 -0.9 -2.16 +0.7 -3.80 -0.6
Mol t -4.55 -0.8 -2.12 +0.7 -3.04 -0.5
Molb -5.85(h2) -09 -2.16 +0.7 -3.80(h2) -0.6
Mo2 hl -6.67 -1.1 -2.05 +0.7 -4.32 -0.8
Mo2 h2 -6.53 -1.0 -2.04 +0.7 -3.99 -0.8

Mo2 t -6.85 -1.1 -2.00 +0.7 -4.39 -0.8
Mo2 b -6.58 -1.1  -2.05(h2) +0.7 -4.33 -0.8
Chl -5.95 +0.3 -3.23 +0.8 -2.48 +0.3
Ch2 -4.97 +0.4 -3.05 +0.9 -2.19 +0.3
Ct -3.62 +0.3 -2.80 +0.8 -1.97 +0.3
Cb -5.95(h1) +0.3 -3.22 +0.9 -2.25 +0.2

The calculated adsorption energies, and the Bader charges for atoms are reported in
Table [3.2] First we discuss the Mo terminations. As seen in Table [3.2] for adsorption
of Au atom, the most favourable site for the Mol termination is the h2 site with an
adsorption energy of -3.80 eV, while for the same adsorbate on Mo2 termination, the
t site is the most stable site with an energy of -4.39 eV. The binding energies for the
Mo?2 termination are higher than the case of the Mol termination indicating higher
stability. A correlation between adsorption energies and the charges on the atoms is
observed. The larger the charge transfer from the surface to adsorbate, the higher the
adsorption energy is. An interesting observation can be made for Mol termination,
where during the geometry optimization the bridge configuration tends to go the hl
configuration. Overall, the binding energies for the C terminated slabs are smaller
than the Mo type of terminations. Since carbon has higher electronegativity than the
Au atom, a charge transfer from adsorbate to surface is expected. As a result, the

partial charges on Au atom become positive, enhancing the adsorption energies.
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For Pt atom adsorption on the Mol termination, the most stable adsorption site is the
h2 and the bridge site sharing the same binding energy of 5.85 eV. During the ge-

ometry optimization, the initial bridge adsorption sites transforms into another high

-12 10 -8 -6 -4 -2 o 2 -14 12 .10 8 6 -4 -2 0 2 4 -14 12 .10 8 6 4 -2 0 2 4

(a) (b) (©)

Figure 3.3: The first, second and third columns show the top views of Pt adsorption
on different adsorption sites namely hl, h2, t and b on the 2x2x n (where n=5,6,7)
surface slabs, respectively. The PDOS plotting only corresponds to most stable sites.
In the figures, Mo atoms are in blue, C atoms are in grey and Pt atoms are in navy.
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symmetry site of h2 as seen in the given Figure E] . The charge transfer from the
surface to adsorbate is almost independent of the adsorption sites. The Mo2 termina-
tion tends to higher adsorption energy values in line with larger charge transfer from
the surface to the Pt atom. The t site is the most preferred site on Mo2 termination
with a binding energy of -6.85 eV. The binding energies on C terminated slabs vary
between -3.62 eV to -5.95 eV. The most stable sites correspond to h1 and b sites with

equal binding energy value. Charge transfer from the adsorbate to surface is observed.

K atom is found to display the most stable configuration on the Mol termination
in contrast to Pt and Au atoms (Mo2 termination has higher adsorption energies for
these atoms.). The most stable site for the Mol termination is h1, whereas hl and b
sites are preferred for the K atom on the Mo2 termination. The result is surprising for
K atom for the C-terminated slab on which the K atom has higher binding energies
when compared to those of Pt and Au atoms. The charge donation from adsorbate to
surface is noted in Table [3.2) which is supported by the work of Pistonesi et al. [52].
Additionally, the magnitude of the charge transfer is almost equivalent the that of this

study.

3.3.2.2 Adsorption Energy of Atomic Adsorbates of O, C and H

In this part, the adsorption energies of O,C and H atoms are discussed. These atomic
species are involved in WGS reaction, therefore to define their binding energies and
favourable sites is an important task. These adsorbates are placed above the surface
with a distance of 2 A by using the high symmetry sites on Mo1, Mo2 and C termina-
tions then geometry relaxation is executed. In order to find the energy of the isolated
adsorbates in the gas phase, a large simulation cell is employed. All binding energies
given in the Table of [3.3] are calculated by using the formula[3.2] The Bader charges

on the adsorbates are also given in the same table.

The study of O adsorption reveals that h2 is the most stable site for all different types
of termination that we consider. The adsorption energy takes its highest value of -

7.85 eV for the case of Mo2 termination and its lowest value -2.57 eV. for the case

! The adsorption energies are higher for Pt atom on Mo,C surface when compared to the Au and K atoms,
therefore the geometry optimized figures are considered only for Pt adsorption.
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of C termination with hl site. As a result of our geometry optimized calculations,
we find that the O atom at the bridge site has a tendency to move to the hl site. For
all terminations, the charge transfer direction is from the surface to the adsorbate and
their magnitude varies between -0.9 lel and -1.9 lel. The maximum charge transfer is

computed for C terminated slab with h2, t and b sites.

As seen from the Table [3.3] for H adsorption, the most stable site is site b with an

Figure 3.4: The top panel shows the top view of the 2x2x n (where n=5,6,7) surface
slabs with O atom corresponding to most stable sites, and second row shows their
PDOS profiles. Third row represents the top view of the H adsorption on three differ-
ent terminations with their energetically favourable sites and bottommost panel gives
the PDOS profiles of the H adsorption. Mo atoms are in blue, C atoms are in grey, O
atoms are in red and H atoms are in turquoise.
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adsorption energy of -3.17 eV. for Mol type of termination. During the geometry
optimization the H atom at site of b tends to go hl site yielding the approximately
same binding energy. The Mo2 terminated slab gives larger binding energies when
compared the those of Mol type of termination. The most stable geometry is hl site
with binding energy of -3.46 eV. for Mo2 termination.

Table 3.3: Adsorption energies (in eV) and Bader partial charges (in |e|) of atomic
adsorbates on the two Mo and C surface terminations.

0] H C
Eads q Eaas q FEads q
Mol hl -6.52 -1.2 -3.16 -0.6 -7.12 -1.6
Mol h2 -6.71 -1.2 -3.02 -0.6 -6.89 -1.6
Mol t -541 -1.0 263 -0.5 474 -09
Mol b hl -1.3 -3.17 -0.6 hl -1.6
Mo2hl -7.61 -1.3 -346 -0.7 -837 -1.7
Mo2h2 -7.85 -1.3 -334 -0.7 -822 -1.7
Mo2 t -6.09 -1.0 -2.11 -05 -504 -09
Mo2b -7.79 -1.2 h2 -0.6 -842 -1.7
Chl -2.57 -09 -3.15 +0.1 -6.89 -0.1
Ch2 -648 -19 -1.83 0.0 -7.62 -0.1
Ct -456 -19 -4.15 +0.2 -7.64 +1.8
Cb -456 -1.9 hl +0.1 -7.64 -4.1

There is a charge donation from surface to adsorbate observed generally and the mag-
nitude of the charge transfer is almost equal in between -0.7 eV and -0.5 eV for both
Mol and Mo2 type terminations. For the C terminated surface, the most stable site is
site t yielding the adsorption energy -4.15 eV corresponding also higher charge trans-
fer from adsorbate to surface. This top site geometry on C terminated surface is the

most preferred site between the other type of terminations.

Carbon adsorption on Mol, Mo2 and C terminated surfaces was also examined. The
binding energy values for this atomic adsorbate is higher than the values for the other
atomic adsorbates, namely O and H. The adsorption of C atom on Mol type of
termination is vary between the -7.12 eV. and -4.74 eV. The most stable adsorption
sites correspond to hl and b sites sharing the same binding energy value. During
the geometry optimization the C atom at bridge sites tends to move towards h1 sites,

resulting in identical binding energy. The less stable site is the top site with a binding
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energy value of -4.74 eV.. The charge transfer direction is always from the surface to
adsorbate for Mo1 termination. For the Mo2 type termination, the adsorption energies
increases for the sites of hl, h2 and t. The h1 site is found as the most stable site.
Again charge transfer is observed from the surface to adsorbate. Except the site t, the
C atom on the other three adsorption sites have the same partial charges in magnitude
with a value of -1.7 lel. The adsorption of C atom on C terminated surface is also
studied. The t and b sites are most preferential, but the C atom adsorbed at the h2
site also has a binding energy value very close to the t and b sites, which makes this
h2 site another preferential adsorption site. The charge transfer from adsorbate to
surface is observed only for t site, while the opposite direction for charge transfer
happens for the h1,h2 and b sites. One important point for b site is that the charge
transfer is very high when compared to the other terminations with different type of

symmetrical adsorption sites.
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Figure 3.5: The first row shows the top view of the most stable sites of the C atom
adsorption on the 2x2x n (where n=5,6,7) surface slabs with their PDOS profiles
given in the bottom panel. Mo atoms are in blue, C atoms are in grey.

The study of O adsorption reveals that h2 is the most stable site for all different types
of termination that we consider. The adsorption energy takes its highest value of -
7.85 eV. for the case of Mo2 termination and its lowest value -2.57 eV. for the case
of C termination with hl site. As a result of our geometry optimized calculations,
we find that O atom at the bridge site has a tendency to move to the hl site. For

all terminations, the charge transfer direction is from the surface to adsorbate and
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the magnitude of them varies between the -0.9 lel and -1.9 lel. The maximum charge

transfer is computed for C terminated slab with h2, t and b sites.

3.3.2.3 Adsorption Energy of Molecular Adsorbates of CO, CO, and H,O

CO is an important molecule in WGS reaction, therefore it is crucial to understand
that the adsorption energies and partial charges for it on Mo, C surface. The geometry
optimized bond length of free CO molecule is found by using a large cubic cell,
which is 1.14 A. The adsorption energies are examined for all different terminations
for all possible adsorption sites towards as was done in the proceeding sections. The
CO molecule is placed with the C atom pointing the surface and in a perpendicular
orientation.The opposite case is also considered in which O atom pointing the surface.
The binding energies are tabulated in Table [3.4]in the last column.

Table 3.4: Adsorption energies (in eV), Bader partial charges (in |e|) and bond lengths

of CO molecule on the two Mo and C surface terminations.Last column gives the
binding energy for the CO molecule in which O atom pointing the surface

Fois  q doc-o FEuaas
Mol hl -1.86 -0.1 120 -0.01
Mol h2 -1.50 -09 1.19 -0.01
Mol t 211 -06 1.18 -0.01
Molb -2.00 -0.8 1.16 -0.01
Mo2hl -254 -1.1 121 -0.01
Mo2h2 -232 -1.1 121 -0.02
Mo2 t -1.90 -0.5 1.21 -0.02
Mo2b -254 -1.1 1.17 -0.15
Chl -3.36 -14 1.17 -0.03
Ch2 -0.13 -0.1 1.16 -0.03
Ct 204 -14 1.17 -0.03
Cb -0.79 0.0 121 -0.03

As seen from the Table [3.4] the adsorption energies are generally larger in magnitude
for the Mo2 termination which makes it the most stable termination of CO molecule.
The energetically favourable sites are hl and b sites with the same adsorption ener-
gies. For C terminated slabs, the binding energies are considerably decreases all the

way -0.79 eV. For both Mol and Mo2 terminations, the C-O bond length is slightly
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elongated when compared to the gas phase value. The values for the bond lengths
depend on the adsorption sites for Mol terminated surface between 1.16 A° and 1.20
A°. Except for t-adsorption site, the length of the bond on Mo2 termination is larger
with values of about 1.21 A°. The elongation of the bonds indicates a weakening of
the bond strength and the possible activation of the dissociation of the molecule. The
geometry optimized structures of the molecule is presented in the Figure[3.6] As seen
in the figure, for h1, h2 and t sites on the Mol termination, the CO molecule remains
unaltered with making an angle perpendicular to the surface, however the molecule
at b site on the same termination is tilted by an angle of 59 A° with respect to the sur-
face plane. The most energetically preferential site is h1 site on the C terminated slab
for the CO molecule.The binding energy corresponding this site for the C terminated
slab has the highest value between the all sites with different terminations. One note-
worthy observation for the CO molecule at hl site is that it hops to t site during the
geometry optimization. The secondary stable site corresponds to t site with a larger
adsorption energy of -2.04 eV. The other values for h2 and b sites are significantly
lower. The charge transfer direction is always from surface to adsorbates. Addition-
ally, the CO adsorption results are in good agreement with the previous theoretical
studies with minor differences [42, 41]]. Table [3.4]also shows the adsorption energies
for the CO molecule with O-down configuration on Mo, C surface. There is a signif-
icant decrease in adsorption energies that are less than -0.04 eV. The charge transfer
is negligible. The bond length remains unchanged after geometry optimization for
this type of configuration. We see that the CO molecule initially at b site on Mo2

termination then it drifts to h1 site subjected to geometry optimization process.

