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ABSTRACT

A DFT STUDY OF CHLORINE BASED COPPER CORROSION AND ITS
INHIBITION

Corrosion is the destructive attack of a metal by a chemical or electrochemical reaction with
its environment. Due to its good mechanical properties and electrical and thermal
conductivity, copper is one of the most useful metals. Likewise, the chemistry of chlorine
on metal surfaces is involved in many technological processes, such as corrosion. Corrosion
and its inhibition gain interest both on the experimental and theoretical sides. This work
investigates the Cl adsorption on the metallic Cu (100), Cu (110), and Cu (111) surface and
inhibitor effect of organic and inorganic inhibitor candidates on Cu (100) surface. ClI
adsorption was studied at varying coverage from 1 ML to 1/16 ML and at different
adsorption positions (4-fold, 3-fold (fcc, hep), 2-fold (brg, 1-brg, s-brg) and 1-fold (on top)).
Inhibition effect of azole derivatives such as pyrazole and imidazole, relatively small atomic
and molecular species such as O, H, OH, CO and HCOs3, and ammonia and chromic acid
were studied on clean Cu (100) surface. Moreover, Cl adsorption energies in the presence of
inhibitor atoms/molecules were also calculated. The results show that adsorption energies
on different clean copper surfaces are coverage dependent. On average, Cl adsorption energy
changes between +19 kJ/mol to -204 kJ/mol, -19 kJ/mol to -193 kJ/mol and +66 kJ/mol to -
196 kJ/mol for Cu (100), Cu (110) and Cu (111), respectively. The preferable adsorption
sites are 4-fold, 2-fold s-brg and 3-fold fcc, respectively. Among the tested inhibitor
molecules azole derivatives, surface ions, chromic acid and ammonia were found to be stable
on the surface. However, inhibition effect of these molecules could not be observed due to
the high electron affinity of chlorine. Along with the copper surface, any co-adsorbed

molecule becomes an electron donor for the chlorine, only making its adsorption stronger.
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OZET

KLOR BAZLI BAKIR KOROZYONU VE iNHiBiSYONU UZERINE DFT
CALISMASI

Korozyon, bir metalin ¢evresiyle kimyasal veya elektrokimyasal reaksiyon sonucu yikict
saldirisidir. Iyi mekanik 6zellikleri, elektriksel ve termal iletkenligi nedeniyle bakir en
kullanigh metallerden biridir. Ayn sekilde, metal yiizeylerdeki klor kimyasi, korozyon gibi
bir¢ok teknolojik siirecte yer alir. Korozyon ve inhibisyonu hem deneysel hem de teorik
yonden ilgi gormektedir. Bu ¢alisma, metalik bakir (100), (110) ve (111) ylizeyindeki Cl
adsorpsiyonunu ve organic/ inorganik inhibitor adaylarinin Cu (100) ylizeyindeki inhibisyon
etkisini arastirmaktadir. Cl adsorpsiyonu, 1 ML ila 1/16 ML arasinda degisen kaplama
diizeylerinde ve farkli adsorpsiyon pozisyonlarinda (4-fold, 3-fold (fcc, hep), 2-fold (brg, 1-
brg, s-brg) ve 1-kat (iistte)) ¢alisilmistir. Pirazol ve imidazol gibi inhibisyon etkisi olan azol
tirevleri, O, H, OH, CO ve HCO3 gibi goreceli kii¢iik atomik ve molekiiler tiirler ile
amonyak ve kromik asit temiz Cu (100) ylizeyinde incelenmistir. Ayrica inhibitor
atomlarm/molekiillerin varliginda Cl adsorpsiyon enerjileri de hesaplanmistir. Sonuglar,
farkl1 temiz bakir ylizeylerdeki adsorpsiyon enerjilerinin kaplama diizeylerine bagh
oldugunu gostermektedir. Cu (100), Cu (110), Cu (111) i¢in sirastyla +19 kJ/mol ila -204
kJ/mol, -19 kJ/mol ila -193 kJ/mol ve +66 kJ/mol ila -196 kJ/mol arasinda ortalama bir C1
adsorpsiyon enerjisi degisimi gozlemlenmistir. Tercih edilen adsorpsiyon bdlgeleri 4-fold,
2-fold s-brg ve 3-fold fcc'dir. Test edilen inhibitdr molekiilleri arasinda azol tiirevleri, yilizey
iyonlari, kromik asit ve amonyak yiizeyde kararli bulunmustur. Ancak klorun yiiksek
elektron afinitesi nedeniyle bu molekiillerin inhibisyon etkisi gdzlenememistir. Bakir yiizeyi
ile birlikte, adsorbe edilen herhangi bir molekiil, klor i¢in bir elektron dondrii olur ve

yalnizca adsorpsiyonunu daha giiclii hale getirmektedir.
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1. INTRODUCTION

This section gives the necessary background information for better understanding the effect
of chlorine-based copper corrosion and its inhibition. General information about copper,
corrosion types and corrosion chemistry, chlorine-induced corrosion and corrosion inhibitors

are presented below.

1.1. METALLIC COPPER

Copper has been an essential metal and had a significant impact on human civilization [1].
It is one of the most used materials due to its good mechanical properties as well as excellent
thermal and electrical conductivity [2]. Table 1.1 gives the chemical properties of elemental
copper. Nowadays copper, which has a wide range of uses and can be found almost all over
the world, frequently takes place in industry in the form of heating and cooling pipes, heat
transfer equipment, electrical appliances, architectural components, catalysis, power
transmission equipment, industrial machinery, and military equipment [1,2]. In addition,
copper and its alloys are preferred in heat exchangers, reactors operating with carbon
monoxide and experimental systems due to copper’s inability to dissociate the C-O bond.
Copper can be classified as an environmentally friendly metal through its superior electrical
and thermal conductivity that helps in protecting the environment by increasing energy
efficiency, thereby reducing harmful emissions [3]. Moreover, copper is one of the rare
metals that can be recycled 100 percent with no loss during recycling. Recycled copper and
mined copper can be used interchangeably in the industry since there exists no quality
differences [4]. Although copper has many different uses and advantages, corrosion of
copper in the presence of oxygen, strong acidic medium and/or conditions containing

chloride ions should be kept in mind.



Table 1.1. Chemical properties of elemental copper (Cu) [5]

Group 11 Melting point 1084.62°C
Period 4 Boiling point 2560°C
Block d Density (gem ™) 8.96
Atomic number 29 Relative atomic mass (g) | 63.546
State at 20°C Solid Key isotopes Cu
Electron configuration | [Ar] 3d'%4s' | CAS number 7440-50-8

Figure 1.1. (a) Metallic copper [6] and (b) Mineral copper (Rosasite) [7]

1.2. CORROSION

Corrosion is as an electrochemical process, which involves the deterioration of any material
(metal, ceramic, polymer) by reaction with its environment [8]. Corrosion often causes
detrimental effects on the usage of the material; physical or mechanical processes such as
melting, evaporation, abrasion or mechanical fracture are also included in the term
"corrosion" [9]. In addition to material loss, capital, labor and energy losses as well as
adverse effects on human health and the environment are observed in case of corrosion [10].
As an example, although copper kitchen utensils have been used commonly for centuries

copper oxide is harmful to human health, thus those items are tinned prior to use. In addition,



atmospheric and water pollution are among the main damages caused by corrosion [11].

Mining and metallurgical operations to replace lost material also fuel environmental damage.

1.2.1. Corrosion Types

Corrosion can be categorized according to the mechanism, the type of exposed material, type
of the corrosive environment and the appearance of the corrosion-exposed material. General
corrosion (uniform corrosion) is characterized by corrosive attack that spreads evenly over
the entire surface area or a large part of the total area. As a result, general thinning occurs on
the surface and damages the material. Uniform corrosion is relatively easy to measure and
predict, making failures rarer. In the case of copper corrosion, for example the high ion
concentration of seawater causes damage to the surface due to the attack of chloride ions

[12].

Pitting corrosion, which is a second type of corrosion, is a localized type of corrosion by
which cavities or “holes” are produced in the material. It is harder to detect, predict and
design against so pitting is considered to be more dangerous than uniform corrosion.
Corrosion products often cover the pits and a small, narrow pit with minimal overall metal
loss can lead to the failure of an entire engineering system. Chloride is the most frequently

encountered aggressive agent, which causes pitting of many metals [13].

Uniform corrosion

Figure 1.2. Schematic representation [ 14] and surface figure of (a) General (uniform)

corrosion [15], (b) Pitting corrosion [16]



1.2.2. Chemistry of Corrosion

Corrosion of a metal is a redox reaction. When a metal contacts with an aqueous
environment, both oxidation and reduction reactions occur simultaneously on the surface
until some equilibrium is reached. Anodic half-reaction, (Equation 1.1), involves a metal
oxidation process while cathodic half-reaction (Equation 1.2) is the reduction of an
electrochemically active oxidant. Thus, general overall corrosion reaction (Equation 1.3) can

be thought of as a combination of these two half-reactions.

Anodic half-reaction: M 2 M™" + ne™ (L.1)
Cathodic half-reaction: Oxi + ne. 2 Red (1.2)
Overall reaction: M + Oxi — M™ + Red (1.3)

lon flow
Anodic Positive Cathodic
area current area
\ . Solution
i Reduction

Figure 1.3. A diagram showing a corrosion process [17]

A corrosion system can be considered as a short-circuited electrochemical cell where the
driving force is the potential difference between the anodic and cathodic half-cell reactions

that leads to a current flow (electron transfer) within this corrosion cell.

To prevent corrosion, one of the half reactions must be inhibited. Inhibition of the anodic

area was investigated when a chlorine-based copper corrosion studied.



1.2.3. Chlorine as the Corrosive Agent

The seas cover more than seventy percent of the Earth and seawater is considered to be the
most ample and natural electrolyte [18]. Metal structures exposed to seawater or marine
environment are damaged due to corrosion. According to Farro et al.[19], the main cause of
corrosion occurring at the marine environment is the erosion of the material by sea water.
Presence of dissolved gases (02, CO»), free ions (due to decreasing order: Cl-, Na*, SO4*~
Mg?*, Ca**, K", HCO®", Br, Sr**, B**, F, Mo?"), living organic matters, other substances in
the state of decomposition and abundant dissolved ionic salt in the water increase the
corrosiveness. Sea water is an aggressive environment for metals and in the short term it can
cause serious corrosion damage to metallic structures and the resulting corrosion products

can pollute the environment [19].

The interaction of chlorine with copper surfaces is an important issue for understanding the
electrodesorption and catalytic mechanisms as well as for the basic surface science
associated with corrosion. Due to the widespread use of copper and its alloys, corrosion of
copper, especially in environments containing chloride ions, has been investigated in many
studies [20—23]. Chloride ions are highly corrosive and aggressive to copper and its alloys
owing to the chloride ion tendency to form an unstable film (CuCl) and soluble chloride
complex like CuCl, and CuCls* [24]. Accordingly, even traces of chloride ions can cause
corrosion problems in copper. Therefore, copper has attracted the attention of the researchers

in a wide variety of environments, especially when they contain chloride ions [25-27].

When CI' is present, active dissolution of Cu proceeds through a series of electrochemical

and chemical reactions where equations are given in (Equation 1.4- Equation 1.7).

ClI'—Cliy (1.4)

Cu+ CI'—CuCl g+ & (1.5)
CuCl, 4+ CI'—>CuCl; (surface) (1.6)
CuCl; (surface)—CuCl, (1.7)

Where the solution at the copper surface and solution remote from the copper surface were

shown as “surface” and “bulk”, respectively [28].



Chlorine interaction with copper surfaces and the basis of this interaction is the key issue for

understanding corrosion, electrodeposition and catalysis.

1.3. CORROSION INHIBITORS

Although there are many different ways to prevent corrosion such as Impressed Current
Cathodic Protection (ICCP) [29], where an electric current is applied to prevent the cathodic
half redox reaction, this work is limited to chemical aspects. This study [29], deals with
chemical processes and chemical inhibitors. Choosing the appropriate prevention method
depends on the cost of material, application difficulty, safety conditions and technical
evaluations such as high mechanical and corrosive resistance. Among these methods to
prevent the destruction of the metal surface and to prevent surface deterioration, inhibitors

are the best known and widely used corrosion protection methods in the industry.

Corrosion inhibitors are chemicals that reduce, slow down or prevent corrosion of a metal
when placed in an corrosive environment [30]. Inhibitors block the corrosion zones thus
inhibit the adsorption process of the corrosive material to the surface, thus prolonging the
life of metal [31]. Using corrosion inhibitors is very important to prevent metal dissolution
and to prevent the raw materials’ waste. Although inhibitors have been widely accepted in
industry because of their excellent anti-corrosive properties, some of them were observed to
be environmentally hazardous. Thus, scientists have begun to look for environmental-

friendly inhibitors, such as organic inhibitors [32,33].

Corrosion inhibitors can either be synthetic or natural chemicals and can be classified in

three as follows;

i.  As organic or inorganic according to their chemical structure;
ii.  as anodic, cathodic or anodic-cathodic mixture depending on the mechanism of
action;

1i.  as oxidant or non-oxidant

Generally, inorganic inhibitors are either cathodic or anodic in their nature, while organic
inhibitors can be both cathodic and anodic simultaneously and act with a protective film

adsorption [33]. Figure 1.4. shows classification of the inhibitors.



Cathodic

{

_

Figure 1.4. Classification of corrosion inhibitors as adapted from [33]

The working principles of inorganic inhibitors can be examined under two mechanisms.
These are anodic and cathodic protection as mentioned above. Anodic inhibitors (also called
passivation inhibitors) act through a reductive anodic reaction. They block the anodic
reaction and support the natural reaction of the metal surface passivation through forming
an adsorbate layer on the protected metal. Generally, the inhibitors react with the initial
corrosion product forming a cohesive and insoluble film on the metal surface. Nitrates,
molybdates, phosphates and chromates are major examples of anodic inorganic inhibitors.
On the other hand, during corrosion, cathodic inhibitors prevent the cathodic reaction of the
metal. These inhibitors have metal ions that can produce a cathodic reaction due to alkalinity,
thus selectively precipitating at the cathodic sites and producing insoluble compounds. A
compact and adhesive film is placed over the metal that restricts the diffusion of reducible
species in these areas. In this way, the inhibitors provide cathodic protection. Antimony
accumulating in the cathode area in acid solutions, oxides and salts of arsenic and bismuth

can be listed as examples of cathodic inhibitors [33,34].

Although many inorganic inhibitors are effective, they are usually not safe nor economical.
Attempts to find environmental-friendly alternatives with less adverse effects have recently
intensified. Therefore, environmentally sensitive materials have begun to replace toxic

inhibitors.



The well-known inhibitors for acidic medium are organic compounds that contain oxygen,
nitrogen and sulfur atoms. Organic compounds with heteroatoms (O, N, S) can donate
electron pairs to inhibit metal corrosion in many different aggressive electrolytes. The use
of organic inhibitors is an environmental-friendly alternative for preventing corrosion. The
inhibition action of organic compounds on the metallic surface can be described with
adsorption interaction between the inhibitor molecule and metal surface as shown in the
Figure 1.5. These inhibitors are adsorbed on the metal surface by a covalent bond or
electrostatic interaction between the inhibitor and the metal. This adsorption forms a
protective hydrophobic film layer on the metal surface, which cut or reduce contact with the
acidic, corrosive medium and provides barrier. The efficiency of these inhibitor molecules
depends on their ability to generate complexes with metal surface atoms since adsorption

behavior of organic inhibitors on the metal surface [35,36].