The adsorption behaviour of triatomic molecules reveals more complex structure such
that their bond length bond angles change with respect to their gas phase. The CO,
molecule is linear, and both C-O bonds in molecule is 1.17 A° in the gas phase. How-
ever, geometry optimized structure of CO, molecule on Mol and Mo2 terminations
is bent as seen in the given Figure[3.7| with bond angles of 136° and 132° respectively.
Additionally, the C-O lengths for the case on Mol and Mo2 terminations are slightly
elongated with values between 1.18 A° and 1.27A °. We do not observe any change

in the bond lengths and bond angles for this molecule on C terminated slabs.

According to Table the most stable surface is Mo2 type of surface with larger
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adsorption energies when compared to the other type of terminations. For this stable
surface, the most favourable site is h1 with binding a energy value of -1.86 eV and
it shares the same adsorption energy with h2 site. During the geometry optimization,
b site geometry prefers to move to the place of hl site. It is worth noticing that CO,
at top site of Mol type of termination unexpectedly dissociates into CO and O as in
the Figure [3.7]during the adsorption process. Table [3.5]shows that the contribution of
charge transfer from Mo2 terminated surface to CO, molecule is much higher than
the other type of terminations. The CO, molecule on C terminated slabs are also
examined, but the binding energies are much smaller. No significant charge transfer

is observed for this type of termination.

H,O is an important absorbent used in the WGS reaction. For the free case of this
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Figure 3.6: The top panel shows the side top view of the 2x2x n (where n=5,6,7)
surface slabs with CO molecule corresponding to stable sites, middle panel shows
their top views of the mentioned slabs and the bottom panel shows the PDOS profiles.
Mo atoms are in blue, C atoms are in grey, O atoms are in red.
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molecule, the optimized bond length between O-H is 0.97 A° and the bond angle
is 104.55°. In order to define the energetically favourable sites the H,O molecule
is placed in a parallel orientation over the Mo,C surface by using the four distinct
adsorption sites. Table [3.6|reports the calculated adsorption energies, Bader charges,
bond lengths and bond angles. In comparing the binding energies of the Mol, Mo2
and C terminated surfaces, the Mo2 termination appears to be more favourable. For
this termination h2 site is the preferential adsorption site with a binding energy of
-0.95 eV C terminated surface is the energetically least favourable termination. As
shown in Table[3.6] the H-O-H bonding angle slightly increases for the Mol and Mo2
termination and the distance between O-H is almost remains the same, only differing
by 0.01 A. Except for the C terminated surface in which there is no charge transfer

observed, all charge transfer direction is from surface to adsorbate.

-12 10 -8 -6 -4 -2 0 2 -12 -10 -8 -6 -4 -2 0 2 -25 -20 -15 -10 5 0 5

(a) (b) ()

Figure 3.7: The top panel shows the side of the CO, molecule on the 2x2 X n (where
n=5,6,7) surface slabs ,only considered their most stable places. Second row gives
the top view of them. Bottommost one corresponds to PDOS profiles. Mo atoms are
in blue, C atoms are in grey, O atoms are in red.
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Table 3.5: Adsorption energies (in eV), Bader partial charges (in |e|) and bond lengths
of CO, molecule on the two Mo and C surface terminations.

Eqas q dc-o Eoas
Mol h1 -1.12 -1.06 1.26/1.26 135.6
Mol h2 -1.12 -1.06 1.26/126 135.6
Mol t -1.77 - 1.177/ -
Molb -1.12 -1.06 1.26/1.26 135.6
Mo2hl -1.86 -1.20 1.27/1.27 132.6
Mo2h2 -1.86 -1.19 1.27/127 132.6
Mo2 t -1.81 -1.19 1.27/1.27 132.6
Mo2b -1.85 -1.20 1.27/1.27 132.6
Chl -0.05 -0.01 1.18/1.18 180
Ch2 -0.05 -0.01 1.18/1.18 180
Ct -0.05 -0.01 1.18/1.18 180
Cb -0.05 -0.01 1.18/1.18 180

Table 3.6: Adsorption energies (in eV), Bader partial charges (in |e|) and bond lengths
of H,0O molecule on the two Mo and C surface terminations.

FEaas ¢ do-o Figes
Mol h1 -0.81 -0.07 0.98/098 106.0
Mol h2 -0.16 -0.06 0.98/098 104.3
Mol t -0.81 -0.07 0.98/0.98 106.1
Molb -046 -0.11 0.99/0.99 110.1
Mo2hl -0.89 -0.05 0.98/0.98 106.9
Mo2h2 -095 -0.07 0.99/0.98 105.6
Mo2 t -0.80 -0.06 0.98/0.99 106.0
Mo2b -0.84 -0.11 0.99/0.99 112.1
Chl -0.06 0.00 097/097 104.1
Ch2 -0.06 000 097/097 104.2
Ct -0.06 0.00 098/098 104.3
Cb -0.06 0.00 097/098 104.3

3.3.3 Coadsorption Energies of the CO molecule with Pt, Au, K

In order to analyze the influence of the alkali promoters and noble metals, coadsorp-
tion of CO molecule with these species is investigated. We choose CO as probe
molecule, due to its usage in important industrial applications [41]. In order to calcu-

late the binding energies of the CO molecule with these promoter species, we fix the
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Figure 3.8: The top and middle panel show the side and top views of the H,O adsorp-
tion on 2x2x n (where n=5,6,7) surface slabs with their most stable sites. Bottom
panel corresponds to the PDOS profiles. Mo atoms are in blue, C atoms are in grey,
O atoms are in red and H atoms are in turquoise.

location of the Pt, Au, K atoms to their most stable adsorption sites and CO molecule
is placed at the neighboring sites by considering the three distinct terminations. We
use a different convention in order to distinguish the coadsorption sites. In Tables
[3.8 and [3.9] the notation is that the slab type is given first with the place of the CO
molecule on this slab and the preadsorbed atom in its most stable site on this slab is
written to the end with a slash as a separator. As an example, Mo1-h1/Pt-h2 repre-
sents the CO molecule at hl site on Mol termination with Pt atom at h2 site which
represents the most stable site on Mol termination. Mol-Pt-t/Pt-h2 corresponds to
CO molecule at top of the preadsorbed Pt atom on Mol termination with Pt atom at

h2 site.
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The coadsorption energies are evaluated by using the formula,

By — Et(é\t/IOQC+Promt+CO) . (E(MOQC'+Promt) + ECO) (33)
where EMo2CTPromi+C0) 1o the total energy of the Mo,C surface with CO molecule
(M o2C+Promt)

and promoter/alkali atom, F gives the total energy of the Mo,C surface
with promoter/alkali atom which is calculated in previous parts, and the last term
defines the total energy of the CO molecule itself. The coadsorption energies for the
CO molecule with the Pt atom are given in the Table As seen from this Table
the CO molecule on the h1 site and top site of the Mo atom on the Mol terminated
surface with Pt atom as promoter gives the largest adsorption energy value. Except
for the CO molecule placed on top of the Pt atom, the configurations tends to move
towards the top of the Mo atoms which is the most energetically favourable site for
this molecule with unpromoted Mol terminated slab obtained previously.

Table 3.7: Coadsorption energies (in eV) for CO molecule on the two Mo and C
surface terminations with Pt atom as promoter,respectively.

Eads Eads Eads
Mol-h1/Pt-h2  -2.05 Mo2-hl1/Pt-b -1.92 C-hl/Pt-h1 -1.77
Mol-h2/Pt-h2  -1.86 Mo2-h2/Pt-b -1.38 C-h2/Pt-h1 -1.77
Mol-t /Pt-h2 -2.05 Mo2-t/Pt-b  -1.93  C-t/Pt-h1  -1.75
Mol-Pt-t/Pt-h2  -1.29 Mo2-Pt-t/Pt-b -1.04 C-Pt-t/Pt-h1 -1.78

For Mo2 terminated surface with Pt, the largest value of CO adsorption is found for
the configuration in which the molecule is on the Mo atom corresponding to a binding
energy value of -1.93 eV. The CO molecule at the hl site also gives approximately
same binding energy value of -1.92 eV. In this configuration, CO prefers to reside
on the Mo atoms during the minimization procedure. Again CO molecule on the Pt
atom gives the smallest binding energy for Mo2 terminated slabs. Carbon termination
gives almost same binding energies for the all sites for CO . When comparing the
Tables and [3.4] which shows the CO molecule adsorption on bare Mol, Mo2
and C terminated surfaces, binding energies are improved significantly only for the
CO molecule on hl, and h2 sites with preadsorbed Pt atom on Mol terminated slab.
Again considering the same tables, results obtained by using the Pt atom as promoter
on Mo2 termination are much lower. However, for C terminated slab with Pt enhances

the binding energy of the CO molecule at h2 and CO on Pt atom.
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Figure 3.9: First and second rows give the side and top views of the most stable
adsorption sites of the CO molecule with coadsorbed Pt atom on Mol, Mo2 and C
terminated slabs, respectively. The last one shows PDOS profiles of them. Mo atoms
are in blue, C atoms are in grey, O atoms are in red and Pt atoms are in navy.

The same calculations were performed for Au atom as promoter which is readily on
the on three distinct surface and CO adsorption is examined. The h2 and b sites are
the most stable site for Au on atom on Mol termination with same binding energy and
geometry, therefore we can choose any of the two as a starting point for the Au atom
and then place the CO molecule at neighboring sites of it. The Table 3.8 presents the

results.

According to Table [3.8] the CO molecule on the Mol termination with Au yields
similar adsorption energy values. H1 site and atop Mo atom are found as the most
preferential sites corresponding to same energy. Additionally these two sites are struc-
turally similar to their configurations during the geometry optimization procedure in

which the CO at the h1 site is unstable and migrates to the top of the Mo atom at the
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Table 3.8: Coadsorption energies (in eV) for CO molecule on the two Mo and C
surface terminations with Au atom as promoter, respectively.

Eads Eads Eads
Mol-h1/Au-h2 -2.05 Mo2-hl/Au-t -1.58 C-hl/Au-hl -1.71
Mol-h2/Au-h2 -2.02  Mo2-h2/Au-t -1.74 C-h2/Au-hl -1.71
Mol-t /Au-h2 -2.05 Mo2-t/Au-t -1.69 C-t/Au-hl -1.74
Mol-Au-t/Au-h2  -0.50 Mo2-Au-t/Au-t -0.34 C-Au-t/Au-hl -1.71

Mol termination as seen in Figure @ For the Mo2 termination with Au atom, the
adsorption energies of CO molecule are different for each of the sites. The molecule
at site h2 has the largest adsorption value that corresponds to the most favourable
site, while CO molecule on the Au atom gives the least adsorption energy value. The
presence of preadsorbed Au atom on Mol termination favors the binding energies
of our probe molecule at hl and h2 sites when comparing the results obtained for
bare Mol termination presented in Table @ However, Mo2 terminated slab with Au
atom leads to decrease in adsorption energies of CO molecule for all binding sites.
For the C terminated surface, the binding energy values are improved only for h2 and
CO molecule on top of Au atom.

Table 3.9: Coadsorption energies (in eV) for CO molecule on the two Mo and C
surface terminations with K atom as promoter, respectively.