£ 1nh

Figure 1.5. Adsorption of the organic inhibitor molecule on the metal surface [33]



1.4. BACKGROUND ON TERMINOLOGY

1.4.1. Adsorption

Adsorption can be examined under two subheadings depending on the interaction strength

between adsorbate and adsorbent.

i.  “physisorption” with weak interactions

ii.  “chemisorption” with strong interactions

Physisorption describes the weakest interaction between adsorbent and adsorbate due to
weak Van der Waals forces between atoms. Binding energies relatively low, being in the
order of 10-100 meV. Because the interaction is weak, the physisorbed atom or molecule
does not significantly disrupt the structural environment near the adsorption site. It can be
detected under conditions where there is no stronger chemisorption in the vicinity and the

adsorption temperature is low [37].

Chemisorption refers to the situation where strong chemical bonds form between the
adsorbate and adsorbent. These bonds might be covalent or ionic. Binding energy is in the
range of 1-10 eV. As a result of this reaction, new chemical bonds are formed between the
adsorbate and the adsorbent. Strong interaction can change the structure of the adsorbate or

adsorbent [37].

1.4.2. Coverage of Adsorbate

The adsorbate coverage, 0, is used to describe the surface concentration of the adsorbed
material (as the number of adsorbates per surface atom/site) in terms of monolayer (ML)
unit. By using Equation (1.8.) surface coverage can be determined. Figure 1.6 illustrates the

varying adsorption coverage.
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3 number of adsorbed atom/molecule

(1.8.)
number of surface atoms

0,=1ML  ©,=1ML

DOV

RRR0005553

Figure 1.6. Illustration of varying surface coverage in terms of ML [37]

1.4.3. Work Function

The minimum thermodynamic energy/work required to remove an electron from the metal
surface and move it to a point in the vacuum region outside the surface interactions gives the
work function (¢). Based on this definition, the low work function means that electrons can
be removed from the surface more easily. In other words, it indicates that the adsorption is
weaker. The drawing showing the energies related to the work function as a result of the
electrostatic potential applied near the metal surface is presented in Figure 1.7. Blue circles
represent atoms in the same plane with a distance d between them. The vertical dashed line
indicates the geometric metal surface location, and the shaded gray area indicates the filled

energy levels [38].
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Figure 1.7. Illustration of electron on a metal surface transfer fermi to vacuum level [38]

1.5. OBJECTIVE

The main objective of this study is to investigate the interaction of chlorine with copper
surfaces for a better understanding of chlorine caused copper corrosion; and to test and
propose a possible/suitable corrosion inhibitor. For this purpose, Cu (100), Cu (110) and Cu
(111) were studied at p(1x1), p(2x2), p(3x3), p(4x4) surface slab models with chlorine
coverage values of 6 = 1 ML, 0.75 ML, 0.50 ML, 0.33 ML,0.25 ML, 0.22 ML, 0.11 ML and
0.0625 ML. Although Cu (111) surface is the most stable and dominant surface due to low
surface energy [39], other low index copper surfaces were also included. Selection of
multiple surfaces stem from the fact that any copper material used would exhibit different
surfaces due to the existing grains. Having the minimum surface energies, thus being the
most stable ones (100), (110) and (111) surfaces of copper were selected. In the second part
of the study, on the other hand, metal-inhibitor and metal-chlorine-inhibitor interactions are
examined by using organic and inorganic inhibitors that will prevent or reduce copper

corrosion.
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“Literature Survey” chapter contains information about the previous experimental and
computational studies on corrosion and its inhibition. Subsequently, “Theory and
Methodology” presents detailed information about Density Functional Theory (DFT),
software utilized, and computational details applied in this work, “Results and Discussion”
includes all the results with discussions. Finally, "Conclusions and Future work" summarizes

the major conclusions from the results along with the suggestions for future studies.
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2. LITERATURE SURVEY

A summary of previous experimental and computational studies is given in this section in
the order of experimental metal-halogen studies, computational metal-halogen studies and

corrosion inhibitor studies.

2.1. METAL-HALOGEN ADSORPTION STUDIES

Corrosion of any metal is a very suitable research topic for theoretical chemistry and
electrochemistry. In theoretical chemistry structures are electronically modeled, and
electronic properties are studied. Electrochemistry is also ideal for investigating halogen-
metal interactions at the electronic-atomic level and the effect of inhibitors on these

Processces.

Chlorine-copper interaction and its inhibition has been investigated since 70’s [40—47]. In
1977, Goddard et. al compiled results from low-energy electron diffraction (LEED), Auger
electron spectroscopy (AES), work function measurements, and desorption experiments
[40]. Surface expanded X-ray absorption fine structure (SEXAFS) and photoelectron
diffraction [41], normal incident X-ray standing wave field absorption (NIXSW) [42,43],
secondary ion mass spectrometry (SIMS) [44] scanning tunneling microscope (STM) [45]
method show strong interaction between Cu-Cl. More studies have been carried out in the
following years using different analysis methods such as LEED, AES, thermal and electron
stimulated desorption [46]. Much recent studies reported results obtained under monolayer
chlorine coverage (<0.33 ML) on Cu (111). Measurements with low-temperature scanning
tunneling microscopy (LT-STM) showed that chlorine tended to form chain-like structures
in the single-layer sub-stage of adsorption. In the case of single atomic chains, chlorine
atoms can occupy the 3-fold fcc-hcp positions alternately. It was found that indirect
electronic interaction is caused by the abnormally short CI-Cl interatomic distances in the

chains [47].

With the development of technology, having the necessary software and hardware, computer
simulations (modeling) have become a powerful tool for investigating complex processes.

Inhibition mechanisms can be investigated in depth by examining molecular structures,
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electron distributions and surface adsorption processes. In the early 70's, Vosta [48]
introduced quantum chemical methods to investigate corrosion and its inhibition and
established the field of quantum corrosion electrochemistry. After this development, the
focus of quantum chemistry methods was mainly on the discovery and establishment of
relationships between molecular structure and inhibition efficiency. In the 1990s interest was
directed to describing the interaction between inhibitor molecules and metal surfaces using

quantum chemical techniques.

Compared to the long-standing experimental studies, theoretical research on corrosion is
rather recent and limited in number. Furthermore, most of the studies limit themselves to the
investigation of frontier orbitals, HOMO (high occupied molecular orbital), LUMO (lowest
unoccupied molecular orbital) of the gas phase molecules [49-51]. However, later studies
included the interactions of the candidate molecule with the metal atoms or surfaces [52—
59]. Nevertheless, analysis of the properties of the molecule alone, cannot reveal the details
of molecule-surface interactions. Self-assembly properties of the molecules and atoms must
be taken into account to explain the interaction between molecules and metal surface.
Theoretical studies covering the complete picture where metal surface, adsorbed corrosive
element and the inhibitor molecules are included within the model do not exist in the

literature to our best knowledge.

2.2. CHLORINE ADSORPTION STUDIES

Computational studies for the CI/Cu (111) system based on DFT calculations has been
published by different groups [2,60—62]. Peljhan and Kokalj [2] deal with adsorption of
chlorine on Cu (111) surface by using DFT-GGA (generalized gradient approximation)
calculation. Total chemisorption energy as a function of chlorine coverage is shown in

Figure 2.1 [2]. Figure 2.2 shows the work function change due to chlorine coverage.
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Figure 2.1. Theoretical measured of the total chemisorption energy per surface unit area of

on-surface chlorine due to chlorine coverage [2]

Migani and Illas [62] presented a systematic study of halogens on various metal surfaces.
For the CI/Cu (111) system, the authors considered two supercells (V3 x V3)R30° and (3 x
3) and confirmed the main findings of Doll and Harrison [60]. Chlorine adsorption on Cu
(111) has been studied by Roman and Gross [63]. In their recent study, experimentally
observed monotonic increase of chlorine coverage [40] and work function are supported by
density-functional theory (DFT) calculations. As may be observed in Figure 2.3, the work
function increased with increasing coverage (adsorbed chlorine amount), while the

polarization effect of chlorine was insignificant in the adsorption of chlorine on Cu (111).
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Figure 2.2. Work function change due to chlorine coverage [2]
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Figure 2.3. Chlorine (blue) coverage dependence of the change in the work function [63]

Pavlova et al. [64], carried out a systematic computational study of molecular chlorine
adsorption on the Cu (111) surface. All the chlorine structures detected by STM experiments
were identified theoretically, various defect structures were examined and their stabilities
were tested. In addition to all these, first-principle calculations were performed for all stages
of Cu (111) chlorination, i.e. dissociation of Cl molecule, adsorption of chlorine atoms,

diffusion of copper and chlorine atoms along the surface, coupling and desorption of reaction
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products. In the work reported by Suleiman et. al. [65] , findings of the ab-initio atomistic
calculations performed to determine the thermodynamic stability of Cl-induced Cu (110)
surface under various Cl exposure (pressure and temperature) conditions were given.
According to the study, under ultra-high vacuum conditions, the p(2x 2)-ClI configuration
was found to be the most stable one for inclusions up to (including) 1/2 ML and it was
concluded that the 1 ML geometries, which were the most stable (thermodynamically)

structures under high chlorine exposure were only kinetically accessible.

2.3. INHIBITOR STUDIES

Due to the complexity and multiple-step nature of corrosion inhibition, good inhibitors have
been determined purely empirically from large clusters of organic compounds, where
experimental tests provide information as to whether a particular compound is effective in a
particular medium for a particular substrate. The current state of the art in this field is

represented by high-throughput experimental work [66—70].

Traditionally, the inhibitory effect is studied by experimental methods such as weight loss
determination, electrochemical potentiodynamic polarization, and electrochemical
impedance spectroscopy (EIS). However, these methods are expensive, time consuming, and
often inadequate to elucidate inhibition mechanisms and interaction between inhibitor

molecules and metallic surface.

Contrary to such trial-and-error approaches, rational designs of potential corrosion inhibitors
with superior corrosion inhibition ability represent a major breakthrough in this field [71,72].
For this purpose, the popularity of molecular modeling studies has increased [73,74]. Even
if the experiment takes place under well-designed conditions, the interpretation of the results
on the inhibitor-metal interaction is usually subject to a few assumptions. In this respect,
computer simulation studies based on density functional theory (DFT) have gained
importance. Especially in the last decade, they have become widely used in surface science
to aid in the interpretation of experimental results. From this point of view, it is quite
surprising that the bonding of organic corrosion inhibitors to metal surfaces, in particular,

has rarely been investigated through explicit DFT calculations [55,56,75,76].
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The basis of molecular modeling studies is the proposal of new and effective inhibitors.
Among the various approaches, machine learning techniques currently have the potential to
establish reasonably robust and predictive models for screening for novel inhibitors, but such
studies are not plentiful [50,77—-83]. Instead, the vast majority of molecular modeling studies
of corrosion inhibitors rely on calculating many molecular electronic properties and
correlating them with empirically determined corrosion inhibition efficiency (IE) through
some correlation analysis, which in most cases is a simple linear correlation between a given

molecule.

Most of the experimental studies supported that azole and their derivatives are effective
corrosion inhibitors for copper corrosion [84—88]. Recently, molecular-level approaches to
corrosion prevention, namely understanding the adsorption modes of inhibitors on metal
surfaces, have gained importance. While Grillo et al. [89] conducted a study on the
adsorption of benzotriazole on the Cu (111) surface, Kokalj and Peljhan [55] examined 3-
amino 1,2,4-triazole and 1-hydroxybenzotriazole adsorption on the Cu (111) surface in their
study. Awad et al. [90] applied molecular to study the adsorption of some triazole derivatives
on the copper surface. Obot et al. [91] investigated the adsorption of 2-
mercaptobenzimidazole using density functional theory (DFT) and molecular dynamics
simulations. However, although the results obtained by computer simulations of the
electronic properties of inhibitor molecules appear similar to the experimental findings, this

cannot be considered a rule in a study presented by Kokalj [92].
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3. THEORY AND METHODOLOGY

All of the results reported in this study have been achieved by modeling the adsorption
system and reactions with quantum chemical methods. The theory behind, the software used,

models and methodology are explained in this section.

3.1. DENSITY FUNCTIONAL THEORY

Density functional theory (DFT) is used as a research tool in all disciplines that deal with
atoms and molecules such as chemistry, chemical engineering, physics, biology, and

materials science [93].

DFT is a highly successful approach to find solutions to the fundamental equation that
describes the quantum behavior of atoms and molecules, namely the Schrodinger equation.
This approach quickly evolved from being a special art applied by a small number of
physicists and chemists at the cutting edge of quantum mechanical theory to a tool used by
the disciplines which are mentioned above [94]. Nowadays, DFT has a unique role to

understand many-body systems.

In most of the solid-state and quantum chemistry approaches, the goal is to solve the time-
independent, non-relative Schrodinger equation. In 1925, Erwin Schrodinger formulated the
Schrodinger equation, describing how the quantum state of a physical system changes over
time. The time-independent Schrodinger equation for any N-electron system in a stationary

time or steady state is,

HY=[T+V,,+U]¥ (3.1)
=2 0
h™ "%
— HUYP= (3.2)
5o UY=E¥

HY=E¥Y (3.3)

Where, H is the Hamiltonian, T is the kinetic energy, V is the potential energy due to the
nuclei and U represent the interaction energy between two electrons, m is the mass, W is the

wavefunction, h is the reduced Planck constant and E is the total energy.
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The exact solution of such equation is not possible for non-hydrogenoid species. Therefore,
some approximations are made such as Born-Oppenheimer approximation or separating
nucleus and electrons [95]. Hartree-Fock method, or post-Hartree-Fock methods are not
suitable for computation in larger and more complex systems, at this point DFT offers an

attractive alternative that is much more versatile.

In the DFT the key variable is the particle density, p(¥) which is given by,

p(H=N f d’r, f d&r; ... f Py @1, .. YED, ..., In) (3.4)

As a first step to understanding DFT, one should take a look at the Thomas-Fermi (TF)
theorem proposed by Enrico Fermi and L.H. Thomas for solving many electron problems
[96,97]. Thomas-Fermi energy functional for an atom with N electrons and with an atomic
number Z expressed as,

Elp]= CFfpg (r)dr-Zf@derJ[p] (3.5)

The Thomas-Fermi kinetic energy functional is insufficient. A good approximation is
possible by directly applying the Euler-Lagrange equations to find p and E[p]. An approach

that uses only electron density in the Euler-Lagrange equations is desired [98].

Hohenberg and Kohn (1964) [99] states that by minimizing the functional of the electron
density, the ground state properties of the multi-electron system can be obtained. Hohenberg

and Kohn basically mentioned two key theorems of DFT [100]:

Any observable quantity of a stationary quantum mechanical system can only be determined
from the ground state density. The exact ground state density of a system at external potential
can be found by minimizing the energy functional. If the ground state of the system is not
degenerate, there is a single charge density that corresponds to the given external potential

and gives the ground state energy by minimizing the energy.

The relationship between electron density and multi-electron wave function according to the

Hohenberg-Kohn theorem is as follows:

p(D=N f | W@ B s oo B dy ... i) (3.6)
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After then, in 1965, Kohn and Sham proposed that the electron density of the interacting
system can be written in terms of single electron wave functions of the non-interacting

system.

N
p@= > @ (.7)
=1

According to the Kohn-Sham theorem, the ground state of the system and hence the ground
state density and energy can be obtained from the minimization of the total energy

functional. For this, self-consistent solutions of the set of equations are made.

Kohn-Sham equation for a single electron is as follows:

2

2h—m V2V D+ViD+Vxc (f)] v, d=ev, (3.8)

Where ¢ is the Kohn-Sham eigenvalue.