Eads Eads Eads
Mol-h1/K-hl -2.37 Mo2-h1/K-h1 -2.84 C-hl/K-h1 -2.02
Mo1-h2/K-hl -2.39  Mo2-h2/K-h1 -2.80 C-h2/K-h1 -0.27
Mol-t /K-hl -2.37  Mo2-t/K-h1  -2.89 C-t/K-h1  -2.03
Mol-Au-t/K-hl1 -2.09 Mo2-K-t/K-h1 -0.09 C-K-t/K-hl -0.08

The coadsorption energy calculations of the CO molecule on Mol, Mo2 and C ter-
minated slabs with K atom are also studied. The values are depicted in the Table[3.9]
According to these results, CO molecule at h2 site gives the largest adsorption value
of -2.39 eV on Mol termination. Additionally, the configurations of CO on hl and
t sites share the same binding energies which is very close to the value obtained for
the h1 site, indicating that these places can be considered as the secondary favourable
sites. Same table also gives the adsorption energies for Mo2 terminated slab with

preadsorbed K atom. The results show that the molecule at t site yields the largest
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Figure 3.10: First and second rows give the side and top views of the most stable
adsorption sites of the CO molecule with coadsorbed Au atom on Mol, Mo2 and C
terminated slabs, respectively. The last one shows PDOS profiles of them. Mo atoms
are in blue, C atoms are in grey, O atoms are in red and Au atoms are in yellow.

binding energy value. The configuration of CO molecule at t site of K atom on the
same termination produces the lowest adsorption value of -0.09 eV when compared
to other sites. For C terminated slabs, the energetically favourable site corresponds
to CO molecule at t site with adsorption energy value of -2.03 eV that is almost
equivalent result to that computed for the hl site. K atom as promoter improved the
binding energies of the CO molecule when comparing the two Tables [3.9]and [3.4] for
all binding sites at Mol termination. Similar results are observed for Mo2 terminated

surfaces.

It is worth noting that the adsorption energy values with K atom as an alkali promoter

are much larger than the values calculated for Pt and Au atoms.
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3.3.4 Dissociative adsorption of CO on Mo,C surface

In this section, the effects of the promoters and noble metals on the activation barriers
of the CO dissociation is examined. This reaction is only considered for the Mol
terminated slab due to higher co-adsorption energies for species in the presence of Pt,
Au and K. The common thought related to transition metal carbides is that they are
active catalysts for many chemical reactions without the need of any promoters stated
in the introduction part. In order to see the effects, we try to test it through the NEB

calculations.

b:

initial transition final

Figure 3.11: CO dissociation profile for bare surface and Pt promoted surface. The
first and second rows are initial, transition, final states of the reaction the bare surface
and PDOS profile of the reaction in transition state. The third and fourth rows are
initial, transition, final states of the reaction the Pt promoted surface and PDOS profile
of the reaction in transition state. Mo atoms are in blue, C atoms are in grey, O atoms
are in red and Pt atoms are in navy
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We use 2x3x5 slab geometry which has a large surface area for the adsorbates to
bind for studying the dissociation mechanism properly. Table [3.4] shows that the
CO molecule strongly binds at the t site on the Mol termination with the value of -
2.11 eV. This molecule dissociates to C and O atoms and, their favourable adsorption
sites are considered during the NEB calculation. The dissociation starts with the CO
molecule in a tilted position on the clean unpromoted surface as in the given Figure
[3.1T]and the activation barrier of this reaction is found as 2.01 eV. This result is good
agreement with a study of Wang et al. [46]]. In the transition state as depicted in the
Figure [3.11] CO molecule remains almost parallel to the slab, and the bond length is
1.80 A, which is larger than the value of the gas phase. The C and O atoms reside at
their energetically favourable sites at the final state on the Mol termination. In order
to observe the effect of the promoters on the catalytic activity, the CO dissociation is
studied on the same terminated slab with Pt atom as promoter. The activation barrier is
1.74 eV with Pt atom indicating that it enhances the dissociation. The PDOS analysis
and Bader charge calculations are investigated for transition states to understand the
decrease in the activation barrier. According to PDOS analysis given in the Figure
[3.T1], the d-states of the Pt atom hybridized with d-states of the Mo atom around the
-2 eV and -4 eV weakens the bonding between the CO and Mo terminated surface,
which is attributed to the decrease in activation barrier. Additionally, the CO molecule
has a total of -2.10 lel charge without promoter atom during dissociation, while in the
presence of a promoter atom, a decrease is observed for the electronic charge of CO
molecule giving -0.26 to Pt atom, which favors the dissociation process. The same

calculations are considered for CO dissociation with Au and K atoms.

An interesting observation for K is that the activation barrier for dissociation of CO
is calculated as 1.57 eV which is lower than both bare and Pt promoted surface. This
result is attributed to the better stabilization of the transition state of reaction with
K as promoter when compared to the others given in the Figure The PDOS
profile of the transition state again in the same Figure [3.12] for the reaction with K
does not show any strong hybridization of K orbitals with the other atoms therefore
hybridization is not the reason of the lower value of the reaction energies. During the
dissociation process , K atom starts to make bonds with C and O atoms when these

atoms reside at their stable sites on the surface. The bond lengths for C-K and O-K
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are 2.97 A° and 2.63 A° respectively, whereas the C-O bond is elongated to the value
of 1.91 A° which is larger than the gas phase value. The elongation of the C-O bond
is characteristic of the transition state of both K and Pt promoted surfaces. .The effect
of the Au atom as promoter is also examined but the reaction energy is 2.07 eV which
is larger than the other promoted surfaces. In the final state, in the case of K and
Pt promoted surfaces; the C and O atoms are sit their stable sites. However for the
Au-promoted surface, C and O atoms do not reside at their stable sites, which can be

attributed to larger value in reaction barrier.
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Figure 3.12: CO dissociation profile for Au and K promoted surface. The first and
second rows are initial, transition, final states of the reaction Au promoted surface and
PDOS profile of the reaction in transition state. The third and fourth rows are initial,
transition, final states of the reaction the K promoted surface and PDOS profile of the
reaction in transition state.Mo atoms are in blue, C atoms are in grey, O atoms are in
red, Au atoms are in yellow and K atoms are in violet.
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3.3.5 H; formation on Mo, C surface with and without promoter

In order to evaluate the activation barrier and corresponding transition states for the
reaction of

H+ H <+— Hy (1.2)

on the Mol type of termination, the NEB method is applied by using the most stable
sites for reactants and products obtained from previous parts. This reaction proceeds
in two stages on Mol-terminated surface. We first observe that H atoms make bonds
with a Mo atom as in the Figure then a scission of these bonds occurs and the
reaction ends with production of H,. The activation barrier for the first step of the
reaction is found as 1.04 eV whereas for the second is 0.83 eV. The former, having
a higher activation barrier, limits the reaction rate. The influence of the Pt atom as
promoter on the reaction is also examined by placing it on the surface and by using
it as a dopant. When Pt atom is placed on the surface, the reaction again takes place
in the same two steps and we observe a significant decrease in the activation energy
of the first step by 0.83 eV, which is the limiting step for the case without promoter.
However, the activation energy of the second step increases slightly to 0.81 eV with
the usage of Pt on the surface and the two activation energies for the steps of the
reactions become comparable. When Pt atom is used as a dopant in which one of the
Mo atom is extracted and it is replaced with Pt atom; we do not observe a two-step
mechanism and H, molecule is formed directly out of two atoms with the activation
energy of 1.29 eV. Therefore, we conclude that our results favor the usage of Pt as a

dopant for H, molecule formation.

3.4 CONCLUSION

In this section, the binding energies of the atomic adsorbents of O, C, H, Pt, Au, K
and molecular ones of CO, CO,, and H,O are examined by using the three distinct ter-
minations namely Mol, Mo2, C terminations of the Mo,C. Moreover, the calculation

of partial charges on these species are computed.

The Mo2 termination is found as most stable termination for CO molecule. The bond

length of CO molecule is elongated upon adsorption for all terminations indicating
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Figure 3.13: H,-formation first and second steps without using promoter and dopands

a weakening of the bond strength. The adsorption of of CO, molecule reveals more
complex structure. The gas phase of CO, molecule is linear therefore, it is placed
as parallel on top of the surfaces. However, the geometry optimized structure of
CO, molecules are bended and the all bonds in the molecule are lengthened for Mol
and Mo2 terminated slabs. On the other hand, no change is observed for C terminated
surfaces in the bonding length and bond angle. The binding energies for this adsorbent
on C terminations are much smaller when compared to the other terminations. The
Mo?2 termination appears to be more favourable for H,O adsorption. The bonding
angles are slightly opened on Mol, Mo2 terminations whereas the bonding lengths
remain same. For all atomic and molecular adsorbents gain electron from the Mo,C

substrate except K atom.

In addition to these, the CO molecule is chosen as a probe molecule and the coad-

sorption energies of it with preadsorbed Pt, Au, K atoms are studied. After having

53



PDOS

12 <10 8 -6 -4 2 0 2
E-E(eV)

PDOS
‘P:\:
‘ ‘nm

12 10 8 6 4 2 0 2
E-Ef(eV)

initial transition final
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Figure 3.15: H,-formation fist and second steps without using promoter and dopant

obtained them, the dissociation of CO molecule is investigated by performing NEB
method in order to calculate activation barriers. With this aim, first, the dissociation

energy was worked out on bare surface with additives, which are Pt, Au, K. We

54



consider only Mol terminated slab for computing the energy barriers. Mo2 and C
terminated slabs do not need to be used in such calculations, due to the fact that these
terminations with mentioned additives do not favor the adsorption energies of the CO

molecule when compared to Mol termination.

The dissociation barrier is found as 2.01 eV on clean unpromoted surface. In order
to examine the influence of the promoters on the catalytic activity, we study the same
reaction with promoted surfaces. The promoter used in this reactions are Pt, Au, K.
The activation barrier is 1.74 eV with preadsorbed Pt atom indicating that it improves
the activation. This result is ascribed to that hybridization of the d states of the Pt with
d states of Mo atoms on the surface according to PDOS results. Same calculations
are considered for CO activation with Au and K. The energy barrier is calculated as
1.57 eV which is even lower than Pt promoted surface. The better stabilization of
transition state for the slab with K results in decrease in barrier. Finally the reaction
barrier is found as 2.07 eV with Au additive, which is larger than case of bare and Pt,

K promoted slabs.
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CHAPTER 4

EFFECT OF THE PLATINUM AS DOPANTS ON METHANOL
DEHYDROGENATION ON THE GOLD SURFACES

4.1 Introduction

When alcohols are exposed to oxygen, a combustion reaction takes place, giving rise
to CO, and H,O. Combustion reactions produce industrially valuable chemicals such
as esters, ketons, carboxylic acits and aldehydes which are widely used in food, poly-
mer, pharmaceutical industries. Being one of the several intermediate steps in com-
bustion reactions, selective oxidation provides a way to interrupt the reaction at the
desired level to extract the product of interest. The size and variety of such products
is highly dependent on the environment and the catalyst used. It was experimentally
demonstrated that selective oxidation process is catalyzed by metal surfaces. In this
chapter, methanol (CH;OH) is used as a representative molecule due to its basic struc-
ture and valuable side products in the oxidation process. During the oxidation of the
CH;0H molecule, depending on the reaction conditions, O-CH3;, ester, methylfor-
mate, CH,O and similar products can be obtained. These side products in turn react
amongst each other or with the parent alcohol to produce new other species. As a
result, the variety and size of the products are increased. This phenomenon is called

as self-coupling.