Each term in the Hamiltonian is expressed as a function of density. Hartree potential is,

Vu(@®=¢? f d?@ (3.9)

<]
and exchange correlation potential,

SExc[p(®)]

PA] 3.10
IG) (3.10)

Vxc (@)=

It is not possible to precisely calculate the exchange correlation energy.

Since the form of this term is unknown, it is difficult to write it as a functional of density.
However, its value can be calculated approximately with some developed approaches. These
approaches are; local density approach (Local Density Approximation, LDA) [101],
generalized gradient approach (Generalized Gradient Approximation, GGA) [102] and
Hybrid Approximations. LDA is a model developed by assuming that the exchange
correlation energy of each electron at all points in space is equal to the exchange energy of
each electron in a homogeneous electron gas. The GGA is based on the idea that, in addition

to LDA, the spatial variation of this density should be taken into account as well as the
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electronic charge density at each point. There is no general selection rule regarding the use
of LDA or GGA. LDA gives good results in electronic structure calculations of some
materials and GGA in others. Beyond LDA and GGA, Axel Becke [103] introduced a new
mixing of LDA and Hartree-Fock theories as Hybrid. Hartee-Fock overestimates gaps and
magnetic moments, while LDA underestimates such things. It has been concluded that a
hybrid model can be made from these two methods. Hybrid functions are popular and used
in quantum chemistry. Although both theories individually have almost equivalent
simplicity and computational efficiency, hybrid functions have higher accuracy [103].

Figure 3.1 shows the self-consistent field (scf) calculation procedure.
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Step 1: Assume random charge density to start. It is generally
convenient to choose atomic densities. (The densities to be
obtained as a result of self-matching calculations starting from
different densities must be exactly the same. This result gives the
Kohn-Sham equations: The charge density that gives a certain

crystal potential is unique.)

Step 2: Calculate Vy () and Vi (Y) potentials using density found

instep 1.

Step 3: The matrix representation of the Hamiltonian is created and
this matrix is diagonalized. Kohn-Sham equation is solved for the

whole system.

Step 4: The new density is calculated from the obtained

wavefunction solution.

pren®= [ ¥ ® W@dr

Step 5: If the difference between pe,, () and p(¥) is greater than
the sensitivity of the calculation that was determined at the
beginning, step 4 is used by using ppe,(f) and the processes are
repeated. When the difference of p*1(f) — p(¥) is smaller than the
specified sensitivity, the calculation is cut and the solution sought

is obtained and the self-consistent calculation is completed.

Step 6: The total energy of the system, forces and etc. is calculated.

Figure 3.1. The Self-Consistent Field (SCF) calculation procedure
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3.2. SOFTWARE UTILIZED

Quantum Espresso [104] is utilized to compute electronic structures. Molecules, copper
surfaces, their interactions, and geometries are visualized by XCrySDen [105] software. In

this chapter, these softwares are explained in detail.

3.2.1. Quantum Espresso

All periodic DFT computation in this study were performed by using the QUANTUM
ESPRESSO (QE), which is an integrated package of computer codes for electronic structure
calculations and material modeling based on DFT, plane-wave fundamental sets and pseudo-
potentials representing electron-ion interactions. QUANTUM ESPRESSO is a free, open-
source software. It implements various methods and algorithms that aimed chemically
realistic material modeling at the nano scale based on the solution of density-functional

theory (DFT) problems [104].

3.2.2. XCrySDen

In computer graphics, simulating material at atomic scale has become more important
in recent times. Computer graphics are very useful for identifying and studying chemical
structures, as it is now possible to study complex systems with density functional theory and
a few hundred equivalent atoms. In addition, computer graphics are an indispensable tool in
the analysis of computed data and facilitate interpretation of results. XCrySDen is a general
solid-state visualization program. The name of the program stands for Crystalline Structures
and Density and X because it works in the X-Window. The crystal structure facilitates the
visualization of overlaid and interactively rotated and manipulated isosurfaces and contours.
It also has some tools for the analysis of mutual space properties, such as the interactive
selection of k-paths in the Brillouin region for band structure graphics and the visualization

of Fermi surfaces [105].
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3.3. COMPUTATION TYPES AND CALCULATIONS

The presented results were obtained through different types of computations and post-
process calculations. These are briefly explained below. Figure 3.2 shows the computation

and calculation procedure as a scheme.

1a) Clean surface 1b) Atoms/Molecules
relaxiations in vacuum
S 2b) G t timizati f
2a) Geometry optimization of} A [ ). e,or.ne ry optimization o
inhibitor on Cu surface
Cl on Cu surface
presence of Cl

A

3a) Vibration (frequency)

. 3b) Post-process analysis
computations

!

Adsorption
energy

Atomic
distance
Bader
charge

Figure 3.2. Procedure scheme
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3.3.1. Geometry Relaxation Computations

Advances in computer science and the development of density functional theory (DFT)
methods have made possible reliable theoretical investigations and calculations of much

larger molecules [106].

In computational chemistry, geometry optimization corresponds to energy minimization. It
is the process of finding the organization of the system’s atoms that minimizes the force and
thus the energy of the system. For the geometry optimization that reaches to the ‘ground
state’ the system lies in the bottom of the potential energy surface’s (PES) well. A collection
of atoms (i.e. the system) can be a single molecule, an ion, a condensed phase, a transition
state, or even the sum of some of these. Optimized structures usually correspond to a

substance as it occurs in nature [107].

By using PWSCF (pw.x) code on Quantum Espresso geometry relaxations were done.
Everything that needs to be defined in the pw.x input file with explanations can be found in
Quantum Espresso web page, under “pw.x: input description” title [108]. Input and output
files for the case where 1 Cl was adsorbed on the Cu (100) p(2x2) surface are given in

Appendix A.1. and A.2 as an example.

3.3.2. Frequency (Vibration) Computations

During the vibrational frequency calculations on the ground and transition states, selected
atoms are moved in Cartesian coordinates and the resulting force difference is calculated.
Computations of the vibrational energy in the “Quasi Harmonic Approximation” [109] were
performed using Quantum Espresso. The primary use of vibration calculations is to verify
the accuracy of optimized geometries. It is also very suitable for comparison of the
simulation-based results with experimentally measured frequencies via IR or Raman

techniques.

Cl, vibration frequency calculated as 536.8 cm™! which is also in agreement with the

experimental findings [110].
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During the frequency computations symmetry was excluded explicitly. The frequencies of
the surface ions were excluded basing on the frozen phonon approximation. In Espresso,
"phonon" works with the code “ph.x”. As a result, vibrational energies (frequencies) of
atoms / molecules were obtained. With the data obtained from frequency calculations,
surface potentials can be calculated, and work function calculations can be performed.

Appendix A.3. and A.4. shows the example input and output file of “ph.x” respectively.

3.3.3. Work Function Calculation

In solid state physics, the work function is the minimum energy required to move an electron
from a solid to a point outside the solid surface in a vacuum. The potential energy of the
electron is approximately at the Fermi level and this is defined as the energy for which there
is a probability of finding electrons for the system in thermal equilibrium. The work function
(¢p) is calculated (3.15) as the difference between the Fermi energy (Er) of the structure and

the electrostatic potential (Jr) of the vacuum,

o=y-Ep (3.15)

3.3.4. Adsorption Energy Calculation

Adsorption energy is simply defined as the change in energy when an atom, ion or molecule

(adsorbate) is attached to a solid surface (adsorbent).
For the reaction below
A+B—-C
The adsorption energy is calculated by using the following equation:
AG = AH + TAS (3.11)
Since DFT energies computed at 0 K,

AG,,, = AH,,, (3.12)
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AH = Ec - (Eo+ Ep) (3.13)

As a result, the adsorption energy can be calculated by calculating the enthalpy of reaction.

Each energy is result of a geometry relaxation and take from “pw.x” out file.

Eadsorption = Eadsorbate/adsorbent(adsorption system) ~ Eadsorbent - Eadsorbate (3 14)

Figure 3.3 visualized the Equation 3.14 respectively.

Adsorption System Adsorbent Adsorbate

Figure 3.3. XCrySDen representation of adsorbent-adsorbate couple (Cu: orange, Cl:

green)

3.3.5. Bader Charge Analysis

Richard Bader intuitively developed a way to divide molecules into atoms. Bader's definition
of atom is entirely based on the electronic charge density. He used what are called zero flux
surfaces to split atoms. A zero-flux surface is a 2-dimensional surface where the charge
density is minimum and that is perpendicular to the surface. In molecular systems, the charge
density reaches a minimum between atoms and this is the ideal place to separate atoms from
each other. Besides being an intuitive diagram for visualizing atoms in molecules, Bader's
definition is useful for charge analysis. The charge distribution is used to determine the

multipolar moments of interacting atoms or molecules [111]

As a result of the Bader analysis, basically two files (ACF.dat and BCF.dat) are produced.
Table A.5 and Table A.6 include example of those output files. ACF.dat contains the
coordinates of each atom, its charge associated with it according to the Bader partitioning

method, the percentage of the whole according to the Bader partitioning method, and the
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minimum distance to the surface. The output of BCF.dat contains the coordinates of each
Bader maximum, the charge in that volume, the neighboring atom and the distance to that
atom. Table C.1, Table C.2 and Table C.3 shows the Bader charges of Cl atom(s) at varying
coverage and adsorption positions on Cu(111), Cu(110) and Cu(100), respectively.

3.4. COMPUTATIONAL DETAILS

The results presented in this study were obtained with the periodic DFT simulations that
were performed with Quantum Espresso [ 104] software package. Perdew—Burke—Ernzerhof
(PBE) functional is used for the exchange-correlation energy. All results presented are
obtained by optimizing the structures until the net force acting on the ions is "Fnet <0.001
Ry / Bohr". Necessary dipole corrections due to the asymmetric use of slabs were included.
In the frequency computations the symmetry operator was turned off explicitly and the

frequencies of the surface ions were excluded by freezing the surface metal atoms.

For the computation of the atoms and molecules in vacuum, they were placed in a supercell
where the periodic atoms/molecules were separated with a minimum distance of 10 A
vacuum in all Cartesian directions. For these computations a (1x1x1) k-points mesh (i.e.

gamma point) were used.

3.4.1. Crystal Optimization and Surface Preparation

First, copper crystal structure was optimized to obtain the computationally optimum lattice
parameter. As Figure 3.4 shows, metallic Cu crystal have face-centered cubic (FCC)
structure [112] with a Fm-3m symmetry [113]. Transition state metal Cu (3d element) was

studied in its metallic phase.
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Figure 3.4. Schematic representations for FCC crystal structure [114]

Once the optimum lattice parameter for the crystal was determined, construction and

optimization of the surface models (slab) were carried out.
The studied surface models are,

e p(1x1) Cu (100), Cu (110) and Cu (111) metallic surfaces
e p(2x2) Cu (100), Cu (110) and Cu (111) metallic surfaces
e p(3x3) Cu (100), Cu (110) and Cu (111) metallic surfaces
e p(4x4) Cu (100), Cu (110) and Cu (111) metallic surfaces

Periodic super cells were prepared by placing 5 copper layers and a vacuum region over the
surface. The minimum height of the vacuum region used was 15 A. During the simulations
top 3 layers were relaxed whereas bottom 2 layers were kept frozen to represent the bulk
behavior. In the computations, automatic generated Monkhorst k-points 2x2x1, 3x3x1,
4x4x1 and 8x8xl meshes were used for p(1x1), p(2x2), p(3x3) and p(4x4) slabs,
respectively. Each surface model (supercell) was relaxed to observe surface relaxation. Table
3.1 shows the slabs’ parameters. Figure 3.5 shows the schematic representation of the slab

models.

Later on, adsorption of chlorine and inhibitors were studied on these surfaces.
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Table 3.1. Supercell thicknesses of copper surfaces

Slab Thickness Slab Thickness Vacuum Thickness

Surface ( A) (Atomic Layer) (A)
Cu (100) 7.20 > P
Cu (110) 5.02 > P
Cu(111) 8.31 > -

1

&= &

Cu(100) Cu(110) Cu(111)

Figure 3.5. Schematic representation of studied metallic surfaces (Cu: orange)
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3.4.2. Chlorine Adsorption on Copper Surface

For geometry relaxations of chlorine on copper surfaces, chlorine atoms were placed on the
clean copper surface in different adsorption positions (symmetry points) at varying coverage.

Figure 3.6 and Table 3.2 shows the studied adsorption sites.

Figure 3.6. Studied adsorption sites A) Cu (100), B) Cu (110) and C) Cu (111) (Cu:

orange)
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Table 3.2. Studied adsorption sites with respect to surfaces

Metal Surface /
Adsorption Site Cu (100) | Cu (110) | Cu (111)
4-fold (4f) X X NaN
3-fold fcc site NaN NaN X
3-fold hep site NAN NaN X
Bridge (2f) X NaN X
Short bridge (2f) NaN X NaN
Long bridge (2f) NaN X NaN
Top (1) X X X

When producing the data, both homogenous (for ex. 4-fold + 4-fold) and non-homogenous
(for ex. 4-fold + bridge) adsorption position combinations were studied. However, it was
noticed that non-homogeneous distribution did not have a major effect on site-specific
adsorption data [115]. Therefore, only homogeneous combinations of adsorption positions

were chosen.

To study the corrosion effect of chlorine on different copper surfaces the adsorption energies
of Clx(g) were calculated by placing them on empty (clean) copper surfaces. Then, total

energy computations were carried out with the same input parameters.

The adsorption energies of the chlorine molecule were calculated as the difference between
the DFT energies of the products (Clz adsorbed structure) and the sum of the reactants (clean

Cu (hkl) + Clx(g)).
AEq45= Ecicu ity -(Ectypy PEcucnin) (3.14)

As an example, Equation 3.14 derived for Cu (100), 0.25 ML, 4fold position and sample

calculation shown below,
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1
AE4= Ecicu (100)~( 3 E  +Ecuao0)

(e
1
AE, 4= -4341.0 - (5 (-158.6) + (-4261.5))

AE, 4= - 0.138 Ry = -181 kJ/mol

3.4.3. Selection of Inhibitor Candidates

Appropriate inhibitor selection is very important and it depends on the corrosive surface and
the chemical causing surface corrosion. It was already mentioned that many organic and
inorganic inhibitors exist. The major points to be considered in the search for inhibitors

suitable for computational study are as follows.

i.  To be of suitable size for the surface and unbranched
ii.  Having less computational and purchasing cost
iii.  Having less number of conformations

iv.  Having a good fit onto surface model

A search in literature with these criteria showed that, azole derivatives are the well-known
organic and environmentally friendly copper corrosion inhibitors as mentioned in the “2.
LITERATURE SURVEY”. In this direction imidazole and pyrazole molecules were

selected as azole derivative inhibitor candidates. In addition, the inhibition effects of

e pyridine, anisidine, toluidine and thiophene as organic inhibitors,
e ammonia and chromic acid as inorganic inhibitors, as well as

e possible surface ions -O", -OH", -CO, -OCH3, -H*

were investigated to increase the scale of the research. Figure 3.7 shows molecular structures

of inhibitor candidates.
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(a)

(d)

(2

(b)

NH2

CHa

(e)

(h)

Figure 3.7. Structures of (a) imidazole, (b) pyrazole, (c) pyridine, (d) anisidine, (e)

toluidine, (f) thiophene, (g) ammonia and (h) chromic acid

All these inhibitor candidates were relaxed on the copper surfaces as the following step.