The adsorption and decomposition of the CH;OH molecule on coinage metals have
been studied in great depth due to its enormous use in industry. This method can be
utilized in internal combustion engines when CH3;OH is mixed with petrolium source.
It has a great potential as hydrogen source for fuel cells. Additionally, it is used as a

feed stock for the production of many chemicals.
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In consequence of all these advantages of CH;OH, the study of adsorption, decom-
position process and its reaction with catalysts have become important. The CH;OH
has three kinds of bonds namely C-H, O-H and C-O, which makes the decomposi-
tion process to proceed via a variety of pathways. One group of studies consider
the adsorption and decomposition of CH3;OH on many surfaces only regarding the
initial type of bond scission. C. J Zhang and co-workers investigated the CH;OH
decomposition pathway on Pd(111) through the O-H and C-O bonds breaking by first
principle techniques [61]]. They studied the two reaction pathways separately by cal-
culating the activation barrier for the former case in which CH;OH decomposes to
CH;0 and H and the latter case in which it composes to CH; and OH. They found
that the initial O-H bond scission, with lower activation barrier, was more favorable
than the C-O bond scission for the relevant reaction. Besides methanol, ethanol can
be used in many important applications in industry. One study by Lie et al. presents
the ethanol decomposition on Pd(111) surface by DFT calculations [62]. They ob-
serve that the energy barriers are gradually decreased going along the decomposition
pathway for the scissions of C-C, C-H and O-H bonds, respectively . Another sim-
ilar study by Cui-Yu Niu et al. was related to the reaction mechanism of CH;OH
decomposition on different type of Pt based catalysis [63]. In their work, all possible
CH;OH dissociation pathways mentioned above were examined in detail by calculat-
ing the energy barrier. These calculations revealed that CH;OH decomposes via O-H
bond breaking with lower activation barrier than the other reaction pathways namely
C-H and C-O bond scissions. Another similar study investigates the complete decom-
position of CH;OH over Pt(111) surface via O-H bond scission [64]. In this study,
the adsorption energies of CH;0H, CH;0 and CH,0 and other such molecules and
atoms involving in this reaction are calculated to define the most stable sites. The
construction of initial and final geometries are chosen for reactants according to sta-
ble configurations determined in this manner. They first examine the reaction path
of decomposition of CH;OH to CH3;0 and H followed by sequential abstraction of H
atom from CH;0 molecule resulting in many intermediates which are also analyzed.
Similarly, a DFT study examined the CH;OH decomposition over Pt(111) surface
[65]. They consider two kinds of initial decomposition path which are C-H and O-H
bonds breaking. The binding energies of the resulting intermediates, depending on

which type of bond breaks, are calculated to define their favorable sites by regarding
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their coverages on the surface. They found that CH;OH molecule weakly bonds to
the surface through van der Waals interaction when compared to other intermediates
such as hydroxymethyl, methoxide etc.. Their results suggest that the activation of
C-H bond breaking are more favorable than the O-H bond breaking. Additionally,
they found that the cleavage of C-H bond reactions are exothermic, while the O-H

bond breaking reactions are endothermic.

Gold in bulk form had been considered as chemically inert metal till Haruta et al.demonstrated
that CO oxidation was enhanced by Au nanoparticles at low temperatures [66]. After
this study, Au has attracted great interest as a catalyst in many reactions including
WGS reaction [67]], selective oxidation of alcohols [68, 169, [70], and hydrocarbons
[71]]. Many studies have been conducted on Au based catalysts due to their activity
and selectivity at lower temperature. The first experimental study by Koel and his
team showed that selective oxidation of methanol molecule on clean and oxygen pre-
covered Au(111) surfaces under ultra high vacuum conditions [[72]]. Interestingly, it is
experimentally known that the decomposition of methanol molecule is not observed
at cyrogenic and even elevated temperatures on clean coinage metals [73, [74]]. How-
ever, on surfaces precovered with O add atoms, methanol dissociates through O-H and
C-H bond breaking during heating [[75,76, 77, [78]. Both experimental and theoretical
studies suggest that precovered oxygen on the gold surface activates the hydrogen in
the hydroxyl group in alcohols [79} 80, [81]. Gold-supported catalysts enhance the
oxidation of alcohols resulting in the production of carbonyl like chemicals. This is
an environmentally friendly process which can replace the usage of heavy metal salts
as oxidising agents [82]. There is ongoing interest for the process of oxidation of
alcohols in order to reduce the energy waste, to diminish the production of environ-
mental pollutants in recent years. Gold based catalysts are a promising candidate in

this process.

A study by Chen et al. investigates the adsorption and dissociation of methanol on
clean Au(111) surfaces based within the periodic DFT framework. They first calcu-
late the adsorption energies of the molecules of methanol, methoxy, formaldehyde by
considering their Mulliken charges and vibrational frequencies. A detailed analysis of
adsorption characteristics reveal that methanol and formaldehyde are weakly bonded

to the surface whereas the methoxy has higher adsorption energy. The possible dis-
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sociation path is initiated by O-H bond scission in order to form the CH30O, followed
by O-C bond breaking to produce HCHO. This is the final step of the reaction that
is found as the rate determining of the decomposition process. HCHO was found to
be the main product of CH3OH oxidation [83]. Another very similar study conducted
by Wang and his co-workers examine the methanol dehydrogenation on O and OH
covered Au(111) surface [84]. They compare the activation energies obtained on O
and OH covered surfaces with the those on clean Au(111) surface. Two dissocia-
tion pathways are investigated. The first decomposition pathway proceeds via the
O-H bond cleavage and the corresponding calculated energy barrier is 2.00 eV. The
second pathway involves the C-H bond scission with an energy barrier of 2.20 eV.
In addition, the adsorption energies of CH3;0OH molecule is found to increase with
precovered O atom. Furthermore, in the presence O atom, the activation barrier for
methanol dissociation was observed to decrease to 0.27 eV. Other reaction steps in
the complete decomposition process were also analyzed by means of calculating the
activation barriers for various coverages of atomic O which is readily on the surface.
Hussam and his team study the CH;OH adsorption and dissociation on Au(100) and
Au(310) surfaces by DFT [85]. They also consider the presence of the O atom on the
O-H and C-H bond scissions of the CH;OH molecule. Both Au(100) and Au(310)
were found to be incapable of CH;OH and CH,O adsorption and dissociation when
surfaces are clean. However, CH;0H was seen to decompose to CH;0 and OH eas-
ily on the surfaces in the presence of O atoms. The general conclusion that can be
drawn from this substantial body of work is that O adatoms play a crucial role in the

activation of alcohols.

However, the decoration of clean Au surfaces with atomic oxygen is not an easy task.
The side products are toxic for the environment and the procedure is cost. Hence,
in this chapter, we explore the potential promoting effect of Pt atoms in different
concentrations in order to decrease the reaction barrier of the decomposition of the
CH;3;0H molecule without using O on the surfaces. The adsorption energies of the
all molecules and atoms, which are CH;OH, CH;0, OH, O, H, are calculated on
Pt-doped Au(111) surfaces in order to define the most stable adsorption sites. Once
the most likely geometries of the reactants and products are identified, the activation

energy calculations are performed for slabs with different doping concentrations.
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4.2 Computational Details

All DFT calculations were performed using the Quantum Espresso simulation pack-
age [47]. The generalized gradient approximation (GGA) of Perdew-Wang(PW-91)
exchange correlation functional was used for calculation of the energies and geome-
tries [23l]. The BZ of the gold surface was sampled by Monkhorst-Pack of 4x4x1
k-point mesh [26]. The kinetic energy cut-off for the planewave functions and for
charge density were 40 Ry and 400 Ry, respectively. The criteria for convergence of
the force threshold was set 0.001 eV/A°. In order to reduce the interactions between
the successive slabs, a vacuum layer is set to be 14 A° . The charges on the adsorbate
and surface are defined by the Bader charge analysis [50, [51] . The Nudged Elastic
Band (CI-NEB) [30] calculation was performed to obtain activation energies for re-
actions and to define transition states. The XCrysden and Jmol programs were used

for visualization of the figures.

4.3 DFT Calculations

4.3.1 Bulk Structure and the (111) Surface of the Au Crystal

Au has a face centered crystalline structure with a lattice parameter of 4.08 A° [86]. In
order to obtain theoretical value of the lattice constant, total energies are calculated by
single point DFT calculation as a function of various lattice constants. The theoretical
lattice constant corresponding to minimum of these energies is 4.16 A° with an error

1.96 % with respect to the experimental value.

The (111) surface of Au is constructed as a slab model by using 3x3 unit cells and
four layers in ABCABC... stacking . The two layers at the bottom are held fixed,
while the others are allowed to relax during the geometry optimization to mimic the
bulk behavior. There are several adsorption sites on the Au(111) surface namely, fcc
hollow, hcp hollow bridge and on top sites. The bridge site connects the fcc and hcp
hollow sites. The on-top site, as the name implies, is the top of the any Au atoms.

These high symmetry adsorption sites are summarized in Figure
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(a) (b)

Figure 4.1: The side view (a) and the top view (b) of the 3x3x4 surface slab of the
Au. The labels on the right figure represents the different adsorption sites on the Au
surface.

4.3.2 Adsorption Energy Calculations

The adsorption energies for CH;0OH, CH30, OH molecules, H and O atoms are cal-

culated by using the formula,

Eads - EAu-l—adsorbate - (EAu + Eadsorbate) (41)

where E 4+ qdsorbate 15 the total energy of the surface with adsorbate, F 4, is the total
energy of the gold surface only, and the last term represents the total energy of the ad-
sorbate in gas the phase. In order to obtain the energies of the gas phase of molecules
and single atoms, we use a large simulation box and conduct BZ integration at the
~ point while keeping all other calculation parameters the same. According to our
definition, the more negative the adsorption energies the more stronger adsorption.
After obtaining the binding energies for bare surface, we also examine the effect of
the Pt atom as a surface dopant on the binding energies. First the binding energies
are calculated on the Au(111) surface with a single substitutional Pt dopant, then the
number of dopant atoms are increased to two and three. Finally, to gain more insight
into the optimum amount of Pt needed, the top layer and the sublayer of the top layer

is fully doped with Pt atoms, and the adsorption energy calculations are repeated.
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4.3.2.1 Adsorption Energies of the CH3;0H on the clean and Pt-doped Au (111)

surface

As described above sections, the decomposition of CH;OH on the Au surface takes
place through the O-H bond scission to CH;O and H, hence adsorption of this molecule
is first investigated on the bare surface to define the stable sites. With this aim, the
molecule is placed on the clean surface by considering four distinct adsorption sites.
The calculated adsorption energies are given in Table [4.1] and geometry optimized
structure with PDOS profiles for the most stable sites are given in the Figure 4.2, One
can see from this table that CH;OH is weakly bound to the Au surface and the bind-
ing energies for all sites are almost the same, implying that all sites are equivalent.
These results are in good agreement with the previous works [84, [83]]. However, the
hcp hollow site is used as a reference stable site [87] for our activation barrier calcu-
lations. There is no significant change observed in the bond lengths of the C-H, O-H
and C-O bonds in the adsorbate.

Table 4.1: Adsorption energies (in eV) of molecular adsorption of the CH;0H on

bare Au(111) and surface and Au(111) surface with different magnitude of dopant
atoms of Pt.

Au  Au/Pt Au/2Pt Au/3Pt
hcep-hollow -0.10 -0.11  -0.13 -0.14
fcc-hollow -0.09 -0.12 -0.13 -0.13
bridge -0.10 -0.10 -0.12  -0.13
ontop -0.11  -0.12  -0.13 -0.27

The effect of the the substitution of the Pt atom at different concentrations on adsorp-
tion energies is also examined. For this study, one of the surface Au atom is extracted
from the topmost layer and replaced by Pt. The same operation is employed for two
and three Pt atoms. The slabs with different amount of doped atoms are referred to as
Au/Pt, Au/2Pt, and Au/3Pt, respectively. The surfaces prepared in this manner with
the adsorbed CH;0H molecules can be seen in Figure d.2] The adsorption energies
are calculated once again using the same formula of 4.1} The results shown in Table
M.T]states that CH;OH is adsorbed weakly but there is a slight increase in binding en-

ergies when the number of the dopant atoms is increased. Again the bonds in CH;OH
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Figure 4.2: The first row represents the side view of the adsorption of CH;OH
molecule on bare, Au/Pt, Au/2Pt and Au/3Pt surfaces. The second row shows same
for ontop views. The last row represents the corresponding PDOS profiles. In the
figures, Au atoms are in yellow,H atoms are in turquoise, C are in grey and O atoms
are in red.

remain almost the same after geometry optimization.

The Table 4.2] presents the adsorption energies of CH;O and H. The adsorption en-
ergies for CH;O on the bare surface is relatively high when compared to case of
CH;O0H, and the fcc site is the preferred site. Pt atom as dopant has no significant
effect on the adsorption energies of CH;O. For the H atom, the adsorption energies
are high and the presence of the Pt atoms improves the adsorption energies to some
extent. The binding energies calculated for hcp and fcc are also very close to each
other indicating that both sites can be used as final states in the NEB calculations.