3.4.4. Inhibitor Adsorption on Copper Surface

For the adsorption of all selected inhibitors on copper surface, several possible adsorption

geometries were tested on p(3x3) Cu (100) surface. The selection of the Cu (100) surface
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was based on the higher activity of this surface, although Cu (111) is more stable with a

higher surface energy [39].

The adsorption energies of the inhibitor molecules were calculated as the difference between
the DFT energies of the products (Inh/Cu (hkl)-inhibitor adsorbed surface) and the sum of
the reactants (clean Cu (hkl) + inhibitor).

AE 4= Einn/cu (akt)(Einn TEcunkry) (3.16)

As an example, Equation 3.16 derived for p(3x3) oxygen adsorption on Cu (100), sample

calculation shown as,

AE,45= Eo/cu 100)"(Eo,, TEcu(100))
1
AE4= 96302 ( 5(-82.9)+(-9585.5))

AE, 4= - 0.25 Ry = - 322 kJ/mol

By means of these calculations, the adsorption energies of the selected inhibitors on the

copper surface models were calculated.
3.4.5. Study of Inhibitor Effect

For investigating the inhibition effects, chloride ion is added in the presence of pre-adsorbed
inhibitor molecule, and the adsorption energies were calculated. Chlorine adsorption

energies are expected to decrease in the presence of inhibitor on the surface.
The adsorption energies of the chlorine in the presence of pre-adsorbed inhibitor molecule

on the surface model were calculated as the difference between the DFT energies of the
products (inhibitor + Clx(g) adsorbed structure on copper surface) and the sum of the
reactants (Inh/Cu (hkl) + CI(g)).

(3.17)

AE 4= E(ctinny/cu (nkt) = (Binh/cu (akry T 3 E )
Cla(2)

As an example, Equation 3.17 derived for p(3x3) chlorine adsorption on Cu (100) presence

of oxygen, sample calculation shown as,



1
AE,4= E(ciroycu (100) - (Eorcu (100) T 3 E )
Clyg)

1
AE 5= -9709.7 - (-9630.2 +(-158.7))

AE, 4= - 0.14 Ry = - 184 kJ/mol

Results of the computations are given in the next chapter with discussion.

37
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4. RESULTS AND DISCUSSION

The effect of chlorine coverage on surface corrosion was investigated using various surface
coverage values (1 ML to 1/16 ML) on Cu (100), Cu (110) and Cu (111). Adsorption of
selected inhibitors on the clean copper surfaces as well as chlorine-adsorbed surfaces were

studied. This section presents the obtained results with discussions.

4.1. LATTICE (CRYSTAL) OPTIMIZATION

The first step in the simulations was to optimize the lattice parameters. In order to estimate
the lattice parameters, scf calculations were made at the lower and upper values of an
experimental value. A curve was plotted with the obtained scf energies and a quadratic
polynomial equation was fitted as shown in Figure 4. The minimum point of this graph

(where the derivative of the equation is equal to 0) gives the optimum lattice parameter.

213,086
BITY T 375 38

-213,088
-213,089
-213,090
-213,091
-213,092

y = 0,2742x - 1,9983x - 209,45
R* = 0,996

scf energies (Ry)

-213,093

-213,094 :
lattice parameter (A)

Figure 4.1. Lattice parameter estimation

In order to estimate the k points used for the p(1x1) slab, scf calculations were performed at
different k-points and the graph given in Figure 4.2 was drawn. 8x8x1 k-points were selected
for p(1x1) and the k-points for other slabs were accordingly determined as 4x4x1, 3x3x1 and

2x2x1 for p(2x2), p(3x3) and p(4x4), respectively.
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-213,00
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-213,40
-213,60
-213,80

-214,00

scf energies (Ry)

k-points

Figure 4.2. k-point estimation

Using the parameters given “Computational Details”, Cu (100), Cu (110) and Cu (111)

surface slabs were relaxed. Figure 4.3 shows clean copper surface, top and side view.

Side

Cu(100)

Cu(110)

Cu(l111)

Figure 4.3. Optimized clean copper surface geometries (Cu:orange)
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4.2. SURFACE RELAXATION

The multilayer relaxation of Cu (100), Cu (110) and Cu (111) surfaces obtained by DFT are
listed in Table 4.1.

Table 4.1. Comparison of surface structure

Reference
Surface Adiz Ada3 Ad34 Adas
No.
Present
-1.88% -025% -034%  0.00%
study
Cu (100)
-1.06% -0.65% 1.28 % -0.58 % [116]*
-3.79% -054%  0.02 % 0.00 % [117]°
Present
-2.60 % 1.00 % -0.74%  0.00 %
study
Cu (110)
1.76% 417 % 3.70 % -0.47 % [116]*
-8.73 % 1.56 % -1.20% 043 % [117]°
Present
-1.06% -120% -1.08%  0.00 %
study
Cu(111)
0.56 % -0.07% 0.55% 0.20 % [116]*
248% -0.04%  0.00 % 0.00 % [117]°

®Method: Ab-initio pseudopotential
®Method: Embedded atom method (EAM)

Results of this study and theoretical data (shown in Table 4.1) show that the surface
relaxation of Cu (100) is slightly inward. Ad shows change in the distance between the
copper layers before and after relaxation done. Figure B.1. shows layers and distance
between the layers. Our calculations show that top layer relaxation results in a reduction with

a magnitude of 1.88 percent, which agrees with the literature values. For Cu (110) surface
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inward relaxation magnitude, especially for the top layer, is larger than that of the Cu (100)
surface, in agreement with other theoretical results. The second layer has an expansion
behavior in contrast to top layer with a magnitude 1.00 percent, which is compatible with
the previously obtained results. Cu (111) surface, on the other hand, has inward relaxation

and magnitude of the relaxation of the top layer is quite smaller compared to those of Cu
(100) and Cu (111).

4.3. COPPER (111) SURFACE

After relaxing the Cu (111) surface, optimum geometries and adsorption energies were

obtained for Cl adsorption.

4.3.1. Chlorine Adsorption

Effect of chlorine coverage on copper metal was investigated on the Cu (111) surfaces for

the 1/16 ML, 1/9 ML, 2/9 ML, 1/4 ML, 3/9 ML, 2/4 ML ,3/4 ML, 1 ML chlorine coverage.

Table 4.2 shows the adsorption energies, frequencies, bond distances and work function for
Cl adsorption on Cu (111) surface at given positions for 1 ML. Figure 4.4 presents the top

views of these studied Cl adsorptions.

Table 4.2. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 1/1 ML (1 ML)

.. Eads Vel |C1_Cu| (I)
Coverage Position .

(kJ/mol) |  (cm™) (A | (eV)

2-fold 64 138 2.588 | 5.796

66
3-fold (fcc) 130 2.691 | 5.794
1 ML 48 [2]

3-fold (hep) 66 127 2.690 | 5.790

1-fold 52 210 2.309 | 5.881

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.
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Figure 4.4. Optimized geometries of Cl/Cu (111) at 1 ML coverage (Cu: orange, Cl: green)

Table 4.3 shows the adsorption energies, frequencies, bond distances and work function for

CI adsorption on Cu (111) surface at given positions for 0.75 ML. Figure 4.5 presents the
top views of these studied Cl adsorptions.

Table 4.3. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 3/4 ML (0.75 ML)

Eads e |CI-Cu| | |CI-Cu] | |CI-Cu| )

Coverage Position . . .
(kJ/mol) | (cm™) (A) (A) (A (eV)
2-fold NaN NaN NaN NaN NaN NaN
3-fold (fcc) 30 449 2.574 2.573 2.572 | 5.206

0.75 ML

3-fold (hcp) 28 502 2.574 2.574 2.574 | 5.206
1-fold 11 472 2.281 2.281 2.281 5.471

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.

3f (fee)

Figure 4.5. Optimized geometries of CI/Cu (111) at 0.75 ML coverage (Cu: orange, Cl:

green)
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Table 4.4 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (111) surface at given positions for 0.50 ML. Figure 4.6 presents the

top views of these studied Cl adsorptions.

Table 4.4. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 2/4 ML (0.50 ML)

Eags Ve |C1-Cu]| |C1-Cul )

Coverage Position . .
(kJ/mol) (cm™) (A (A)? (eV)
2-fold -147 426 2.375 2.375 5.317
3-fold (fcc) -148 433 2.470 2.468 5.142

0.50 ML

3-fold (hcp) -148 433 2.475 2.475 5.149
1-fold -126 358 2.241 2.241 5.750

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.

Figure 4.6. Optimized geometries of Cl/Cu (111) at 0.50 ML coverage (Cu: orange, Cl:

green)
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Table 4.5 shows the adsorption energies, frequencies, bond distances and work function for

CI adsorption on Cu (111) surface at given positions for 0.33 ML. Figure 4.7 presents the

top views of these studied Cl adsorptions.

Table 4.5. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 3/9 ML (0.33 ML)

E,ds Ve [Cl-Cu| | |CI-Cu| | |CI-Cu] o)
Coverage Position . . .
(kJ/mol) | (cm™) (A) (A)® (A)® (eV)
2-fold -222 354 2.352 2.352 2356 | 4.762

3-fold (fcc) -483

(conv. to 2f) | -179[2]
3-fold (hep)
(conv. to 2f)

NaN NaN NaN NaN NaN
0.33 ML

-489 NaN NaN NaN NaN NaN

1-fold -178 270 2.242 2.241 2.241 5.007

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.

Figure 4.7. Optimized geometries of Cl/Cu (111) at 0.33 ML coverage (Cu: orange, Cl:

green)
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Table 4.6 shows the adsorption energies, frequencies, bond distances and work function for

CI adsorption on Cu (111) surface at given positions for 0.25 ML. Figure 4.8 presents the

top views of these studied Cl adsorptions.

Table 4.6. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 1/4 ML (0.25 ML)

.. Eads Vai ICl'Cul (I)
Coverage Position .
(kJ/mol) (cm™) (A (eV)
2-fold
-169 NaN NaN | NaN
(conv. to fcc)
-169
025 ML | 3-fold (fcc) 245 2.397 | 4.855
-174 [2]
3-fold (hcp) -168 246 2.404 | 4.863
1-fold -132 310 2.172 | 5.257

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.

Figure 4.8. Optimized geometries of Cl/Cu (111) at 0.25 ML coverage (Cu: orange, Cl:

green)
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Table 4.7 shows the adsorption energies, frequencies, bond distances and work function for
CI adsorption on Cu (111) surface at given positions for 0.22 ML. Figure 4.9 presents the

top views of these studied Cl adsorptions.

Table 4.7. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 2/9 ML (0.22 ML)

E.qs Ve |C1-Cu| |C1-Cul )
Coverage Position . .
(kJ/mol) (cm™) (A (A (eV)
0.22 ML 2-fold
(conv. to -163 NaN NaN NaN NaN
fce)
3-fold (fcc)
-308 NaN NaN NaN NaN
(conv. to 2f)
3-fold (hep)
-322 NaN NaN NaN NaN
(conv. to 2f)
1-fold -276 271 2.226 2.226 4,936

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.

Figure 4.9. Optimized geometries of Cl/Cu (111) at 0.22 ML coverage (Cu: orange, Cl:

green)
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Table 4.8 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (111) surface at given positions for 0.11 ML. Figure 4.10 presents the

top views of these studied Cl adsorptions.

Table 4.8. Adsorption energy, Cl stretching frequency, CIl-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 1/9 ML (0.11 ML)

.. Eads Vel ICl'CuI (I)
Coverage Position .
(kJ/mol) (cm™) (A (eV)
2-fold
-139 NaN NaN NaN
(conv. to hcp)
-141
0.11 ML | 3-fold (fcc) 258 2.378 | 4.865
-182 2]
3-fold (hcp) -139 258 2.385 | 4.871
1-fold -98 288 2.179 | 5.147

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.

2f 3f (fee) 3f (hep) If

Figure 4.10. Optimized geometries of C1/Cu (111) at 0.11 ML coverage (Cu: orange, Cl:

green)
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Table 4.9 shows the adsorption energies, frequencies, bond distances and work function for
CI adsorption on Cu (111) surface at given positions for 0.0625 ML. Figure 4.11 presents
the top views of these studied Cl adsorptions.

Table 4.9. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (111) surface at given positions for 1/16 ML (0.0625 ML)

.. Eads Vel ICl'CuI ¢
Coverage Position .
(kJ/mol) (cm™) (A (eV)
2-fold
-196 NaN NaN NaN
(conv. to fcc)
-196
0.0625 ML | 3-fold (fcc) 200 2.385 | 4.779
-179 [2]
3-fold (hcp) -195 228 2.396 | 4.784
1-fold -158 277 2.186 | 5.012

2 Linear average of the Cu-Cl distances for 2-fold and 3-fold positions were reported.

Figure 4.11. Optimized geometries of C1/Cu (111) at 0.0625 ML coverage (Cu: orange, Cl:

green)

4.4. COPPER (110) SURFACE

After relaxing the Cu (110) surface, optimum geometries and adsorption energies were

obtained for Cl by using DFT.
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4.4.1. Chlorine Adsorption

Effect of chlorine coverage on copper metal was investigated on the Cu (110) surfaces for

the 1/16 ML, 1/9 ML, 2/9 ML, 1/4 ML, 3/9 ML, 2/4 ML ,3/4 ML, 1 ML chlorine coverage.

Table 4.10 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (110) surface at given positions for 1 ML. Figure 4.12 presents the top
views of these studied Cl adsorptions.

Table 4.10. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (110) surface at given positions for 1/1 ML (1 ML)

» Eqds Vel |C1-Cul ¢
Coverage Position .
(kJ/mol) (cm™) (A} | (eV)
4-fold -55 165 2.666 | 4.288
-71
2-fold (1-brg) 173 2.389 | 4.328
-109 [65]
1 ML -69
2-fold (s-brg) 223 2.346 | 4.407
-103 [65]
-66
1-fold 255 2212 | 4468
-102 [65]

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

Andhady Dnd? FardPhardd PPy
R0R) SRR B X

4f 2f (1-brg) 2f (s-brg) If

Figure 4.12. Optimized geometries of C1/Cu (110) at 1 ML coverage (Cu: orange, Cl:

green)
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Table 4.11 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (110) surface at given positions for 0.75 ML. Figure 4.13 presents the

top views of these studied Cl adsorptions.

Table 4.11. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (110) surface at given positions for 3/4 ML (0.75 ML)

E,qs Vel |Cl-Cu| | |CI-Cu] | |CI-Cu] o)
Coverage Position . . .
(kJ/mol) | (cm™) (A) (A) (A) (eV)
4f + Af + Af -465 305 2.696 2.755 2.645 4.070
2f + 2+ 2f
-334 422 2.349 2.400 2.340 4.057
(I-brg)
0.75 ML
2f + 2f + 2f
-350 388 2.226 2.340 2.338 4.257
(s-brg)
If+ 1f+ 1f -294 342 2.214 2212 2.576 4.248

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

4f 2f (1-brg) 2f (s-brg) If

Figure 4.13. Optimized geometries of C1/Cu (110) at 0.75 ML coverage (Cu: orange, Cl:

green)
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Table 4.12 shows the adsorption energies, frequencies, bond distances and work function for
Cl adsorption energies, frequencies, bond distances, work function and Bader charges for Cl
adsorption on Cu (110) surface at given positions for 0.50 ML. Figure 4.14 presents the top
views of these studied Cl adsorptions.

Table 4.12. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (110) surface at given positions for 2/4 ML (0.50 ML)

Eags Ve |Cl-Cu| | |CI-Cu] )
Position Position ) )
(kJ/mol) | (cm™) (Ay (Ay (eV)
Af + 4f
-306 NaN NaN NaN NaN
(conv. to 1-brg)
o 347 213 2.322 2.321 5.714
0.50Ng (I-brg) 2204 [65] ' ‘ '
2f +2f -385
312 2.233 2.233 5.578
(s-brg) -216 [65]
1f+1f -274 358 2.110 2.110 5.442

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

i

AR o A LA A

forie!

4f 2f (1-brg) 2f (s-brg) If

;

Figure 4.14. Optimized geometries of C1/Cu (110) at 0.50 ML coverage (Cu: orange, Cl:

g

A e gt g gl

green)
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Table 4.13 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (110) surface at given positions for 0.33 ML. Figure 4.15 presents the

top views of these studied Cl adsorptions.

Table 4.13. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (110) surface at given positions for 3/9 ML (0.33 ML)

E.4 Vel |CI-Cu| | |CI-Cu] | |CI-Cu| 0]
Coverage Position . . .
(kJ/mol) (cm‘l) (A)? (A) (A) V)
+4f +4f
4f -526 NaN NaN NaN NaN NaN
(conv. to I-brg+ 1-brg+ s-brg)
2f +2f + 2f
(I-brg) -533 NaN NaN NaN NaN NaN
0.33 ML (conv. to I-brg+ 1-brg+ s-brg)
2f +2f + 2f
-530 291 2.243 2.293 2.279 | 4.390
(s-brg)
1f+ 1f+ 1f

-530 NaN NaN NaN NaN | NaN

(conv. to s-brg)

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

4f 2f (1-brg)

Figure 4.15. Optimized geometries of C1/Cu (110) at 0.33 ML coverage (Cu: orange, Cl:

green)
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Table 4.14 shows the adsorption energies, frequencies, bond distances and work function for

ClI adsorption on Cu (110) surface at given positions for 0.25 ML. Figure 4.16 presents the

top views of these studied Cl adsorptions.

Table 4.14. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work

function for Cl adsorbed for Cl adsorbed on Cu (110) surface at given positions for 1/4 ML

(0.25 ML)
. Eaas Ve ICI-Cul | ¢
Coverage Position .
(kJ/mol) (cm™) (A (eV)
4-fold -163 164 2.634 | 4.403
-173
2-fold (1-brg) 202 2.337 | 4.335
-206 [65]
0.25 ML -193
2-fold (s-brg) 274 2.253 | 4.397
-220 [65]
-150
1-fold 339 2.136 | 5.257
-179 [65]

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

4f

2f (1-brg)

2f (s-brg)

1f

Figure 4.16. Optimized geometries of C1/Cu (110) at 0.25 ML coverage (Cu: orange, Cl:

green)
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Table 4.15 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (110) surface at given positions for 0.22 ML. Figure 4.17 presents the

top views of these studied Cl adsorptions.

Table 4.15. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (110) surface at given positions for 2/9 ML (0.22 ML)

N Eags Ve |C1-Cu| | |CI-Cu] ¢
Coverage Position . )
(kJ/mol) (cm™) (A) (A (eV)
4f + 4f
-284 NaN NaN NaN NaN
(conv. to s-brg)
2f+2f1
-292 206 2.337 2.337 | 4.491
(I-brg)
2f+2f2
-292 211 2.337 2.337 | 4.491
0.22 ML (1-brg)
2f+2f1
-332 266 2.250 2.250 | 4.555
(s-brg)
2f+2f2
-332 332 2.245 2.250 | 4.555
(s-brg)
If+1f -243 264 2.132 2.131 | 4.550

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

02 %aa%.
585857
PaTa%aa"

4f 2f(I-brg) 1 2f(l-brg)2  2f(s-brg) I  2f(s-brg) 2 If

Figure 4.17. Optimized geometries of C1/Cu (110) at 0.22 ML coverage (Cu: orange, Cl:

green)
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Table 4.16 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (110) surface at given positions for 0.11 ML. Figure 4.18 presents the

top views of these studied Cl adsorptions.

Table 4.16. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed Cu (110) surface at given positions for 1/9 ML (0.11 ML)

.. Eads Vai ICl'CuI (I)
Coverage Position . oc
(kJ/mol) (cm™) (A (eV)
4-fold -108 176 2.660 | 4.053 | 0.693
-120
2-fold (1-brg) 193 2.345 | 4276 | -1.327
-208 [65]
0.11 ML
-142
2-fold (s-brg) 261 2264 | 4317 | 0.330
-223 [65]
1-fold -101 321 2.146 | 6.440 | -5.541

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

Nmﬁ EmE PalA AR L ARG P Tl Tl e
EMM Cancascancan il an=as-an-an-l0"

4f 2f (1-brg) 2f (s-brg) If

Figure 4.18. Optimized geometries of C1/Cu (110) at 0.11 ML coverage (Cu: orange, Cl:

green)
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Table 4.17 shows the adsorption energies, frequencies, bond distances and work function for
CI adsorption on Cu (110) surface at given positions for 0.0625 ML. Figure 4.19 presents
the top views of these studied Cl adsorptions.

Table 4.17. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (110) surface at given positions for 1/16 ML (0.0625 ML)

.. Eads Vai ICl'CuI ¢

Coverage Position .
(kJ/mol) (cm™) (A (eV)
4-fold -26 226 2.648 | 4.267
2-fold (1-brg) -38 220 2.345 | 4.288

0.0625 ML

2-fold (s-brg) -58 235 2.265 | 4.309
1-fold -19 294 2.541 | 4.358

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

4f 2f (1-brg) 2f (s-brg) If

Figure 4.19. Optimized geometries of C1/Cu (110) at 0.0625 ML coverage (Cu: orange, Cl:

green)

4.5. COPPER (100) SURFACE

After relaxing the Cu (100) surface, optimum geometries and adsorption energies were

obtained for Cl adsorption.
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4.5.1. Chlorine Adsorption

Effect of chlorine coverage on copper metal was investigated on the Cu (100) surfaces for

the 1/16 ML, 1/9 ML, 2/9 ML, 1/4 ML, 3/9 ML, 2/4 ML ,3/4 ML, 1 ML chlorine coverage.

Table 4.18 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (100) surface at given positions for 1 ML. Figure 4.20 presents the top
views of these studied Cl adsorptions.

Table 4.18. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 1/1 ML (1 ML)

» Eags Vel |C1-Cu] ¢
Coverage | Position .
(kJ/mol) | (cm™) (A)® (eV)
4-fold 19 72 2.836 | 5.281
1 ML 2-fold 4 137 2.512 | 4.887
1-fold -4 181 2316 | 4.978

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

Bty e Ta Ty

oo O

Reia g Falateralet

4f 2f 1f

e eozy

ey

aio® aias

Figure 4.20. Optimized geometries of Cl/Cu (100) at IML coverage (Cu: orange, Cl:

green)
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Table 4.19 shows the adsorption energies, frequencies, bond distances and work function for

ClI adsorption on Cu (100) surface at given positions for 0.75 ML. Figure 4.21 presents the
top views of these studied Cl adsorptions.

Table 4.19. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 3/4 ML (0.75 ML)

E.d Vel [Cl-Cu| | |CI-Cu| | |CI-Cul] )
Coverage Position . . .
(kJ/mol) | (cm™) (A)® (A)? (A)? (eV)
Af+4f + 4f -260 268 3.599 2.375 2.375 5.923
0.75ML | 2f+2f+2f -202 305 3.327 2214 2.207 5913
If+1f+1f -149 379 2317 2.219 2.219 5.090

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

Bl iy

Figure 4.21. Optimized geometries of Cl/Cu (100) at 0.75ML coverage (Cu: orange, Cl:

green)
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Table 4.20 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (100) surface at given positions for 0.50 ML. Figure 4.22 presents the

top views of these studied Cl adsorptions.

Table 4.20. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 2/4 ML (0.50 ML)

N Eags Ve |C1-Cu| |Cl-Cu] |CI-C]| )
Coverage | Position . . .
(kJ/mol) | (cm™) (A (A (A (eV)
4f + 4f -349 234 2.461 2.424 3.644 4.295
0.50 ML 2f +2f -324 311 2.259 2.259 3.641 4.432
1f+ 1f -256 355 2.124 2.125 3.675 4.570

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported

Figure 4.22. Optimized geometries of Cl/Cu (100) at 0.50ML coverage (Cu: orange, Cl:

green)
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Table 4.21 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (100) surface at given positions for 0.33 ML. Figure 4.23 presents the

top views of these studied Cl adsorptions.

Table 4.21. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 3/9 ML (0.33 ML)

E,u ver | ICI-Cu| | |CI-Cu] | |CI-Cul | ¢
(kJ/mol) | (cm™) | (A (A AP | (eV)
AF+4f+4f | -180 226 | 2484 | 2484 | 2483 | 4274
033ML | 2f+2f+2f | -165 289 | 2283 | 2272 | 2299 | 4416
If+1f+1f | -124 372 | 2137 | 2136 | 2.136 | 4.565

Coverage Position

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

4f 2f If

Figure 4.23. Optimized geometries of Cl/Cu (100) at 0.33ML coverage (Cu: orange, Cl:

green)
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Table 4.22 shows the adsorption energies, frequencies, bond distances and work function for

ClI adsorption on Cu (100) surface at given positions for 0.25 ML. Figure 4.24 presents the
top views of these studied Cl adsorptions.

Table 4.22. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 1/4 ML (0.25 ML)

.. Eads Vai ICl'CuI ¢
Coverage Position .
(kJ/mol) (cm™) (A (eV)
-181
4-fold 219 2487 | 4.542
-328 [118]
-173
0.25 ML 2-fold 288 2.283 | 4.646
-318 [118]
1-fold
-179 NaN NaN | NaN
(conv. to 4-fold)

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

BIRAIAR, AR IARER
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Figure 4.24. Optimized geometries of C1/Cu (100) at 0.25ML coverage (Cu: orange, Cl:

green)
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Table 4.23 shows the adsorption energies, frequencies, bond distances and work function for
ClI adsorption on Cu (100) surface at given positions for 0.22 ML. Figure 4.25 presents the

top views of these studied Cl adsorptions.

Table 4.23. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 2/9 ML (0.22 ML)

Eags Ve |CI-Cu| | |CI-Cu]| ¢
Coverage Position . .
(kJ/mol) (cm™) (A (A (eV)
4f+4f 1 -333 218 2.496 2.496 | 4.436
Af+ 412 -334 225 2.496 2.496 | 4.437
0.22 ML 2f+2f -328 267 2.327 2.316 | 4.480
If+1f
-334 NaN NaN NaN NaN
(conv. to 4f)

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

Figure 4.25. Optimized geometries of C1/Cu (100) at 0.22ML coverage (Cu: orange, Cl:

green)
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Table 4.24 shows the adsorption energies, frequencies, bond distances and work function for

ClI adsorption on Cu (100) surface at given positions for 0.11 ML. Figure 4.26 presents the
top views of these studied Cl adsorptions.

Table 4.24. Adsorption energy, Cl stretching frequency, CI-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 1/9 ML (0.11 ML)

.. Eads Vai ICl'CuI (I)
Coverage | Position .
(kJ/mol) (cm™) (A (eV)
4-fold -147 229 2492 | 4.572
0.11 ML | 2-fold -142 278 2.285 | 4.628
1-fold -107 319 2.164 | 4.564

2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.

Figure 4.26. Optimized geometries of C1/Cu (100) at 0.11ML coverage (Cu: orange, Cl:

green)
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Table 4.25 shows the adsorption energies, frequencies, bond distances and work function for

CI adsorption Cu (100) surface at given positions for 0.0625 ML. Figure 4.27 presents the
top views of these studied Cl adsorptions.

Table 4.25. Adsorption energy, Cl stretching frequency, Cl-Cu bond distances and work
function for Cl adsorbed on Cu (100) surface at given positions for 1/16 ML (0.0625 ML)

.. Eads Vai |C1'Cu| (I)
Coverage | Position .
(kJ/mol) (cm™) (A (eV)
4-fold -204 198 2497 | 4475
0.0625 ML | 2-fold -198 221 2.290 | 4.505
1-fold -165 250 2.173 | 4.552
2 Linear average of the Cu-Cl distances for 2-fold and 4-fold positions were reported.
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Figure 4.27. Optimized geometries of Cl/Cu (100) at 0.0625ML coverage (Cu: orange, Cl:

green)
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4.5.2. Inhibitor Adsorption

This section presents the results of the inhibitor studies. First the adsorption of the inhibitor
molecules on the clean Cu (100) surface are presented. Then, the adsorption of the inhibitors
are studied in the presence of Cl atom(s) over Cu (100) surface to observe the effect of the

inhibitor molecule(s) on the Cl adsorption.

Firstly, the geometry optimizations were achieved by performing the adsorption of the
selected inhibitor candidates. The p(3x3) Cu (100) surface was selected for the inhibitor
adsorptions since it presents a large enough area. For the heterocyclic molecules (inhibitors),
all possible adsorption geometries were tested, including the H-stripped geometries, in order
to identify the most stable configurations. Among the tested configurations, most stable
geometries with highest adsorption energies were selected. The results are presented below
starting with azole derivatives, followed by thiophane, pyridine, aniline derivatives, surface

ions and finally inorganic molecules.

Different configurations were obtained/tested for the inhibitor molecules through rotating
each molecule along its molecular plane in clockwise direction. For the cases where the
hydrogen atoms meet the surface adsorption, calculations were performed with both H-

containing and H-stripped molecule.

Azole Derivatives

Table 4.26 gives the adsorption energies of pyrazole on p(3x3) Cu (100) surface and Figure
4.28 represents the optimized geometries of pyrazole with varying configurations on Cu

(100) surface.
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Table 4.26. Adsorption energies of pyrazole at different configuration

e . Eads
Inhibitor Candidates
(kJ/mol)
Configuration 1 -6
Configuration 2 86
Configuration 3 89
Configuration 4 92
Configuration 5 129
Inhibitor Candidates Side View Top View

Configuration 1

Configuration 2

Configuration 3

Figure 4.28. Optimized geometries of pyrazole on p(3x3) Cu (100) surface (Cu: orange, H:
cyan, C: yellow, N: light blue)
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Inhibitor Candidates Side View Top View

Configuration 4

Configuration 5

Figure 4.28. Optimized geometries of pyrazole on p(3x3) Cu (100) surface (Cu: orange, H:
cyan, C: yellow, N: light blue) (Continued)

Table 4.27 gives the adsorption energies of imidazole on p(3x3) Cu (100) surface. Numbers
indicate the different configurations of imidazole. Figure 4.29 represents optimized

geometries of imidazole due to varying configurations on Cu (100) surface.

Table 4.27. Adsorption energies of imidazole at different configuration

e . Eads
Inhibitor Candidates
(kJ/mol)

Configuration 1 34
Configuration 2 40
Configuration 3 47
Configuration 4 66
Configuration 5 79
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Inhibitor Candidates Side View Top View

Configuration 1

Configuration 2

Configuration 3

Configuration 4

Configuration 5

Figure 4.29. Optimized geometries of imidazole on p(3x3) Cu (100) surface (Cu: orange,
H: cyan, C: yellow, N: light blue)
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Thiophene

Table 4.28 gives the adsorption energies of thiophene on p(3x3) Cu (100) surface. Numbers

indicate the different configurations of thiophene.

Table 4.28. Adsorption energies of thiophene at different configurations

Eads
Inhibitor Candidates
(kJ/mol)
Configuration 1 Surface distorted
Configuration 2 119
Configuration 3 123

Figure 4.30 represents optimized geometries of thiophene due to varying configurations on

Cu (100) surface.