The same observation is seen for the surface with different magnitude of Pt atom.
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Table 4.2: Adsorption energies (in eV) of molecular adsorption of the CH;0 and H
atom on bare Au(111) and Au(111) surface with different concentrations of dopant
atoms of Pt.

CH;0 H
Au  Au/Pt Au/2Pt Au/3Pt | Au Au/Pt Au/2Pt Au/3Pt
hcp-hollow -1.70 -1.88  -1.87 -1.85 | -3.15 -345 374 -3.84
fcc-hollow -1.75 -1.73 -1.70  -191 |-3.18 -345 -374 -3.83
bridge -1.67 -1.87 -1.87 -1.85 | -3.13 -346 -3.774 -3.84
ontop -1.69 -1.66 -1.58 -1.92 | -3.01 -298 -299  -3.65

Many studies have been conducted by considering the effect of the precovered O
atom on Au surface on the dissociation of CH3;OH which is previously stated. These
studies reveal that O atom which is readily on the surface have a positive effect on
the high activation barrier making it to hope easily. Hence, the O atom and OH
molecule, formed by precovered O atom and H atom coming from CH;OH activation,
as they are important species in the oxidation process, adsorptions are elucidated
also. Table [4.3], as being below , reports the adsorption energies of both O and OH
molecule on bare and doped surfaces, respectively. The O atom tends to favor both
bridge and fcc sites with same adsorption energy value of 5.07 eV. At these sites, O
makes a bond with surface atoms with an average bond length of 2.13 A°. A modest
increase is observed for binding energies of O atom in the presence of Pt atoms, which
however has no impact upon the place of the most favorable sites.The magnitude of
the increase approximately correlates with Pt concentration, but always remains under
0.4 eV. The OH molecule prefers to anchor on fcc adsorption site through its O atom
with a larger energy value of -2.66 eV on the bare surface when compared to other
adsorption sites. As shown in Table4.3] similarly to the case of O and OH adsorption
energy increases with Pt coverage. The Figure 4.4] gives the most stable adsorption of
the O and OH with PDOS profiles. We conclude from the PDOS plots that the energy

of the d states of the Pt atom approaches towards the Fermi level.
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Figure 4.3: The first row represents the ontop views of most stable sites of the ad-
sorption of CH;0 molecule on bare, Au/Pt, Au/2Pt and Au/3Pt surface, respectively.
The second row shows the corresponding PDOS profiles for them . The third row
represents the those for the H atom adsorption with most stable configurations. The
last row displays the PDOS profiles for the adsorption of H . In the figures, Au atoms
are in yellow, H atoms are in turquoise, C are in grey and O atoms are in red.

Table 4.3: Adsorption energies (in eV) of O atom and OH molecule on bare Au(111)
and surface and Au(111) surface with different magnitude of dopant atoms of Pt.

0] OH
Au Au/Pt Au/2Pt Au/3Pt | Au Au/Pt Au/2Pt Au/3Pt
hcp-hollow -4.85 -5.00 -5.17 -5.36 | -2.53 -2.73  -2.79 -2.77
fcc-hollow -5.07 -524 -543 -540 | -2.66 -2.61 -2.80 -2.83
bridge -5.07 -5.23 -5.43 -540 | -2.60 -2.66 -2.80 -2.82
ontop -4.84 -484 -4.74 -5.31 | -241 -235 -2.27 -2.76
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Figure 4.4: The first row represents the ontop views of most stable sites of the adsorp-
tion of O atom on bare, Au/Pt, Au/2Pt and Au/3Pt surface. The second row shows
the corresponding PDOS profiles for O . The third row represents the those for the
OH atom adsorption with most stable configurations. The last row displays the PDOS
profiles for the adsorption of OH. In the figures, Au atoms are in yellow,H atoms are

in turquoise,C are in grey and O atoms are in red.

4.3.2.2 Molecular adsorption on the full Pt top layer and sublayers

The results in the previous section suggest that the binding energies are somewhat
improved with increasing dopant concentration. To explore the limits of doping, and

search for stable sites for the same adsorbates was repeated. Throughout this chapter,

we shall refer to this surface as named the Au/9Pt slab.
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The CH;0H molecule as seen from the Table 4.4 is weakly bound to Au/9Pt slab.
There is a slight increase in the binding energies when compared to those on bare sur-
face, except for the ontop site. However the results are very similar to those obtained
for the Au/2Pt and Au/3Pt surfaces as seen in Table According to the values il-
lustrated in Table4.4] the hcp hollow, fcc hollow and bridge sites yield approximately
the same adsorption energies, whereas the ontop site is the most energetically stable
site with a binding energy of -0.38 eV. During the geometry optimization the bond
lengths in the CH;OH molecule slightly increae by about 0.02 A°. Additionally, this
molecule on the top site changes its initial position radically by rotating around the

molecular axis.

Table 4.4: Adsorption energies (in eV) of the CH;OH (the left one) and CH;O (the
right one) molecules on Au/9Pt type of slab.

CH;0H CH;0
Au/9Pt Au/9Pt

hcp-hollow  -0.13 -2.09
fce-hollow -0.13 -2.24
bridge -0.15 -2.09
ontop -0.38 -1.95

The energetics of CH30 on the Au/9Pt surface is also studied. The adsorption en-
ergies and the optimized structure of the molecule given in the Table §.4] and Figure
M.5] Fcc hollow site is the most stable site with a binding energy of -2.24 eV, and the
ontop site is identified as the least favorable site according to our results. Overall, the
Pt top layer enhances the binding energies when compared to Table There is a

slight elongation observed in bond lengths for the molecule.

A similar analysis is performed for the OH molecule and H and O atoms. Table
M.5]reports the calculated binding energies of the OH molecule. The fcc hollow site
is identified as the most stable site. Adsorption energies do not significantly with
respect to the single, double and triple dopants. The results are very close to each
other obtained from previous calculations at Table {.3] and one can conclude that
the number of dopant atoms have almost no effect on the binding energies of OH

molecule.
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Figure 4.5: The first row represents the side views of most stable sites of the adsorp-
tion of CH;0OH, CH3;0, and H with corresponding PDOS profiles given in second
row. The third row shows the same for the O atom and OH molecule along with
corresponding PDOS profiles given in fourth row. In the figures, Au atoms are in
yellow,H atoms are in turquoise,C are in grey, Pt atoms are in navy and O atoms are
in red.

The fcc hollow and bridge sites have same adsorption energy value for O binding
at Au/9Pt surface and these sites most favorable sites for this atom. Again binding
energies are not improved when increase the number of dopant concentration as seen
from the results in Table d.5] and @.3]. The adsorption energies are smaller for the H
atom on Au/9Pt slab. Fcc hollow and bridge sites share the same adsorption values
which are also favorable sites for H binding. Additionally, H atom which is initially

located at bridge site migrates to the fcc hollow site.
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Table 4.5: Adsorption energies (in eV) of the OH moecule (the left panel), O (the
middle panel) and H (the right panel) atoms on Au/9Pt type of slab.

OH O H
Au/9Pt Au/9Pt Au/9Pt
hcp-hollow  -2.40 -4.45 -2.99
fcc-hollow  -2.65 -4.67 -3.04
bridge -2.44 -4.67 -3.04
ontop -2.27 -4.45 -2.65

Next, we turn our attention to subsurface slab. This type of slab will be referred
to as Au/sub in the rest of this chapter. The binding energy values of the species
studied thus far are tabulated in Tables [4.6|and additionally geometry optimized
configurations with their PDOS profiles of the most stable sites are given in the Figure
4.0

Table 4.6: Adsorption energies (in eV) of the CH30H (the left one ) and CH;O (the
right one) molecules on Au/sub type of slab.

CH;0H CH;0
Au/sub Au/sub

hep-hollow  -0.11 -1.64
fcc-hollow -0.10 -1.77
bridge -0.11 -1.66
ontop 0.12 -1.54

Table 4.7: Adsorption energies (in V) of the OH molecule (the left panel), O (the
middle panel) and H (the right panel) atoms on Au/sub type of slab.

OH 0] H
Au/sub Au/sub Au/sub
hcp-hollow  -1.96 -3.12 -2.26
fcc-hollow  -2.19 -3.46 -2.26
bridge -2.15 -3.46 -2.26
ontop -1.98 -3.125 -2.14

As seen from the table, all adsorption energies corresponding to the CH;OH molecule

are energetically almost equivalent, therefore; no site is favorable with respect to any
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Figure 4.6: The first row represents the side views of most stable sites of the adsorp-
tion of CH;0OH, CH;0, and H with corresponding PDOS profiles given in second
row. The third row shows the same for the O atom and OH molecule along with
corresponding PDOS profiles given in fourth row. In the figures, Au atoms are in
yellow,H atoms are in turquoise,C are in grey, Pt atoms are in navy and O atoms are
in red.

other. When these values are compared to results given in Table {.T]it is evident that
the sublayer substitution does not improve the binding energies. In addition, Au/Pt
and Au/sub results also very similar. For this molecule, there a slight increase is
observed in bond when it is adsorbed on Au/sub. The fcc hollow site is the most
stable adsorption site for CH3;0 molecule. The presence of the once again fails to
enchance the adsorption energies when compared to the Table (4.6 and Table {.2]

Additionally the results corresponding to sublayer doping is even less than those for
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the bare surface. Similar results are observed for the adsorption of OH molecule and

O and H atoms. The binding energies are given in Table

4.3.3 Coadsorption Energies

In the previous sections, the adsorption energies of the molecules on bare and doped
surfaces were examined individually. While the CH;OH molecule is adsorbed by
itself on gold surface, before the reaction, the products CH;0 and H will be found
simultaneously on the surfaces. Therefore the coadsorption energy calculations will
be performed in order to study how these molecules and atoms influence each other
on the slab. Due to the fact that Au/sub type of slab does not dramatically change
the binding energies of the molecules and atoms involving in reaction process, we

perform any coadsorption energy calculations on this termination.

With this aim, first the coadsorption of CH;0O and H will be examined on bare Au(111),
Au(111)/Pt, Au(111)/2pt, Au(111)/3Pt and Au(111)/9Pt . In our NEB calculations,
we also calculate activation barriers on the oxygen precovered surface; hence, the

coadsorption of CH;OH with O and CH;0 with OH will also be explored.

4.3.3.1 Coadsorption of the CH;0, and H

After dissociation of CH;OH through O-H bond breaking, the CH;O and H are found
on the surfaces at the same time. Therefore it is worth calculating the binding ener-
gies of both adsorbents. In order to achieve this, the CH3O molecule is placed at its
most stable site which was previously obtained, then the H atom is placed at differ-
ent adsorption sites in the neighborhood of the CH;O molecule. The coadsorption

energies are evaluated by using the formula,

Eads _ Et((ﬁu—slab-&-CHso-ﬁ-H) N (E(Au—slab+H) + ECH3O) (42)

where F{UslabTCH0HD 1o he total energy of the Au-slab with CH;O and H, F5(Au—slab+H)
gives the total energy of the H on Au-slab which is previously obtained, and the last
term defines the total energy of the CH30 molecule itself. The results are given in the

Table [4.8] In that Table the notation of site/H represents the place of the H atom on
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the corresponding slab.

Table 4.8: Coadsorption energies (in eV) of molecular adsorption of the CH;0 with
H on bare Au(111) and doped surfaces.

Au Au/Pt Au/2Pt Au/3Pt Au/9Pt
hcp-hollow/H -1.76 -1.64  -1.28 -1.55 -2.11
fcc-hollow/H -1.73 -291 -1.66 -1.54 -2.06
bridge/H -1.67 -2.89 -248 -2.56 -2.06
ontop/H -1.87 -1.88 -1.83 -1.73 -2.18

The geometry optimized structure of coadsorption of CH30 with H is given in Figures
When CH;0 molecule is on bare surface without H atom, the most favorable
site is fcc hollow with an adsorption energy of -1.75 eV according to Table 4.2] The
same molecule on this site with the H, the adsorption energy values decrease for the
case of H atom at fcc hollow and bridge sites. However, the H atom at the ontop site
improves the binding energy of CH3;0O by about -1.87 eV. The H atom does not affect
the bond lengths in CH30 molecule. During the geometry optimizations the H atom
initially placed at hcp hollow, fcc hollow and ontop sites migrates to the fcc hollow,

ontop and hcp hollow sites, respectively.