Inhibitor Candidates Side View Top View

Configuration 1

Configuration 2 ‘

Figure 4.30. Optimized geometries of thiophen on p(3x3) Cu (100) surface (Cu: orange, H:
cyan, C: yellow, S: (larger) light yellow)
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Inhibitor Candidates

Configuration 3

Side View

Figure 4.30. Optimized geometries of thiophen on p(3x3) Cu (100) surface (Cu: orange, H:

cyan, C: yellow, S: (larger) light yellow) (Continued)

Pyridine

Table 4.29 gives the adsorption energies of pyridine on p(3x3) Cu (100) surface. Numbers

indicate the different configurations of pyridine.

Table 4.29. Adsorption energies of pyridine at different conformation

Inhibitor Candidates

Configuration 1
Configuration 2
Configuration 3

Configuration 4

Eads
(kJ/mol)

159
172
392

490

Figure 4.31 represents optimized geometries of thiophen due to varying configurations on

Cu (100) surface.



Inhibitor Candidates

Configuration 1

Configuration 2

Configuration 3

Configuration 4

Side View Top View
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Figure 4.31. Optimized geometries of pyridine on p(3x3) Cu (100) surface (Cu: orange, H:

cyan, C: yellow, N: light blue)



Aniline Derivatives

Table 4.30 gives the adsorption energies of p-anisidine on Cu (100) surface, p(3x3) slab.

Numbers indicate the different conformations of p-anisidine.

Table 4.30. Adsorption energies of p-anisidine at different conformation

o . Eads
Inhibitor Candidates
(kJ/mol)
Configuration 1 136
Configuration 2 451

Figure 4.32. represents optimized geometries of p-anisidine due to varying conformations

on Cu (100) surface.

Inhibitor Candidates

Configuration 1

Configuration 2

Side View Top View

Figure 4.32. Optimized geometries of p-anisidine on p(3x3) Cu (100) surfaec (Cu: orange,

H: cyan, C: yellow, N: light blue, O: red)
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Table 4.31 gives the adsorption energies of p-toluidine on Cu (100) surface, p(3x3) slab.

Numbers indicate the different conformations of p-toluidine.

Table 4.31. Adsorption energies of p-toluidine at different conformation

o . Eads
Inhibitor Candidates
(kJ/mol)
Configuration 1 126
Configuration 2 249

Figure 4.33 represents optimized geometries of p-toluidine due to varying conformations on

Cu (100) surface.

Inhibitor Candidates Side View Top View

Configuration 1

Configuration 2

Figure 4.33. Optimized geometries of p-toluidine on p(3x3) Cu (100) surface (Cu: orange,
H: cyan, C: yellow, N: light blue)



74

Surface Ions

Along with the selected inhibitors (or candidates) the ions that would already exist in the
aqueous and/or marine environments were also tested for their inhibition effects. Table 4.32
gives the adsorption energies of atomic oxygen, atomic hydrogen, carbon monoxide,

methoxy and hydroxide on Cu (100) surface, p(3x3) slab.

Table 4.32. Adsorption energies of surface ions at different configuration

[ . Eads
Inhibitor Candidates
(kJ/mol)
Hydroxide (OH) -
roxide
Y -370 [119]
Atomic Oxygen (O) "
tomic Oxygen
e -512[120]
-84
Carbon monoxide (CO)
-53[121]
Atomic Hydrogen (H) -
tomic rogen
yaes -223 [122]
Methoxy (OCH3) 5

The adsorption positions for these ions are as given in several article. A good agreement was

observed for O, CO, H and OH as in published values [119-122].

Figure 4.34 represents optimized geometries of atomic oxygen, atomic hydrogen, carbon

monoxide, methoxy and hydroxide on Cu (100) surface.



Inhibitor Candidates

Atomic Oxygen (O)

Hydroxide (OH)

Methoxy (OCH3)

[
Atomic Hydrogen (H) E
A

Carbon monoxide (CO) ‘

Side View

-
e
%
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Figure 4.34. Optimized geometries of hydrogen (H), carbon monoxide (CO), oxygen (O),

hydroxide (OH) and methoxy (OCH3) on p(3x3) Cu (100) surface (Cu: orange, H: cyan, O:

red, C: yellow)
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Inorganic Inhibitor Candidates

Table 4.33 gives the adsorption energies of Ammonia (NH3) and Chromic Acid (H2CrOs)
on p(3x3) Cu (100) surface.

Table 4.33. Adsorption energies of ammonia and chromic acid

Eads
Inhibitor Candidates
(kJ/mol)
Chromic Acid (H2CrO4) -20
Ammonia (NH3) 2

Figure 4.35 represents optimized geometries of Ammonia (NH3) and Chromic Acid

(H2CrO4) on Cu (100) surface.

Inhibitor Candidates Side View Top View

Chromic Acid
(H2CrO4)

Ammonia (NH3) .

Figure 4.35. Optimized geometries of ammonia (HN3) and chromic acid (H2CrO4) on

p(3x3) Cu (100) surface (Cu: orange, H: cyan, N: light blue, Cr: (larger) light blue, O: red)



4.5.3. Chlorine and Inhibitor Co-adsorption

In order to study the effect of the inhibitors on the Cl corrosion (i.e. adsorption) co-
adsorption of chlorine on an inhibitor-adsorbed surface was studied. Here again, geometry
optimizations were performed by placing chlorine in high symmetry adsorption positions
(top, bridge, 4-fold) in the presence of selected inhibitor molecules or ion atoms on the Cu
(100) surface. As mentioned above, Cu (100) surface was selected for its higher activity (i.e.
stronger Cl adsorption) although it does not have the highest stability. The expected result

for a successful inhibition effect would be a significant decrease in the adsorption energy of

chlorine in the presence of inhibitor.

4.5.3.1.Adsorption Energy and Geometry

Cl on Cu (100) in the Presence of Azole Derivatives

Table 4.34 gives Cl adsorption energies on p(3x3) Cu (100) surface, in presence of pyrazole

molecule.

Table 4.34. Cl adsorption energies on Cu (100) surface in presence of pyrazole molecule

Cl in 4-fold

Cl in 2-fold

Cl in 1-fold

Eads (kJ/ mol)
-131
-128

_154

Figure 4.36 shows the optimized geometry of the Cl in the presence of pre-adsorbed pyrazole

on Cu (100) surface.
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Side View Top View

Cl in 4-fold

Cl in 2-fold

Clin 1-fold

Figure 4.36. Optimized geometries of chlorine (Cl) and pyrazole co-adsorption on p(3x3)
Cu (100) surface (Cu: orange, Cl: green, H: cyan, C: yellow, N: light blue)

Table 4.35 gives Cl adsorption energies on p(3x3) Cu (100) surface, in the presence of

imidazole molecule.

Table 4.35. Cl adsorption energies on Cu (100) surface in presence of imidazole molecule

Cl in 4-fold -137
Cl in 2-fold -125

Clin 1-fold -153
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Figure 4.37 shows the optimized geometry of the Cl in the presence of pre-adsorbed

imidazole on Cu (100) surface.

Side View Top View

Cl in 4-fold

Cl in 2-fold

Cl in 1-fold

Figure 4.37. Optimized geometries of chlorine (Cl) and imidazole co-adsorption on p(3x3)

Cu (100) surface (Cu: orange, Cl: green, H: cyan, C: yellow, N: light blue)



Cl on Cu (100) in the Presence of Surface Ion
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Table 4.36 gives Cl adsorption energies on Cu (100) surface, p(3x3) slab, in presence of H

atom.

Table 4.36. Cl adsorption energies on Cu (100) surface in presence of H atom

Cl in 4-fold

Cl in 2-fold

Cl in 1-fold

-182
-187

-147

Figure 4.38 shows the optimized geometry of the Cl in the presence of pre-adsorbed atomic

hydrogen (H) on Cu (100) surface.

Cl in 4-fold

Side View

Top View

O
[}
Cl in 2-fold
O

Figure 4.38. Optimized geometries of chlorine (Cl) and hydrogen (H) co-adsorption on

p(3x3) Cu (100) surface (Cu: orange, Cl: green, H: cyan)
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Clin 1-fold

Side View

Top View

Figure 4.38. Optimized geometries of chlorine (Cl) and hydrogen (H) co-adsorption on

p(3x3) Cu (100) surface (Cu: orange, Cl: green, H: cyan) (Continued)

Table 4.37 gives Cl adsorption energies on p(3x3) Cu (100) surface, in presence of O atom.

Table 4.37. Cl adsorption energies on Cu (100) surface in presence of O atom

Cl in 4-fold

Cl in 2-fold

Clin 1-fold

Eads (kJ/l’l’lOl)
-181
-184

-146

Figure 4.39 shows the optimized geometry of the Cl in the presence of pre-adsorbed atomic

oxygen on Cu (100) surface.
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Side View Top View

Cl in 4-fold ‘

Cl in 2-fold

Clin 1-fold

Figure 4.39. Optimized geometries of chlorine (Cl) and oxygen (O) co-adsorption p(3x3)
Cu (100) surface (Cu: orange, Cl: green, O: red)

Table 4.38 gives Cl adsorption energies on p(3x3) Cu (100) surface, in presence of OH

molecule.
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Table 4.38. Cl adsorption energies on Cu (100) surface in presence of OH molecule

Eads (kJ/mol)
Cl in 4-fold -192
Cl in 2-fold -180
Clin 1-fold -179

Figure 4.40 shows the optimized geometry of the Cl in the presence of pre-adsorbed OH on
Cu (100) surface.

Side View Top View
Cl in 4-fold
Cl in 2-fold
Clin 1-fold
A

Figure 4.40. Optimized geometries of chlorine (Cl) and hydroxide (OH) co-adsorption on
Cu (100) surface (Cu: orange, Cl: green, H: cyan, O: red)
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Table 4.39 gives Cl adsorption energy on p(3x3) Cu (100) surface, in presence of CO

molecule.

Table 4.39. CI adsorption energies on Cu (100) surface in presence of CO molecule

Eads (kJ/mol)
Cl in 4-fold -187
Cl in 2-fold -180
Clin 1-fold -145

Figure 4.41 shows the optimized geometry of the Cl in the presence of pre-adsorbed CO on
Cu (100) surface.

Side View Top View

Cl in 4-fold

Cl in 2-fold

Figure 4.41. Optimized geometries of chlorine (CI) and carbon monoxide (CO) co-

adsorption on p(3x3) Cu (100) surface (Cu: orange, Cl: green, C: yellow, O: red)
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Side View

Clin 1-fold

Top View

Figure 4.41. Optimized geometries of chlorine (CI) and carbon monoxide (CO) co-

adsorption on p(3x3) Cu (100) surface (Cu: orange, Cl: green, C: yellow, O: red)
(Continued)

Table 4.40 gives Cl adsorption energies on p(3x3) Cu (100) surface, in presence of OCH3

molecule.

Table 4.40. Cl adsorption energies on Cu (100) surface in presence of OCH3; molecule

Cl in 4-fold

Cl in 2-fold

Clin 1-fold

Eads (kJ/ mol)
-186
-184

-188

Figure 4.42 shows the optimized geometry of the ClI in the presence of pre-adsorbed OCHj3

on Cu (100) surface.
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Side View Top View
Cl in 4-fold
Cl in 2-fold
Clin 1-fold ‘
A

Figure 4.42. Optimized geometries of chlorine (Cl) and methoxy (OCH3) co-adsorption on
p(3x3) Cu (100) surface (Cu: orange, Cl: green, H: cyan, C: yellow, O: red)



Cl on Cu (100) in the Presence of Inorganic Inhibitors
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Table 4.41 gives Cl adsorption energies on p(3x3) Cu (100) surface, in presence of NH3

molecule.

Table 4.41. Cl adsorption energies on Cu (100) surface in presence of NH3 molecule

Cl in 4-fold

Cl in 2-fold

Cl in 1-fold

-178
-195

-195

Figure 4.43 shows the optimized geometry of the Cl in the presence of pre-adsorbed NH3 on

Cu (100) surface.

Cl in 4-fold

Cl in 2-fold

Side View

Top View

Figure 4.43. Optimized geometries of chlorine (Cl) and ammonia (NH3) co-adsorption on

p(3x3) Cu (100) surface (Cu: orange, Cl: green, H: cyan, N: light blue)
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Side View

Clin 1-fold

Top View

Figure 4.43. Optimized geometries of chlorine (Cl) and ammonia (NH3) co-adsorption on

p(3x3) Cu (100) surface (Cu: orange, Cl: green, H: cyan, N: light blue) (Continued)

Table 4.42 gives Cl adsorption energies on p(3x3) Cu (100) surface, in presence of H2CrO4

molecule.

Table 4.42. CI adsorption energies on Cu (100) surface in presence of H>CrO4 molecule

Cl in 4-fold

Cl in 2-fold

Clin 1-fold

Eads (kJ/ mol)
-134
-134

-161

Figure 4.44 shows the optimized geometry of the Cl in the presence of pre-adsorbed H2CrO4

on Cu (100) surface.



Cl in 4-fold

Cl in 2-fold

Cl in 1-fold

Side View Top View

Figure 4.44. Optimized geometries of chlorine (Cl) and chromic acid (H2CrOs) co-

adsorption on p(3x3) Cu (100) surface (Cu: orange, Cl: green, H: cyan, C: yellow, Cr:

(larger) light blue, O: red)

&9
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4.6. DISCUSSION

4.6.1. Chlorine Adsorption Energies on Clean Copper Surfaces

When the strong electrophilic character of CI is combined with copper, which is a good
electron donor, corrosion is inevitable. When the CI adsorption energies on different copper
surfaces were compared, it was seen that changes in adsorption energies with increasing
coverage showed similar behavior on Cu (100) and Cu (111) surfaces, while that of the Cu
(110) surface was quite different. Cu (110) surface shows exothermic Cl adsorption for all
the studied coverages up to and including 1 ML. This might be due to the over estimation of
the PBE exchange correlation [123]. This observation is indeed not far from expectation, i.e.
the surface energies (i.e. surface stabilities) are in the order of Cu (111) > Cu (100) > Cu

(110) [39] the relative activities of these surfaces are Cu (110) > Cu (100) > Cu (111).

For the other surfaces the adsorption energies calculated at 1ML were positive (i.e
endothermic) showing that chlorine is not stable at these high coverages (or saturation
coverage was exceeded). Similarly, adsorption energies of Cu (111) at 0.75 ML were all

endothermic, while those of the remaining surfaces were exothermic.

Figure 4.45 shows the adsorption energies of Cl on Cu (111) at varying surface coverage
values and adsorption positions. As already mentioned, it can be seen that adsorption energy
becomes positive between 0.50 and 0.75 ML, showing that the saturation coverage lies in
this range. Adsorption energies were calculated between +66 kJ/mol to -195 kJ/mol. In
agreement with the previous findings studied by Andryushechkin et al. [47], adsorption
energies of 3-fold fcc and 3-fold hcp sites are found to be almost equal independent of the
coverage. Adsorption on these positions is preferred over bridge and top positions which
also agrees with former studies [60]. Strength of chlorine adsorption on Cu (111) surface
follows the order 3-fold fcc = 3-fold hep > bridge > top as it was mentioned before [2]. It
should be noted that most of the computations with bridge as their initial (starting)
geometries converged to 3-fold fcc positions. Converging into different geometries (than
that of starting geometries) was commonly observed for Cu (111) surface. The most possible
reason for this is the negative lateral interactions because of the short distances between the
adsorbates at the initial geometry. These repulsive forces cause a desire to move into a

relatively more stable adsorption position.
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Figure 4.45. Adsorption energy of Cl at varying coverage and adsorption position on Cu
(111) surface

When the CI adsorption energies obtained in this work are compared to those of literature
[2], it was seen that adsorption energies of the 3-fold fcc position at 1 ML, 0.25 ML and
0.0625 ML coverage are similar and the values calculated for 1 ML are endothermic.
Adsorption energies are found to decrease as the coverage increases for all the positions,
except for 0.11 ML. Although the expected value of the adsorption energies at 0.11 ML was
in the range of -150 kJ/mol to -200 kJ/mol, much lower adsorption energies were calculated.
This is indeed opposite to the findings reported in the literature. However, a linear like
relation between E.gs and the Oci could be obtained if the adsorption energy for 0.11 ML

would be closer to the literature value of -182 kJ/mol [2].

Measured bond distances between the 3-fold fcc chlorine and copper is in between 2.172 A
to 2.691 A. Longest bond distance belongs to 1 ML. These values are also in agreement with

the previous findings [2].

Figure 4.46 shows the adsorption energies of Cl on Cu (110) surface at varying surface
coverage values and adsorption positions. Adsorption energies were calculated in between -
19 kJ/mol to -193 kJ/mol on Cu (110) surface for different coverage values. All the
calculated adsorption energies over Cu (110) are negative in agreement with the previous

calculations [65]. Adsorption computations with a 4-fold position at the initial geometry on
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the Cu (110) surface generally failed to preserve its initial geometry and resulted in either
short or long bridge positions. Accordingly, short bridge and long bridge positions are found
to be the most stable adsorption positions over the Cu (110) surface, which was in line with
the former results [65]. Among these two positions, chlorine showed high energy retention
on short bridge position and the average Cl-Cu bond distance of short bridge is shorter

compared to the long bridge position.

0
0 $ 0,2 0,4 0,6 0,8 1 1,2
-50
/s
= —o—4f
E 100 ¥
) 2f (1-brg)
mé -150 \ Z 2f (s-brg)
w—
If
-200
-250
Oc (ML)

Figure 4.46. Adsorption energy of Cl at varying coverage and adsorption positions on Cu

(110) surface

In general, a linear dependency is expected between the adsorption energy and surface
coverage [115]. But on Cu (110), it was shown that adsorption energies first decrease (i.e.
more exothermic) and then increase (i.e. less exothermic) as shown in Figure 4.46. The
source of this anomaly appears to be the less exothermic adsorption energies at low
coverages. In other words, one would expect higher adsorption energies at low coverages
because of the higher chance of charge transfer (i.e. higher number of free-unshared ions).
To clarify the reason of this, some computations were repeated but the result did not change.

This anomaly was not investigated further.

Figure 4.47 shows that adsorption energies of Cl on Cu (100) surface at varying coverages
and adsorption positions. This trend is more like that of the Cu (111) surface, i.e. linear like

behavior, the curve-like trend of the Cu (110) case being absent.
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The adsorption energies decreased with increasing coverage at Cu (100) surface except for
0.11 ML. Adsorption energies ranged in between +19 kJ/mol to -204 kJ/mol. The most stable
adsorption position is 4-fold which is parallel to the previous reports [118]. The adsorption
energies of chlorine on the top position were lower compared to the other adsorption
positions. The chlorines, whose initial geometries were in the top position, moved to the
bridge or 4-fold position in the final geometry. Overall, an adsorption strength in the order

of 4-fold > bridge > top is observed.

50

0

1,2
-50

—o—4f
2f
1f

-100

E, 4 (kJ/mol)

-150

-200

-250

O¢ (ML)

Figure 4.47. Adsorption energy of Cl at varying coverage and adsorption position on Cu
(100) surface

It was observed that adsorption energies increase with increasing CIl-Cu bond distance, the
highest bond distance belonging to 4-fold position. The average CI-Cu nearest distance

increase in the order 4-fold > bridge > top positions.

4.6.2. Vibrational Analysis

Figure 4.48, Figure 4.49 and Figure 4.50 show that the frequency is also coverage dependent.
Figure 4.48 shows an increase in the computed frequencies with coverage for the Cu (111)
surface. Although they are less clear, similar trends can be observed in Cu (110) and Cu
(100) surfaces as well. For all three surfaces, a sharp drop is observed for 1 ML coverage.

Since 1 ML coverage was studied using p(1x1) slabs for all surfaces, the adsorbed Cl might
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be subject to strong lateral effects, which would explain the changes in frequencies. Another
possible reason is that the adsorption becomes endothermic at 1 ML that shows the weakened
Cl-Cu bonds, which would certainly effect the computed frequency. Gas phase chlorine

frequency shift was observed at vibrational frequencies.

The stretching frequencies range in between 126 cm™! to 471 cm! for Cl on Cu (111) surface.
While an increase was observed between 0.33 ML and 0.75 ML, there was a dramatic
decrease between 0.75 ML and 1 ML. Figure 4.48 shows the stretching frequencies of Cl on

Cu (111) at varying surface coverage and adsorption positions.

600

500
—~ 400 N
P /0/ —e—2f
5 300 s
- o—& 3f (fce)
- 200 3f (hep)

100 1f

0
0 02 0,4 0,6 0,8 1 12
Oc (ML)

Figure 4.48. ClI stretching frequencies at varying coverage and adsorption positions on Cu

(111) surface

The stretching frequencies varied in between 165 cm! to 422 ¢m™ for Cl on the Cu (110)
surface. Similar to Cu (111), the Cl frequency on the Cu (110) surface also decreases

between 0.75 ML and 1 ML.

Figure 4.49 shows the stretching frequencies of Cl on Cu (110), at varying coverage and

adsorption positions.
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Figure 4.49. Cl stretching frequencies at varying coverage and adsorption positions on Cu

(110) surface

The stretching frequencies varied between 72 cm™! to 379 ¢cm! for Cl on Cu (100) surface. ,

A similar behavior to those of Cu (111) and Cu (110) surfaces are seen in the Cu (100) plot.

Figure 4.50 shows the stretching frequencies of Cl on Cu (100), at varying coverage and

adsorption positions.
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Figure 4.50. CI stretching frequencies at varying coverage and adsorption positions on Cu

(100) surface
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4.6.3. Work Function

When a gas is adsorbed on a metal surface, the change in work function depends on the metal
surface and the chemical nature of the adsorbents. Electron transfer can occur between atoms
adsorbed and the metal surface. In the case where metal surface is the electron donor, the
change in the work function is negative, and in the case where the adsorbate is the electron
donor the work function change is positive. In other words, by measuring the change in the
work function (i.e. experimentally) it is possible to deduce the direction of the charge

transfer.

The work function values were calculated, by using Equation 3.15., for each adsorption
position and coverage on Cu (100), Cu (110) and Cu (111) surfaces. The calculated work

function changes can be seen in Figure 4.51, Figure 4.52 and Figure 4.53.

First, work function values were calculated for clean copper surfaces. These were obtained
as 4.56 eV for Cu (100), 4.31 eV for Cu (110) and 4.85 eV for Cu (111) which are in
agreement with the reported values of 4.73 eV, 4.56 eV and 4.90 eV, respectively for for Cu
(100), Cu (110) and Cu (111) [124]. Figure 4.51 shows the work function change for Cl

adsorption on Cu (111) surface at varying coverage and adsorption positions.

0,500
0,000 N —e—2-fold
> 0] 0,2 0, 056 0,8 1 1,2
2 .0,500 3-fold (fcc)
.e‘ \
< 11,000 ~— 3-fold (hcp)
1-fold
-1,500
O (ML)

Figure 4.51. Work function changes for CI adsorption on Cu (111) surface at varying

coverage and adsorption positions

Figure 4.52 shows the work function change for Cl adsorption on the Cu (110) surface at

varying coverage and adsorption positions.
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Figure 4.52. Work function changes for CI adsorption on Cu (110) surface at varying

coverage and adsorption positions

Figure 4.53 shows the work function change for Cl on the Cu (100) surface at varying

coverage and adsorption positions.

0,400
0,200
> 0,000 | & —e—4-fold
= -0200 O 0,2 0,4 05 0,8 | 1,2 5 fold
< ’ e
20,400 \/ -fold
20,600
Oc (ML)

Figure 4.53. Work function changes for CI adsorption on Cu (100) surface at varying

coverage and adsorption positions

4.6.4. Inhibitor Adsorption on clean Cu (100) surface

This section presents the discussion about the inhibitor adsorption on clean p(3x3) Cu (100)
surface. The selection of p(3x3) Cu (100) surface is based on the fact that, p(3x3) slabs is
large enough to contain the larger inhibitor molecules and the Cu (100) surface has a higher
activity compared to more stable Cu (111) surface. The results for azole derivatives,
thiophene, pyridine, aniline derivatives, surface ions and inorganic inhibitor molecules are

interpreted below, respectively.
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Azole Derivatives

Azole derivatives are considered to be effective inhibitors for copper [125] and previous
reports proposed that as the number of nitrogen atoms in the azole ring increases, the surface
adsorption energy decreases [126]. Therefore, in this study, molecules such as imidazole and
pyrazole (2 N-containing molecules) are studied instead of triazole, tetrazole or pentazole
(3, 4, 5 N-containing molecules, respectively). Adsorption energies and optimized
geometries of pyrazole and imidazole are given in Tables 4.26 and 4.27; in Figures 4.28 and
4.29. The configurations with the highest adsorption energies (34 kJ/mol and -6 kJ/mol) were

named as ‘Configuration number 1’ and tested for their inhibition effects.
Thiophene

In addition to nitrogen, carbon and oxygen, heterocyclic compounds containing sulfur are
also preferred as inhibitors. For this reason, as well as being a relatively small S-containing

molecule, thiophene was studied as an inhibitor candidate.

Three different configurations of thiophene were studied. Configuration 1 distorts the
surface quite a bit as can be seen in Figure 4.37. The adsorption energies of the second and
third configurations are endothermic meaning that there is no tendency of the molecule to
adsorb on the copper surface, which is supported by Malone et al. [127]. Therefore, in the

next step, chlorine adsorption in the presence of thiophene was not studied.
Pyridine

In the review article published by Gece [73] and in the experimental study by Sassi et. al
[128], pyridine was investigated as an effective corrosion inhibitor in chloride-containing
environment due to its heterocyclic configuration. Contrary to the published results, no
stable adsorption configuration of pyridine could be obtained in here. Therefore, its effect

on chlorine adsorption in the next step was not studied.
Aniline Derivatives

Aniline derivatives are generally preferred as inhibitors for mild steel surfaces. It was
included in this study to examine whether it works on the copper surfaces or not. Two

different anisidine derivatives (p-anisidine and p-toluidine) are studied. However, they do
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not tend to be adsorbed on the copper surface. For this reason, chlorine adsorption in the

presence of these molecules on the surface has not been studied.
Surface Ions

Atomic and molecular adsorption of surface ions on copper surface have been the subject of
several studies [115,129—-131] but studies involving the adsorption of those atoms/molecules
with chlorine are a few in number [118]. The positions of the ions and atoms have been
selected regarding the previously-published positions resulting in the highest adsorption
energies [120-122,132,133]. 4-fold is the most stable attachment position for H and O on
the Cu (100) surface while 2-fold position was the most stable one for CO and OH on Cu
(100) surface. Thus, ions and molecules were bonded in 4-fold and 2-fold positions in the
initial geometries. A good agreement with the previously reported results was observed for
O, CO, H and OH in terms of adsorption energy [119—122], all values being exothermic

except for the methoxy.
Inorganic Molecules

In order to investigate the inhibition effect of inorganic inhibitors, chromic acid and
ammonia were studied on a clean Cu (100) surface. Chromic acid can be an inhibitor
candidate due to its ability to passivate metals by forming an oxide film on the surface.
However, it is also known to accelerate the cathodic reaction. Ammonia, on the other hand,
can interact with copper to form Cu-HN; complexes. Although the possibility of NH3
corroding the copper surface is more than Cu-Cl complexes, it can prevent the formation of
Cu-Cl complexes at a low rate in neutral and slightly alkaline solutions. While both chromic
acid and ammonia can corrode copper at high concentrations, low concentrations are
examined in terms of Cu-Cl adsorption reduction. The adsorption energy of deprotonated
chromic acid on clean Cu (100) surface were calculated as -20 kJ/mol while adsorption

energy of ammonia was calculated as +2 kJ/mol.

4.6.5. Chlorine and Inhibitor Co-adsorption

By keeping the optimum geometries of the inhibitors on the clean copper surface constant,
the adsorption energies of the chlorine at different positions are calculated in the presence of

the inhibitor on the surface. Table 4.43 presents the adsorption energy of chlorine in the
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absence and presence of the azole derivatives, surface ions and inorganic inhibitor molecules

on the surface.
Cl on Cu (100) in the Presence of Azole Derivatives

Chlorine adsorption was studied in the presence of pyrazole and imidazole on the surface
(configuration 1) and it is observed that the adsorption energies decreased slightly in the 4-
fold and 2-fold positions while it increased in the 1-fold position as shown in Table 4.43. A
4-fold attachment (initial geometry) did not occur in both pyrazole and imidazole and the

geometry were retained in the 2-fold position.

Although imidazole or pyrazole do not appear to be a suitable inhibitor for other metal
surfaces due to their low surface activity, high solubility in water, and apparently insufficient
reactivity of heteroatoms; their complexes with copper can delay corrosion. The copper-
imidazole or copper-pyrazole complex is expected to slow down the cathodic reaction in
copper corrosion. In aggressive environments, such as in the presence of Cl ions in the
environment, inhibitor molecules may exhibit different behavior. This study aimed to reduce
corrosion attack (i.e. weaker Cl adsorption) by providing surface adsorption with imidazole
and pyrazole. But some of the inhibitors have tendencies to protect the surface by forming a
protective film layer. As it is clear from the calculations, it seems necessary to provide a film

formation on the surface to reduce corrosion by using pyrazole and imidazole [85].

Although the film formation seems to be effective, it has many disadvantages as well. For
example, the film coating of the inside of the heat exchanger pipe reduces the effectiveness
and increases the cost in terms of material and labor. If it was possible to reduce the corrosion
significantly by adsorption using imidazole or pyrazole, the molecules could be injected into
the pipe with water, ensuring adhesion to the metal surface and preventing corrosion in

chlorine-containing environments.
Cl on Cu (100) in the Presence of Surface Ions

Our calculations show that the presence of surface ions/molecules increases the strength of
chlorine adsorption on the Cu (100) surface meaning that H, O, OH, CO and OCHj3 allow
chlorine to adhere to the copper surface much better and do not act as inhibitors but

promoters.
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Cl on Cu (100) in the Presence of Inorganic Inhibitors

Chlorine adsorption on the surface with ammonia had higher adsorption energy compared
to the results without ammonia, contrary to the expectations. On the other hand, chromic
acid reduced the adsorption energies by about 15 kJ/mol at the 4-fold and bridge positions

but it is not suitable for industrial use at all due to its toxicity.