On the Au/Pt surface, without H, the hcp hollow is the most energetically favor-
able site for CH;O molecule corresponding to an adsorption energy of -1.88 eV. The
H atom increases the binding energy values by about 1 eV for the fcc hollow/H ,
bridge/H. There is a slight increase observed for ontop/H configurations. When the H
atom is placed on the bridge and fcc hollow sites, it recombined with adsorbed CH;0

to form CH;OH. This configurations are shown in Figure

Similar trends are obtained for these adsorbates on Au/2Pt and Au/3Pt. The adsorp-
tion energies of CH3;O molecule decreases in the presence of the H atom except for
bridge sites on both surface terminations. Geometry optimized structure of those con-

figurations, H joins to CH;0O molecule that may results in the larger binding energies.

The most favorable site is for CH30 when it is by itself on the Au/9Pt surface is fcc
hollow. However, on the same termination with the H atom, the most energetically

stable site is shifted to ontop site with a lower binding energy value of -2.18 eV
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. The results listed in Table {.4] the binding energies do not recovered much with
H atom except for H atom at ontop site when compared to Tables 4.8 Only those
figures for the most stable sites of the CH30 molecule with H atom on the surfaces
are presented in Figure 4.8] No significant change is observed in the bond lengths in

CH;0 molecule on the Au/9Pt slab.
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Figure 4.7: The top, middle and bottom panels show the geometry optimized struc-
tures of CH;O adsorption on the bare, Au/Pt, Au/2Pt slabs with H atom and first,
second, third and fourth columns represent the H at hcp, fcc, bridge and ontop posi-
tions on the mentioned slabs, respectively. In the figures, Au atoms are in yellow,H
atoms are in turquoise,C are in grey, O atoms are in red and Pt atoms are in navy.

74



® 000 999 900
D

o0
o0 200 9909 900

00 9000 900 000
Q00 900 92900 000

(a) (b) (©) ()

Figure 4.8: The top and bottom panels show the geometry optimized structures of
CH;0 adsorption on the Au/3Pt, Au/9Pt slabs with H atom and first, second, third
and fourth columns represent the H at hcp, fcc, bridge and ontop positions on the
mentioned slabs, respectively. In the figures, Au atoms are in yellow,H atoms are in
turquoise,C are in grey, O atoms are in red and Pt atoms are in navy.

4.3.3.2 Coadsorption Energies of the CH;0, and OH

As indicated in the introduction part, preadsorbed O atom decreases the activation
barrier of the methanol oxidation reaction drastically. After breaking the O-H bond,
the H atom selectively makes bond with O on the surface, giving rise to the final
products the CH30 and OH. Therefore, it is important to examine the coadsorption
energies of these molecules. We employ the following process: CH3;0O molecule is
placed first at its stable sites on each surfaces and OH molecule is sequentially ad-
sorbed on four distinct binding sites around the CH30 molecule. The adsorption

energies are calculated by using the formula

B, = Et(oxiu—slab+CH30+0H) —( [ (Au—slab+OH) _ ECHgO)' (4.3)
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Table 4.9: Coadsorption energies (in eV) of CH3;0 molecule with OH molecule on
bare Au(111) and doped surfaces Au(111) surfaces.

Au  Au/Pt Au/2Pt Au/3Pt Au/9Pt
hep-hollow/OH -1.79 -1.95 -1.45 -2.25 -2.30
fcc-hollow/OH -1.65 -2.07 -1.65 -220  -1.83
bridge/OH -1.77  -1.72  -1.65 -1.97 -2.10
ontop/OH -1.82 208 -199  -1.81 -2.32

On bare surface without the OH molecule, the fcc hollow site is the most stable site
for CH3;0 molecule with binding energy value of -1.75 eV. The adsorption energies
corresponding hcp hollow, bridge sites are healed with OH molecule when compared
the Tables 4.9/ and 4.2] During the structure optimization, the OH molecule initially
at hep site migrates to ontop site and becomes almost parallel to the surface. Similar
trends are observed for the sites of fcc, bridge and ontop sites. The bond length of OH
molecule slightly shortens for all sites, whereas the bond lengths in CH;0 molecule

are remained unchanged.

According to results given in the Table .9 on the Au/Pt surface, all adsorption en-
ergies increase with OH molecule, the ontop site corresponds to the stable site with
a larger binding energy value of -2.08 eV when compared to the Table 4.9] During
geometry optimization process, OH bond length increases except for OH molecule
at the bridge site. Again there is no change is observed for bond lengths in CH;0

molecule. For all configurations, the OH molecule becomes tilted on the surfaces as

given in Figure

The OH molecule improves only the binding energy of the ontop site on the Au/2Pt
surface. The other adsorption energy values are lower than the results reported inTable
4.2] With the OH molecule, the strongest adsorption site for CH;O molecule is ontop
site. When CH;O molecule without OH on Au/2Pt surface, the hcp hollow corre-
spond to largest binding energy value; however, with OH molecule this site yields the
lowest adsorption energy value. The geometry optimized structures reveal that the
OH molecule initially perpendicularly placed at fcc hollow, bridge and ontop sites

becomes tilted.
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Au/3Pt surface with OH yields larger adsorption energy values and adsorption at the
hcp hollow site is stronger on this surface with value of -2.25 eV. According to ge-
ometry optimized structures, the OH molecule is elongated and is once tilted with

respect to the surface.

We also consider the same calculations for the surface on Au/9Pt. On this surface,
without the OH molecule, the fcc hollow sites is the most favorable site, whereas same
surface with OH gives the lowest adsorption value. The strongest adsorption geome-
try corresponds to the configuration of OH molecule at the ontop site corresponding

value of -2.32 eV.

Figure 4.9: The first panel shows the geometry optimized structures of CH3;0O adsorp-
tion on the bare, Au/Pt, Au/2Pt slabs with OH atom and second one represents the

same for Au/3Pt and Au/9Pt , respectively. In the figures, Au atoms are in yellow,H
atoms are in turquoise,C are in grey, O atoms are in red and Pt atoms are in navy.
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4.3.3.3 Coadsorption of the CH;0H, and O

Before the dissociation of CH3;0H to CH3;0 and H, on the O-precovered surfaces,
the CH3OH and O atom exist on the surface together. Therefore, the coadsorption
energies of CH;OH and O are also studied. We follow the same process described for

the other coadsorption studies .

Table 4.10: Coadsorption energies (in eV) of CH3;0H molecule with O on bare
Au(111) and doped surfaces.

Au  Au/Pt Au/2Pt Au/3Pt Au/9Pt
hcp-hollow/O  -0.13 -0.04 +0.30 +0.11  -0.12
fcc-hollow/O  -0.38 -0.39  -0.38 -0.47 -0.37
bridge/O -0.40 -0.38 +0.57 -0.47 -0.14
ontop/O -0.36 -0.69 -0.37 -0.35 -0.11

All results are presented in Table {.10|. According to these data, on bare surface
with O atom, the adsorption energies range from -0.13 to -0.40. The most favorable
adsorption site corresponds to the configuration where the O atom is at the bridge site.
A comparison of this table to Table .| reveals that all binding energies are improved
in the presence of atomic O. During structure optimization, CH;OH molecule on all

sites has a tendency to rotate while approaching to surface.

Adsorption at the ontop is stronger on the on Au/Pt surface with O atom for CH;OH
. The other adsorption energies also increase except for hcp site which corresponds
to the lowest adsorption energy value of -0.04 eV. The CH3;0H molecule dissoci-
ates spontaneously to CH;O and H for the ontop configuration during the geometry

optimization.

The adsorption energies for the O atom at hcp hollow and bridge sites on Au/2Pt
surface take positive values indicating unstable adsorption according to Table .10
The adsorption energy values corresponding to fcc hollow and ontop site are almost
equivalent, therefore these two sites can be defined as energetically favorable config-

urations for the CH;OH molecule.
O atom at the hcp hollow site on the Au/3Pt surface yields positive adsorption energy
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value of +0.11 eV. according to Table[d.10] With the O atom, the all binding energies
for CH;0H increase. On the Au/9Pt surface, the adsorption energies do not change
except for fcc hollow site which is the most energetically favorable site for CH;OH

molecule in the presence of the O atom.

0900 900
900 900

Figure 4.10: The first panel shows the geometry optimized structures of CH;OH ad-
sorption on the bare, Au/Pt, Au/2Pt slabs with O atom and second one represents the
same for Au/3Pt and Au/9Pt , respectively. In the figures, Au atoms are in yellow,H
atoms are in turquoise,C are in grey, O atoms are in red and Pt atoms are in navy.

4.4 Activation Energies

4.4.1 Activation Energies of the CH3;O0H oxidation

In order to see the influence of the of the Pt atom on the activation energies, the re-

action is studied using CI-NEB first over clean Au(111) surface. The dissociation
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reaction of methanol to CH3O and H through O-H bond cleavage is examined by
considering the most favorable geometries on Au(111) surface based on the calcula-
tions of the previous section. For this calculation, the same surface model is used as
in the case of the surface on which the binding energies are calculated. During the
calculation the two bottom layers are fixed, then the two top layers are are allowed
to fully relax. The reaction path is divided into 7 images. For the initial geometry,
the CH;OH molecule is first placed onto hcp site on bare surface, whereas CH;0 and
H are placed on the adjacent fcc sites on clean Au surface for final geometry. Both
configurations are subjected to optimization process. The other stages of the reaction

path are defined by program by NEB method.

The activation barrier for clean surface is calculated to be 1.76 eV and the transition
state corresponds to 5  image. As seen from the Figure at transition state, the
dissociation happens by breaking the O-H bond and CH30 molecule and H start to

move towards their final locations.
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Figure 4.11: The dissociation of CH30H molecule to CH;0 and H on the clean
Au(111) surface along with PDOS profiles of initial, transition and final configu-
rations. In the figures, Au atoms are in yellow,H atoms are in turquoise,C are in grey
and O atoms are in red.
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The activation barriers for doped surfaces with different concentrations of Pt on the
surface is also investigated. In order to compare activation energies obtained from
doped surfaces and the value of found from the bare surface case , the same symmet-
rical sites are used for initial and final configurations of adsorbates. The reaction path
is again divided into 7 images, but for some calculations we use 9 images for higher
accuracy. The presence of one Pt atom as dopant on the surface which is referred
to as Au/Pt reduces the activation energy to 1.18 eV which is a decrease of 0.6 eV
in comparison to reaction on the clean surface. The corresponding initial, transition
and final stages with their PDOS profiles are given for the reaction on Au/Pt (111)

surface.

The surface with two and three dopant atoms are first investigated and the correspond-
ing surfaces are named as before Au/2Pt and Au/3Pt, respectively . The reaction bar-
riers 1.26 eV for Au/2Pt and 1.28 eV for Au/3Pt. Finally the activation barrier for full
substitutional Pt layer is 0.79 eV. The PDOS profiles and initial, transition and final

stages are given Figures and .13

In previous sections, the adsorption energies were examined on the Au/sub type of
slab and the energies were found to be considerably lower than the others surfaces we
consider. But even so, dehydrogenation of CH3;OH molecule is also investigated on
it. The activation barrier is calculated as 1.70 eV which is very close to the value ob-
tained on the clean surface. It can be inferred from these results that the configuration
of Au/sub does not improve the binding energies of molecules and atoms involving
the dissociation process; additionally, it does not decrease the activation barriers. The
initial, transition, final states with PDOS plots of the reaction on Au/sub surface is

given in the Figure d.14]

Table 4.11: The all activation barrier results on the surfaces in eV.