Table 4.43. Comparison of the inhibition effect of the aforementioned inhibitors on p(3x3)

Cu (100) surface

(4-fold) (2-fold) (1-fold)

kJ/mol kJ/mol kJ/mol
No inhibitor -147 -142 -107
Pyrazole -131 -128 -154
Imidazole -137 -125 -153
H -182 -187 -147
O -181 -184 -146
OH -192 -180 -179
CcO -187 -180 -145
OCH;s -186 -184 -188
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Table 4.43. Comparison of the inhibition effect of the aforementioned inhibitors on p(3x3)
Cu (100) surface (Continued)

(4-fold) (2-fold) (1-fold)
kJ/mol kJ/mol kJ/mol
No inhibitor -147 -142 -107
NH; -178 -195 -195
H>CrO4 -134 -134 -161

Our calculations also revealed that Cl always behaved as an electron acceptor in the presence
of inhibitor molecules which strengthens the adsorption of Cl. The solution to this challenge
may be to use an inhibitor with higher electron affinity (for example, fluorine) but since
fluorine has a greater adsorption energy than chlorine (due to its higher electrophilic

character) such an arrangement will produce fluorine corrosion.
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5. CONCLUSIONS

In this study, the adsorption of Cl on Cu (100), Cu (110) and Cu (111) at varying coverage

and adsorption positions were studied in detail through comprehensive DFT computations.

Furthermore, inhibitor adsorption on the p(3x3) Cu (100) surface and the inhibition effect of

these inhibitors were studied. All the conclusions reached at the end of the study are

presented below:

For the Cu (111) surface, the most stable CI adsorption position was observed to be
3-fold fcc and 3-fold hep. The least stable Cl adsorption occurred for 1-fold (on-top)
position.

For the Cu (110) surface, the most stable Cl adsorption position was observed as 2-
fold short bridge while the least stable adsorption position was 1-fold (on-top) site.
For the Cl adsorption on Cu (100) surface, the 4-fold position was the most stable
whereas 1-fold (on-top) was the least stable position.

A linear-like dependency was observed between the adsorption energies and surface
coverage for the Cu (111) and Cu (100) surfaces.

The saturation coverage lies between 0.50 ML and 0.75 ML for Cu (111) and Cu
(100) surfaces. Adsorption becomes endothermic after that coverage. All calculated
values were negative for Cu (110) surface.

Vibrations and work functions were found to be coverage dependent. The maximum
vibration values are observed at 0.75 ML coverage on Cu (100), Cu (110) and Cu
(111) surfaces. The maximum work function values are calculated as 0.281 eV, 0.044
eV, 0.088 eV, respectively for Cu (100), Cu (110) and Cu (111); while the minimum
work function values are -0.558 eV, -0.229 eV and-1.031 eV, respectively.

Our results showed that Cl is always the electron acceptor in the presence of inhibitor
molecules, making CI adsorption stronger in the presence of inhibitors. The solution
to this problem may be using an agent with higher electronegativity (for example
Fluorine) as the inhibitor molecule. However, such an arrangement would cause
fluorine corrosion, the fluorine adsorption energy being higher than that of the

chlorine.
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6. FUTURE WORK

As the continuum of this work, the following studies can be carried out.

e Temperature and entropy effects can be studied using ab-initio thermodynamics, and
stability or phase diagrams can be constructed.

¢ Chlorine adsorption can be studied on an oxide layer on the copper surface to observe
the inhibition effect.

¢ Different halogen-metal surfaces can be studied to create a more detailed data base.
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APPENDIX A: EXAMPLE OF INPUT-OUTPUT FILES

Table A.1. pw.x input file (p(2x2) Cu (100) 0.25 ML)
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&CONTROL

calculation = 'relax',
Irestart_ mode = 'restart',
outdir ="/temp',
pseudo_dir =/,
prefix ="cul00cl',
tefield = TRUE.,
dipfield =.TRUE.,
/

&SYSTEM

edir =3,

ibrav =0,

nat =21,

ntyp =2,
ecutwfc =45,
ecutrho =250,
occupations = 'smearing',
degauss =0.02,
smearing = 'gaussian',
/

&ELECTRONS

adaptive_thr = .true. ,

! mixing_mode = 'plain',

! diagonalization = 'david',

! diago david ndim= 8§,

/

&IONS

! ion_dynamics = 'bfgs',

! ion_positions = 'from_input',

/

K POINTS automatic

441 000

CELL PARAMETERS angstrom

5.1519999504 0.0000000000 0.0000000000
0.0000000000 5.1519999504 0.0000000000
0.0000000000 0.0000000000 22.2859992981
ATOMIC_ SPECIES

Cu  63.54600 Cu.pbe-dn-kjpaw_psl.1.0.0.UPF
Cl 35.44600 Cl.pbe-n-kjpaw_psl.1.0.0.UPF
ATOMIC_POSITIONS angstrom

Cu  0.000000000 0.000000000 0.000000000

Cu  2.603284326 0.000000000 0.000000000

000
Cu  0.000000000 2.603284326 0.000000000 0 0 O
000




Table A.1. pw.x input file (p(2x2) Cu (100) 0.25 ML) (Continued)
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Cu  2.603284326
Cu  1.301642163
Cu  1.301642163
Cu  3.904926488
Cu  3.904926488
Cu  0.000000000
Cu  0.000000000
Cu  2.603284326
Cu  2.603284326
Cu 1302141748
Cu  1.302060376
Cu  3.878038723
Cu  3.878045924
Cu  0.001254393
Cu  0.001330600
Cu  2.602578390
Cu  2.602534406
Cl 1.300458593

2.603284326
1.301642163
3.904926488
1.301642163
3.904926488
0.000000000
2.603284326
0.000000000
2.603284326
1.302290925
3.878247122
1.302242507
3.878262485
0.001393338
2.603065246
0.001498560
2.602992904
1.301320389

0.000000000
1.840800000
1.840800000
1.840800000
1.840800000
3.649944343
3.649948664
3.649948664
3.649949976
5.416497226
5.475310002
5.475040996
5.541926808
7.261003136
7.260975870
7.261030014
7.261014884
8.922277462

[eNeoloNeoNeoNoReRol =)

SO OO O OO OO

[eNeoloNeoNeoNoReReol =)

Table A.2. ph.x input file (p(2x2) Cu (100) 0.25 ML)

Cu (I

&INPUTPH

recover = true.,
outdir ="/temp',
fildyn ='dyn.mat',
trans = .true.,
lTraman = true.,
lepsil = .true.,

asr = .true. ,
amass(1) = 63.54600,
amass(2) =35.44600,
tr2_ph =1.0d-12,

alpha_mix(1) =0.7,
alpha_mix(2) =0.4,
alpha_mix(3) =0.1,

nat_todo =1,

prefix ="cul00cl',
/

0.00.00.0

21
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Table A.3. Post-process dynmat input file (p(2x2) Cu (100) 0.25 ML)

&input

fildyn = 'dyn.mat’,
asr = 'zero-dim',
lasr = 'simple',
lasr ='crystal',
lq(3) =1,

/

Table A.4. Post-process potential input file (p(2x2) Cu (100) 0.25 ML)

&inputPP

prefix ="cul00cl',
outdir ="/temp',

plot num =11

filplot = 'potential.pot’
/

&plot

iflag =3,
output_format=15,

/

Table A.5. Post-process average input file (p(2x2) Cu (100) 0.25 ML)

1
potential.pot
1.DO

2880

3

3.3
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Table A.6. Post-process charge input file (p(2x2) Cu (100) 0.25 ML)

&inputpp
prefix ="'culOOcl'
outdir ="./temp'
filplot = 'cube.dat'
! valace electron 17, core + val 21, LDOS 10
plot num= 21
/
&plot
nfile = 1
iflag=3
! output_format = 0, fileout = 'file.ldos'
! output_format =5, fileout = 'file.chg'
output_format = 6, fileout = 'file.cube'

Table A.7. Bader charge ACF.dat output file (p(2x2) Cu (100) 0.25 ML)

# X Y Z CHARGE MIN DIST ATOMIC VOL

O 0 JNWN KW+~

DN DN = = = e = e e e e
— O 000NN N kW —O

9.735869
9.735869
4.919494
4.919494
2.459747
2.459747
7.379242
7.379242
9.735869
9.735869
4.919494
4.919494
2.460545
2.460534
7.328287
7.328135
0.006926
0.007146
4.913590
4.913422
2.457877

9.735869
4.919494
9.735869
4.919494
2.459747
7.379242
2.459747
7.379242
9.735869
4.919494
9.735869
4.919494
2.460822
7.328635
2.460870
7.328505
0.007475
4.914147
0.007756
4.913921
2.459386

42.114435
42.114435
42.114435
42.114435
3.478608
3.478608
3.478608
3.478608
6.897395
6.897403
6.897403
6.897406
10.230344
10.339837
10.339860
10.467464
13.707742
13.707770
13.707790
13.707857
16.882063

720.420133 2.143000

32.381535
32.381536
28.514383
27.387720
27.989496
27.989496
36.727324
28.489369
27.673223
27.673459
27.427891
27.297066
27.463083
27.462831
27.300511
29.997298
28.162371
28.180447
27.576325
16.255426

2.115338
2.115338
2.144240
2.125883
2.096224
2.096224
2.076506
2.085927
2.110486
2.110486
2.076413
2.086022
2.081112
2.081155
2.013030
1.855163
1.821647
1.821057
1.819490
2.247846

343.479669
346.488369
346.584470
346.510546
82.439852
81.597120
81.597120
80.702642
80.983552
81.434488
81.441880
81.841069
81.515804
80.813528
80.806135
79.638139
121.981707
121.168545
121.567733
118.869514
1150.424771

VACUUM CHARGE:
VACUUM VOLUME:
NUMBER OF ELECTRONS:

0.0000
0.0000
1284.7509




Table A.8. Bader charge BCF.dat output file (p(2x2) Cu (100) 0.25 ML)
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# X Y V4 CHARGE ATOM DISTANCE
1 0.0000 0.0000 0.0000 720.4197 1 0.0001
2 73992 7.3992  3.5095 36.7273 8 0.0419
3 0.0000 0.0000 6.8241 28.4894 9 0.0733
4 0.0000 0.0000 13.6482 299973 17 0.0604
5 25313 25313 169627 16.2545 21  0.1307
6 73992 25313 3.5095 27.9895 7 0.0805
7 73992 25313 10.3336 27.4628 15  0.1002
& 25313 25313 10.1386 27.2971 13 0.1356
9 0.0000 4.8679 0.0000 32.3811 2 0.0516
10  0.0000 4.8679 6.8241 27.6732 10 0.0896
11 0.0000 4.8679 13.6482 28.1624 18  0.0758
12 7.3992 73992 10.5286 27.3005 16 0.1175
13 25313 73992 103336 27.4631 14 0.1002
14 25313 73992 3.5095 279895 6 0.0805
15 25313 25313 3.5095 273877 5 0.1058
16 4.8679 0.0000 0.0000 32.3811 3 0.0516
17 48679 48679 0.0000 28.5140 4 0.0729
18 48679 0.0000 6.8241 27.6735 11  0.0896
19 48679 0.0000 13.6482 28.1804 19 0.0755
20 48679 48679 6.8241 274279 12 0.1034
21 48679 48679 13.6482 27.5763 20  0.0880

Table A.9. Post-process projwfc input file (p(2x2) Cu (100) 0.25 ML)

&PROJWEFC
prefix

outdir

degauss
lwrite_overlaps
filpdos
plotboxes

/

'cul00cl',
"/temp',

=0.02,
= true.,

'pdos.dat’,
true.
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APPENDIX B: SURFACE RELAXIATION

vacuum height

18t]layer
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Figure B.1. Schematic representation of layers and distance between layers on studied

metallic surfaces (Cu: orange)
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Table C.1. Bader charges of Cl at varying coverage and adsorption positions on Cu (111)

surface
Initial Gy Gy oy
Coverage
Geometry
2-fold 0.722 - -
3-fold (fcc) 0.858 - -
1 ML
3-fold (hep) 0.864 - -
1-fold -15.850 - -
2-fold NaN NaN NaN
3-fold (fcc) 0.693 0.688 0.695
0.75 ML
3-fold (hep) 0.679 0.684 0.674
1-fold -13.210 -13.247 -13.218
2-fold 0.234 0.235 -
3-fold (fcc) 0.339 -0.086 -
0.50 ML
3-fold (hep) -0.022 -0.120 -
1-fold 0.078 0.075 -
2-fold 0.755 0.755 0.586
3-fold (fcc) NaN NaN NaN
0.33 ML
3-fold (hep) NaN NaN NaN
1-fold 0.017 0.202 0.002
2-fold NaN - -
3-fold (fcc) 0.407 - -
0.25 ML
3-fold (hep) -0.037 - -
1-fold -4.367 - -
2-fold NaN NaN -
3-fold (fcc) NaN NaN -
0.22 ML
3-fold (hep) NaN NaN -
1-fold -1.035 -1.048 -
2-fold NaN - -
3-fold (fcc) 0.680 - -
0.11 ML
3-fold (hep) 0.602 - -
1-fold -17.125 - -
2-fold NaN - -
3-fold (fcc) 0.181 - -
0.0625 ML
3-fold (hep) 0.120 - -
1-fold -0.602 - -




128

Table C.2. Bader charges of Cl at varying coverage and adsorption positions on Cu (110)

surface
Initial Gl Gl Gl
Coverage
Geometry
4-fold 0.020 - -
2-fold (I-brg) -15.966 - -
1 ML
2-fold (s-brg) -0.401 - -
1-fold -5.070 - -
4-fold 0.803 0.075 0.783
2-fold (I-brg) -9.035 -0.235 -0.336
0.75 ML
2-fold (s-brg) 0.119 0.298 0.269
1-fold -4.496 -6.606 -5.291
4-fold NaN NaN -
2-fold (I-brg) -0.810 -0.133 -
0.50 ML
2-fold (s-brg) 0.048 -0.289 -
1-fold -0.287 -0.306 -
4-fold NaN NaN NaN
2-fold (1-brg) NaN NaN NaN
0.33 ML
2-fold (s-brg) 0.655 -8.957 0.395
1-fold NaN NaN NaN
4-fold -0.426 - -
2-fold (1-br, -21.630 - -
0.25 ML i
2-fold (s-brg) 0.609 - -
1-fold -19.122 - -
4-fold NaN NaN -
2-fold (I-brg)-1 -0.263 -0.340 -
2-fold (1-brg)-2 -0.268 -0.163
0.22 ML
2-fold (s-brg)-1 0.443 0.447 -
2-fold (s-brg)-2 0.449 0.449
1-fold -4.657 -4.340 -
4-fold 0.693 - -
2-fold (1-brg) -1.327 - -
0.11 ML
2-fold (s-brg) 0.330 - -
1-fold -5.541 - -
4-fold 0.505 - -
2-fold (I-brg) -16.476 - -
0.0625 ML
2-fold (s-brg) 0.420 - -
1-fold -1.487 - -
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Table C.3. Bader charges of Cl at varying coverage and adsorption positions on Cu (100)

surface
Coverage Initial Gl Gy ocl

Geometry
4-fold -1.733 - -
1 ML 2-fold -3.297 - -
1-fold 0.060 - -
4-fold 0.570 0.922 0.948
0.75 ML 2-fold -0.226 0.678 0.126
1-fold -6.001 -14.403 -6.001
4-fold 0.488 0.571 -
2-fold 0.484 0.404 =

0.50 ML

1-fold -0.848 -0.014 -
4-fold -0.178 -0.293 -0.021
L 2-fold 0.388 0.245 0.476
1-fold -3.754 -0.995 -0.988
4-fold 0.745 = -
0.25 ML 2-fold -0.778 - -
1-fold NaN - 3
4-fold-1 0.603 0.602 &
4-fold-2 0.581 0.581 -
0.22 ML 2-fold 0.324 0.507 -
1-fold NaN NaN -
4-fold 0.706 - -
0.11 ML 2-fold 0.018 - -
1-fold -2.201 - -
4-fold 0.754 - -
0.0625 ML 2-fold 0.029 - -
1-fold -2.772 - -