Activation barrier (in eV)

Au/bare 1.76
Au/Pt 1.18
Au/2Pt 1.26
Au/3Pt 1.28
Au/9Pt 0.79
Au/sub 1.70
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Figure 4.12: The first and second rows represent the dissociation of CH;OH molecule
to CH30 and H on the Au/Pt (111) surface along with PDOS profiles of initial, transi-
tion and final configurations. The third and fourth rows represent the those for Au/2Pt
(111) surface. In the figures, Au atoms are in yellow, Pt atoms are in blue, H atoms
are in turquoise, H atoms are in turquoise, C are in grey and O atoms are in red.

The all activation barrier results are summarized in Table &.11l Our results indicate

that activation energy decreases even for the case where only one Pt atom is placed
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Figure 4.13: The first and second rows show the dissociation of CH;OH molecule
to CH;0 and H on the Au/3Pt (111) surface along with PDOS profiles of initial,
transition and final configurations.The third and fourth rows represent the those for
last layer doping of Au (111) surface. In the figures, Au atoms are in yellow, Pt atoms
are in blue, H atoms are in turquoise, C are in grey and O atoms are in red.

on the surface. One can also see that increasing the number of Pt atoms to 2 or 3,

corresponding surface structures Au/2Pt and Au/3Pt, gives the almost same value of
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Figure 4.14: The figures represent the initial, transition and final stages of the disso-
ciation of CH;OH on Au/sub type of slab . In these figures, Au atoms are in yellow,
H atoms are in turquoise, C are in grey, Pt are in navy and O atoms are in red.

for activation energy. Remarkably, when the whole surface is coated with Pt atoms
(Au/9Pt), the activation barrier takes a value lower than the case of one Pt atom on

the surface.

4.4.2 Activation Energies of the Dissociation of CH;0H on O precovered sur-

faces

In the introduction part, it was stated that the precovered O atom on the surface acti-
vates the H atom in alcohol group and enhances the dissociation process according to
many studies. In this section, we verify these findings for our Pt-enhanced surfaces.
O and CH;OH are reactants at the initial stage as seen from the Figure {.15} then
during the process, the H atom ,coming from the CH;OH, makes a bond with O atom
to form OH molecule. The activation barrier is 0.22 eV which is much less than the

value obtained for the clean surface.
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Figure 4.15: The figures represent the initial, transition and final stages of the disso-
ciation of CH;OH on Au(111) surface with the precovered O atom. In these figures,
Au atoms are in yellow, H atoms are in turquoise, C are in grey and O atoms are in
red.

Table 4.12: The all activation barrier results (in eV) on surfaces both with O add
atoms and dopant atoms.

Activation barrier (in eV.)

Au/bare 1.76
Au/bare with O 0.22
Au/Pt with O 0.25
Au/2Pt with O 0.68
Au/3Pt with O 0.09

In the previous sections, the activation barriers for the relevant reaction are decreased
with the increasing number of dopant atoms, and the activation barrier significantly
reduces on the surface with O add atom. We additionally examine how the reaction
barriers changes both with dopant atoms and O add atom on the Au(111) surface.
The presence of both on the surface decrease the activation barrier when compared

the activation barrier on the clean surface according to results listed in Table {.12]
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Only for the surface of Au/3Pt with O atom, the activation barrier is remarkably
decreased to 0.09 eV which is even less than the Au(111) surface with precovered O
atom. Interestingly, the dissociation on O covered Au/2Pt surface yields larger energy
barrier. There is a tendency for the OH molecule to rotate on this type of slab as seen

from the Figure .16 which is attributed to the higher value in activation energy.
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Figure 4.16: The figures represent the initial, transition and final stages of the dissoci-
ation of CH;OH on Au/Pt and Au/2Pt surfaces with the precovered O atom. In these
figures, Au atoms are in yellow, H atoms are in turquoise, C are in grey and O atoms
are in red.
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Figure 4.17: The figures represent the initial, transition and final stages of the disso-
ciation of CH;OH on Au/3Pt surface with the precovered O atom. In these figures,
Au atoms are in yellow, H atoms are in turquoise, C are in grey and O atoms are in
red.

4.5 Conclusion

In this chapter, we studied the decomposition of CH;OH molecule to CH;0 and H on
the clean, Pt doped, precovered O and both doped and precovered Au (111) surfaces
via DFT calculations. The dissociation of CH;OH molecule takes place through the
O-H bond breaking; therefore, we examine the adsorption energies of CH;OH, CH;0,
and H on the Au(111) surfaces for determining the most stable sites for all species
involved. We also examined the effect of the precovered O atom on Au surface on
the activation barriers, hence OH molecule was selectively formed. Besides, the ad-
sorption energies of O and OH molecule were also calculated. Our adsorption energy
calculations reveal that the CH;OH molecule was weakly bound to the clean Au sur-
face. A slight increase was observed for binding energies of CH;OH molecule on
the doped surfaces. On the contrary, CH;0 molecule strongly interacts with surface.
Pt atoms as dopant have no significant effect on the adsorption energies of CH;O
molecule.The adsorption energies of H atom on the clean and doped surfaces were
relatively high when compared to CH;OH and CH;0 molecules. A substantial in-
crease was obtained for adsorption energies of the O atom on the surface of Au/Pt,

Au/2Pt, and Au/3Pt. Interestingly, the energies were not improved further on the
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Au/9Pt surface. The adsorption energies of OH molecule was finally examined, and
no significant changes in the adsorption energies were observed for the doped sur-
faces. The general outcome for the molecules and atoms on Au/sub slab is that the

adsorption energies do not change dramatically with respect to the clean surfaces.

After examining individually the binding energies of molecules and atoms, coad-
sorption energies were also considered on clean, Au/Pt, Au/2Pt, Au/3Pt and Au/9Pt
surfaces. The coadsorption energies of CH;OH with O, CH;0 with H, and CH;0
with OH were calculated in order to study how these molecules and atoms influence

each other on the slabs.

Finally the activation barriers of the dissociation process were computed. We ob-
served that the reaction barrier was notably decreased when Pt dopant atoms were
introduced on the surfaces. The smallest activation barrier was found on the Au/9Pt
slab corresponding to value a of 0.79 eV. The decomposition of CH;OH molecule
was studied also on the O precovered surfaces and the activation barrier was found
as 0.22 eV. When doped and O precovered surfaces are compared in terms of their
activation energies, Au/9Pt surfaces are found to have a larger value but having much

lower than the value obtained in the clean surface.
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CHAPTER 5

ULTRAFAST 3D LASER MICROMACHINING FOR SOLAR CELLS

5.1 INTRODUCTION

Solar cells based on crystalline silicon is the most dominant technology in photo-
voltaic industry; however, there are still some difficulties. The main one is that the
thickness of silicon wafers are in the range of 180-250 pm while the active region of
these wafers is only in the domain of 2-10 ym depending on the amount of doping. On
the other hand, materials such as amorphous silicon (a-Si), cadmium telluride (CdTe)
and copper indium gallium di-selenium (CIGS) with high absorption are used in thin
film solar cells technology. However, the efficiency of thin film solar cells produced
from these materials is lower than that of thick crystalline Si solar cells [88, 189, 90].
Additionally, the quantities of the Te and In are limited on earth affecting negatively
the future of CdTe and CIGS solar cells [91,92]. III-V based semiconductors are an-
other alternative as solar cells, which are very expensive for large-scale applications

[93, 94].

The production of thin silicon wafers is not realized by the standard thin film produc-
tion methods. New techniques must be developed in order to produce thinner wafers.
Many research groups in the world have developed new techniques for the production
of crystal Si thin films. One important technique is called smart cut in which H ions
are implanted to the Si crystal surface and then heated to form H bubbles. These bub-
bles allow the upper layer to be easily separated from the main body [95]. Another
method, called slim cut relies on the stress created by the metal film coated on Si to
remove the thin Si film [96]. There are many other techniques for the production of
Si thin films and in this chapter we will present DFT calculations which shed light
on the details of a new technique which was developed recently at METU Physics
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Department.

In this technique, the goal is to produce thinner silicon wafers of about 1.55 pm us-
ing femtosecond lasers. A planar section below the surface of a silicon wafer will be
processed completely by applying femtosecond pulses at 1.55 pum. Laser makes the
region on which it is focussed amorphous. It is followed by a chemical etchant treat-
ment, resulting in mechanical separation of the wafer along the processed plane since
the amorphous part is sensitive to etchant solution. Having extracted this amorphous

region, the thinner wafers are obtained. This process is depicted in the Figure[5.]]
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Figure 5.1: Lazer processing of Si films (a) and the chemichal etchant treatment (b).

With the DFT based calculations, the interaction between the amorphous silica, crys-
tal Si, oxidized crystal Si surfaces and ions of different types of etchants is examined
by considering their binding energies on these surfaces. Since the etchant solution
contains HF and Cu ions, we explore the adsorption energies only these ions and the

surfaces.

5.2 Computational and Structural Details

All first principle calculations based on DFT were performed using Quantum Espresso
suite [47] within the GGA of Perdew-Wand (PW-91) exchange correlation functional

[23]]. The vacuum value is chosen to be 14 A during the all geometry optimization.

Si0O, can occur in several crystal structures which are quartz, a-tridymite, S-tridymite,

a-cristobalite and [-cristobalite [97, 98, 99] [100]. A common property of the crystal

90



silica polymorphs is that around each Si atom there are four O atoms in the shape
of a pyramid with triangular base. In different polymorphs, the structures of these
pyramids remain the same, but their angle and orientation change with respect to
each other [[101]. In addition, one of the defining properties of crystal silicate is the
closed rings consisting of -Si-O-Si-O- chains given in the Figure [5.2] Amorphous
silica is a glassy structure and can easily be obtained by heating crystal silane [[102].
Amorphous silica possesses many structural characteristic properties that are remi-
niscent of crystalline silica. The above-mentioned pyramid shapes and closed rings
are among these properties. However, the porous structure of the system introduces
a variation in the angle and orientation between the pyramids. It is important to cor-
rectly describe the properties of the amorphous silica in theoretical studies, especially
in calculations using periodic models. In the studies on amorphous systems, the most
commonly used method is to equilibrate randomly placed atoms stoichiometrically in
a simulation cell by employing molecular dynamics at high temperatures [103]]. In
this method, periodic or free boundary conditions [[104] can be used. Considering the
difficulty of modelling relatively complex amorphous systems in a small simulation
cell, it is necessary to perform various statistical analyses for good accuracy of these
calculations. As mentioned in the work of Roder et. al., local atomic density, pair
distribution function and ring length analysis are among the methods that can be used
[104]. In this chapter, the interaction of hydrofluoric acid (HF), which is a part of
the etchant used in our experimental studies, with the amorphous silica surface was

studied by using DFT.

Amorphous silica coordinates are taken from a previous study obtained by molecular
dynamics method [105]. There are 3000 atoms in this simulation cell. In our DFT
calculations, a smaller appropriate simulation cell with 12x12x12 (in A) consisting
of Si atoms of 36 and O atoms of 72 is extracted. The mass density of this cell is
calculated to be 2.1 g/em?, very close to the experimental value which is 2.2 g/em?.
The created cell is subjected to geometric optimization and all atoms are allowed to
relax during this process. The coordinates of the atoms in the cell obtained from
minimization procedure can be seen in the Figure . In order to validate the model
we use, the pair distribution function g(r) is calculated which is consistent with the

previous cases reported Bondi et al. [106] given in the Figure[5.2] The result of this
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analysis is in with the work previously stated work by Bondi and his team.
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Figure 5.2: Illustration of the amorphous silica (in a) with their pair distribution (in
b). Red spheres refer to O atoms, white ones refer Si.

We also consider the same calculations mentioned in the introduction part on the bare
and oxidized surface of Si (100) crystal. Before constructing it, first optimized lattice
constant value is found. Si has diamond crystal structure in bulk form and theoretical
lattice constant value is calculated as 5.48 A. The surface of Si (100) with consisting

of 48 atoms is constructed by using this value.

5.3 Interaction of Amorphous Surface with Etchants

In order to analyze the interaction between different etchants and the silica surface

the binding energies are calculated as

Eads = ESiOQJradsorbate - (ESiOQ + Eadsorbate) (51)

where Eg;0, tadsorbate 15 the total energy of the SiO, surface with adsorbate, Eg;0, is
the total energy of the clean surface, and E,4s0pase 15 the energy of the adsorbate. With

this definition, stable adsorption geometries have negative adsorption energy values.

First the binding energy of the ions of H and F of the etchant HF is considered on
SiO, surface. The H ion is placed over one of the O atoms on the surface whereas the
Fion is located on the any of Si atoms on the surface. The adsorption energy is found
as -1.35 eV, which is quite high, showing that there is a strong interaction between

surface and HF acid. The Bader charges are also computed. The charges on the H
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atom and F atom are +1.00 e and -1.03 e, respectively. The length of the H-O bond is
0.98 A and the length of the F-Si bond is 1.63 A . The geometry optimized structure
is given in the Figure [5.4]

Figure 5.4: Illustration of the H and F ions on 010 surface of SiO,. Red spheres refer
to O atoms, white ones refer Si and blue ones refer H.

The another ion in the etchant solution is Cu therefore the binding energies of the
Cu atom on the surface are examined next. There are several sites available on the
surface. The, Cu atom is placed on top of the Si atom with coordination number
3 and the binding energies are calculated as -1.93 eV corresponding Bader charge
on it found as +0.26 lel. We consider also adsorption of Cu atom on Si atom with
coordination number 2 and the binding energy is found as -1.50 eV. The charge on
Cu in this configuration is -0.04 lel. Finally Cu is placed on top of the O atom which
is located between the two Si atoms and the binding energy is obtained as -1.80 eV.
The Bader charge value on the Cu atom for this structure is -0.04 lel. The geometry

optimized structures are given in Figure[5.5]
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Figure 5.5: Illustration of the Cu on amorphous surface of SiO, (010). (a) represents
the Cu atom on Si atom with coordination number 3, (b) represents Cu atom on Si
atom with coordination number 2 and (c) represents Cu atom on top of the O atom
which is located between the two Si atoms. Red spheres refer to O atoms, white ones
refer Si and navy ones refer Cu.

5.4 Interaction of Si(100) Crystal Surface with Etchants

Finally, the interaction of bare surface of the Si(100) crystal and the oxidized Si(100)
crystal surface with the same ions of etchant solutions will be investigated in this
section. When this structure is subjected to the geometric optimization process, the
surface goes to a minimum energy in a different form which is called reconstruction.
The bottom two layers are fixed in all surface models to mimic bulk structure. After
obtaining the optimized reconstructed surface , the interactions of this surface with
the HF etchants are investigated by calculating the binding energies and the Bader
charges. Since HF is in solution, it is assumed that H and F are bound to the surface
separately as ions. H and F ions are placed different sites on the surface of Si as
depicted in the Figure [5.6|and the bonding energies of H and F ions attached to the Si
surface are -13.27 eV , -13.44 eV , -13.27 eV , -13.29 eV following the order in this
figure. These binding energies, which are quite high, show that the surface strongly
interacts with the acid. Bader charges are almost similar for all configurations and the
charges on H is -1.03 e, while the load on F is -1.06 e. The approximately equivalent

charges on the ions confirm that the almost same binding energies.

The same procedure is repeated to study the interaction between the surface and the
Cuion. Cuionis placed on the reconstructed Si(100) surface at two different locations

to calculate binding energies. The adsorption energies are calculated to be -3.28 eV
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Figure 5.6: llustration of the interaction between the reconstructed Si surfaces with
H, and F ions. In this figure, Si atoms are light, blue H atoms are navy and F atoms
are grey.

and -3.30 eV as given in the Figure The values are very low when compared to
that for H and F ions. One can conclude with these results that H and F ions interact

more with the surface.
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Figure 5.7: Illustration of the interaction between the reconstructed Si surfaces with
Cu atoms. In this figure, Si atoms are light and blue Cu atoms are brown.

5.5 Interaction of Oxygenated Si(100) Crystal Surface with Etchants

During the experimental process, the Si surfaces are oxidized; therefore, the same
calculations are repeated on the oxygenated Si(100) surface. Oxidized surfaces are
obtained by bonding as many O atoms as half of the number of the atoms at top

layer. The interaction of the oxidized surfaces with the H and F ions is examined by
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calculating the binding energies. The adsorption energies are corresponding the con-
figurations given in the Figure [5.8]-9.35 eV, -13.67 eV, and -13.65 eV. The binding
energy of the Cu atom on the oxidized surface is -5.03 eV which is higher than the
value obtained for the case of non-oxidized surface. During the geometry optimiza-
tion Cu atom, which is initially placed at top of the O atom, migrates between two O

atoms forming bond with them given in the Figure[5.§]
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Figure 5.8: Illustration of the interaction between the reconstructed oxidized Si sur-

faces with H and F ions, Cu atoms. In this figure, Si atoms are light and blue Cu
atoms are brown.
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5.6 Conclusion

In general, with the help of the adsorption energy results, the interaction between ions
and amorphous surface are weaker than the reconstructed bare and oxydized Si sur-
faces. The adsorption energies are quite high for H and F ions on the reconstructed
Si(100) surface. When the presence of the O atoms on the surface, the adsorption
energy values are not improved. However, for Cu ions the adsorption energy is im-
proved with precovered O atom on the Si surface. However, Cu ions etch the surface
more when compared to H and F ions which shows that Cu interacts with the sur-
face more according to experimental results. Therefore, it is not possible to reach

a concrete conclusion by focusing only the adsorption energies of the etchants with
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the surface. Additionally, the activation energies for the etchant process should be

calculated for a better understanding.
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CHAPTER 6

CONCLUSION

In the present thesis three different topics are investigated in detail by using the DFT.
First, we explored the surface chemistry of the Mo,C in the absence and presence
of the promoters in order to examine the WGS reaction in Chapter 3. Then ,the
effect of the Pt as dopants on CH30H dehydrogenation on the gold surfaces was
examined in Chapter 4. Finally, the interaction between different kinds of slabs which
are amorphous silica, crystal Si(100) and oxygenated Si(100) and the H,F ions and

Cu ions was studied in Chapter 5.

In Chapter 3, the adsorption energies of the molecules and atoms involved in the WGS
reaction were examined on Mol, Mo2 and C terminated slabs. Subsequently, the
adsorption of CO molecule with preadsorbed Pt, Au, and K atoms was studied. The
coadsorption energies with K atom as an alkali promoter were much larger than the
values obtained for Pt and Au atoms. Finally, activation barrier of the CO dissociation
was investigated in order to see the effects of the promoter on the reaction. This
reaction was only considered on Mol type of termination due to the fact that it yields

much larger coadsorption energies when compared to Mo2 and C termination.

The activation barrier was calculated first on unpromoted Mol termination by NEB
method, and the value was found as -2.01 eV. The same calculation was repeated on
the Pt promoted Mol terminated slab. The dissociation energy is 1.74 eV, which is
smaller than the value obtained for the bare case. This decrease in the barrier indicates
that Pt as promoter enhances the dissociation of CO molecule. In order to examine
how Pt atom decrease the reaction barrier, PDOS analysis was first performed for the
transition state. According to the Figure the hibridization between the d states of

the Pt atom and Mo atoms weakens the bonding of CO molecule and Mo terminated
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surface, which is attributed to the decrease in the activation barrier. Additionally, the
CO molecule on the unpromoted surfaces has a total charge of -2.10 lel during the dis-
sociation. The electronic charge of this molecule decreases on Pt promoted surfaces,
which also favors the dissociation barrier. The activation energy was calculated for
K promoted surfaces and the value was found as 1.57 eV, which is even lower than
the value for Pt promoted surfaces. There was not strong hybridization between the
promoter and surface atoms; therefore, hybridization was not the reason for the lower
value in the activation barrier according to Figure[3.12] This result is attributed to the
better stabilization of the transition state of reaction with K as promoter when com-
pared to the others given in the Figure The activation energy was calculated for
Au promoted surface and the value was found as 2.07 eV, which was even larger than
the value obtained for the unpromoted surface. As a result, the precence of K atom as

an alkali promoter enhances the the dissociative CO adsorption.

As was stated in the introduction part of the Chapter 4, the presence of the atomic O
on the gold surfaces reduces the activation barrier of the CH3;0H dissociation. How-
ever, it is difficult to obtain atomic O on the gold surfaces and by products formed
during this process are extremely harmful for the environment. Therefore; in Chap-
ter 4, the potential promoting effect of Pt atom as dopants was studied for differ-
ent concentrations on the gold surfaces, which is on the reaction barrier of CH;OH
dissociation, without using O atom. With this aim, the adsorption energies of the
atoms and molecules involving the dissociation process were calculated on the bare
and doped surfaces in order to define their stable sites. According to the adsorption
energy results, the methanol molecule is weakly bound the bare surface. Different
concentrations of Pt atom as dopant on the surfaces almost never changes the adsorp-
tion energies of the this molecule. On the contrary, the CH3;OH molecule is more
strongly bound to the surface. The Pt doped surfaces do not change binding energies
of the CH3;0 molecule significantly. The adsorption energy of H atom were greater
than both CH;OH and CH;0 molecules. A substantial increase was observed for the
adsorption energies of the O atom on the surface of Au/Pt, Au/2Pt, and Au/3Pt. On
the contrary, the binding energies are not improved on the Au/9Pt surface. Finally
OH molecule adsorption was examined on bare and doped surfaces and Pt atom does

not significantly affect the adsorption energies of this molecule. The general result
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for the molecules and atoms on Au/sub slab is that the adsorption energies do not
dramatically change with respect to the clean surface. Additionally, the coadsorption
energies of the CH;0H with O, CH;0 with H and CH3;0 with OH were calculated in

order for examining how these molecules and atoms change their adsorption energies.

After obtaining everything related to the adsorption process, the activation barriers
were computed for the dissociation of CH;OH molecule by NEB method. It was ob-
served that the activation barrier decreases when the Pt atom is introduced as dopant
on the surfaces. The minimum activation energy was obtained on the Au/9Pt slab
with the value of 0.79 eV. In order to check the results, the CH;OH decomposition
was considered also on O precovered gold surfaces. The activation barriers were
found less than the case on the clean Au and doped surfaces. When activation bar-
riers corresponding to doped and precovered surfaces are compared, Au/9Pt type of
slab yields a larger value, but it is much lower than the value obtained in the clean
surface. The general result is that Au/9Pt decoration can be used in order to decrease
the activation barrier of the CH3;0H decomposition through the O-H bond scission

instaed of using O atom on the surfaces.

In Chapter 5, the interaction between different kinds of slabs, which are amorphous
silica, crystal Si(100) and oxygenated Si(100), and the etchant solution, which was
used in experimental part of this study, were examined by calculating the binding en-
ergies of etchant ingredients on slabs. The etchant solution includes HF and Cu ions;
therefore, the interaction between amorphous SiO, surface with HF and Cu ion were
analyzed first. HF and Cu ions were placed various sites on the slab by considering
different coordination number of Si atoms. The adsorption energy of the HF ions
was found as -1.35 eV, while the adsorption energy values for Cu ions are between
-1.50 eV and -1.93 eV. With these results, one can conclude that Cu ion interacts
more strongly than HF ions. The other phase of Si based surfaces detected in the
experimental procedure were crystal Si and oxygenated crystal Si surfaces. There-
fore, the interaction between the etchant ions and these type of slabs were studied.
H and F ions were placed different sites on the reconstructed Si(100) surface and the
adsorption energy values were varied from -13.27 eV to -13.44 eV. These values are
quite high, indicating that there is a strong interaction between slabs and ions. The

same procedure was repeated for adsorption energies of Cu ions on the same slab.
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The adsorption energies were calculated to be -3.28 eV and -3.30 eV, which are quite
low relative to the H and F ions. Finally, all of the same calculations were carried
out on oxygenated Si (100) surfaces. The adsorption energies for H and F ions were
found as -9.35 eV, -13.65 eV and -13.67 eV, while for Cu ion on oxygenated surface
it was found as -5.30 eV. Again it is observed that H and F ions strongly interact with
the oxygenated slabs when compared to the Cu ion. However, Cu ions etch the sur-
face more when compared to H and F ions, which shows that Cu interacts with the
surface more according to experimental results. Therefore, it is not possible to reach
a concrete conclusion by focusing only the adsorption energies of the etchants with
the surface. Additionally, the activation energies for the etchant process should be

calculated for a better understanding.
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